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NANOCOMPOSITES POLYETHYLENE/ARGILE DESTINES A DES
APPLICATIONS ELECTRIQUES : CONCEPTION ET RELATIONS
STRUCTURE-PROPRIETES

Bouchaib ZAZOUM

RESUME

Ce travail consiste a réaliser des nanocomposites PE/argile destinés a des applications
diélectriques et a étudier les relations structure-propriétés de ces matériaux. La technique
utilisée pour élaborer les nanocomposites en question, consiste a réaliser un mélange a 1’état
fondu en utilisant une extrudeuse a double vis co-rotative. Un mélange maitre commercial
LLDPE/O-MMT est dilué¢ dans une matrice qui contient 80 % massique du polyéthyléne
basse densité (LDPE), et 20 % massique du polyéthyléne haute densité (HDPE), avec et sans
l'anhydride polyéthyléne modifi¢ (PE-MA) comme compatibilisant.

La premiére phase de cette thése consiste a analyser l'influence de nanoargile et de
compatibilisant sur la structure et sur la réponse diélectrique des nanocomposites PE/argile.
La microstructure de ces derniers a été caractérisée par la diffraction des rayons X aux grands
angles (WAXD), et par le microscope électronique a balayage (MEB). Pour ce qui est des
propriétés thermiques, elles ont été examinées par la calorimétrie différentielle a balayage
(DSC). Quant a la réponse diélectrique du PE pur, elle a été comparée a ceux des
nanocomposites PE/argile avec et sans compatibilisant, afin de comprendre l'effet de la
qualité de dispersion sur la réponse dié¢lectrique. Deux modes de relaxation ont été détectés.
Le premier est relatif a une relaxation interfaciale, appelée également polarisation de
Maxwell-Wagner-Sillars. Quant au second, il est associé a une relaxation dite dipolaire. Une
relation entre le degré de dispersion et le taux de relaxation de Maxwell-Wagner-Sillars a été
établie et discutée.

Dans la deuxiéme phase de I’étude, les nanocomposites PE/argile ont été¢ caractérisés par
différentes techniques telles que la microscopie optique, AFM, TEM, TGA, DMTA et les
mesures du claquage di¢lectrique. Une corrélation entre la structure et la rigidité diélectrique
a été discutée.

Enfin, un modéle de simulation 3D, par la méthode des ¢léments finis, a été¢ développé dans
le but d'é¢tudier l'effet de la dispersion des particules de nanoargile. I a permis, également,
d’analyser I’effet de la variation de la permittivit¢ et du rayon des inclusions, sur la
permittivité effective, sur la distribution du champ électrique, ainsi que sur la polarisation.
Les résultats de la simulation ont été comparés avec les solutions théoriques obtenues a partir
des modgeles classiques.

Mots-clés: Polyéthyléne, nanocomposites, extrusion, intercalation, exfoliation, réponse
diélectrique, rupture diélectrique, simulations MEF.






NANOCOMPOSITES POLYETHYLENE/ARGILE DESTINES A DES
APPLICATIONS ELECTRIQUES : CONCEPTION ET RELATIONS
STRUCTURE-PROPRIETES

Bouchaib ZAZOUM

ABSTRACT

The aim of this work is the manufacturing of PE/clay nanocomposites and to study the
structure-property relationships of these materials. The nanocomposites materials were
prepared by mixing a commercially available premixed LLDPE/O-MMT masterbatch into a
polyethylene blend matrix containing 80 wt % low density polyethylene and 20 wt % high
density polyethylene with and without anhydride modified polyethylene (PE-MA) as the
compatibilizer using a co-rotating twin-screw extruder.

Firstly, the effect of nanoclay and compatibilizer on the structure and dielectric response of
PE/clay nanocomposites has been investigated. The microstructure of PE/clay
nanocomposites was characterized by wide angle X-ray diffraction (WAXD) and scanning
electron microscope (SEM). Thermal properties were examined by differential scanning
calorimetry (DSC). The dielectric response of neat PE was compared with those of PE/clay
nanocomposite with and without the compatibilizer in order to understand the effect of the
quality of dispersion of nanoclay on dielectric response. In the nanocomposite materials two
relaxation modes are detected in the dielectric losses. The first relaxation is due to a
Maxwell-Wagner-Sillars interfacial polarization and the second relaxation is related to
dipolar polarization. A relationship between the degree of dispersion and the relaxation rate
fmax of Maxwell-Wagner-Sillars was found and discussed.

Secondly, PE/clay nanocomposites have been characterized by various techniques such as
optical microscopy, AFM, TEM, TGA, DMTA and dielectric breakdown measurements. A
correlation between structure and dielectric breakdown strength was discussed.

Finally, a 3D simulation model by the finite element method is developed in order to study
the effect of dispersion of nanoclay particles, varying the permittivity and radius of the
inclusion on effective permittivity, electric field distribution and polarization. The simulation
results were compared with theoretical solution obtained from classical models.

Keywords: Polyethylene, nanocomposites, extrusion, intercalation, exfoliation, dielectric
response, dielectric breakdown, FEM simulations.
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INTRODUCTION

Depuis les années 1970, l'utilisation du polyéthyléne réticulé (XLPE), comme isolant
¢lectrique, a été généralisée pour les cables de puissance utilisés pour le transport et la
distribution de 1'énergie ¢lectrique. Ce type de matériaux posséde des propriétés
thermomécaniques et diélectriques spécifiques, mais les polymeéres réticulés sont
difficilement réutilisables ou recyclable. Ainsi, la perspective de les remplacer par des
matériaux plus performants comporte d’énormes avantages, tant économiques
qu'environnementaux. Le développement d’une nouvelle famille de polymeére
nanocomposites a base de polyéthyléne avec des propriétés diélectriques et
thermomécaniques spécifiques s'inscrit, naturellement, dans cette optique.

Les nanocomposites sont des matériaux assez récents, leur apparition date d’une dizaine
d’années. De nombreuses études ont montré que I’incorporation d’un faible pourcentage de
charges de tailles nanométriques au sein d’un polymeére, conduit souvent a une amélioration
significative de ses propriétés mécaniques, diélectriques et optiques, ainsi que de sa
résistance au feu. Sa perméabilité au gaz se trouve également modifiée, lorsqu’elle est
comparée a celle de la matrice polymere pure (Chiu, Yen et Lee, 2010; Dumont et al., 2007;
Guastavino et al., 2010; Han et al., 2001; Hotta et Paul, 2004; Kawasumi et al., 1997; Lai,
Chen et Zhu, 2009; Lertwimolnun et Vergnes, 2005; Lopez-Quintanilla et al., 2006; Pereira
de Abreu et al., 2007; Sanchez-Valdes et al., 2009; Thelakkadan et al.; Utracki et Kamal,
2002; Venkatesh et al., 2012; Villanueva et al., 2009). Les domaines d’application des
matériaux nanocomposites sont larges, elles s’étendent de 1’isolation électrique haute tension,
a I’industrie aéronautique, en passant par 1’industrie automobile, etc.

Ce projet se focalise sur les nanocomposites polyéthyléne renforcés par des nanocharges a
base d’argile lamellaire de type montmorillonite modifiée organiquement (MMT-O). Un des
avantages majeurs relatifs a 1’utilisation de I’argile, tient du fait de son abondance comme
ressource naturelle, ainsi que de son exploitation aisée sur différents sites du monde. Les
feuillets argileux individuels ont des épaisseurs de 1’ordre du nanometre, avec des largeurs et

longueurs de plusieurs centaines de nanometres. Le challenge, ici, consiste a séparer ces



feuillets argileux et a optimiser leurs dispersions dans la matrice du thermoplastique afin
d’accroitre la surface de contact entre la matrice polymére et le renfort.

Ce travail de theése s’inscrit, justement, dans cette optique qui consiste a contribuer a
optimiser le procédé de dispersion des charges nanoargiles dans une matrice de
polyéthyléne. En particulier, dans un premier temps, les effets des conditions opératoires
ainsi que ceux relatifs a la formulation sont étudiés. Ensuite, la corrélation entre la structure
du nanocomposite en question et ses propriétés thermiques, thermomécaniques et
di¢lectriques est analysée. Finalement, un modéle de simulation 3D par ¢léments finis,
permettant de prévoir la permittivité dié¢lectrique des nanocomposites, est développé et les
résultats sont comparés a ceux issus de modeles théoriques classiques.

Notons que le but principal de ce travail, est d’évaluer la contribution que peut apporter ce
type de matériau dans I’industrie des isolants €lectriques et tres particulierement les cables de

puissance.

Ce mémoire de theése se divise en cinq parties.
Le premier chapitre, a caractére bibliographique, est consacré aux nanoargiles, a la
présentation des différentes techniques d’élaboration des nanocomposites, ainsi que de la

relation entre leurs structures et leurs propriétés.

Dans le second chapitre, nous présentons les matériaux utilisés au cours de cette these, ainsi
que la méthodologie employée pour évaluer I’état de dispersion, et pour caractériser les

propriétés du polymére nanocomposite.

Le troisieme chapitre est consacré a I’étude de 1’effet des nanoargiles et de I’agent
compatibilisant sur la structure, ainsi que sur la réponse diélectrique du polymere

nanocomposite.

Dans le quatriéme et cinquieme chapitre, nous étudions la relation entre la structure et la

résistance au claquage diélectrique du polyéthyléne/nanoargile.



Dans le sixieme chapitre, nous présentons la simulation et la modélisation de la permittivité
effective, et également de la distribution du champ électrique dans les nanocomposites

polyéthyléne /argile.

Enfin, une conclusion générale et des recommandations achévent ce mémoire de thése.






CHAPITRE 1

ETAT DE L’ART

1.1 Argiles lamellaires comme renfort

Parmi les renforts les plus utilisés dans les matériaux nanocomposites, on trouve la
montmorillonite. Il s’agit d’une argile naturelle qui fait partie de la famille des smectites.
Comme schématisée sur la Figure 1.1 (Gloaguen et Lefebvre, 2007), la montmorillonite est

structurée a différentes formes : feuillet, particule élémentaire et particules agrégées.

=%
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.;'-r N
== __,_&__
200 nm
Feuillet Particule Particule
élémentaire agrégées

Figure 1.1 Schéma de différentes échelles d’une particule
de montmorillonite
Tirée de Gloaguen and Lefebvre (2007, p.4)



L’argile de type montmorillonite est sans doute le plus utilis¢é pour le renforcement de
polymeéres. Ce matériau inorganique plaquettaire posséde, en fait, une surface spécifique
¢levée et une force ¢lectrostatique faible, facilitant ainsi la modification par échange

cationique.

1.1.1 Structure cristallographique de la montmorillonite

La structure cristallographique de la montmorillonite (MMT) (illustrée sur la Figure 1.2),
montre que MMT est constitué¢ d’une couche d’octaedres d’alumine comprise entre deux
couches de tétracdres de silice. La dimension latérale d’un feuillet élémentaire de
montmorillonite est d’une centaine de nanométres, avec une faible épaisseur de I’ordre du
nanomeétre. Les feuillets argileux de MMT sont reliés entre eux par des forces de type

électrostatiques et de type Van der Waals (Gloaguen et Lefebvre, 2007).

Espace interfoliaire contenant
des cations hydratés

Plan
/ tétraédrique

Plan
octaédrique

Plan
tétraédrique

Cation tétraédrique © Oxygéne
Cation octaédrique (©) Groupe hydroxyle

Figure 1.2 Représentation de la structure de montmorillonite
Tirée de Gloaguen and Lefebvre (2007, p.4)



1.1.2 Traitement organophile de la montmorillonite

La montmorillonite présente une certaine affinité pour 1’eau, elle est a ce titre hydrophile. Par
ailleurs, la majorité des polymeres sont hydrophobes. Cette incompatibilité entre le renfort et
la matrice rend la dispersion des feuillets de la montmorillonite dans une matrice de
polymeére tres difficile. De ce fait, un traitement organophile de surface est nécessaire. La
modification, engendrée par ce dernier, se fait par un échange cationique qui vise a substituer
les cations inorganiques par des cations organiques, appelés agents d’interface ou
tensioactifs.

Les tensioactifs possedent deux parties de polarités différentes. Une partie hydrophile
compatible avec la surface des feuillets argileux, et une partie hydrophobe constituée par des
chaines alkyle, le plus souvent des ions de type alkyle ammonium. La Figure 1.3 présente
quelques exemples de tensioactifs utilisés pour modifier organiquement les argiles

(Lertwimolnun, 2006).
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Figure 1.3 Schématisation des exemples de tensioactifs :
(a) Alkylammonium (b) Alkyltriméthylammonium
(c¢) Dialkyldiméthylammonium
(d) Alkylbis(2-hydroxyéthyl)méthylammonium
(e) Alkylbenzyldiméthylammonium
Tirée de Lertwimolnum (2006, p. 12)



Les caractérisations structurelles, par la technique de diffraction des rayons X, des argiles
organo-modifiés (Figures 1.4 et 1.5), montrent que la distance interlamellaire dyo; augmente

avec la longueur (Lertwimolnun, 2006) et la concentration (Zhao et al., 2003) des

tensioactifs.
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Figure 1.4 Variation de la distance interlamellaire dyo; en fonction de la longueur
de chaine Alkyle
Tirée de Lertwimolnum (2006, p. 13)
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Figure 1.5 Evolution de la distance interlamellaire dgo; en fonction
de la concentration d’agent d’interface
Tirée de Zhao (2003, p. 9262)

Par ailleurs, Lagaly (Lagaly, 1981; 1986) a propos¢ 4 mod¢les pour étudier la relation entre
la distance interlamellaire et I’orientation des chaines alkyle dans I’espace entre les feuillets

d’argile comme il est illustré sur Figure 1.6 (de Paiva, Morales et Valenzuela Diaz, 2008).
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Figure 1.6 Orientations des chaines hydrocarbonées dans I’espace
entre les feuillets d’argile
Tirée de de Paiva (2008, p. 10)

1.2 Polyméres thermoplastiques comme matrice

Parmi les thermoplastiques semi-cristallins les plus étudiés, comme matrice organique
utilisée dans I’¢laboration des matériaux nanocomposites, on trouve le polyéthyléne et le
polypropyléne. Ces deux thermoplastiques font partie de la famille des plastiques courants et
qui représentent plus 90 % des plastiques consommés. Le succes de ces polymeéres s’explique
par leur faible colt et leurs vastes domaines d’application: 1’emballage (film, accessoire
ménager), 1’électronique (isolation de cables électriques), 1’automobile (réservoirs a essence
d'automobiles...) et la construction (aspect pierre, dalles, Tube.).

Dans le domaine de I’isolation électrique a haute tension, le polyéthyléne constitue un
matériau de choix grace a son hydrophobicité, couplée a une bonne tenue aux contraintes
climatiques. Ce polymere, qui posséde une bonne tension de claquage et une bonne stabilité
thermique, est classé comme un excellent di¢lectrique.

La description de la structure du polyéthyléne est décrite par cinq échelles différentes (Figure

1.7 (Douminge, 2010)). On distingue d’abord la structure moléculaire (échelle 1), ou la
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macromolécule est constituée d’une chaine principale, sur laquelle des molécules (ou atomes)
sont substitués de facon régulicre, la structure conformationnelle (échelle II), dans laquelle la
chaine macromoléculaire est arrangée d’une fagon spatiale, la structure des états cristallins et
amorphes (échelle III), I’arrangement de la phase amorphe et des cristaux sous forme de

sphérolites (échelle IV), et enfin, 1’échelle macroscopique (échelle V).

Echelle | Echelle Echelle Il Echelle [V Echelle V

'

moléculaire macroscopique

>
0,1nm 10nm 1 0 [0um Hem 10m

Figure 1.7 Représentation de la description multi-échelles du polyéthyléne
Tirée de Doumige (2010, p. 8)
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1.3 Nanocomposites

1.3.1 Définition

Les matériaux nanocomposites sont constitués de renforts dont les dimensions sont de 1’ordre
du nanométre, et d’une matrice qui protége ces renforts et leur transmet les efforts
mécaniques. En fait, I’ajout de renforts nanométriques dans une matrice polymere permet

d’améliorer ses propriétés mécaniques, dié¢lectriques, thermiques et optiques.

1.3.2 Interphase

L’aire spécifique de I’interface (matrice/ renfort) est trés élevée dans les nanocomposites.
Cette interface peut modifier les propriétés de la matiere (Utracki et Kamal, 2002). La
Figure 1.8 (Lewis, 2004) représente la variation du volume du renfort A occupé par

I’interphase AB en fonction du diametre du renfort A dans la matrice B.

100

vol. 80
% 60

1 10 100 300
d /nm

Figure 1.8 Evolution du pourcentage du volume du renfort A occupé
par I’interphase AB en fonction du diameétre du renfort A
Tirée de Lewis (2004, p. 740)
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1.3.3 Structure des nanocomposites

Selon la dispersion des renforts argileux au sein de la matrice du polymere, il existe trois
catégories de structures (Ambid, 2007):

e Composite conventionnel: lorsque les nanocharges sont dispersées sous forme de
particules primaires ou d’agrégats, dont la taille est d’un ordre micrométrique (Figure
1.9 a).

e Composite intercalé: lorsque les nanocharges sont dispersées sous forme de feuillets
intercalés par I’insertion des chaines polymere (dgp;<8 nm). Cependant, les feuillets
argileux ne sont pas complétement séparés (Figure 1.9 b).

e Composite exfolié: lorsque les nanocharges sont dispersées dans la matrice a 1’échelle
nanométrique (dgo;>8 nm), les feuillets argileux sont individuellement séparés (Figure
1.9 ¢). En pratique, cet état exfolié est difficile a obtenir. IL demande un grand

contrdle de plusieurs paramétres et a toutes les échelles.

Figure 1.9 Différentes structures de nanocomposites polymeére / argile:
(a) Microcomposite; (b) Nanocomposite intercalé; (c) Nanocomposite exfolié
Tirée de Ambid (2007, p. 24)
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14 Techniques d’élaboration des nanocomposites

On distingue au moins trois méthodes principales de préparation des nanocomposites: La

polymérisation in situ, I’intercalation en solution et le mélange a 1’état fondu.

14.1 Polymérisation in situ

Les premiers nanocomposites élaborés par le procédé de polymérisation in situ ont étés
réalisés par les laboratoires de recherche de Toyota. Cette technique est basée sur
I’introduction des nanoargiles dans un monomere en solution. Durant la réaction de
polymérisation, les monomeres diffusent entre les feuillets argileux et les chaines de
polyméres se développent, ainsi, entre ces derniers (Figure 1.10 (Gloaguen et Lefebvre,

2007)). Cela conduit a une augmentation importante de la distance interlamellaire doo;.

H H H H

MNa-montmorillonite
HsMN (CH3),, ,COOH
HCI (aq)

2 w0
WARAAAAA
WA

% Polyamide 6

H. NH,  NH; NH,
Couche
B2 6 5 6 & 8] 4Soiit.

NH;  MHy  NHy  MNHy

Monomére

Feuillet Polyamide 6

(B) micrographie en MET de la morphologie

Figure 1.10 Schéma de différentes étapes de la formation du
nylon/argile nanocomposites par polymérisations in situ
Tirée de Gloaguen and Lefebvre (2007, p. NM 3050-7)
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1.4.1 Intercalation en solution

Cette méthode consiste en I’introduction de 1’argile dans un solvant. Le polymeére est
introduit aprés le gonflement de 1’argile, et a la fin du procédé le solvant est évaporé. Dans
cette technique le choix du solvant est un facteur important. Il doit, en fait, étre capable a la
fois de solubiliser le polymére, et d’exfolier les feuillets argileux (Figure 1.11 (Gloaguen et

Lefebvre, 2007)).

._ . . [ .: L 1
[ L ¢ o
® . . . 9z ¢ {
RS -
Y ?_’ '. 1’_‘
o ° 0~
[ ]

o (N Le .:‘f}..
Polymeére gonflé parlasulval‘/, . ... ..(:L. " .,
+

Argile gonflée par le solvant

exxy ;?' = et le polymére
1 1
1 L | L. .
‘1:3. LW 1%‘ Elimination du solvant
Argile modifiée l
e e e e
X
5 2 L
R
. : z 5 P
Les points noirs représentent L %
les molécules de solvant R tL I
Nanocomposite

Figure 1.11 Formation de nanocomposites par mélange en solution
Tirée de Gloaguen and Lefebvre (2007, p. NM 3050-8)
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1.4.2 Mélange a I’état fondu

Dans cette technique 1’argile est directement mélangée avec le polymére a I’état fondu
(Figure 1.12 (Gloaguen et Lefebvre, 2007)). En fait, cette méthode comporte d'énormes
avantages €économiques et environnementaux, puisqu’elle n’utilise pas le solvant, et le
procédé habituel de mise en ceuvre des polymeres n’est pas modifié ou changé. Dans le cadre
de ce travail, la technique du mélange a 1’état fondu est employée pour élaborer de

nanocomposite de polyéthyléne en utilisant une extrudeuse bivis.
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= = =228 = 2
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(d) la séparation des feuillets est obtenue
par un effet combiné diffusion/cisaillement

Figure 1.12 Schéma de I’¢laboration de nanocomposites par mélange
a I’¢état fondu
Tirée de Gloaguen and Lefebvre (2007, p. NM 3050-9)
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1.5 Compatibilisation des nanocomposites

Szasdi et al. (Szazdi et al., 2005) ont réalis¢ des nanocomposites de polymeére par la
technique du mélange a 1’état fondu, et ont utilis¢é comme compatibilisant, le polypropyléne
greffé anhydride maléique (PP-g-MA). Ces auteurs ont expliqué I’existence d’une interaction
entre le surfactant et le groupement anhydride maléique. Par ailleurs, Xu et al. (Xu et al.,
2003) ont étudié I’effet des taux de greffage sur I’amélioration de 1’intercalation entre les
feuillets d’argile. D’autres auteurs, comme K.H. Wang et al (Wang et al., 2001), ont étudié
l'influence du taux de greffage dans des nanocomposites LLDPE-g-MAH/O-MMT, et ont
observé que I’exfoliation a lieu lorsque le taux de greffage est suffisamment supérieur a
0.1 % (Figure 1.13 (Wang et al., 2001)). M. Kato et al (Kato, Usuki et Okada, 1997), quant a
eux, ils ont étudi¢ le cas du polypropyléne modifi€. Ils ont, ainsi, proposé un mécanisme qui
explique que la comptabilisation est initiée par 1’adsorption des greffons polaires du
polypropyléne modifié¢ par la surface de 1’argile, et par la suite toute la chaine polymeére est
entrainée entre les feuillets argileux, ce qui conduit & une augmentation de la distance

interlamellaire.

wﬂ
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Intensité relative

Figure 1.13 Effet du taux de greffage sur 1’état de dispersion dans
les nanocomposites LLDPE-g-MAH+5 wt % Closite 20A:



18

(a) 0.29 wt %, (b) 0.22 wt %, (c) 0.11 wt %, (d) 0.07 wt %, (e) Closite 20A
Tirée de Wang (2001, p. 9824)

1.6 Propriétés mécaniques

Face aux composites conventionnels, de nombreuses recherches ont montré que les
matériaux nanocomposites peuvent présenter des propriétés mécaniques améliorées. La
présence des nanocharges lamellaires a la place des renforts traditionnels, conduit a une
augmentation de rigidité et de la limite élastique a des taux de renfort encore plus bas. Un
exemple de composites, souvent utilis¢ dans les industries automobiles, est le nylon 6
renforcé par de talc ou du verre de taille micrométrique. Comme illustré sur la Figure 1.14
(Yasue et al., 2000), il est clair que le polymere renforcé par des nanocharges, plutdt que par
de microcharges, montre des propriétés mécaniques intéressantes, et pour des taux de charge

faibles.

—
a
1 12 4
g Fibres de verres
- 10+ Silicates lamellaires P
-+ (phyllasicates) -
s U A Tde
3 v
=]
b
‘:I I T T - | -
Taux de charges minerales (%)

Figure 1.14 Influence du taux de charges minérales sur le module
d’¢élasticité du Nylon 6
Tirée de Perez (2008, p. 39)
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1.7 Propriétés thermomécaniques

Les propriétés thermomécaniques de différents types de polymeres tels que le
polydiméthylsiloxane (PDMS), le polystyréne (PS), le poly(méthyle méthacrylate) (PMMA)
et le poly(4—vinylepyridine) (P4VP), ont été étudiées par Tsagaropoulos et Eisenberg
(Tsagaropoulos et Eisenburg, 1995). La Figure 1.15 montre la présence de deux relaxations.
La premiére a été reliée a la transition vitreuse, quant a la seconde relaxation, elle a été
attribuée a des phénomenes de diffusion des chaines polymeéres. On remarque clairement que
I’intensité du pic diminue lorsque le taux des nanocharges augmente. Ceci peut étre expliqué
par le fait que la forte interaction entre le polymeére et les nanoparticules limite la mobilité
des chaines polymeres.

Pour conclure, il est évident que la microstructure a un effet sur les propriétés

thermomécanique des nanocomposites.

lan 8

Figure 1.15 Evolution du tan (8) en fonction de (T-Tg)
pour différents nanocomposites avec différents taux
de charge de silice
Tirée de Perez (2008, p. 40)
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1.8 Stabilité thermique

La stabilité thermique améliorée des matériaux nanocomposites est une propriété importante.
Elle est mesurée par analyse thermogravimétrique (TGA). Cette technique consiste a mesurer
I’évolution de la perte de masse de I’échantillon en fonction de 1’augmentation de la
température.

De nombreux travaux ont remarqué une amélioration de la tenue au feu des nanocomposites
par rapport aux matrices polyméres correspondantes. Certains auteurs, comme Qiu et al.
(Qiu, Chen et Qu, 2006), ont étudi¢ le cas du polyéthyléne. Ils ont remarqué que 1’ajout du
MMT a la matrice vierge de polyéthyléne augmente la température de décomposition du
nanocomposite correspondant. La Figure 1.16 (Qiu, Chen et Qu, 2006) montre I’effet du
taux de nanocharges argileuses sur la température de décomposition des nanocomposites
LLDPE/MMT. Cette amélioration de la stabilité thermique a été, également, observée dans

de nombreux types de nanocomposites (Wen et Wilkes, 1996; Zhu et al., 1999).

100
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Figure 1.16 Evolution de la température de décomposition des nanocomposites
LLDPE/MMT en fonction de taux de charge de MMT
Tirée de Qiu (2006, p. 926)



21

1.9 Propriétés diélectriques

Les diélectriques sont largement utilisés dans le domaine de 1’isolation électrique. Notons, au
passage; qu’un diélectrique est dit idéal si sa structure ne comporte pas de charges libres,
tandis qu’un diélectrique réel en contient. Au niveau macroscopique un matériau dié¢lectrique
est caractérisé par sa constante diélectrique €. Au niveau microscopique, il n’a que des
charges dites liées. Ces derniéres ne participent pas a la conduction a cause de leur mobilité
qui est entravée, mais elles peuvent se déplacer sur de courtes distances sous 1’effet du champ

¢lectrique: c’est la polarisation, qui est a I’origine de la permittivité des diélectriques.

1.9.1 Permittivité diélectrique

La polarisation P et le champ ¢électrique E sont reliés, a travers la susceptibilité électrique

du diélectrique, par la relation

P = goxE (1.1)

ol g est la permittivité du vide qui vaut 8.854.10"% F.m™'. L’induction électrique D d’un

di¢lectrique, peut étre exprimée par la relation
D= gyE+P (1.2)
Pour un champ ¢lectrique variable dans le temps on peut réécrire 1’équation (1.2) tel que
D (t) = eoE(t)+P(1) (1.3)
On peut définir la fonction de réponse diélectrique f(t) qui représente la réponse d’un milieu

di¢lectrique a une excitation électrique spécifique. Pour chacune des impulsions, on peut

faire
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la somme de toutes les polarisations et par la suite la polarisation peut s’exprimer sous la

forme d’une convolution suivante
P(t) =& [, fDE(t —1)dr (1.4)

La densité de courant totale J(t) traversant le diélectrique est donnée par 1’équation (David,

2010)

J(©) = 0E () + 752 (15)
ou €ncore
J(©) = 0 E(0) + £05, [E@+#, fDE(t ~ D)d] (1.6)

ou o, est la conductivité du diélectrique.
Pour exprimer 1’équation (1.6) dans le domaine des fréquences, il suffit d’appliquer la
transformée de Fourier aux deux membres de 1’équation. On a alors
J' (@) = [0, + iweg (1 + F*(w))]E™(w) (1.7)
avec F'(o), la transformée de Fourier de f(t) définit tel que
F*(w) = fooof(t)exp(—i wt)dt (1.8)

Cette fonction correspond donc a la transformée de Fourier de la susceptibilité. On a donc

F*(w) = x"(0) = x'(0) —ix"(w) (1.9)
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Plus explicitement, on peut réécrire 1’équation (1.7) tel que
J(w) = [0 + iwgg(1 + x'(w) — ix" (w)]E* (w) (1.10)
ou encore
J(w) = [0, + we"(w) + iwe' (w)]E (w) (1.11)
dans laquelle on a posé

g(1+ ' () —ixy" () =&'(w) — ie"(w) = & (w) (1.12)

"

x et " sont les susceptibilités électriques réelles et imaginaires du milieu, et € la

permittivité complexe.

1.9.2 Mécanismes de polarisation

L’application d’un champ externe va entrainer la superposition de quatres mécanismes de
polarisation (DUBOIS, 1998):

e La polarisation électronique : c’est lorsque sous I’effet d’un champ ¢lectrique E
constant, le nuage ¢lectronique dans chaque atome a tendance a se déplacer
légerement par rapport au noyau, donnant lieu a un dipdle induit.

e La polarisation moléculaire: cette polarisation a lieu lorsque deux atomes sont liés
par une liaison de valence, c’est ’atome possédant la plus grande électronégativité
qui attire le plus le doublet électronique, et sera par conséquent chargé négativement.
Tandis que I’autre atome portera la charge positive. L’ensemble se comporte, alors,
comme un dipdle.

e La polarisation interfaciale: cette polarisation apparait lorsqu’on est en présence de

deux matériaux possédant des permittivités et des conductivités différentes. Quand



on met ces matériaux en contact, les charges libres peuvent se concentrer aux
interfaces.

La polarisation d’orientation: Pour une molécule qui possede un moment dipolaires
permanent, si on I’applique un champ électrique, cette molécule s’orient dans le sens

du champ électrique appliqué.

La Figure 1.17 illustre ces différents types de mécanismes de polarisation.
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(d) de charge d'espace

(=) atorme A
(=) atoma B

Figure 1.17 Schéma représente les différents types de polarisation
Tirée de Dubois (1998, p. E 1850-4)
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1.9.3 Relaxation de Debye

Le modele de Debye permettant d’exprimé la permittivité diélectrique complexe relie a
polarisation d’orientation et intérfaciale est donné par la relation (Debye, Debye et Debye,

1929):

Es—€0 . (Es—€c0) (1 8)
e =¢ — .
o 1+w?72 1+w?72

ou g est la permittivité statique, &, est la permittivité a fréquence infinie, t est le temps de
relaxation de Debye, et @ = 2 nf (f étant la fréquence). L’évolution en fonction de la
fréquence de la partie réelle et imaginaire de la permittivité diélectrique complexe du modele

de debye est illustrée par la Figure 1.18 (Rigaud, Morucci et Chauveau, 1995).

L

Log(f)

Figure 1.18 Evolution en fonction de la fréquence de la partie réelle
et imaginaire de la permittivité diélectrique complexe
Tirée de Rigaud (1995, p.257)
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1.94 Relaxation dans les polymeéres

Dans le cas des polymeéres, le modele de Debye n’est pratiquement jamais en accord avec les
résultats expérimentaux. Dans ce type des matériaux, le modele empirique le plus utilisé pour
décrire les relaxations diélectriques est celui de Havriliak—Negami (Havriliak et Negami,

1966; 1967). La permittivité diélectrique s’écrit donc sous la forme suivante:

N Ae (1.9)
“ A+ (lwtyy)®)P

c(w)=c¢

ou Ae représente la force di¢lectrique de la relaxation, et &, la permittivité a fréquence
infinie. Ty étant le temps de relaxation de Havriliak—Negami, et @ = 2 nf : la pulsation. a est
un paramétre de forme décrivant 1'élargissement symétrique des spectres de relaxation. Quant
a B, c’est un parametre exprimant 1'élargissement asymétrique des spectres de relaxation. On
trouve, dans la littérature, d’autres modéles empiriques décrivant le comportement de la
susceptibilité (ou permittivité) complexe (Diaham, 2007).

Tomer a étudi¢ la réponse diélectrique dans les nanocomposites polyéthyléne/argile (Tomer
et al., 2011), il a remarqué la présence de deux pics de relaxation (Figure 1.19). La relaxation
a basse fréquence est attribué¢ a une polarisation de type Maxwell-Wagner-Sillars, tandis que
la relaxation détectée a haute fréquence est reliée a la polarisation dite dipolaire. L auteur a
mis en évidence le fait que ces relaxations sont reliées a la présence de I’argile et du
comptabilisant, puisqu’aucun pic n’a été détecté dans le cas du polyéthylene vierge.

Des auteurs comme Bohning et al. ont étudié la relation structure-réponse diélectrique, pour
le cas des nanocomposites Poly(propylene-grafi-maleic anhydride)/argile (Bohning et al.,
2005). IIs ont trouvé que 1’¢état de la dispersion des feuillets argileux jouait un grand réle dans
la détermination des propriétés diélectriques finales des nanocomposites. Comme le montre
clairement la Figure 1.20, il existe une relation entre le degré de dispersion et le taux de
relaxation de Maxwell-Wagner-Sillars. En effet, ce paramétre augmente lorsque la qualité de
la dispersion des nanoargiles dans la matrice polymere est améliorée. Pour plus de détails, le

lecteur est invité a se reporter a I’article # 1 de cette these.
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1.9.5 Rigidité diélectrique

La rigidité diélectrique d’un isolant solide diminue avec I’augmentation de la température, de
la fréquence, ou de la durée d’application du champ ¢lectrique. Notons qu’il existe différents
mécanismes de claquage (Barber et al., 2009b). On distingue, d’abord, le claquage
intrinséque (appelé, également, claquage électrique pur), qui se produit sous ’effet des fortes
collisions des ions et des électrons, accélérés par le champ électrique appliqué, avec les
atomes de I’isolant. Le deuxieme type de mécanisme est le claquage par avalanche, il se
produit lorsque sous I’action d’un champ électrique, les électrons entrent en collision avec les
atomes et les ionisent, puis les électrons libérés entrent, a leur tour, en collision avec d’autres
atomes et les ionisent. La multiplication des électrons libérés se poursuit jusqu’a ce qu’ils
arrivent a ’anode. Un autre type de mécanisme peut également avoir lieu, il s’agit du
claquage dit thermique. Ce dernier se développe sous I’effet d’une haute tension appliquée a
un diélectrique, les pertes di¢lectriques sous forme de chaleur augmentent la température du
diélectrique jusqu'a I’endommagent de I’isolant suivie d’un claquage.

En général, dans les diélectriques solides le claquage est accompli par la formation de
plusieurs canaux de décharge, appelés quelquefois arborescence, comme le montre la Figure

1.21 (Tilmatine, 2006).

Figure 1.21 Arborescence observée dans un isolant solide
Tirée de Tilmatine (2006, p. 12)
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Green et al (Green et al., 2011) ont montré que les mélanges de polyéthyléne haute densité
(HDPE) et de polyéthylene basse densit¢ (LDPE) (cristallisés dans des conditions
isothermes), peuvent présenter des rigidités diélectriques €levées (avec un facteur de 15 %)
en comparaison avec le polyéthyléne réticulé (XLPE), utilisé généralement dans 1’isolation
du cable HT. La Figure 1.22 (Green et al., 2011) illustre une comparaison entre le mélange
LDPE/HDPE avec LDPE et XLDPE. Il est évident que le mélange LDPE/HDPE, prépar¢ par
un refroidissement controlé ou par trempe montre des performances meilleures par rapport a

LDPE ou XLPE.

180 @ LDPE (quenched")
O XLPE (quenched")
170 4 ¥ Blend system (quenched®)
\\ O Blend (quenched)
4 Blend (quenched)
160 - \ B Blend (controlled crystalization)

150 4
A
. %\\ \\# .
-‘\\

130 4

Rigidité diélectrique/kVmm™

120 -

110 T T T T T
0 20 40 60 80 100 120

Temperature / degC

Figure 1.22 Variation de la rigidité di¢lectrique des systemes LDPE/HDPE,
LDPE et XLPE
Tirée de Green (2011, p. 38) (Green et al., 2011)
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Par ailleurs, Green et al (Green et al., 2008) ont préparé des matériaux nanocomposites a
partir d’une matrice de polyéthyléne et d’un mélange maitre (MB) commercial de
polyéthyléne/nanoargile, en utilisant une extrudeuse a vis unique. Les auteurs ont remarqué
que la rigidité di¢lectrique des matériaux nanocomposites a été élevée en comparaison avec
celle du polyéthyléne seul et que cette derniere augmente avec le taux des nanocharges

(Figurel.23).
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Figure 1.23 Variation de la rigidité diélectrique des systémes PE/nanoargile
nanocomposites

Tirée de Green (2008, p. 140)



31






CHAPITRE 2

MATERIAUX ET METHODOLOGIE

2.1 Matériaux et procédé de fabrication

Dans cette ¢tude, le polyéthyléne linéaire basse densit¢ (LLDPE), le polyéthyléne basse
densit¢ (LDPE) et le polyéthyléne haute densité (HDPE), ont été utilisés comme matrices
thermoplastiques. Quant au renfort, il est formé par ’argile montmorillonite organo-modifié
(O-MMT), qui est utilisé sous forme d’un mélange maitre (LLDPE/O-MMT, nanoMax ®
LLDPE, Nanocor). Il contient 50 % massique d’argile O-MMT et 50 % massique de LLDPE.
Afin d’optimiser la dispersion et aider 1’exfoliation des feuillets argileux dans la matrice de
polyéthyléne, des agents compatibilisants ont été introduits. Il s’agit des polyéthylénes
modifiés M603 et E226. Le Tableau 2.1 récapitule les informations techniques données par le

fournisseur concernant les matériaux utilisés dans cette recherche.

Tableau 2.1 Propriétés physiques des matériaux utilisés

Indice de Masse
Matériau fluidité volumique | Nom commercial Fournisseur
(g/10 min) (g/em’)

LLDPE 1.0 0.917 FPS117-D Nova Chemicals
LDPE 0.75 0.919 LF-Y&819 NOVAPOL
HDPE 10.5 0.948 DGDP-6097 DOW

LLDPE-g-MA 24 0.940 M603 DuPont

PE-g-MA 1.75 0.930 E226 DuPont

Mélange - - nanoMax®-LLDPE Nanocor
maitre Masterbatch
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Pour ¢laborer des nanocomposites a partir d’'une matrice polyéthyléne et d’un mélange maitre
commercial, nous avons opté, dans ce projet, pour la technique du mélange a 1’état fondu
utilisant une extrudeuse a double vis co-rotatives (Haake Polylab Rheomex OS PTW16,
D = 16mm, L/D = 40). Dans un premier temps, tous les composants (LDPE, HDPE, LLDPE,
mélange maitre et Compatibilisant), ont été déshydratés a I’étuve pendant 48 heures a une
température de 40 °C. Ils ont été mélangés, ensuite, manuellement selon la formulation
désirée pendant deux minutes. Enfin, ce mélange a été incorporé dans 1’extrudeuse a double
vis co-rotatives, dont la vitesse est fixée a 140 tours/minutes. Le profil de la
température utilisé dans cette étude se situe a 140 °C- 180 °C, depuis la trémie jusqu’a la
filiere. Quant au débit d’entrée de 1’extrudeuse, il est de 1’ordre de 1kg/h, et le nombre du
passe choisi est égal a 1. Le cordant sorti de I’extrudeuse est découpé en granules, qui sont
par la suite moulées en plaque a 1’aide d’une presse chauffante, sous une pression de SMpsi
et une température de 178 °C. Un résumé du procédé utilis¢é pour fabriquer les

nanocomposites est schématisé dans la Figure 2.1.

Compatibilisant

Extrudeuse Presse chauffante hydraulique

Figure 2.1 Schéma représentant le procédé d’élaboration des nanocomposites par la
technique du mélange a I’état fondu
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2.2 Analyse morphologique

Pour décrire la microstructure des matériaux nanocomposites et évaluer la dispersion
d’argile, deux principales techniques sont utilisées. Il s’agit de la diffraction des rayons X
(DRX) et la microscopie électronique a balayage (MEB) ou a transmission (MET)
(Alexandre et Dubois, 2000; Sinha Ray et Okamoto, 2003).

221 Diffraction des rayons X (XRD)

La diffraction des rayons X (DRX) est une technique rapide permettant de distinguer les
structures intercalée et exfoliée des matériaux nanocomposites. Elle permet, en fait, de suivre
I’évolution de la distance interlamellaire. Pour les nanocomposites argileux, en DRX, le
déplacement du pic représentant le plan basal (001) vers les plus petits angles explique
I’augmentation de la distance interlamellaire do;, qui traduit la présence d’une structure
intercalée. Par ailleurs, la structure exfoliée se caractérise par la disparition du pic du plan
cristalophraphique (001). Toutefois, cette absence de pic de diffraction n’affirme pas toujours
I’obtention d’une structure exfoli¢e. Une des raisons pouvant expliquer cette disparition de
pic, est qu’aux tres petits angles ou pour un taux de charge tres faible, le pic de diffraction est
indétectable. L’observation en microscopie ¢lectronique a balayage ou a transmission est,
alors, nécessaire pour confirmer qu’une telle absence de pic de diffraction est attribuée a la
structure exfoliée.

L’appareil de DRX utilisé est un PANanalytical X'Pert Pro. La tension accélératrice et
’intensité de 1’appareil ont été fixées a 40 kv et 45 mA respectivement. Un rayonnement K,
de longueur d’onde A = 1.5418 A, a été produit par 1’anticathode de cuivre. Les mesures sont

réalisées en mode transmission.

2.2.2 Microscopie électronique a balayage (MEB)

Le microscope ¢lectronique a balayage est utilisé pour observer 1’état de dispersion des

nanoargiles au sein de la matrice polymere, et pour obtenir des informations sur la
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morphologie des nanocomposites. L’appareil utilis¢ est un Hitachi S4700, et les
¢chantillons ont ¢été d'abord refroidis a une température de -120 °C et coupés avec des

couteaux en verre dans un microtome cryogénique.

2.2.3 Microscopie électronique a transmission (MET)

La microscopie électronique a transmission est une technique qui permet d’observer
directement la répartition des plaquettes argileuses de montmorillonite au sein de la matrice.
En effet, dans une micrographie en transmission, le contraste sombre est reli¢ aux feuillets
argileux tandis que le contraste clair représente la matrice polymére. Les principales
difficultés de la microscopie électronique sont la préparation de 1’échantillon et la

représentativité des résultats, puisque la surface a observer est tres petite.

224 Microscopie optique (MOP)

Les propriétés morphologiques a grande échelle ont été caractérisées en utilisant un
microscope optique (CE, NMM-800TRF) attaché¢ a une caméra couleur (LEMEX). Les
observations ont été réalisées a un grossissement de 200x en mode de transmission. Tous les

¢chantillons ont été préparés sous forme de film d’une épaisseur de 200 um.

2.2.5 Microscope a force atomique (AFM)

Le microscope a force atomique (AFM) est employé pour évaluer 1’état de surface du
polyéthyléne et ses nanocomposites a 1’échelle atomique. Le principe de fonctionnement
d’AFM est basé¢ sur la mesure des forces d’interaction (force de Van der Waals, forces
magnétiques, forces électrostatiques...), entre la pointe et les atomes d’un matériau. Les
¢chantillons ont été préparés sous forme d’un film d’une épaisseur de 200 um. Un
équipement de type nanocsope est utilisé pour réaliser les mesures par AFM en utilisant le

mode "Tapping".
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2.3 Propriétés thermiques

2.3.1 Analyse thermique par DSC

La calorimétrie différentielle a balayage (DSC en anglais) est utilisée pour controler et
analyser un certain nombre de parameétres. Entre autres, on peut citer la température vitreuse
(Ty), la température de cristallisation (T.,) la température de fusion (Tn), le taux de
cristallinité et la sensibilité a I’oxydation. Par ailleurs, cette technique utilise un appareillage
qui requiert un étalonnage rigoureux. L’échantillon est pesé et mis dans une capsule
d’aluminium (il est recommandé d’utiliser des masses entre 5 mg a 15 mg), ensuite une
capsule vide est utilisée comme référence. La Figure 2.2 (Perez, 2008) montre clairement le

schéma de principe de cette technique.

Céchantillon) ~ (_témoin )

dt

consigne de
Température
>
flux de vemph
chaleur
A ENDOTHERMIQUE

>
tetT

Figure 2.2 Schéma représentant le principe de mesure par DSC
Tirée de Perez (2008, p. 61)
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2.3.2 Analyse thermogravimétrique (ATG)

Pour mesurer la variation de masse d’un échantillon en fonction de la température dans une
atmospheére controlée, on utilise la technique dite de thermogravimétrie (Thermo—

Gravimetric Analysis, TGA). Le principe de fonctionnement de cette technique est illustré

sur la Figure 2.3 (SAWI, 2010).

Balance =,

Ruban plafine

susparite
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774
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[

— Nacells
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Gaz oxydant ===
— Reésistance plafing
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o

—= Sorfie 085 )&z

Figure 2.3 Principe de mesure par Analyse Thermo—Gravimétrique (TGA)
Tirée de Sawi (2010, p. 62)

24 Analyse mécanique dynamique par DMTA

Le comportement mécanique dynamique a été mis en évidence par des mesures de module

dynamique des matériaux soit en fonction de la température, ou en fonction de la fréquence.
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Les mesures ont été effectuées en utilisant I’appareil d’analyse thermomécanique dynamique

DMTA (Figure 2.4).

Figure 2.4 Analyse Thermomécanique Dynamique DMTA

Le module de la contrainte dynamique sinusoidale est représenté par le module complexe

E* = E'+iE" (2.1)

ou E' représente le module élastique qui mesure 1’élasticité ou la possibilité de stocker
I’énergie, et E'' est le module de perte (ou visqueux) qui caractérise la viscosité du matériau
ou la possibilit¢ de dissiper de 1’énergie. La capacit¢ d’amortissement est mesurée par le
facteur d’amortissement ou de perte
E" 2.2
tand = ? 2.2)
Les relaxations présentées dans le matériau sont identifiées par I’évolution soit en fonction de

la température ou de la fréquence de ces paramétres (E, E" et tan §).
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2.5 Mesures diélectriques

2.5.1 Spectroscopie diélectrique

Le principe de mesure de la spectroscopie dié¢lectrique se base sur I’application d’une tension
sinusoidale superposée a la tension nominale. Cette technique consiste a mesurer la valeur

efficace du courant induit et le déphasage entre la tension et ce courant (Figure 2.5).

Us Electrodes

Analyseur
de Courant
Générateur Analyseur Atmosphere
de Tension L contrélée

Figure 2.5 Principe de mesure en spectroscopie di¢lectrique
Tirée de Perez (2008, p. 66)

Les mesures de spectroscopie dans le domaine fréquentiel ont été réalisées en utilisant un
Novocontrol alpha-N sur un intervalle de fréquence de 102 Hz a 10° Hz. L’appareil est
équipé d’un systéme de control de température. Une tension alternative maximale de 3V est

appliquée entre les bornes de 1’échantillon.
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2.5.2 Mesure de rigidité diélectrique

Pour mesurer la rigidité diélectrique, un testeur d’huile du type Baur (Figure 2.6) a été utilisé.
Les mesures ont été effectuées selon la norme ASTM D 149. L'échantillon a été immergé
dans un bain d'huile minérale (Voltesso N35), et placé entre deux électrodes sphériques de
12.5 mm de diamétre. La tension appliquée a 60 Hz a été augmentée linéairement par un pas

de 2 kV/s (de 0 V jusqu'a la rupture du diélectrique testé).

Figure 2.6 Testeur d’huile utilisé¢ pour une mesure de
rigidité diélectrique

Les données de la rigidité diélectrique ont été analysées en utilisant la distribution statistique

de Weibull. Cette loi, a deux paramétres, peut étre exprimée par la relation suivante:

P(E) = 1 — exp[- (D] (2.3)
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ou P est la probabilité cumulée de Weibull, a et § sont les paramétres d’échelle et de forme
de la distribution respectivement, et E représente la rigidité diélectrique. Selon la norme

IEEE 930-2004, la probabilit¢ cumulée associée a chaque échantillon est donnée par:

P(i,n) — i—0.44 (24)

n+0.25

ou i représente I’ieme valeur du champ de claquage dans les données expérimentales classées

par ordre croissant, et n désigne le nombre total d’échantillons.
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Abstract

PE/clay nanocomposites were prepared by mixing a commercially available premixed
polyethylene/O-MMT masterbatch into a polyethylene blend matrix containing 80 wt % low
density polyethylene and 20 wt % high density polyethylene with and without anhydride
modified polyethylene (PE-MA) as the compatibilizer using a co-rotating twin-screw
extruder.

In this study, the effect of nanoclay and compatibilizer on the structure and dielectric response
of PE/clay nanocomposites has been investigated. The microstructure of PE/clay
nanocomposites was characterized using wide-angle X-ray diffraction (WAXD) and a
scanning electron microscope (SEM). Thermal properties were examined using differential
scanning calorimetry (DSC). The dielectric response of neat PE was compared with that of
PE/clay nanocomposite with and without the compatibilizer. The XRD and SEM results
showed that the PE/O-MMT nanocomposite with the PE-MA compatibilizer was better
dispersed. In the nanocomposite materials, two relaxation modes are detected in the dielectric

losses. The first relaxation is due to a Maxwell-Wagner-Sillars interfacial polarization, and the
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second relaxation can be related to dipolar polarization. A relationship between the degree of

dispersion and the relaxation rate f,,,, of Maxwell-Wagner-Sillars was found and discussed.

3.1 Introduction

There has been growing interest in polymer/nanoclay nanocomposites in recent years
because of their outstanding properties at low loading levels as compared with conventional
composites. It has been observed that adding small quantities of nanoclay to some
thermoplastics as a reinforcing filler to form nanocomposite materials has not only led to more
improved mechanical and thermal properties, but also to an enhancement of the dielectric
strength and partial discharge resistance (AWAIJI et al., 2009; Chen et Chen, 2009; Han et al.,
2001; Hotta et Paul, 2004; Kawasumi et al., 1997; Kim et al., 2009; Kornmann, Lindberg et
Berglund, 2001; Tan et Yang, 1998; Utracki et Kamal, 2002; Zhao et He, 2006). However, the
understanding of the role of the interfaces of the nanofillers with the molecular mobility
mechanism is still rather unsatisfactory.

Although there are different processing methods for preparing nanocomposites, the most
widely used technique is the melt-compounding method using a twin-screw extruder, because
this technique features economic benefits and ecological advantages. The main challenge in
the fabrication of nanocomposites is dispersion of the individual clay platelets into the
polymer matrix, due to the incompatibility of hydrophobic matrix with hydrophilic nanoclay
(Osman, Rupp et Suter, 2005). Rendering clay platelets more hydrophobic requires a surface
treatment, which is accomplished via ion-exchange reactions with cationic surfactants using
quaternary alkyl ammonium cations (Zhang et al., 2005). For more polar polymers, such as
nylon, a surface treatment of layered silicate with an alkyl-ammonium surfactant is sufficient
to facilitate exfoliation of the nanofiller within the polymer matrix in some process conditions.
However, in the case of polyethylene, which is a non-polar material, it is necessary to use
compatibilizers as maleic anhydride modified polyethylene PE-g-MA, to facilitate the
exfoliation process. There are two parameters that contribute to achieving the exfoliation of
layered silicates: (1) maleic anhydride content and (2) molecular weight. In general, maleic
anhydride modified polyethylene PE-g-MA possess these two required factors, and is widely

used as compatibilizer for preparing polyethylene/clay nanocomposites. The most commonly
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used techniques for evaluating the quality of the dispersion of the nanoclay within the polymer
matrix are scanning electron microscopy (SEM), transmission electron microscopy (TEM)
and X-ray diffraction (XRD). Only few publications in this field report the use of dielectric
methods, which are able to characterize the level of dispersion and can be combined with
microscopic measurements (Bohning et al., 2005; Davis et al., 2004; Noda et al., 2005;
Purohit et al., 2011; Tomer et al., 2011).

Polyethylene is one of the polyolefins that used most extensively as ground-wall insulation for
medium- to high-voltage applications, and especially for cable insulation, due to its desirable
electrical insulating properties, including low relative permittivity &, low dielectric
loss € and high dielectric breakdown strength.

Only a few works have focused on the structure / dielectric response relationship of
polyethylene blend nanocomposites. The main objective of this paper is to examine the effect
of nanoclay and compatibilizer on the structure and dielectric response of PE/clay
nanocomposites prepared by melt-compounding using a co-rotating twin-screw extruder, and

to understand the relationship between these two properties.

3.2 Experiment

3.2.1 Materials

The matrix consisted of low-density polyethylene (LDPE, LF-Y819-A, NOVA Chemicals)
with a melt flow index (MFI) of 0.75 g/10 min. and a density of 0.919 g/cm’, and high-
density polyethylene (HDPE, DGDP-6097 NT 7, DOW) with a melt flow index (MFI) of
10.5 g/10 min. and a density of 0.948 g/cm’. The compatibilizer was anhydride modified
polyethylene (PE-MA, E226, Dupont) with a melt flow index (MFI) of 1.75 g/10 min. and a
density of 0.930 g/cm’. A commercially available masterbatch of LLDPE/O-MMT
(NanoMax) containing 50 wt % organo-modified Montmorillonite (O-MMT) was supplied

by Nanocor.
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3.2.2 Preparation of nanocomposites

The blend of LDPE/HDPE was fixed at a weight ratio of 80/20. The LDPE, HDPE, PE-MA
and the commercial masterbatch of LLDPE/O-MMT were dried at 40 °C in a vacuum oven
for a minimum of 48 hrs prior to extrusion. Nanocomposites were prepared by an extrusion
process using a co-rotating twin-screw extruder (Haake Polylab Rheomex OS PTW16, D =
16 mm, L/D = 40) coupled with a Haake Metering Feeder to control the feed rate. The
temperature profile used in this study was 170 °C - 180 °C from hopper to die, the feed rate
was fixed at 1kg/h and the screw speed was set at 140 rpm. All materials were manually pre-
mixed before introduction into the twin-screw extruder. The pellets that were obtained after
extrusion were press-molded using an electrically heated hydraulic press to form thin plates
(1.2-mm thick). The molding temperature and pressure were 178 °C and 5 MPa respectively.
A summary of the compositions of the PE/clay nanocomposites used in this paper is collected

in Table 3.1.

Tableau 3.1 Sample formulation and designation

Sample designation | LLDPE | LDPE/HDPE PE-MA O-MMT
(wt %) (wt %) (wt %) (wt %)
MB 50 - - 50
PE - 100 0 0
PE/O-MMT 5 90 0 5
PE/O-MMT/PE-MA 5 80 10 5
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3.3 Characterization and measurements

3.3.1 Differential scanning calorimetry (DSC)

Thermal parameters (melting temperature, crystallization temperature and crystallinity) of
neat PE, PE/O-MMT and PE/O-MMT/PE-MA nanocomposites were determined using a
Perkin-Elmer DSC Pyris 1 instrument. The calibration of the DSC was performed using
indium. All samples had the same weight (approximately 5.0 mg), and the PE and its
nanocomposites were heated from 30 °C to 180 °C during each run at a heating rate of 10
°C/min. in nitrogen atmosphere. The endothermic and exothermic diagrams were recorded as

a function of temperature.

3.3.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) was employed in order to assess the degree of dispersion and
exfoliation or intercalation state of the nanoclay in the polymer matrix. XRD patterns were
identified using a diffractometer (PANanalytical X’Pert Pro) with Ka radiation at a
wavelength A of 1.5418 A, operated at an accelerating voltage of 40 kV and an electrical
current of 45 mA. The scanning was conducted from 2° to 9°, with a scan rate of 0.6°/min.

The intercalate spacing dyo; was calculated using Bragg’s law:

2dsinf =21 3.1

where d, 0 and A represent the interlayer distance of the clay, the measured diffraction angle

and the wavelength, respectively.

333 Microscopical Observations

The morphology of the samples was examined using a Hitachi scanning electron microscope

(SEM). The samples were first cut in a microtome (Ultraculeika) equipped with a glass knife,
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and then coated with a 2-nm thick layer of platinum in order to avoid electrostatic charging
during microscopic observations. The operating voltage was fixed at the lowest possible

voltage (5 kV) in order to prevent polymer damage and maintain high-resolution images.

3.34 Dielectric Relaxation Spectroscopy

Dielectric relaxation spectroscopy experiments were carried out using a Novocontrol alpha-N
in the 107 to 10° Hz frequency domain at temperatures of 30, 40, 50, 60 and 70 °C. The
temperature was controlled using a Novotherm system with a stability of 0.5 °C.

Prior to all dielectric spectroscopy measurements, the samples measuring 40 mm in diameter
and 1.20 mm in thickness were dried at 50 °C in a vacuum oven for 24 hrs, and then
sandwiched between two gold-plated electrodes measuring 40 mm in diameter to form a
parallel-plate geometry capacitor.

The complex dielectric permittivity is given by:

e'(w) =& (w) —ie"(w) (3.2)

where &'(w)represents the real part, &''(w) represents the imaginary part and w = 21f
represents the angular frequency.
The experimental dielectric data can be fitted into the Havrialk-Negami equation as shown

below:

(3.3)

. + i Agi
C TR T LA Gerp R
1=

where &, represents the high frequency permittivity, Ag; represents the i™ dielectric
relaxation strength, 7; represents the relaxation time of the i™ relaxation, n represents the
number of relaxation processes and a; and f5; (0<o<l, ap<l) represent the shape parameters

describing symmetric and asymmetric broadening of the relaxation spectra. At low
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frequency, the influence of the charge carrier fluctuations must be taken into consideration.

The complex permittivity can then be expressed as:

o (3.4)

— (1 + (La)r )“t)ﬁt] g (iw)*s

f =g, +

i

By using equations (3.2), (3.3) and (3.4), the real part ¢'(w) and the imaginary part €'’ (w) of

the complex dielectric permittivity £*(w) can be written as:

£'(w) = € + X4 [ A¢icos(Pipi) —] + %97 cos(Z) (3.5)
(1+2(wt)% sin(@)ﬂm}zai) /5 €o 2
and
- Ag; sin(,[i’ D) .S s
i=1 (14 2(wrt;)% sin( ) + (wt)%%) /2 €o
where
. ()% cos( M) (3.6)

; = tan
. G

where g, represents dc conductivity and s represents an adjustable parameter. In the case of

pure electronic dc conductivity, s = 1.
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34 Results and discussion

3.4.1 Thermal Properties

Differential scanning calorimetry (DSC) was used to measure the melting temperatures,
crystallization temperatures and fusion enthalpy AHp. The degree of crystallinity was

calculated as expressed by the following equation:

AH
AH} (1-9)

where AHj represents the heat of fusion (J/g), AH? represents the theoretical heat of fusion of
100 % crystalline PE (293 J/g) and ¢ represents the weight fraction of O-MMT in the
composites.

The melting and crystallization curves of neat polyethylene and its nanocomposites are
depicted in Figure 3.1 and Figure 3.2 respectively. The thermal parameters derived from these
curves are shown in Table 3.2. Differential scanning calorimetry (DSC) thermograms revealed
two different peak temperatures, with the first melting temperature related to LDPE and the
second melting temperature related to HDPE. The melting point peak of LLDPE was not
detected due to the low concentration of LLDPE in the nanocomposites. The DSC results
clearly showed that the melting temperature, crystallization temperature and crystallinity of
PE/O-MMT and PE/O-MMT/PE-MA are almost the same as those of neat PE. This behavior
suggests that the presence of the organoclay did not create a nucleating effect. The same

results were found by Morawiec et al. (Morawiec et al., 2005).
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Figure 3.2 DSC cooling thermograms of neat PE, PE/O-MMT and
PE/O-MMT/PE-MA nanocomposites
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Tableau 3.2 DSC data for PE and its nanocomposites

Samples LDPE HDPE LDPE HDPE Heat of | Crystallinity
(T, °C) (T, °C) (T, °C) | (T, °C) fusion (%)
J/g)
PE 109.4 125.8 97.3 113.5 115.8 395
PE/O-MMT 110.6 127.4 97.4 113.4 114.4 41.1
PE/O-MMT/PE-MA 110.9 127.7 98.8 112.7 113.7 40.8

3.4.2 Wide-angle X-ray diffraction (WAXD)

Figure 3.3 shows the X-ray diffraction spectra for the O-MMT masterbatch, PE/O-MMT and
PE/O-MMT/PE-MA nanocomposites. The diffraction peak for the O-MMT masterbatch is
approximately 20 = 3.13°, which corresponds to a dgo; value of 2.82 nm calculated using the
Bragg law (Table 3.3). When the O-MMT masterbatch was diluted with pure PE to create
PE/O-MMT nanocomposites, the diffraction peak was found to shift to a smaller angle of
2.93°, indicating the increase in dgo; spacing of the galleries of the organoclay. This
improvement in the dispersion was due to the processing conditions for the fabrication of
nanocomposites. For the ternary nanocomposites PE/O-MMT/PE-MA, the diffraction peak
was observed at a lower angle of 2.73°, corresponding to an increase in intercalate spacing
doo1 to 3.25 nm. On the other hand, the reduction in the diffraction intensity accompanied by
the broadening of the basal peak in the PE/O-MMT/PE-MA nanocomposites suggests that
the degree of dispersion of the nanoclay within the polymer matrix was improved, and these

compatibilized nanocomposites contain a significant proportion of exfoliated nanoclay in the
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final nanocomposites. This is due to the polar interactions between the maleic anhydride
groups in the PE-MA and the OH groups of clay which lead to a formation of a covalent
bond between clay and compatibilizer (Dumont et al., 2007) and helps polymer chains to
penetrate the galleries of the organoclay easily (Gopakumar et al., 2002; Hotta et Paul, 2004).
Since PE-MA has a high molecular weight (low melt index) the shear stress was significant,
which led to an increase in the delamination of the clay platelets (Hasegawa et al., 1998;
Hasegawa et al., 2000; Kato, Usuki et Okada, 1997; Kawasumi et al., 1997; Maiti et al.,
2002; Manias et al., 2001; Nam et al., 2001; Wang et al., 2006).

MB ]

Intensity (a.u)

PE/O-MMT/PE-MA. -

2 4 =] 8 10 12

20 (degrees)

Figure 3.3 X-ray diffraction patterns for MB and PE nanocomposites with and
without compatibilizer
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Tableau 3.3 20 and dyo; data for the different nanocomposites

Sample 20 (°) dgo; (nm)
MB 3.13 2.82
PE/O-MMT 293 3.02
PE/O-MMT/PEMA 2.72 3.25

343 Morphological characterizations by SEM

In order to confirm the XRD results, the morphology of the nanocomposites was observed
using a scanning electronic microscopy (SEM). Figure 3.4 shows the morphology of neat PE
(Figure 3.4 (a)), PE/O-MMT (Figure 3.4 (b)) and the ternary nanocomposites PE/O-
MMT/PE-MA (Figure 3.4(c)) at a magnification of 5,000. For PE/O-MMT nanocomposites,
the existence of the clay aggregates or tactoids can be seen at the micrometer level, and
therefore, the morphology is not homogeneous, which reveals a poor intercalated/exfoliated
structure. However, when the compatibilizer was added, it was observed that the density and
size of the aggregates decreased, which indicates that the dispersion of nanoclays within the
polymer matrix is much better. This is consistent with the higher intercalate spacing dgo; and
the reduction in the diffraction intensity accompanied by the broadening of the peak observed

in the XRD results (Figure 3.3 and Table 3.3).
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Figure 3.4 Representative SEM micrographs for a) neat PE, b) PE/O-MMT
and ¢) PE/O-MMT/PE-MA
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344 Broadband dielectric spectroscopy

Polyethylene is classified as a non-polar polymer with low dielectric permittivity. In general,
this type of material exhibits no notable or significant ionic, interfacial or dipolar
polarization, being characterized by low flat dielectric losses. As observed from Figure 3.5
(a), the relative permittivity (&") of neat PE remains essentially constant in the 107 to 10°
frequency range, showing a small decrease when the temperature is increased. The slight
decrease in (&") at higher temperatures can be related to a combination of water evaporation
and a decrease in the density (Tomer et al., 2011). While, the dielectric loss (¢'") of neat PE
at low frequency (Figure 3.5 (b)) shows a significant increase, which can be attributed to the
contribution of charge carriers leading to various forms of conductivity and electrode
polarization (Kremer et Schonhals, 2003). This is the so-called low-frequency dispersion. As
expected, no relaxation process is detected in this material.

For PE/O-MMT nanocomposites, Figure 3.6 shows the frequency dependence of relative
permittivity (&) and dielectric loss (&) at various temperatures. It can be seen that the
relative permittivity (&¢') shows two sharp decreases (Figure 3.6 (a)), corresponding to the
two peaks in the dielectric losses (&') (Figure 3.6 (b)). This indicates that the
nanocomposites exhibited two dielectric relaxation processes. It is evident that the (&)
peaks observed in PE/O-MMT nanocomposites are due to the addition of nanoclay, because
no dielectric relaxations were observed for the neat PE. The peaks of the relaxation processes
presented in the nanocomposites were shifted to higher frequencies as the temperature was
increased. This change shows that the relaxation processes exhibited thermal activation
behavior.

In order to clearly show the relaxation processes observed in PE/O-MMT nanocomposites,
the dielectric loss (¢") was plotted as a function of the frequency and temperature in a 3D
representation (Figure 3.7). Two relaxation modes were observed in the dielectric losses. The
first relaxation was detected at low frequency, and it is attributable to a Maxwell-Wagner-
Sillars polarization associated with the blocking of charges at the interfaces between two
inhomogeneous phases with different conductivity, such as the polymer matrix and the

silicates filler (Laredo et al., 2003; Le Huy et Rault, 1994; McCall et Anderson, 1960). The
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second relaxation, which was detected at high frequency, can be attributed to dipolar
polarization associated with the polar characteristic of the intercalant that was used for
surface treatment of montmorillonite clay.

The experimental data related to the dielectric loss (¢") for PE/O-MMT nanocomposites
were fitted into the Havrialk-Negami function (Figure 3.8.), and the optimum dielectric

parameters are shown in Table 3.4.
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Tableau 3.4 Optimum fit parameters for MWS and dipolar relaxations in

Figure 3.8
MWS Polarization
T C) o By Ag, T1(8)
30 0.29 1.00 0.50 0.56
40 0.43 1.00 0.32 0.11
50 0.48 1.00 0.27 0.04
60 0.49 0.98 0.26 0.02
70 0.55 0.89 0.23 0.01

Dipolar Polarization

T(° C) v B2 Agy (s)
30 0.79 0.87 0.05 260E-5
40 0.67 0.63 0.14 60.8E-5
50 0.62 0.70 0.18 17.7E-5
60 0.67 0.68 0.18 6.45E-5
70 0.63 0.81 0.19 2.35E-5

Figure 3.9 shows the frequency dependence of the permittivity (¢") (Figure 3.9 (a)) and the
dielectric loss (g'") (Figure 3.9 (b)) for PE/O-MMT/PE-MA. As observed for PE/O-MMT,
the two relaxation processes are also presented for these compatibilized nanocomposites. It
can be seen that the relaxation peaks are more thermally activated in PE/O-MMT/PE-MA
than in PE/O-MMT.
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In order to study the temperature dependence of both relaxation processes for the PE/O-
MMT nanocomposites, the relaxation rate f,,,, of the Maxwell-Wagner-Sillars and dipolar
polarization processes were plotted versus inverse temperatures, as shown in Figure 3.10.

The data were found to be in agreement with the Arrhenius equation:
Ea
Jmax(T) = foexp(— X T) (3-8)
B

where f,, represents the pre-exponential factor, E, represents the activation energy and kg
represents the Boltzmann constant. It can be seen that both processes follow Arrhenius’ law,
with activation energies of 1.2 eV and 1.6 eV for the Maxwell-Wagner-Sillars and dipolar

relaxation, respectively.
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Figure 3.10 Relaxation rate f,,,,4 as a function of inverse temperature
for the two relaxation modes observed in PE/O-MMT
nanocomposites. The solid lines represent best fits for

the Arrhenius function
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It is evident from Figure 3.11 that the values of the relaxation rate f,,,;, of Maxwell-Wagner-
Sillars are significantly influenced by the structure of the nanocomposites, with the values of
fmax being higher in the well-dispersed PE/O-MMT/PE-MA nanocomposites than in the
PE/O-MMT nanocomposites. In order to better understand the relationship between the
structure and the relaxation rate f,, of the Maxwell-Wagner-Sillars relaxation process,

Bohning et al (Bohning et al., 2005) suggest that f,,, is inversely proportional to the mean

distance d between separated nanoclay layers

fmaxz ~ fmaxl (3 9)
d, d, ’

Accordingly, the improvement in the degree of dispersion in PE/O-MMT/PE-MA
nanocomposites obtained with the addition of the compatibilizer leads to a decrease in the
mean distance between the clay layers, and consequently, an increase in the relaxation rate

fmax for the Maxwell-Wagner- Sillars process.
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PE/O-MMT/PE-MA nanocomposites. The solid lines
represent best fits for the Arrhenius function
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3.5 Conclusion

A commercially available premixed polyethylene/O-MMT masterbatch was used in this
study to prepare PE/O-MMT nanocomposites using a co-rotating twin-screw extruder.

The quality of dispersion was improved by the incorporation of anhydride modified
polyethylene (PE-MA) as the compatibilizer. This is due to the fact that PE-MA helps
polymer chains to penetrate the galleries of the organoclay easily. No relaxation processes
were observed in the neat PE, but two thermally activated relaxation modes were observed in
the nanocomposite materials: a low-frequency relaxation that can be attributed to an
interfacial process, and a high-frequency relaxation that is related to a dipolar polarization
process. It was observed that the relaxation rate of the Maxwell-Wagner-Sillars process
increased as the degree of dispersion increased. This correlation shows that broadband
dielectric spectroscopy can be used as a macroscopic tool to evaluate the quality of dispersion

in nanocomposite materials.
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Abstract

Cross-linked polyethylene (XLPE) is commonly used in medium/high voltage insulation due
to its excellent dielectric properties and acceptable thermo-mechanical properties. To
improve both electrical and thermal properties to a point that would possibly avoid the need
for crosslinking, nanoclay fillers can be added to polymer matrix to form nanocomposites
materials. In this paper, PE/clay nanocomposites were processed by mixing a commercially
available premixed polyethylene/O-MMT masterbatch into a polyethylene blend matrix
containing 80 wt % low density polyethylene LDPE and 20 wt % high density polyethylene
HDPE with and without compatibilizer using a co-rotating twin-screw extruder. Various
characterization techniques were employed in this paper, including optical microscopy,
AFM, TEM, TGA, DMTA and dielectric breakdown measurements in order to understand

the correlation between structure and short-term dielectric breakdown strength.
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4.1 Introduction

Polyethylene is the insulation dielectric material of choice because of its high dielectric
strength coupled with low dielectric loss, in addition to lending itself to easy processing.
Furthermore, polyethylene and polyethylene blends can be extensively recycled, making it a
suitable candidate for replacing its cross-linked counter-part, which has limited recyclability.
With conventional composite material, the filler is large or micrometric in size. It has been
reported that adding micro-filler has a negative effect on dielectric breakdown strength (Shen
et al., 2007) due to the enhancement of the electric field around the aggregated filler
particles, leading to decreased breakdown strength. To overcome these limitations,
nanocomposite was used as an alternative to replace conventional composite (Artbauer,
1996; Chen et Davies, 2000; Hosier, Vaughan et Swingler, 2002; Ieda, 1980; Job et al., 2003;
Lewis, 1994; 2004; Schneuwly et al., 1998; Shen et al., 2007; Sun, Zhang et Wong, 2005;
Tuncer, Nettelblad et Gubaiiski, 2002; Tuncer et al., 2009; Venkatasubramanian et al., 2007;
Vorob'ev, 1980; Zakrevskii et al., 2003). Adding a nanoparticle to the polymer matrix
resulted in a decrease in the internal electric field due to the reduction in particle size (Ma et
al., 2005). It has also been suggested that adding nanoclay can significantly decrease charge
accumulation, which leads to increase dielectric breakdown strength (Montanari et al., 2004).
In nanocomposites, the interface between the nanoclay and the polymer matrix is very large,
compared to that of composite or microcomposite materials. Several authors have reported
that interface region plays an essential role in improving the insulating performance of
nanodielectric materials (David et al., 2013; Gao et al., 2009; Green et al., 2008; Hoyos et al.,
2008b; Junguo et al., 2008; Tanaka, Montanari et Mulhaupt, 2004; Tomer et al., 2011).

In this paper, a blend of 80 wt% of LDPE and 20 wt% of HDPE was used as a matrix. The
nanocomposite was prepared by melt compounding the polymer matrix with nanoclay filler
using a co-rotating twin-screw extruder.

Only a few studies have focused on the structure-dielectric breakdown correlation in
polyethylene/clay nanocomposites (Green et al., 2008). To understand this relationship,
microscopic observation, thermal behavior and dynamic mechanical thermal analysis, as well

as short-term dielectric breakdown have been studied.
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4.2 Experiment

4.2.1 Materials

Low density polyethylene LDPE (LF-Y819-A) with a melt flow index of 0.75 g/10 min and a
density of 0.919 g/cm’ was supplied by NOVA, Canada, while high density polyethylene
HDPE (DGDP-6097 NT 7) with a melt flow index of 10.5 g/10 min and a density of 0.948
g/em’® was purchased from DOW, USA. The compatibilizer was anhydride modified
polyethylene PE-MA (Fusabond E226) with a melt flow index of 1.75 g/10 min and a density
of 0.930 g/cm’, supplied by DuPont Canada. A masterbatch of LLDPE/O-MMT (NanoMax)
obtained from Nanocor containing 50 wt % of organo-modified Montmorillonite (O-MMT)

and 50 wt % of linear low density polyethylene LLDPE.

4.2.2 Preparation of nanocomposites

The LDPE, HDPE, PE-MA and the LLDPE/O-MMT masterbatch were dried in a vacuum
oven at 40 °C for a minimum of 48 hrs. Nanocomposites were prepared by melt
compounding using a co-rotating twin screw extruder (Haake Polylab Rheomex OS PTW16,
D =16 mm, L/D = 40). The screw speed was set at 140 rpm and the feed rate was
at 1kg/h, while the hopper-to-die temperature profile was 170 °C - 180 °C. The ingredients
were manually pre-mixed before being fed into the twin-screw extruder. After extrusion, the
pellets were press-molded to form thin plates with a thickness of 590 pm using an electrically
heated hydraulic press. The compositions and sample designations for the prepared

nanocomposites are listed in Table 4.1.
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Tableau 4.1 Samples formulation and designation

Samples LLDPE | LDPE/HDPE | PE-MA | O-MMT
designation (wt %) (wt %) (wt %) (wt %)
MB 50 - - 50
PE - 100 0 0
PE/O-MMT 5 90 0 5
PE/O-MMT/PE-MA 5 &0 10 5
4.3 Characterization and measurements

4.3.1

The morphological properties were carried out using an optical microscope (CE, NMM-
800TRF) with a color camera (LEMEX) attached. Observations were realized at a lens

magnification of 200X in transmission mode. All samples were prepared as a thin film with a

thickness of 200 um.

4.3.2

Microstructures of polyethylene/clay nanocomposites were evaluated using an Atomic Force
Microscope (DiNanoScope, Vecco, USA) in tapping mode. The images of the surface
topography were then analysed using the Nanoscope (R) III software, Version 5.30r.sr3. The
nanoclay appeared brighter than the polyethylene matrix. Samples with a thickness of 590

Optical Microscope

Atomic Force Microscope (AFM)

pum were used, and all measurements were carried out at ambient conditions.
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4.3.3 Transmission electron microscope (TEM)

The quality of dispersion of the nanoclays in the polymer matrix was examined by
transmission electron microscope (TEM). Ultra-thin sections with a thickness of 50-80 nm
were cut from the molded plaque of PE/O-MMT and PE/O-MMT/PE-MA nanocomposites at
-120 °C using an ultramicrotome equipped with a diamond knife. The samples were then

examined using a high resolution FEM Tecnai G2 F20 with accelerating voltage of 200 kV.

434 TGA Characterization

Thermogravimetric analysis (TGA) of PE and its nanocomposites was performed on a
PYRIS Diamond TG-DTA. The heating process was executed out from 50 to 700 °C at a 10
°C/min heating rate. All measurements were carried out under air and nitrogen atmosphere to
evaluate the thermal oxidation and the thermal degradation of the materials, respectively. The

nanoclay loading of the nanocomposites materials was also evaluated using this technique.

4.3.5 Dynamic Mechanical Analysis by DMTA

The thermo-mechanical properties of the neat PE blend and its nanocomposites were obtained
using a dynamic mechanical thermal analysis (DMTA).

Dynamic stress ¢ and strain € are given by:

o = oy sin(wt + §) (4.1)

€ = gy sin(wt)

where o is the angular frequency and 6 is the phase angle.

The complex modulus £* is given by:

E*=E'+iE" 4.2)
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where the real part E' reflects the elastic energy stored in the material. The imaginary part £"”
describes the energy dissipated.

The loss factor tan 0 is the damping performance, and is represented by:

n

B
tand = = (4.3)

Rectangular geometry specimens with a 14 mm length, a 7 mm width and a Imm thickness
were used. All the specimens were cut from the compression-molded plaques. The
measurements were carried out in dual cantilever mode at a fixed frequency of 1 Hz and a
strain of 0.02 %. The samples were clamped with a 20 cN.m torque in order to achieve
reproducible results, and were all cooled down with liquid nitrogen to -30 °C, and then kept
for 10 minutes at that temperature.

Storage modulus £’ and loss modulus £ of PE and its nanocomposites were measured from
-30 to 100 °C at a 5 °C /min heating rate. This slow heating rate was chosen in order to avoid

having the material moving outside the thermodynamic equilibrium.

4.3.6 Dielectric Strength

The dielectric breakdown was measured according to the ASTM D 149 standard, using a
BAUR DTA 100 device to hold both the samples and the surrounding medium. A sample
with an average thickness of 590 um was immersed in a mineral oil (Voltesso 35, ESSO
Imperial Oil) and placed between two spherical electrodes 12.5 mm in diameter. A 60 Hz
voltage was raised at a rate of 2 kV/s from 0 V until the sample failed.

The dielectric strength E depends on the electrical voltage at breakdown V and thickness of

specimen e:

o<

(4.4)
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The dielectric strength data were processed using the two-parameter Weibull statistical
distribution (Std-930, 2004). The Weibull statistical distribution in the case of two —

parameters can be written as:
P(E) =1 —exp[—(E/a)P] (4.5)

where P denotes the cumulative probability of electrical failure, E is the experimental
dielectric strength, a is the scale parameter which represents the breakdown strength at the
cumulative failure probability of 63.2 %, and finally, B is a shape parameter related to the
scatter of data. According to the IEEE 930-2004 standard, the probability of failure P (i,n)

associated with the E; data can be approximated by:

. i—0.44
P(l’ n) - i4+0.25

(4.6)

where i is the i result when the breakdown values are sorted in ascending order and n
denotes the number of data points. For this work, n = 20.
The commonly used 90 % confidence intervals were used to compare sets of data by

verifying the overlapping of the confidence limits at the 63.2"™ percentile.

4.4 Results and discussion

4.4.1 Optical Microscopy

Most studies have often used TEM to evaluate the quality of dispersion at high
magnifications, while only few works have employed optical microscopy to investigate
nanoclay morphologies at low magnifications (Ranade, D'Souza et Gnade, 2002). The optical
microscopy images of the polyethylene blend and its nanocomposites are shown in Figure
4.1. In the PE/O-MMT nanocomposites, the presence of significant aggregates with varied

dimensions was observed (Figure 4.1 (b)) which was not the case in the neat PE (Figure 4.1
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(a)). When the compatibilizer was added, the number and size of aggregates were decreased
(Figure 4.1 (c)). This is due to the well-dispersed nanoclay platelet in the polyethylene matrix

under the effect of processing conditions and compatibilizer.

(2) (b)

30 um

(©)

Figure 4.1 Optical microscope images of (a) neat PE, (b) PE/O-MMT and
(c) PE/O-MMT/PE-MA
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4.4.2 Surface Roughness

In this paper, AFM height images of PE, PE/O-MMT and PE/O-MMT/PE-MA were used in
order to study the dispersion of nanoclay in the polymer matrix. The surface properties of
neat PE and its two nanocomposites in 3D height image are shown in Figure 4.2. It can be
seen that the surface of the neat PE (Figure 4.2 (a)) is relatively smooth in comparison with
those of PE/O-MMT (Figure 4.2 (b)) and PE/O-MMT/PE-MA (Figure 4.2 (c))
nanocomposites. From the surface roughness data depicted in Table 4.2, it is evident that
PE/O-MMT/PE-MA shows a decrease in the root mean squared Ry and average surface
roughness R, values when compared with PE/O-MMT. The decrease in surface roughness
can be attributed to a decrease in aggregate size (Gaume et al., 2012). From the images, it can
also be seen that in the compatibilized nanocomposites, the nanoclays are more oriented and
structured on the surface. This is due to the good dispersion of nanoclay in PE/O-MMT/PE-
MA nanocomposites (Hong et Rhim, 2012).

Tableau 4.2 Surface roughness data of PE and its nanocomposites

Nanocomposites R, (average surface roughness) R, (root mean squared)
(nm) (nm)
PE 11.0 16.3
PE/O-MMT 13.5 254

PE/O-MMT/PE-MA 11.7 18.0
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um

(2)

(b)

Figure 4.2 AFM height images of (a) neat PE, (b) PE/O-MMT and
(c) PE/O-MMT/PE-MA
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4.4.3 Clay Dispersion by TEM

Because of the small size of the region examined by TEM, the description of the quality of
dispersion was qualitative. Low (I) and high (II) magnification TEM micrographs of PE/O-
MMT and PE/O-MMT/PE-MA are shown in Figure 4.3. It can be seen that clay is presented
as tactoids in the PE/O-MMT nanocomposites (Figure 4.3 (a)). When the compatibilizer was
added, the microstructure of the nanocomposites was presented as a combination of
intercalated and exfoliated nanoclay layers (Figure 4.3 (b)). A better dispersion of the clay
platelets was achieved for PE/O-MMT/PE-MA than for the nanocomposites without a
compatibilizer. This result is in agreement with our previous SEM and XRD measurements

(Zazoum, David et Ngo, 2013).

4.4.4 Thermal Properties

Figure 4.4 shows the TGA curves for neat PE, and its nanocomposites PE/O-MMT and
PE/O-MMT/PE-MA in air atmosphere. The thermal degradation parameters derived from
these curves are given in Table 4.3. It is apparent from these results that the initial
degradation temperatures for both nanocomposites are higher than for the neat PE. For PE/O-
MMT/PE-MA the decomposition temperatures Tjgo, and Tsge, at 10 % and 50 % weight loss,
respectively, of these compatibilized nanocomposites were slightly higher than the PE/O-
MMT nanocomposites. This improvement can be due to maleic anhydride polyethylene. It
has been reported (Morawiec et al., 2005) that in the presence of this kind of compatibilizer,
more intercalation/exfoliated layers can be formed in the polymer matrix, and that there is an
improvement in the barrier action for diffusion of oxygen into the nanocomposites which can

inhibit material decomposition in air.
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Figure 4.3 Low (I) and high (II) magnification TEM images of nanocomposites:
(a) PE/O-MMT and (b) PE/O-MMT/PE-MA




100 =
80
X 60
=
=)
[0}
S
20 4
04

—FPE
— —PE/O-MMT
3 - - - - PE/O-MMT/PE-MA

T
100

200 300 400 500 600 700
Temperature (°C)

Figure 4.4 TGA decomposition curves of neat PE and its nanocomposites
in air environment

Tableau 4.3 TGA data of PE and its nanocomposites in air atmosphere

Tso, (°C) | Loading (wt %)

Samples T1o% (°C)
PE 389.38 430.00 0
PE/O-MMT 434.06 468.59 3.88
PE/O-MMT/PE-MA 440.16 471.63 3.89
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The thermal scans of PE, PE/O-MMT and PE/O-MMT/E226 nanocomposites in nitrogen
atmosphere are shown in Figure 4.5 and the degradation temperatures as well as ash content
are depicted in Table 4.4. These results show that the thermal stability of the nanocomposite
materials is enhanced when compared to that of the neat PE. On the other hand, it can be seen
that the TGA thermogram in nitrogen atmosphere related to PE/O-MMT nanocomposites is
superimposed over that of PE/O-MMT/PE-MA.

' | ' | ' I ' I '
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Figure 4.5 TGA decomposition curves of neat PE and its nanocomposites
in a N, environment
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Tableau 4.4 TGA data of PE and its nanocomposites in nitrogen atmosphere

Samples T1o% (°C) Ts0% (°C) Loading (wt %)
PE 413.75 456.40 0
PE/O-MMT 446.25 464.53 342
PE/O-MMT/PE-MA 448.28 466.56 3.40
4.4.5 Dynamic mechanical behavior

Thermo-mechanical analysis using DMTA was used to understand the evolution of the
viscoelasticity of the nanocomposites over a wide range of temperatures. This technique
provides better information on the quality of dispersion of the nanoclay filler in the polymer
matrix (Lonkar et al., 2012; Venkatesh et al., 2012). The storage modulus E’ and loss
modulus E£" curves of PE and its nanocomposites are depicted in Figures 4.6 and 4.7, which
show the variation of storage and loss modulus, respectively, as a function of temperature. It
is evident that the E' of neat PE and its nanocomposites decreases with an increase in
temperature. This is due to the increase in the molecular motion of the polymer chains when
the temperature increases. As depicted in Table 4.5 and Table 4.6, it was found that the
incorporated O-MMT improved the storage and loss modulus; at room temperatures (25 °C),
the storage and loss moduli increased from 0.474 GPa and 0.054 GPa, respectively, in the
neat PE blend to 0.561 GPa, and 0.071 GPa, respectively, in the PE/O-MMT
nanocomposites. This noticeable improvement in the thermo-mechanical stability of these
nanocomposites materials from low to high temperatures was caused by the strong
interactions between the interface of exfoliated/interacted nanoclay layers and the polymer
matrix (Vaia, Teukolsky et Giannelis, 1994). On the other hand, compatibilized

nanocomposites showed slightly higher storage and loss moduli than nanocomposites without
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compatibilizer. These results clearly show that the storage modulus value is correlated with

the quality of dispersion in nanocomposites materials (Lertwimolnun et Vergnes, 2005).
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Figure 4.6 Storage modulus E’ of neat PE, PE/O-MMT and
PE/O-MMT/PE-MA nanocomposites as function of temperature at 1 Hz

Tableau 4.5 Effect of O-MMT clay and compatibilizer on storage
modulus £’ at different temperatures

Storage Modulus, E’ (GPa)

Samples -30 °C 25°C 90 °C
PE 1.485 0.474 0.051
PE/O-MMT 1.651 0.561 0.095

PE/O-MMT/PE-MA 1.725 0.594 0.117
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Figure 4.7 Loss modulus E” of neat PE, PE/O-MMT and
PE/O-MMT/PE-MA nanocomposites as function of temperature at 1 Hz

Tableau 4.6 Effect of O-MMT clay and compatibilizer on
loss modulus £ at different temperatures

Loss Modulus, E"' (GPa)
Samples -30 °C 25°C 90 °C
PE 0.060 0.054 0.017
PE/O-MMT 0.069 0.071 0.020
PE/O-MMT/PE-MA 0.076 0.077 0.023
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4.4.6 Dielectric breakdown measurements

A typical image of a breakdown path for a PE/O-MMT sample in 2D and 3D presentation is
shown in Figures 4.8 (a) and 4.8 (b), respectively. In addition, Figure 4.9 shows the Weibull
cumulative failure probability plot for the dielectric strength of pure PE and its
nanocomposites. As reported in Table 4.7, for PE, PE/O-MMT and PE/O-MMT/PE-MA, the
scale parameters a were 70.3, 82.4 and 85.7 kV/mm, respectively, and the shape parameters
B were 18.6, 13.2 and 10.8, respectively. It can clearly be observed from the scale parameter
values a and from the confidence intervals that adding O-MMT to the polyethylene matrix
leads to a noticeable increase in the material dielectric strength. This could be explained by
the major role played by the interface between the PE matrix and the nanoclay particles,
which could have an impact on the space charge distribution and charge densities. In turn,
this probably led to a better distribution of the electrical stress (Nelson et Fothergill, 2004).
When the compatibilizer was added to PE/O-MMT nanocomposites, a further improvement
of the breakdown strength was noted. A possible explanation relates to the change of
microstructure which occurred with the addition of the compatibilizer into the PE/O-MMT
nanocomposites. This change of microstructure was already underlined by the microscopic
observation results discussed above.

The shape parameter value B decreases when O-MMT is added to the PE matrix. With this
parameter being an indication of the data’s scattering, this could indicate either a non-
uniform dispersion of the O-MMT or a partial exfoliation of the O-MMT (Hoyos et al.,
2008a).
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(a) (b)

Figure 4.8 Typical breakdown path for PE/O-MMT in (a) 2D and (b) 3D visualizations,
observed by high resolution optical microscope
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Figure 4.9 Weibull probability plot of dielectric strength of neat
PE, PE/O-MMT and PE/O-MMT/PE-MA
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Tableau 4.7 Weibull parameters for dielectric breakdown strength of PE
and its nanocomposites

Samples o (kV/mm) B 90 % confidence intervals
for o (kV/mm)
PE 70.3 18.6 [68.7,71.7]
PE/O-MMT 82.4 13.2 [79.8, 84.7]
PE/O-MMT/PE-MA 85.7 10.8 [82.4, 88.7]
4.5 Conclusion

A commercial nanoclay masterbatch was used in this study to prepare PE/clay
nanocomposites. The effect of O-MMT clay and compatibilizer on the structure and
dielectric breakdown behaviour in PE was investigated. Microstructure characterizations by
microscopic observation revealed that nanoclay layers were more intercalated/exfoliated in
PE/O-MMT/PE-MA than in PE/O-MMT, thanks to presence of a compatibilizer. These
results are in agreement with TGA and DMTA measurements. Dielectric strength
measurements showed that in PE/O-MMT nanocomposites, significant improvements in
dielectric breakdown strength can be reached, as compared to neat PE. When the
compatibilizer was added to PE/O-MMT nanocomposites, a further improvement in
breakdown strength was noticed. This may suggest a correlation between morphology and
breakdown strength, and that dielectric characterization, especially breakdown strength and
dielectric response (Zazoum, David et Ngd, 2013) measurements, can be exploited as an
indirect technique for evaluating the degree of dispersion of nanoclay layers in polymer

nanocomposites. Further studies will be necessary to confirm the results obtained.
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Abstract

Nanocomposites made of linear low density polyethylene (LLDPE) and organo-modified
montmorillonite (O-MMT) were processed by melt compounding from a commercially
available premixed LLDPE/nanoclay masterbatch, at different nanoclay loadings, using a co-
rotating twin-screw extruder. The morphological and dielectric properties of LLDPE/O-MMT
nanocomposites were investigated to understand the structure-dielectric properties relationship
in the nanocomposites. The microstructures of the materials were characterized by wide angle
X-ray diffraction (WAXD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFM). Initial findings by FTIR
spectroscopy characterization indicated the absence of any chemical interaction between
LLDPE and nanoclay during the extrusion process, while DSC showed that a 1% wt loading
of nanoclay particles increases the degree of crystallinity of the nanocomposites samples. On
the other hand, XRD, SEM, TEM and AFM indicated that nanoclay layers were intercalated
or exfoliated in the LLDPE matrix. A correlation between the structure and dielectric

properties of LLDPE/O-MMT nanocomposites was found and discussed.

Keywords: LLDPE/O-MMT nanocomposites, microstructure, dielectric response, breakdown

strength.
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5.1 Introduction

Polyethylene is extensively used as ground wall insulation in high and medium voltage
electric cables due to its good electrical insulating properties. However, many of its physical
properties need to be improved in order to broaden its engineering application. It has been
observed that adding a small amount of nanoclay to some thermoplastics as reinforcing fillers
to form nanocomposites material lead not only to an improvement of the mechanical and
thermal properties (Han et al., 2001; Hotta et Paul, 2004; Kawasumi et al., 1997; Utracki et
Kamal, 2002), but also to an enhancement of the dielectric properties of these materials
(AWAIJI et al., 2009; Chen et Chen, 2009; Kim et al., 2009; Kornmann, Lindberg et Berglund,
2001; Tan et Yang, 1998; Zhao et He, 2006).

There are three typical different processing procedures for preparing nanocomposites: (1) in-
situ polymerization, (2) solution blending, and (3) melt compounding. The latter is considered
to be the most convenient and effective technique for producing nanocomposites, and uses
twin-screw extruder. The procedure offers economic benefits and ecological advantages.

The morphology of polymer clay nanocomposites can be classified into three different
structures: (1) unmixed nanocomposites, in which polymer chains do not penetrate between
silicate layers; (2) intercalated nanocomposites, in which polymer chains are intercalated
between silicate layers, and (3) exfoliated nanocomposites, in which the organoclay plates are
separated by an average distance which depends on the organoclay plates concentration, and
the individual silicate layers are randomly distributed in the polymer matrix. In this case, the
X-ray diffraction does not show any 001 diffraction peak. The main problem in the fabrication
of nanocomposites is the dispersion of the individual clay platelets into the polyethylene
matrices due to the incompatibility of hydrophobic polyolefin with hydrophilic nanoclay
(Osman, Rupp et Suter, 2005). To render clay platelets compatible with the polymer matrix, a
surface treatment, which uses quaternary alkyl ammonium cations (Zhang et al., 2005), is
completed via ion-exchange reactions with cationic surfactants.

The purpose of this paper is to examine the effect of nanoclay dispersion and to understand
the relationship between the structure and dielectric properties of LLDPE/O-MMT

nanocomposites.
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5.2 Experiment

5.2.1 Materials

Linear low density polyethylene (LLDPE, FPs117, NOVA Chemicals), with a melt flow index
(MFI) of 1 g/10 min and a density of 0.917 g/cm’, was used as matrix. A commercial
masterbatch of LLDPE/O-MMT (NanoMax) containing 50 wt % of organo-modified
Montmorillonite (O-MMT) was supplied by Nanocor. Maleic anhydride grafted linear low
density polyethylene (LLDPE-g-MA, Fusabond® M603, DuPont), having a density of
0.940 g/cm’ and MFI of 25 g/10 min, was used as a compatibilizer.

5.2.2 Sample preparation

The LLDPE, M603 and commercial master-batch of LLDPE/O-MMT were dried at 40 °C in a
vacuum oven for a minimum of 48 hrs prior to extrusion. Nanocomposites were prepared by
an extrusion process using a co-rotating twin screw extruder (Haake Polylab Rheomex OS
PTW16, D = 16mm, L/D = 40), coupled with a Haake Metering Feeder in order to control the
feed rate. The temperature profile from hopper to die used in this study was 140 °C - 180 °C,
the feed rate was fixed at 1 kg/h, and the screw speed was set at 140 rpm. All materials were
pre-mixed manually before introduction into the twin-screw extruder.

The pellets obtained after extrusion were press-molded to form thin plates (590 pum
thickness) using an electrically heated hydraulic press. The molding temperature and pressure
were 178 °C and 5 MPa, respectively. A summary of the compositions of the

LLDPE/clay nanocomposites used is collected in Table 5.1.
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Tableau 5.1 Samples formulation and designation

Samples designation LLDPE O-MMT LLDPE-g-MA
(wt %) (wt %) (wt %)
MB 50 50 0
LLDPE 100 0 0
LLDPE+1% O-MMT 99 1 0
LLDPE+3% O-MMT 97 3 0
LLDPE+3% O-MMT+10% M603 87 3 10
LLDPE+5% O-MMT 95 5 0
5.3 Characterization and measurements

5.3.1 X-ray diffraction (XRD)

The characterization of nanocomposite structure was performed using an X-ray diffractometer
(PANanalytical X Pert Pro) with Ka radiation (A = 1.5418A), at an accelerating voltage of 40
kV and an electrical current of 45 mA. The scanning was conducted from 2° to 9° with a step
size of 0.0334° and the counting time was 200 ms per step. The intercalate spacing between

the planes in the atomic lattice dog; was calculated by using Bragg’s law:

2dsin9=l (51)
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5.3.2 Transmission electron microscopy (TEM)

The degree of dispersion of the nanoclays in the polymer matrix was examined by
transmission electron microscopy (TEM). Ultra-thin sections of 50-80 nm in thickness were
cut from the molded plaque of LLDPE/O-MMT nanocomposites at -120 °C, using an
ultramicrotome equipped with a diamond knife. These samples were then examined using a

high-resolution JEOL JEM-2100F TEM with an accelerating voltage of 200 kV.

533 Atomic force microscopy (AFM)

The morphological investigations of the LLDPE/clay nanocomposites were carried out using
an Atomic Force Microscopy (DiNanoScope, Vecco, USA) in tapping mode. The images of
the surface topography were then analyzed using the Nanoscope (R) III software, Version
5.30r.sr3. Samples with a thickness of 560 um were used, and all measurements were carried

out at ambient conditions.

534 Scanning electron microscopy (SEM)

The samples’ micro-structure was examined using a Hitachi scanning electron microscopy
(SEM). Samples were first embrittled in liquid nitrogen and then snapped off by hand and
coated with a 2 nm platinum layer in order to avoid electrostatic charging during the

microscopic observations.

5.3.5 Differential scanning calorimetry (DSC)

The thermal behavior of pure LLDPE and LLDPE/O-MMT nanocomposites was observed
using a Perkin-Elmer Differential Scanning Calorimeter Pyris 1 instrument. The temperature
calibration of the DSC was performed using indium. During each run, the LLDPE and its
nanocomposites were heated from 30 °C to 180 °C, at a heating rate of 10 °C/min in nitrogen

atmosphere.
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5.3.6 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectra were obtained using a Thermo Electron Nicolet
6700 FT-IR spectrometer instrument. Thin film samples were cut from the compression-
molded sheet films. The measurements were carried out at a spectral resolution of 4 cm™ in
the 400-4000 cm™ wavenumber range, with accumulations of 32 scans at room temperature.

Spectra were collected in transmittance mode.

5.3.7 Dielectric relaxation spectroscopy

Dielectric relaxation spectroscopy experiments were carried out using a Novocontrol alpha-N
Analyzer in the 107 to 10° Hz frequency domain at temperatures of 40 °C. The temperature
was controlled using a Novotherm system, with a stability of 0.5 °C.

The samples were sandwiched between two gold-plated electrodes measuring 40 mm in
diameter to form a parallel-plate geometry capacitor.

The obtained complex dielectric permittivity is given by:

e'(w) = &' (w) —ie"(w) (5.2)

where €’(w) represents the real part, '’ (w) represents the imaginary part, and w = 2xf is

the angular frequency.

5.3.8 Dielectric breakdown strength

The dielectric breakdown field was measured according to the ASTM D 149 standard. The
specimens were placed between two 12.5 mm hemispherical electrodes and held by a small
applied pressure. The whole setup was immerged in mineral oil (Voltesso 35, ESSO

Imperial Oil). The rate-of-rise was set to 2 kV/s, and a 60 Hz voltage was raised until the

sample breakdown.
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The two-parameter Weibull statistical distribution (Std-930, 2004) was used to treat the
dielectric strength data. The Weibull statistical distribution in the case of two-parameters can

be written as follows:
P(E) = 1 — exp[—(E/a)] (5.3)

where P(E) denotes the cumulative distributive function of dielectric strength, E is the
experimental dielectric strength, o is the scale parameter which represents the breakdown
strength at P(a)=0.632, and finally, B is a shape parameter related to the data scattering.
According to the IEEE 930-2004 standard, the experimental probability of failure P (i,n)

associated with the E; data can be approximated by:

P(i,n) = — (5.4)

where i is the i result when the breakdown values are sorted in ascending order, and n is the
number of data points. In this paper, n = 20.
The commonly used 90 % confidence intervals have been used to compare sets of data by

verifying the overlapping of the confidence limits at the 63.2"™ percentile.

54 Results and discussion

54.1 X-ray diffraction (XRD) technique

Figure 5.1 shows the X-ray diffraction spectra of the O-MMT masterbatch (MB),
LLDPE+3% O-MMT and LLDPE+3% O-MMT+10% M603 nanocomposites. The dgo;
diffraction peak for the O-MMT masterbatch is about 20 = 3.13°, corresponding to a basal
spacing dgo; of 2.82 nm. When the O-MMT masterbatch was diluted with pure LLDPE, the
diffraction peak was found to shift to a smaller angle, indicating the increase in doy; spacing

of the galleries of the organoclay. For the ternary nanocomposites LLDPE+3% O-
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MMT+10% M603, the reduction in the diffraction intensity and the disappearance of the
basal peak suggested that O-MMT is exfoliated in the polymer matrix.
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Figure 5.1 X-ray diffraction spectrum of LLDPE/clay nanocomposites
5.4.2 Microstructure of nanocomposites

Transmission electron microscopy was employed in order to directly visualize the
nanocomposites’ structure and to confirm XRD information about the quality of dispersion for
silicate platelets in the polymer matrix. TEM micrographs of LLDPE+3% O-MMT and
LLDPE+3% O-MMT+10% M603 are shown in Figure 5.2. It can be seen that clay is
presented as tactoids in the LLDPE+3% O-MMT nanocomposites (Figure 5.2 (a)).

Obviously, when the compatibilizer is added, the microstructure of the nanocomposites is
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significantly improved, and it is presented as a combination of intercalated and exfoliated

nanoclay layers (Figure 5.2 (b)).

(a) (b)

Figure 5.2 TEM Micrographs of (a) LLDPE+3%0O-MMT and
(b) LLDPE+3% O-MMT+10% M603

5.4.3 Atomic force microscopy

AFM height images of LLDPE+3% O-MMT and LLDPE+3% O-MMT+10% M603 were
used in order to study the dispersion of nanoclay in the polymer matrix. The surface
properties of these two nanocomposites in 3D height image are shown in Figures 5.3 (a) and
5.3 (b). From the images, the nanoclay appears brighter than the polyethylene matrix.
It is obvious that in the compatibilized nanocomposites, the agglomerates are broken into
small tactoids and the nanoclays are more homogeneously distributed in the polymer matrix.
This leads to a reasonably good dispersion of nanoclay in LLDPE+3% O-MMT+10% M603
nanocomposites (Hong et Rhim, 2012). These obtained results are also well corroborated by

XRD and TEM measurements.
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(a) (b)

Figure 5.3 AFM images of (a) LLDPE+3% O-MMT and
(b) LLDPE+3% O-MMT+10% M603 nanocomposites

5.4.4 Thermal Properties

Differential scanning calorimetry (DSC) was used to measure the melting temperature and the

fusion enthalpy AHg. The degree of crystallinity was calculated as

VA 55
AHF (l—(p)

% y =
where AHp is the heat of fusion (J/g), AH?is the theoretical heat of fusion of 100 %
crystalline LLDPE (293 J/g) and ¢ is the weight fraction of O-MMT.

DSC numerical data of LLDPE and its nanocomposites are reported in Table 5.2. It can be
seen that the addition of nanoclay to the LLDPE matrix had no significant impact on the
melting temperature for all the samples. However, the crystallinity of LLDPE/O-MMT
samples was found to increase at concentrations of nanoclay of 1 wt %. This observation
could be explained by the fact that nanoclay layers acted as nucleating agents and facilitated

the crystal growth. On the other hand, the degree of crystallinity was found to slightly
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decrease with further increases of nanoclay concentration (5 wt %). A possible explanation for
this could be that intercalated nanoclay layers of O-MMT limit the growth of the polymer

spherulites.

Tableau 5.2 DSC results for pure LLDPE and LLDPE/O-MMT nanocomposites

Samples Melting Point Crystallinity
°O) (%o)
LLDPE 107.7 33.7
LLDPE+1% O-MMT 108.0 36.8
LLDPE+3% O-MMT 107.1 353
LLDPE+3%0-MMT+10% M603 107.1 35.2
LLDPE+5% O-MMT 107.7 34.0

5.4.5 FTIR Spectroscopy

Transmittance Fourier Transform Infrared Spectroscopy was used to quantify the possible
thermal degradation and monitor the motion of molecular chain of pure LLDPE and
LLDPE/O-MMT nanocomposites.

Figure 5.4 shows the infrared spectra of LLDPE (0 run), LLDPE (1 run) and LLDPE/O-MMT
(1 run) nanocomposites with different O-MMT contents. Comparing the infrared spectra of
LLDPE (0 run) with that of LLDPE (1 run) indicates the absence of any oxidation phenomena
during the one-run extrusion process. The binary nanocomposites LLDPE/O-MMT show only
the characteristic peaks for both pure LLDPE and O-MMT. The absence of any new peaks

indicates the absence of any chemical reactions between the nanoclay and polymer matrix.
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O-MMT has characteristic peaks at 464 cm™, 521 cm™ and 1047 cm™; these bands are related
to Si-O bending, Al-O stretching and Si-O stretching, respectively (Madejova, 2003). It can be
seen that the intensity of the Si-O stretching band increased as the nanoclay content increased.
Vaia et al. (Vaia, Teukolsky et Giannelis, 1994) showed that around 1469 crn'l, the CH,
rocking band is related to the polymer chain motion, and the shift of this peak to the higher
wave number indicates a decrease in the polymer chain mobility. The fact that the
characteristic peak of the CH; rocking band in LLDPE/O-MMT nanocomposites with 5 wt %
of nanoclay content was shifted to higher wavenumber (1471 cm™) compared to that in pure
LLDPE (1469 cm™) can be explained by the fact that the additional 5 wt % of nanoclay,
slowed down the chain motion and therefore decreased the crystallinity. This is in agreement

with DSC results.
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Figure 5.4 FTIR spectra of of LLDPE and its nanocomposites
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5.4.6 Effect of screw speed on morphological characterization

To study the effect of screw speed on clay dispersion of nanoclay layers in the polymer
matrix, two different speeds (50 rpm and 350 rpm) were selected. The nanoclay content was
3 wt % and the compatibilizer M603 concentration was set at 10 % wt. Figure 5.5 shows the
morphology of the ternary nanocomposite LLDPE+3% O-MMT+10% M603 on a
nanometric scale, using scanning electron microscope (SEM). A comparison between the
morphology of the nanocomposite extruded with a low speed (Figure 5.5 (a)) and that with a
high speed (Figure 5.5 (b)) shows that the density and size of aggregates decreased as the
screw speed increased. The screw speed led to an improvement in the nanoclay dispersion

and to more exfoliated layers.

Figure 5.5 SEM micrograph of LLDPE+3% O-MMT+10% M603 for a screw
speed of (a) 50 rpm and (b) 350 rpm
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5.4.7 Broadband dielectric spectroscopy

Figure 5.6 shows the dielectric response of LLDPE, LLDPE+1% O-MMT, LLDPE+3% O-
MMT, LLDPE+3% O-MMT+10% M603 and LLDPE+5% O-MMT nanocomposites
obtained using Frequency-Domain dielectric spectroscopy at 40 °C in the 107 to 10° Hz
frequency range. It can be observed from Figure 5.6 (a) that the relative permittivity € of the
1, 3 and 5 wt % LLDPE/O-MMT nanocomposites is sharply decreasing. The corresponding
dielectric loss € shows a relaxation peak at around 10* Hz, as shown in Figure 5.6 (b). It is
also observed that both real and imaginary permittivity increase with decreasing frequency. It
is evident that the £ peak observed in the nanocomposites is due to the addition of nanoclay,
because there is no dielectric relaxation peaks for pure LLDPE in this frequency range. The
peak of the relaxation processes presented in the nanocomposites is attributable to a
Maxwell-Wagner-Sillars polarization associated with the blocking of charges at the
interfaces between two inhomogeneous phases of different permittivities and conductivities,
such as the polymer matrix and the silicates filler (Laredo et al., 2003; Le Huy et Rault, 1994;
McCall et Anderson, 1960). Furthermore, when 10 wt % of compatibilizer was used to
improve the dispersion of the clay platelets, this relaxation peak was found to shift towards

low frequencies.

5.4.8 Dielectric breakdown measurements

Figure 5.7 shows the Weibull cumulative failure probability plot for the dielectric strength of
pure LLDPE and its nanocomposites (without confidence bounds, for clarity). As reported in
Table 3, for LLDPE, LDPE+1% O-MMT, LLDPE+3% O-MMT, LLDPE+3% O-MMT+10%
M603 and LLDPE+5% O-MMT, the scale parameters a were 58.8, 62.9, 66.6, 69.6 and 69.9
kV/mm, respectively, and the shape parameters f were 17.1, 17.9, 18.2 , 17.9 and 12.3,
respectively. It can be clearly seen from the scale parameter values o and from the
confidence intervals that increasing the O-MMT concentration in a binary nanocomposite
leads to a noticeable increase in the material dielectric strength. This could be explained by

the major role played by the interface between the LLDPE matrix and the nanoclay particles
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which could impact the space charge distribution and charge densities. In turn, this probably

led to a better
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Figure 5.6 Relative permittivity (a) and dielectric losses (b)
as a function of frequency of LLDPE and its
nanocomposites at 40 °C

distribution of the electrical stress (Nelson et Fothergill, 2004). When the compatibilizer was
added to LLDPE+3% O-MMT nanocomposites, further improvements of the breakdown
strength were noticed. A possible explanation for this is related to the change of
microstructure which occurred with the addition of compatibilizer into LLDPE+3% O-MMT
nanocomposites. This change of microstructure was already underlined by the microscopic

observation results discussed above.
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Figure 5.7 Weibull probability plot of dielectric strength of LLDPE
and its nanocomposites
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Tableau 5.3 Weibull parameters for dielectric breakdown strength of LLDPE and
its nanocomposites

Average Confidence

Samples thickness a B intervals for a
(mm) (kV/mm) (kV/mm)
LLDPE 0.61 58.8 17.1 57.4-60.1
LLDPE+1% O-MMT 0.58 62.9 17.9 61.4-64.2
LLDPE+3% O-MMT 0.57 66.6 18.2 65.1-68.0
LLDPE+3% O-MMT+10% M603 0.56 69.6 17.9 68.0-71.1
LLDPE+5% O-MMT 0.58 69.9 12.3 67.6-72.0

5.5 Conclusion

A commercial nanoclay masterbatch was used in this study to prepare LLDPE/O-MMT
nanocomposites. Microstructural characterizations revealed that the degree of dispersion was
improved by the incorporation of the compatibilizer. No relaxation peaks were observed in
the pure LLDPE, but one was found in the nanocomposites and was attributed to an
interfacial process. When the compatibilizer was added, this peak was found to shift towards
low frequencies.

Dielectric strength measurements showed that in LLDPE/O-MMT nanocomposites,
significant improvements in dielectric breakdown strength can be reached, in comparison
with pure LLDPE. It was also shown that the improvement of the quality of dispersion leads
to a further improvement in dielectric breakdown strength. This may suggest a correlation

between nanocomposite structure and dielectric breakdown strength.
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Abstract

In this paper, the simulation and modeling of polyethylene/clay nanocomposite were
developed to predict nanocomposite dielectric behavior and to help design a nanocomposite
material with optimum electrical properties for electrotechnical or electronic applications.
A 3-D simulation model using the finite elements method was employed in order to study the
effective permittivity and electric field distribution of two-phase nanocomposite materials for
ordered and random distributions of inclusions in a low-loss host matrix such as
polyethylene. The influence of the dispersion of reinforcing particles, and of the permittivity
and radius of the inclusions, was analysed. The simulation results were compared with
different known theoretical solutions obtained from classical models, and were found to be in

good agreement.

Keywords: Dielectric nanocomposites, effective permittivity, modeling, finite elements

method.
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6.1 Introduction

In recent years, nanocomposites have attracted a great deal of attention from many
researchers. Several studies have shown that the incorporation of nanometric inclusions in a
polymer matrix can often significantly improve the mechanical, dielectric and optical
properties when compared to a pure polymer matrix (David et al., 2013; Han et al., 2001;
Hoyos et al., 2008a; Kawasumi et al., 1997; Kornmann, Lindberg et Berglund, 2001; Osman,
Rupp et Suter, 2005; Utracki et Kamal, 2002; Vaia, Teukolsky et Giannelis, 1994; Zazoum,
David et Ngo, 2013), provided that the particles are reasonably well dispersed. In the
electrical insulation field, polyethylene is extensively used in medium/high voltage electrical
cables due to its excellent dielectric properties, very low dielectric losses and high intrinsic
breakdown strength. In order to improve these properties and be able to meet new needs such
as those relating to insulation systems in DC power cables, composite materials consisting of
a thermoplastic matrix and nano-filler as reinforcing fillers can be used; this results in a
possible increase in breakdown strength, dielectric endurance, thermal conductivity, and
allows the electrical conductivity to be tailored to avoid space charge accumulation in DC
applications.

The effective permittivity of composite materials generally depends on the material
microstructure, which includes the volume fraction, the shapes and the types of the
components. For some specific conditions (the mixture has a periodic well-defined structure),
the effective permittivity can be calculated from the analytical solution of the field
distribution, resulting in various analytical models, such as the commonly used laws of
mixtures. However, if the structure is disordered, as may be expected for a real compounded
composite, analytical models cannot be used to accurately estimate the material effective
permittivity; it should be noted that in this case, it can still be measured experimentally.
Numerical methods have been developed and calculation capabilities expanded to evaluate
the effective dielectric permittivity of composite materials. Numerical simulations have in
fact grown to represent another method for dealing with a large proportion of the physical

problem of composite materials.
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In this paper, the effective permittivity of a polyethylene-based nanocomposite has been
calculated by numerical simulation using the Comsol Multiphysics software, which is based
on the finite element method (FEM). The influence of dispersion as well as the variation of
the permittivity and radius (or the volume fraction) of inclusion on effective permittivity is
studied. The electric field and polarization distribution in the nanocomposite materials are
also reported in this paper. A comparison between the numerical results and analytical

models is presented.

6.2 Analysis

The effective dielectric permittivity of a multi-phase material can be estimated either by

analytical or numerical methods.

6.2.1 Analytical models

The starting point of the most common analytical approaches used for estimating the
effective properties of heterogeneous media is the solution of the single inclusion problem
for which a constant field E, along the z-direction is applied at a distance from the inclusion.
This approach has been detailed in many textbooks and review papers (Banhegyi, 1986;
Barber et al., 2009a; Blanchard et al., 2007; Cret et Cret, 2004; Fflrcas et al., 2010;
Karkkainen, Sihvola et Nikoskinen, 2000; Koledintseva et al., 2009; Peng et al., 2009;
Sihvola et Kong, 1988b; Torquato, 2002; Tuncer, Serdyuk et Gubanski, 2002). In spherical
coordinates, the solution of the Laplace equation for a spherical inclusion of radius R is given

by:

2
W(r,0) = —E,rcost — AE, 5" r>R 6.1)
Y(r,0) = —E,rcos8 + BE,rcosf r<R

with
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A= 3 £27 &

&+ 28
&2 &
&+ 28

and where W(1,0) is the electrical potential, r is the radial coordinate, 0 is the angle between
the position vector and the z-coordinate, and €, and €, are the permittivities of the inclusion
and the matrix, respectively. It should be noted that the same equations hold in a steady-state
AC condition for which the potential would be a phasor, and the permittivity could be
complex values, including a possible conductivity term. The electrical field along the z-

direction inside the inclusion according to (6.1) is given by:

E=(1+ lﬂ)_1 E, (6.2)

3 &

A similar calculation can be made for the more general case of an ellipsoidal inclusion

leading to

E, = (1+4, ‘92"51)_1 E, (6.3)

€1

where A is the depolarization factor along the ellipsoid principal axis parallel to the electrical
field (Banhegyi, 1986). For spherical particles, A} = A, = A3 = 1/3 and (6.3) is identical to
(6.2). By definition, the effective dielectric constant of a two-component heterogeneous

linear material can be defined by (Beran, 1968):

— q1&1(E1)+q&2(E>3)
¢ (E)

(6.4)

where ¢, is the effective permittivity, q; and q, are the volume fraction of the matrix and the
inclusion, and the brackets denote an average over phase 1, phase 2, or over the material’s

volume. An analytical calculation of the electrical field in a composite material can only be
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done if the minority phase is present in a small concentration and for regular shape inclusions.
A number of results can be found in which an exact solution for several matrix systems with
periodic arrangements of regular inclusions is obtained (Emets, 1998; Tuncer, Gubanski et
Nettelblad, 2001). In the case of a dilute suspension of ellipsoidal shape inclusions with a
permittivity €, in a continuum matrix of permittivityey, it is possible to use the solution of the
single-inclusion problem (equation (6.3)), assuming that the field E, is equivalent to the

average field in the matrix (phase 1). It leads to (Banhegyi, 1986):

£1(1-q2)(1-A1)+ &3[q2+A1(1-q3)]
e1+tA1(1-q3)(e2—&4)

SC == 81 (65)

A similar procedure, in case of randomly oriented inclusions leads to:

3

£4q £
&(l-g,)+22 '
(12, 3 §€1+(€2—81)Ai (6.6)

where A; is depolarization factor for the i™ axis of the ellipsoid. For spherical particles,
A; = A; = A; = 1/3. In the case of spheroids for which two axes are equal (a = b # ¢), the
analytical expressions for A; for oblate spheroids (disk-like spheroids with a = b > ¢) and
prolate spheroids (needle-like spheroids with a = b < ¢) can be found in the literature

(Torquato, 2002).

Another approach, the effective medium approximation, also relies on the solution of the
single-inclusion boundary value problem. The generalization of the Maxwell approximation

for ellipsoidal inclusion leads to:

._gi -1
Y21 qi(ec — ) [1 + ASJ—] =0 (6.7)

&j
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for a two-phase composite consisting of a perfectly oriented ellipsoidal inclusion (phase 2)
inside a matrix (phase 1). It can be shown that this equation is equivalent to equation (6.5),
and the randomly oriented case would be equivalent to (6.6). This is also the exact solution of
the coated-spheres model (Hashin et Shtrikman, 1962).

A different approach in the effective medium approximation family is the self-consistent
approximation, which was originally developed by Bruggeman (Bergman, 1982). It leads to a

slight modification of (6.7):

% di(e—g)[1+4 ej_gc]_l =0 (6.8)

Ec

which in turn leads to a quadratic equation for the effective permittivity. For the case of the

randomly oriented ellipsoidal, equation (6.8) can be written (Lal et Parshad, 1973) as:

ZizlA ql(gl_gc) + qZ(SZ_EC) — 0 (6.9)

k(e1—&c)+ec Ag(e2—gc)t+ec

Finally, using a symmetric integration technique (Looyenga, 1965), it was shown that the

Looyenga equation for randomly oriented ellipsoids, independently of their shape, is given

by:

e'? = qie,' P + qp6," 3 (6.10)

As mentioned previously, all the above equations also hold in steady-state AC conditions. In
this case, the electric fields can be replaced by their respective phasors and the permittivity
can be replaced by their complex representation. Accordingly, equations (6.5) to (6.10) can
also be used to predict a composite dielectric response, i.e., the variation of the effective
complex permittivity as a function of frequency, by replacing €; and €, by their frequency-

dependent complex representations.
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6.2.2 Numerical Methods

The effective permittivity of the dielectric mixture can be calculated once the electrical field
vector is known inside the material. In a purely electrostatic case, it can be calculated by

solving the Poisson’s equation given by:
V.(g.6qVP) = —p (6.11)

where ¢,, &y and ¥ are the relative permittivity, the vacuum permittivity and the electrical
potential, respectively, and p is the charge density. For the neutral condition (p = 0), and if
we take into account a possible conductivity ¢ and dielectric losses, then (6.11) can be
written in the steady state more generally as (Brosseau et Beroual, 2001; Tuncer, Nettelblad

et Gubafiski, 2002; Tuncer, Serdyuk et Gubanski, 2001):
V- [jw(é6VP)] =0 (6.12)

where the complex permittivity is given by:

g=e—j(e" +-=) (6.13)

Once the material microstructure and the properties of each phase are known, (6.11) or (6.12)
can be numerically solved by the finite elements method (FEM) using a commercially
available package, such as COMSOL Multiphysics. After the field distribution is numerically
evaluated, the effective permittivity of the dielectric mixture can be calculated in several
ways (Brosseau et Beroual, 2001; Cret et al., 2011; Fa et al., 2010; Jebbor et Bri, 2012;
Karkkainen, Sihvola et Nikoskinen, 2001; Nilsson, Gedde et Hedenqvist, 2011; Sihvola et
Kong, 1988a; Tuncer, Gubanski et Nettelblad, 2001; Venkatesulu et al., 2013). In this paper,

the effective dielectric permittivity of the composites was calculated by using the averages of
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the electric field and dielectric displacement values. Therefore, the effective dielectric

permittivity can be expressed as follows:

D
¢ = e

(6.14)

where (D) denotes the mean value of the electric displacement field and (E) is the mean
value of the electric field over the material. Both averages were taken in the direction of the

applied field.

6.3 Results and discussion

6.3.1 Simulation Setup

The morphology of polyethylene/clay nanocomposite in the nanometric scale observed by
scanning electronic microscope (SEM) is shown in Figure 6.1. As can be seen, two
components are presented in the nanocomposite. This two-phase nanocomposite consists of 5
wt % of nanoclay particles dispersed in a polyethylene matrix. A comparison between the
morphology of polyethylene with 5 wt % nanoclay, PE/O-MMT (Figure 6.1(a)), and
polyethylene with 5 wt % nanoclay and 10 wt % of compatibilizer, PE/O-MMT/PE-
MA (Figure 6.1(b)), )), shows that the density and size of aggregates were decreased in the
compatibilized nanocomposite. This improvement in the nanoclay dispersion is due to the
presence of the polar compatibilizer, PE-MA (Zazoum, David et Ngo, 2013). In this paper,
the dielectric permittivity of the polyethylene matrix and that of the nanoclay reinforcing
fillers were taken as follows &, = 2.3 and €, = 4.4, for the matrix and the filler, respectively.
A single-inclusion 3-D model cell was used as a first approach, as shown in Figure 6.2. The
inclusion was assumed to have a spherical shape, and the particle radius was calculated in

order to meet the requirement of a 5 % volume fraction of the particles. The bottom face of
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the cube was set to a constant potential (‘¥ = 1V), and the opposite face was set to ground

(¥ = 0). The other faces of the cube were set to periodic conditions.
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Figure 6.1 SEM micrograph of (a) PE/O-MMT and (b) PE/O-MMT/PE-MA
nanocomposites
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Figure 6.2 Unit cell model of a single-inclusion
two-component periodic composite material
6.3.2 Ordered distribution

In order to study the effect of the dispersion of nanoclay particles on dielectric properties,
such as electric field distributions and effective permittivity, four geometries (with the same
volume fraction q = 0.05) were drawn with 1, 8, 27 and 64 spheres, respectively,
corresponding to particle normalized radii of 0.229, 0.114, 0.076 and 0.057 (Figures 6.3 (a)-
6.3 (d)).

The surface plots of the electric field distribution in the 3-D model were obtained by FEM
simulations, and are shown in Figure 6.3. As can be predicted by the single-inclusion
solution, a field enhancement is present at the interface between the particle and the matrix
on the bottom and the top sides in the z-direction, and the field is almost constant and smaller
within the inclusion. The maximum value of the electric field E,,,,, increases as the degree of
dispersion of the nanoclay particles increases, and the highest value is obtained when the
number of spheres is 27.

The polarization vector (in C/m?) distributions for all 4 geometries are shown in Figure 6.4,
along with an enhancement at the matrix-particle interfaces in the z-direction. The highest
value of polarization was found at the surface of the particles in the cell with 64 spheres. It is
evident from the images that the polarization increases as the degree of dispersion of the

nanoclay particles increases.
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Figure 6.3 Electric field distribution in the nanocomposite with (a) 1 particle,
(b) 8 particles, (c) 27 particles and (d) 64 particles, respectively (ordered distribution)
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Figure 6.4 Polarization field distribution in the nanocomposites with (a) 1 particle,
(b) 8 particles, (c) 27 particles and (d) 64 particles, respectively (ordered distribution)
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6.3.3 Random Distribution

In the above section, the uniform reinforcing particles are considered to be orderly dispersed
in a polyethylene matrix. In real materials, nanoclay particles or any reinforcing filler are
distributed more or less randomly in the polymer matrix with agglomerate size distributions.
Figures 6.5 (a)-6.5 (d) show four geometries and electric field distribution plots for different
numbers of randomized nanoclay particles. The volume fraction of nanoclay particles was set
at 5 % and dispersed in a unit cell. The corresponding effective permittivity and normalized
maximum electric field En.x/Eo (Where Eg = 1kV/mm) of the nanocomposite materials are
plotted in Figures 6.6 and 6.7, respectively. As can be seen from Figure 6.6, the effective
permittivity for both distributions does not vary significantly with the number of particles.
On the other hand, the effective permittivity of the random distribution was found to be
higher than that of ordered distributions. Figure 6.7 shows the normalized maximum value of
the electrical field in the z-direction as a function of the particle dispersion. At a low particle
number, it can be seen that the normalized maximum electric field is almost identical for the
ordered distribution as for the random cases, and increases as the quality of dispersion is
improved. For particle numbers higher than 27, the normalized maximum value of the
electrical field in the random distribution decreases slightly as the quality of dispersion
increases, while in the ordered distribution, the electric field is found to increase considerably

with an increase in the number of particles.
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Figure 6.5 Electric field distribution in the nanocomposites with

(a) 1 particle, (b) 8 particles, (c) 27 particles and (d) 64 particles, respectively

(random distribution)
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6.3.4 Effect of the Permittivity of the Inclusion on Effective Permittivity

In this section, the two geometries of 64 spheres of the ordered and random distributions
presenting the distribution of the electrical potential simulated by FEM are shown in Figures
6.8 (a) and 6.8 (b) to study the effect of a variation of the dielectric permittivity of inclusion
on the effective permittivity of the ordered and random nanocomposites. The resulting
effective permittivities obtained from FEM are compared with those calculated from
equation (6.7), the Maxwell-Garnett model, equation (6.9), the Bruggeman model, and
equation (6.10), the Looyenga model. The dielectric permittivity of the polyethylene matrix
€1 was assumed to be 2.3, while that of the inclusion &, was varied from 2 to 30. The effective
permittivity €. as a function of &, is plotted in Figure 6.9. At values of &, less than 5, the
effective permittivity of the ordered and random composites and that of analytical equations
were very close to one another. When &, was greater than 5, the effective permittivity of the
ordered distribution was identical to that of the Maxwell-Garnett model, while the effective
permittivity of the random distribution was closer to that of the Bruggeman symmetrical
model.

Figure 6.10 shows the effect of varying the permittivity of the inclusion &, on the normalized
maximum value of electrical field in the z-direction. As expected, for ordered and random

distributions, the maximum value of the electrical field increases as the value €, increases.
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Figure 6.8 Electric potential distribution in the nanocomposite
with 64 particles: (a) ordered distribution and (b) random
distribution. The red lines present the electrical field stream lines
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6.3.5 Effect of the Radius (and Volume Fraction) of the Inclusion on Effective

Permittivity

The two geometries for the single-inclusion case of the ordered and random distributions
presenting the distribution of the electric potential simulated by FEM are shown in Figure
6.11. In the simulation, the permittivity of the polymer matrix ¢, is still assumed to be 2.3,
and the permittivity of the inclusion &; is set at 4.4. To study the effect of nanoclay loading
on the effective permittivity ., the normalized radius of the inclusion r/ry (where 1o = 1pum)
was varied from 0.010 to 0.400, corresponding to the volume fraction of nanoparticles
ranging from 0.0004 % to 26.81 %.

The effective permittivity of the nanocomposites as a function of the radius of nanoclay
particles is plotted in Figure 6.12. It can be observed that the effective permittivity increases
with the nanoclay particle radius, and it is evident from this figure that the effective
permittivity of the ordered and random distributions obtained from FEM is quite similar to
that calculated with the Maxwell-Garnett model, and is also very close to those of the
Bruggeman and Looyenga models. These results confirm the validity of our simulation

method.
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Figure 6.11 Electric potential distribution in the nanocomposite
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6.4 Conclusion

A 3-D simulation model using the finite elements method was developed in order to study
the effective permittivity and electric field distribution of polyethylene/clay nanocomposite
materials for electrical applications. An enhancement of the electric field and polarization
was observed as the degree of dispersion of the nanoclay particles increased; however, the
effective permittivity of the nanocomposites was not affected by improving the quality of
dispersion of nanoclay particles in the host matrix. The numerical results indicate that the
Maxwell-Garnett model is appropriate for evaluating the effective permittivity of ordered
distribution, while the Bruggeman Symmetry model remains the most suitable for calculating
the effective permittivity for the random distribution. Finally, this numerical model can be
extended to design nanocomposite materials with optimum dielectric properties for

electrotechnical or electronic applications.
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CONCLUSION GENERALE

Ce travail de thése a pour objectifs, d’abord, de contribuer a optimiser le procédé de
fabrication des nanocomposites (les parameétres opératoires et la formulation chimique).
Ensuite, d’analyser l'influence de la microstructure des nanocomposites sur leurs propriétés
diélectriques. Cela permettrait d’évaluer I’apport que peuvent présenter ce type de matériaux

dans I’industrie des isolants électriques, et trés particulierement les cables de puissance.

La premicre partie de ce travail a été consacrée a 1’é¢tude bibliographique concernant 1’argile
utilisée, le polymére et les systémes polymere/nanoargile. Différentes techniques sont
envisagées pour atteindre les objectifs de ce travail de recherche. On peut citer, a ce propos,
I’observation microscopique (MEB, MET, MOP et MFA), la diffraction des rayons X, les
mesures dynamiques mécaniques, les analyses thermiques. La combinaison de ces techniques
a permis de caractériser 1’état de dispersion, et par la suite d’étudier les propriétés

di¢lectriques des nanocomposites PE/O-MMT et PE/O-MMT/PE-MA.

Dans la partie expérimentale, le matériau nanocomposite PE/O-MMT a été préparé avec et
sans compatibilisant par la technique du mélange a 1’état fondu en utilisant 1’extrudeuse a

double vis co-rotatives.

Les mesures de diffraction des rayons X ont montré que 1’état de dispersion dépend des
paramétres opératoires utilisés lors de la fabrication, et que I’ajout du compatibilisant au
mélange binaire PE/O-MMT conduit a une structure partiellement exfoliée. Ces résultats ont

¢té confirmés par les observations microscopiques.

Les caractérisations thermiques, par DSC des systémes PE/O-MMT et PE/O-MMT/PE-MA,
ont révélé que I’introduction des nanoargiles au sein de la matrice polymere n’a pas modifié
la morphologie du polymere; le taux de cristallinité n’ayant pas ét¢ changé. Toutefois, les
mesures effectuées par TGA ont montré que 1’ajout des nanoargiles conduit a une

amélioration de la résistance aux dégradations thermiques. En outre, les résultats obtenus par
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les mesures de DMTA ont révélé qu’une structure partialement exfoliée des nanocomposites

améliore les propriétés thermomécaniques.

Ce travail a apporté une contribution importante au niveau de la corrélation structure-
propriétés diélectriques. Les études de I’effet de la structure des nanocomposites sur la
réponse diélectrique (article #1) ont mis en évidence I’existence de deux pics de relaxation
dans les systemes PE/O-MMT et PE/O-MMT/PE-MA. La premiére relaxation est interfaciale
de type Maxwell-Wagner, tandis que la deuxiéme est une relaxation dite dipolaire. Une
relation entre la structure des nanocomposites et le taux de relaxation a été observée. Les
résultats de I’article #2 et #3 révelent que le claquage diélectrique est trés sensible a la
structure finale des nanocomposites. Une amélioration au niveau de la qualité¢ de dispersion

entraine une augmentation de la rigidité diélectrique.

Dans la derniére partie de cette thése (article#4) un modele de simulation, utilisant la
méthode des ¢léments finis, a ¢t€ mis en place pour étudier ’effet de la qualité de dispersion
sur la permittivité¢ effective des nanocomposites. Les résultats obtenus ont permis de
comprendre la corrélation entre la structure et les propriétés diélectriques du systéme

PE/argile nanocomposites.

Le degré de dispersion des nanoargiles dans le systtme PE/O-MMT/PE-MA reste supérieur a
celui obtenu dans le PE/O-MMT. Les résultats obtenus sont limités a une structure
intercalée/exfoliée. Pour parvenir a une dispersion exfoliée, une concentration suffisante en

PE-MA est nécessaire.

La caractérisation de [’état de dispersion dans le domaine des nanocomposites
polymeére/nanoargile, par des méthodes microscopiques, est considérée comme un grand défi.
Comme il a été montré dans ce travail, le comportement di¢lectrique est trés sensible a la
structure des matériaux nanocomposites, il est donc intéressant d’approfondir les études sur

ce sujet pour arriver a utiliser des méthodes de caractérisation macroscopique, comme la
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réponse diélectrique et le claquage, pour évaluer 1’état de dispersion des nanoargiles au sein

d’une matrice polymere.






RECOMMANDATIONS

Dans ce qui suit, nous présentons quelques perspectives et pistes de recherches, qui

pourraient étre menées a la lumiére des résultats émanant de ce travail de these:

e [l pourrait étre intéressant de développer d’autres techniques de mise en forme qui
permettent d’orienter les nanoargiles, et étudier I’effet d’orientation des feuillets
argileux sur les propriétés des nanocomposites.

e Il est intéressant, également, de tester d’autres types d’argiles, et d’étudier 1’influence
du traitement de surface des nanoargile sur la structure et les propriétés diélectriques
des nanocomposites.

e Essayer d’autres types de compatibilisant tels le PP-g-MA, et étudier 1’effet du choix
de I’agent couplant sur le degré de dispersion, et par la suite sur les propriétés
diélectriques.

e Pour compléter cette étude, il est intéressant d’effectuer des mesures de charges
d’espace et de la résistance aux décharges partielles dans les nanocomposites
polyéthyléne/argile, afin de comprendre les mécanismes impliqués dans
I’accumulation de ces charges.

e Finalement, dans I’article #4 nous avons ¢laboré un modele de simulation qui décrit
I’état de dispersion des nanoargiles. Toutefois, il ne représente qu’une étape
intermédiaire et requiert un développement qui tiendrait en compte de l’effet de
I’interface dans le domaine fréquentiel, afin de comparer les résultats numériques et

expérimentaux.
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