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This is Ground Control to Major Tom
You've really made the grade

And the papers want to know whose shirt you wear
Now it's time to leave the capsule if you dare
This is Major Tom to Ground Control

I'm stepping through the door

And I'm floating in a most peculiar way
And the stars look very difterent today

For here am [ sitting in a tin can

Far above the world

Planet Earth is blue

And there's nothing I can do

ix

David Bowie, “Space Oddity” (1969)






Abstract

Rheology and morphology of polyolefin/functional oligomer
blends: application to the formulation of polymer materials

The objective of this work was to use end-functionalized polyethylene oligomers as interface agents in
glass fibre-reinforced thermoplastics and as compatibilizer precursors in immiscible polymer blends.
The first part of this work was focused on the understanding of the morphology developments occurring
during the melt processing and crystallization of binary systems where a low molar mass polyethylene
oligomer was blended with polypropylene and high-density polyethylene resins. It was found that the
polyethylene oligomer was easily incorporated into the selected polyolefins thanks to rapid molecular
diffusion and good miscibility in the molten state. However, it appeared that the blends underwent solid-
liquid phase separation upon crystallization, leading to biphasic materials in the solid state. In a second
part, a reactive system consisting of two functional oligomers was studied as a new strategy for the
compatibilization of immiscible high-density polyethylene/polyamide 6 blends. Despite the interesting
morphologies and properties observed, it was concluded that the use of such a reactive system did not
result in efficient compatibilization compared to commonly used compatibilizer precursors. Lastly,
polyethylene oligomers with various functional groups were investigated as interface agents in glass
fibre-reinforced high-density polyethylene, with the aim of improving both processability and
mechanical properties. It was demonstrated that polyethylene oligomers with adequate functional
groups could be successfully used as dispersants by reducing interparticle interactions during melt

processing as well as as coupling agents improving matrix-filler interfacial adhesion in the solid state.

Keywords: functional oligomers, polyolefins, polymer blends, reinforced polymers, rheology,

crystallization, miscibility
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Résumé

Rhéologie et morphologie de mélanges polyoléfine/oligomeére
fonctionnel : application a la formulation de matériaux polyméres

L’objectif de ces travaux était 'utilisation d’oligomeéres de polyéthyléne fonctionnels comme agents
d’interface dans des thermoplastiques renforcés par des fibres de verre ainsi que comme agents
compatibilisants dans des mélanges de polymeéres non-miscibles. Une premiére partie s’est portée sur la
compréhension de I'évolution de la morphologie de mélanges binaires composés dune résine
polypropylene ou polyéthyléne haute densité et d'un oligomere de polyéthyléene de faible masse molaire
au cours de leur mise en ceuvre et de leur cristallisation. Il a été constaté quun tel oligomeére pouvait étre
incorporé sans difficulté aux résines polyoléfines sélectionnées, et ce grace a une diffusion rapide ainsi
qu’a une bonne miscibilité a I'état fondu. Cependant, il est apparu que ces mélanges étaient sujets a une
séparation de phase solide-liquide lors de leur cristallisation, entrainant la formation de matériaux
biphasiques a Iétat solide. Dans une deuxiéme partie, un systéeme réactif composé de deux oligomeres
fonctionnels a été étudié comme une potentielle stratégie de compatibilisation pour des mélanges
polyéthyléne haute densité/polyamide 6 non-miscibles. Malgré les morphologies et propriétés
intéressantes observées, il a été conclu que l'utilisation d’un tel systéme réactif n’était pas efficace
comparé aux agents compatibilisants usuels. Enfin, des oligomeres de polyéthyléne avec différentes
fonctionnalités ont été étudiés en tant qu’agents d’interface dans du polyéthyléne haute densité renforcé
par des fibres de verre dans 'optique d’améliorer a la fois la facilité de mise en ceuvre et les propriétés
mécaniques de ces matériaux. Il a ainsi été démontré que des oligomeres avec les fonctionnalités
appropriées pouvaient étre utilisés comme agents dispersants en réduisant les interactions
interparticulaires au cours de la mise en ceuvre, ainsi que comme agents de couplage en améliorant

I’adhésion interfacial matrice-fibre a I’état solide.

Mots-clés : oligomeéres fonctionnels, polyoléfines, mélanges de polymeres, polymeéres renforcés,

rhéologie, cristallisation, miscibilité
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Présentation synthétique des travaux

La formulation de matériaux polymeres nécessite I'incorporation de nombreux additifs et charges dans
le but de faciliter leur mise en ceuvre et d’améliorer leurs propriétés d’'usage. De plus, il y a une demande
croissante pour I'élaboration de matériaux innovants avec des propriétés spécifiques afin de satisfaire
des critéres de plus en plus stricts et des besoins de plus en plus diversifiés. Par conséquent, le
développement de nouvelles molécules pour améliorer la dispersion de charges dans des matrices
polymeres ou pour la compatibilisation de mélanges de polymeéres non-miscibles est le sujet de
nombreuses études dans la littérature scientifique. Dans ce contexte, 'ambition du projet FUI REPEAT
est donc de valoriser I'utilisation de nouveaux oligoméres de polyéthyléne fonctionnalisés en bout de
chaine - développés par le laboratoire C2P2 - comme agents d’interface dans divers matériaux
polymeres. Dans le cadre de ce projet, 'objectif de cette these a donc été 'étude du comportement
rhéologique et de la morphologie de mélanges de polyoléfines et d’oligomeéres de polyéthyléne, ainsi que
de leur utilisation comme agents compatibilisants dans des mélanges polyéthyléne-polyamide non-
miscibles et comme agents d’interface dans du polyéthyléne renforcé par des fibres de verre
discontinues. Ce mémoire est donc découpé en cinq parties, dont les chapitres 1 et 2 sont respectivement
dédiés a une recherche bibliographique sur les différents sujets mentionnés et a la présentation des

matériels et méthodes utilisés.

Les travaux présentés dans le Chapitre 3 se sont portés sur la compréhension de I’évolution de la
morphologie de mélanges binaires composés d'une résine polypropyléne (PP) ou polyéthyléne haute
densité (HDPE) et d’un oligomere de polyéthylene (PE) de faible masse molaire au cours de leur mise
en ceuvre et de leur cristallisation. Leur comportement rhéologique en fondu, leur structure cristalline a

Iétat solide, ainsi que leur évolution morphologique au cours de la cristallisation ont ainsi été étudiés.

Une des difficultés liées a la mise en ceuvre de tels systemes est le faible rapport de viscosité entre le
composé de faible masse molaire et la résine polymere. Les aspects de mélange et de diffusion ont ainsi
été étudiés grace a I'utilisation d’'un mélangeur batch ainsi que par le biais d’expériences rhéologiques
modeles. Il a ainsi été constaté qu'un tel oligomeére pouvait étre incorporé sans difficulté aux résines
polyoléfines sélectionnées, et ce grace a une diffusion rapide ainsi qu’a une bonne miscibilité a I’état
fondu. Cependant, I'utilisation du modele rhéologique de Carreau-Yasuda a permis de montrer que cette
miscibilité pouvait étre limitée a de hautes concentrations en oligomere, en particulier dans le cas de la
résine polypropyléne qui présente en fait des inhomogénéités a partir de 5%m d’oligomere de

polyéthyléne.

Les aspects de cristallisation et de miscibilité a I'état solide ont quant a eux été étudiés par calorimétrie
différentielle a balayage avec en paralléle de la microscopie optique en lumiere polarisée. De plus, la

structure cristalline de ces mélanges a été observée par microscopie électronique a balayage. Il est ainsi
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apparu que de tels mélanges étaient sujets a une séparation de phase solide-liquide au cours de leur
solidification, entrainant la formation de milieux biphasiques a I'état solide. Cependant, certains
résultats laissent penser que de petites portions de chaines d’oligomeére de PE sont capables de co-
cristalliser avec le HDPE, amenant ainsi une meilleure compatibilité a I’état solide. En comparaison, le
mélange d’un oligomeére de PE avec du PP aboutit plutdt a la rétention d’une faible quantité de chaines

d’oligomere dans la phase amorphe du PP en raison du phénomeéne de dilution observé a I'état fondu.

Etant donné ces résultats, il serait intéressant d’étudier d’autres systémes similaires avec les mémes
outils, en portant une attention particuliere a la masse molaire des oligomeéres ainsi qu’a la nature

chimique de leur groupe fonctionnel porté en bout de chaine.

Dans le chapitre suivant (Chapitre 4), une nouvelle stratégie de compatibilisation de mélanges non-
miscibles polyéthylene haute densité/polyamide 6 (HDPE/PAG6) a été étudiée. Cette étude était ainsi
tournée vers l'utilisation d’un systéme réactif composé de deux oligomeres : (i) un polyéthylene portant
des fonctions anhydride maléique (Ceramer 1608) ainsi que (ii) une polyétheramine trifonctionnelle

(Jeffamine T-403), tous deux disponibles commercialement.

Les résultats ont montré que l'utilisation d’un tel systéme réactif ne permettait pas de compatibiliser le
mélange, alors que l'utilisation d’un polyéthylene greffé anhydride maléique (PE-g-MA) de haute masse
molaire — qui fait partie des agents compatibilisants couramment utilisés — a permis d’obtenir des
mélanges homogenes avec de tres bonnes propriétés mécaniques. Cela suggére que la faible efficacité des
oligomeres de PE fonctionnels est liée 8 un manque d’interaction avec la phase polyéthylene du mélange.
Cependant, I'association de ces oligomeres fonctionnels soit avec le HDPE, soit avec le PA6, a permis

Iobservation de propriétés intéressantes qui sont détaillées dans les paragraphes suivants.

Premierement, il a été constaté que le simple mélange de ces deux oligomeéres fonctionnels produisait
un composé dont les caractéristiques sont similaires a celles d’'un réseau réticulé. Il est intéressant de
noter que les propriétés rhéologiques et mécaniques d’'un tel mélange dépendent des caractéristiques
physiques et chimiques des oligomeéres fonctionnels, en particulier leur masse molaire et le nombre de
leurs groupes fonctionnels. Des produits similaires sont disponibles sur le marché et il serait donc

possible d’ajuster assez facilement les propriétés d’un tel matériau.

Ensuite, il a été démontré que ces deux oligomeres fonctionnels présentaient de fortes interactions avec
le PA6 au travers de différents mécanismes réactionnels. Les résultats présentés dans cette partie de
'étude indiquent également que les propriétés rhéologiques et mécaniques des mélanges PA6/Ceramer
1608/Jeffamine T-403 pourraient étre optimisées en ajustant plus finement leur composition. De plus, il
serait intéressant de mener une étude plus approfondie sur les propriétés mécaniques de ce type de

mélanges, en particulier leur résistance au choc.

Enfin, il a été observé qu’un tel mélange d’oligoméres fonctionnels n’était pas miscible avec une résine

HDPE, produisant ainsi une phase dispersée. Cependant 'adhésion interfaciale entre le HDPE et ces
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domaines dispersés a pu étre améliorée par 'addition d'un PE-g-MA de haute masse molaire (ici
I'Exxelor PE 1040). En dépit de la complexité de ce type de mélanges, il serait intéressant de déterminer
la quantité minimum de PE-g-MA & introduire pour obtenir une bonne interface entre le HDPE et le

systéme réactif Ceramer 1608/Jeffamine T-403.

Au vu de ces résultats, des travaux supplémentaires seront nécessaires pour étudier I'utilisation
d’oligomeéres fonctionnels similaires avec différentes masses molaires dans le but de compatibiliser des
mélanges HDPE/PA6. Dans cette perspective, l'utilisation de PE-g-MA de haute masse molaire en plus
des deux oligomeres fonctionnels constitue une piste intéressante, d’autant que la question de
Poptimisation de la composition de tels mélanges quaternaires n’a pas été abordée dans le cadre de cette

étude.

Les essais rapportés dans le Chapitre 5 se sont focalisés sur I'étude d’oligomeéres de PE fonctionnels en
tant qu'agents d’interface dans du HDPE par des fibres de verre (FV) dans le but d’améliorer a la fois la

facilité de mise en ceuvre et les propriétés mécaniques de ces matériaux.

Dans une premiere partie, I'effet dispersant de ces oligomeres dans des systemes HDPE/FV a été évaluée
par le biais d’'un procédé batch a I'échelle laboratoire ainsi que par des mesures rhéologiques. Il a ainsi
été démontré qu'un tel oligomeére de PE avec un groupe fonctionnel approprié (ici un acide
carboxylique) pouvait étre utilisé comme agent dispersant, permettant ainsi d’augmenter le volume
maximum de fibres de verre pouvant étre incorporé dans la matrice HDPE, tout en maintenant la
cohésion du matériau. Ces résultats ont été attribués a 'amélioration de I'interface matrice-fibre ainsi
qu’a une réduction des interactions interparticulaires grace a la stabilisation stérique apportée par

Poligomere, tout particulierement aux hauts taux de fibres.

La deuxiéme partie de ce chapitre s’est portée sur 'amélioration du renforcement de composites
HDPE/FV. Au travers d’essais préliminaires et d’un screening de différentes fonctionnalités, il a pu étre
constaté que des oligomeres de PE avec les groupes fonctionnels adéquats (acide carboxylique,
anhydride maléique et amine dans ce cas) pouvaient étre utilisés comme agents de couplage en
améliorant 'adhésion interfaciale entre les fibres de verre et la matrice HDPE. Au contraire, I'utilisation
d’oligomeres portant des fonctionnalités de type alkoxysilane — qui sont pourtant communément utilisés
comme agents de couplage dans 'ensimage des fibres de verre — n’a pas eu d’'impact significatif sur les

propriétés mécaniques des composites HDPE/FV.

Ces résultats permettent de conclure que des oligomeéres de PE fonctionnels peuvent étre utilisés comme
agents d’interface dans du polyéthyléne renforcé par des fibres de verre sans qu’il y ait besoin de modifier
chimiquement la surface des fibres au préalable (mis a part I'ensimage appliqué par le fabriquant).
Cependant, considérant les conclusions des précédents chapitres ainsi que les propriétés mécaniques
supérieures obtenues avec des additives usuels tels que des PE-g-MA de haute masse molaire, il apparait
que le principal inconvénient de ces oligomeéres réside dans leur manque d’interaction avec la matrice

polymeére du fait de leur faible masse molaire, bien que leur faible viscosité soit un avantage pour la mise
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en ceuvre en fondu de tels systémes chargés. Il serait donc judicieux de s’intéresser a des oligomeres avec
des masses molaires un peu plus élevées (5000-10000 g/mol) pour ces applications. De plus, I'utilisation
d’oligomeres téléchéliques - également développés par le laboratoire C2P2 dans le cadre du projet
REPEAT - constitue une piste intéressante dans des systémes ou la réactivité de la matrice polymere

peut étre exploitée, comme par exemple les polyamides renforcés par des fibres de verre.
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Free volume correction parameter
Analytical thermal desorption
Back-scattered electron

Ceramer 67

Ceramer 1608

Compatibilizer precursor
Diffusion coefficient
Self-diffusion coefficient
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Dynamic mechanical analysis
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Hot stage optical microscopy

Isotactic polypropylene
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Thickness of the polymer layer
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Maleic anhydride-grafted low-density polyethylene
Linear low-density polyethylene

Maleic anhydride-grafted linear low-density polyethylene
Critical molar mass

Number-average molar mass in between cross-links
Number-average molar mass of i
Number-average molar mass

Peak molar mass
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General introduction

The formulation of thermoplastic materials involves the blending of numerous additives and fillers in
order to improve their technical features as well as their processability.[1] Nowadays these formulations
are becoming more complex because of the growing demand to produce new materials with specific

properties designed to meet more restricting and more diversified requirements.[2]

A good example is the use of short fibre-reinforced thermoplastics that are now common engineering
materials used in a wide range of applications.[3] These materials are often used to replace metal parts
in order to produce lightweight structures in several sectors such as the automotive and aerospace
industry or the field of energy and environment. In addition to excellent mechanical properties, the use
of reinforced thermoplastics also requires reasonable costs in terms of processing energy, despite de high
viscosity that is usually inherent to filled polymers, as well as other features including for instance
recyclability or the ability to be associated with other types of materials such as metals or thermosets.
On the one hand, the reinforcement of polymers mainly relies on the interfacial adhesion between the
reinforcing filler and the polymer matrix to ensure proper load transfer under mechanical
solicitation[4]; a careful design of the matrix-filler interphase is therefore required to ensure the good
mechanical behaviour of such materials from the nano-scale to the macro-scale. On the other hand, one
of the major issues with short fibre-reinforced thermoplastics is certainly their processing, which
requires the incorporation of high amounts of rigid, non-spherical particles, thus resulting in very high
viscosity suspensions.[5] A good understanding of the interparticle as well as polymer-particle
interactions governing the rheological behaviour of such systems is therefore necessary in order to

achieve a good control of the filler dispersion in thermoplastic matrices.

Another example is the increasing use of polymer blends and alloys in diverse applications ranging from
impact-resistant materials in the automotive sector to multi-layered films for the food packaging
industry.[6] In that perspective, the issue of polymer-polymer miscibility and compatibility is of prime
importance as incompatible blends usually result in properties inferior to that of the original
constituents. Most polymers are actually immiscible with each other, even those with very close chemical
structures such as polyethylene and polypropylene.[7] For this reason, a lot of effort has been put into
the research of efficient ways to compatibilize blends of immiscible polymers[8], with the objective of
preventing uncontrolled morphology developments, usually by incorporating a compatibilizer which

acts as an interface agent between the two constituents of the blend.[9]

In the light of these considerations, the need for the development of new molecules to promote the
dispersion of fillers such as short fibres or to ensure the compatibilization of incompatible polymer
blends is indisputable. The aim of the REPEAT II project® was therefore to meet such scientific and
technical challenges by using end-functionalized polyethylene oligomers as interface agents in fibre-

reinforced thermoplastics and in immiscible thermoplastic blends.

While some functional additives are already commercially available, they remain rather limited in terms

of accessible functionalities and are usually either (i) very small molecules (such as amine hardeners for
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epoxy resins or silane coupling agents used in the sizing of glass fibres) or (ii) high molar mass functional
polymers obtained via copolymerization or grafting of the desired moiety onto a polymer backbone
(such as ethylene-acrylate copolymers or maleated polyolefins). In this latter category, the most
commonly encountered additives are certainly maleated polyolefins such as those in the Lotader®,

Orevac'©, Fusabond” or Exxelor® commercial product ranges.

On the contrary, the flexible synthesis strategy developed by the C2P2® laboratory, which involves
catalysed chain growth (CCG) on a main-group metal[10,11], allows the synthesis of mono-functional
or telechelic polyethylene oligomers with controlled molar masses between 500 and 5000 g/mol, as well
as a wide range of end-functions and high degrees of functionality.[12,13] The main advantages of such

functional polyethylene oligomers are:

e A wide range of accessible functional groups;
e Compatibility with polyolefin resins due to the polyethylene chain;

e Intermediate molar masses.

Regarding this last point, the intermediate molar masses achievable with this synthesis strategy places
these functional oligomers between small molecules, which may migrate undesirably thus causing
exudation or be classified as volatile organic compounds (VOC), and high molar mass additives, whose

molecular architecture and diffusion into polymer resins are often difficult to control.

Polyethylene Functional polyethylene
(commodity polymer) (high value-added material)
H H X

y

X, V =vinyl, amine, acid, etc.

In the course of this thesis, which took place within the framework of the REPEAT II project, several
aspects of the incorporation of such functional polyethylene oligomers into polymer blends and

composites were tackled. This document is thus divided into five chapters.

In the first chapter, a literature review is proposed in order to provide a theoretical basis for the
experimental work reported in the following chapters, as well as a concise review of the existing studies
on the subjects of (i) polymer-polymer blending, especially in the case of blends involving polyolefin
resins with low molar mass hydrocarbon compounds, and (ii) the compatibilization of immiscible
polymers, particularly polyethylene-polyamide blends compatibilized by the addition of a reactive

compatibilizer precursor.
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A detailed account of the various materials, mixing processes and characterization methods used

throughout the work reported in Chapters 3-5 is given in Chapter 2.

The objective of the experimental work presented in Chapter 3 is to get a better understanding of the
morphology developments taking place during the blending and crystallization of binary systems where
a low molar mass polyethylene oligomer is incorporated into polypropylene or high-density
polyethylene. The rheological behaviour of such systems in the molten state as well as their crystalline
microstructure in the solid state are thus investigated along with the crystallization behaviour during the

transition between those states.

In Chapter 4, new strategies for the compatibilization of immiscible high-density
polyethylene/polyamide-6 blends are investigated. This study focuses on the use of a reactive system
involving two types of functional oligomers as compatibilizer precursors, which are (i) a maleic
anhydride-grafted polyethylene oligomer as well as (ii) a tri-functional polyetheramine oligomer, both

of which are commercially available products.

In the last chapter, the use of functional polyethylene oligomers as dispersing and coupling agents in
high-density polyethylene reinforced with discontinuous glass fibres is investigated, with the underlying

objectives of improving both the processability and the mechanical properties of such systems.

) REPEAT II is a collaborative R&D project funded with the help of the Fond Unique Interministériel (FUI). This project
involved four companies (Hutchinson, Activation, Addiplast and Lotus Synthesis) as well as two public research laboratories
(Ingénierie des Matériaux Polymeres UMR CNRS 5223 and Chimie Catalyse Polymeéres et Procédés UMR CNRS 5265) and
was certified by three competitiveness clusters (Axelera, Plastipolis and Elastopole). Public financers include: BPI France, Fonds
Européen de Développement Régional (FEDER), Région Auvergne-Rhone-Alpes, Métropole de Lyon, Conseil Général du

Loiret and Direction Générale des Entreprises. Additional information can be found at www.repeat2.fr (in French).

®) Lotader” terpolymers (Arkema) are reactive polyolefins which contain chemical functions such as maleic anhydride and/or

glycidyl methacrylate.

© Orevac® resins (Arkema) are polyolefins modified with maleic anhydride.

) Fusabond® (DuPont) is a family of functional polymers typically modified with maleic anhydride.

® Exxelor® (ExxonMobil) resins are maleic anhydride-functionalized elastomers or polyolefins copolymers.

® The C2P2 (laboratory of Chemistry, Catalysis, Polymers and Processes) is a public research laboratory and a CNRS joint
research unit (UMR 5265) based in Villeurbanne (France).
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1. Introduction

A large number of commercial polymer materials produced nowadays consists of polymer blends,
alloys and compounds. While the association of two or more polymer components is generally the best
way to achieve optimal properties, polymer compounding also involves various types of additives and
fillers. This results in very complex mixtures that have been studied extensively in the literature.
Several aspects of polymer blending are investigated in this chapter with the aim of providing a
theoretical basis as well as a review of existing studies on those subjects in order to contribute to the

discussions on the results reported in Chapters 3 and 4.

The general aspects associated with the importance of miscibility in polymer blends are presented in
the first part (Section 2) of this chapter, including the consequences on the morphology of polymer
blends. The following sections deal with the impact of low molar mass additives on polyolefins and are
focused respectively on (i) the morphology developments in polymer blends with low viscosity ratios
in Section 3 and (ii) the crystallization behaviour of polyolefins in the presence of low molar mass
hydrocarbon compounds in Section 4. Finally, the compatibilization of immiscible
polyethylene/polyamide blends is tackled in the last part (Section 5), with particular attention given to
maleic anhydride-grafted compatibilizer precursors as well as reactive compatibilization strategies

involving low molar mass functional additives.

The issues relating to the reinforcement of thermoplastics and to the rheology of glass fibre
suspensions are not tackled in this chapter. In order to provide a scientific and technical context to the
experimental work on glass fibre-reinforced HDPE, a synthetic review of the literature is proposed at

the beginning of Chapter 5 instead.

10
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2. Importance of miscibility in polymer-polymer blending

2.1. Definition of miscibility in polymer blends and polymer solutions

The issue of polymer-polymer miscibility is of great importance, as incompatible blends usually result
in properties inferior to that of the original constituents, and most polymers are actually immiscible
with each other, even those with very close chemical structures such as polyethylene and
polypropylene.[1] Many studies have focused on the morphology and crystallization kinetics of
immiscible blends where both constituents are high molar mass polymers, especially in the case of
polyolefins[2—-6], although some instances of partial miscibility resulting in macroscopically

homogeneous blends have been reported.[7,8]

In chemical terms, miscibility is achieved when favourable interactions occur between the different
constituents of a blend. This chemical affinity can be defined by the Hansen solubility parameters[9],
which were first introduced by Hildebrand and Scott[10,11] and have since been studied extensively
for applications in the field of polymer materials.[12-15] However, while miscibility can be defined
easily for small molecules such as solvents (based on polar forces and hydrogen bonding), it is much

more complex in the case of polymers because of their higher molar masses.[16]

Polymer miscibility is more commonly studied from a thermodynamic point of view. According to
Gedde[17], a polymer mixture is considered thermodynamically miscible when it is composed of a
single phase which is homogeneous on a molecular level. In the case of miscible polymer blends, this
means that the domain size is comparable to the macromolecular dimension. The definition given by
Utracki[18] states that miscibility is associated with the values of free energy of mixing AG, and
enthalpy of mixing AH, such as:

AGy, ~ AH,, <0

This criterion is illustrated in Figure 1, where the free energy of mixing is plotted as a function of the

volume fraction of polymer at a given temperature.
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Figure 1. Free energy of mixing (AGumx) as a function of the volume fraction of polymer (Or)[19]
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According to this representation, partially miscible systems can form single phase at certain blend
compositions. It is also worth noting that the free energy of mixing is also highly dependent on the
temperature, which is a critical point in the field of polymer processing as some binary blends may be

miscible in the melt and immiscible in the solid state.

This definition of miscibility is based on the mean-field theory developed by Flory[20] and
Huggins[21] to describe polymer-solvent interactions in polymer solutions, which have been
investigated extensively over the past century. It can therefore be applied to binary systems involving a
semi-crystalline polymer with a much lower molar mass component such as an oligomer, which will be

further discussed in Sections 3 and 4 of this chapter.

2.2. Morphology of immiscible polymer blends

Most polymer materials that are produced nowadays consist of polymer blends and alloys, as the
blending of two or more polymer components is generally the best way to achieve optimal properties,
compared to single homopolymers. However, most polymers are actually incompatible with each
other, meaning that the simple association of two polymers is very likely to result in highly

heterogeneous materials with properties that are poorer than that of the initial components.

Blends involving two immiscible polymers can result in various morphology, some of which can be
useful to attain the desired material properties (e.g. tensile strength, impact strength, electrical

conductivity, etc.).[22] Some examples of useful immiscible blends morphologies are illustrated in

Figure 2.
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Figure 2. Schematic representations of useful morphologies that can be produced by polymer-polymer melt blending{23]

The type of morphology that is spontaneously created is highly dependent on the chemical nature of

the constituents, blend composition, viscosity ratio and processing conditions.[24,25] During the
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blending of two immiscible polymers, unfavourable thermodynamics as well as high interfacial tension
lead to the formation of separate phases, which generally results in the minor phase being dispersed in
the form of droplets in the major continuous phase.[26] The number and dimensions of the dispersed
domains is largely controlled by droplet break-up and coalescence mechanisms that are extensively
described in the literature[23,27,28] and may lead to the gross segregation of the two phases on a

macroscopic scale.
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3. Processing of low viscosity additives in polymer resins

3.1. Morphology developments during the initial stages of blending

It is well known that the final morphology of a blend has a controlling influence on its final properties.
Therefore, the morphology developments during the processing of polymer-polymer blends have been
studied extensively. Controlling parameters include the processing technique and conditions, the
composition of the blend and the chemical nature of the constituents as well as their physical

properties such as their viscoelastic behaviour in the molten state.

The fundamental objective of mixing is to achieve an even distribution of both fluids by decreasing
heterogeneities of concentration throughout the mixing equipment. While distributive mixing
essentially relies on the mixing ability of the equipment, dispersive mixing is essentially dependent on
the shear flow and viscoelastic behaviour of the constituents.[29] It is generally admitted that the
deformation of the dispersed domains is the elementary step towards the increase of the interfacial
surface area. The deformation of the dispersed phase is promoted by shear stress and counteracted by
interfacial stress. The latter tends to minimize the surface to volume ratio, favouring spherical domain
shapes.[27] The stretching of the initial phases by the flow leads to an increase of the interface between
the two constituents in a process called striation. In the case of thermodynamically miscible polymers
there is no surface tension at the interface, which implies that interdiffusion eventually plays a role in
the homogenization of the blend at the molecular scale.[30] However, most polymer combinations
result in thermodynamically immiscible blends, meaning that the homogenization process relies

exclusively on mechanical mixing mechanisms.

Scott and Macosko[31,32] proposed a mechanism to describe the morphology developments during
the early mixing process. In their work, an internal batch mixer was used to blend small amounts of a
low viscosity polymer additive in a high viscosity polymer resin. The mixing torque was monitored
and the aspect of the content of the mixer was observed after different times of mixing. Those
observations showed that in the initial stages of mixing, the dispersed phase formed complex sheets,
ribbons and laces shapes due to the dragging of the polymer pellets against the hot surface of the
mixer. Shearing and interfacial instability seemed to subsequently break those structures into spherical
domains. The mechanism proposed by Scott and Macosko to explain those morphology developments

is depicted in Figure 3.
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Figure 3. Mechanism proposed by Scott and Macosko to describe the morphology developments occurring during the initial
stages of polymer-polymer blending.[31,32]

It is worth noting that the morphology developments during initial stages of the mixing process

appeared to be independent from miscibility or reactivity between the resin and the dispersed phase,

since these effects only become significant once a sufficiently large interfacial area has been created

between the two components.[31]

3.2. Impact of the viscosity ratio on morphology developments

While polymers with similar viscosities blended in equal volume fractions generally lead to a co-
continuous morphology, it has been observed that phase continuity is highly dependent on the
viscosity ratio[33], which is defined as the ratio between the viscosity of the minor constituent (fminor)
and that of the major constituent (Nmyor), and is written Ry, = Nyinor/Mmajor- As explained in Section
3.1, under flow, drops of the dispersed phase are extended to threads and breakup into smaller drops.
The breakup mechanism is quite complex and essentially depends on flow and viscosity ratio. In
simple shear flow, four types of deformation and breakup mechanisms have been described,
depending on the viscosity ratio. The influence of composition and viscosity ratio on the final
morphology of uncompatibilized PE/PA blends has been correlated to the drop breakup mechanisms

proposed in the literature[27] in the recent work of Epinat et al.[34] and is summarized in Figure 4.
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Figure 4. Proposed schematics of the various drop break-up mechanisms under flow for polyamide/polyethylene blends,
depending on the viscosity ratio R.. Indicated viscosity ratios are those estimated at 100 rad/s. The observed representative
examples of morphologies (SEM pictures) are well described by the proposed mechanisms.[34]

It was demonstrated that when the constituents of the blend do not have the same viscosities, the low
viscosity constituent encapsulates the high viscosity constituent and becomes the continuous phase,
even when the low viscosity constituent is the minor phase. The point of phase inversion, expressed in

terms of blend composition, was therefore found to be highly dependent on the viscosity ratio.

From an industrial point of view, the viscosity ratio has a dramatic impact on the blending process, as
many formulations involve the incorporation of low viscosity additives, such as plasticizers, in high
viscosity polymers. In their work, Scott and Joung[35] and Burch and Scott[36] have investigated the
blending of miscible and immiscible low viscosity additives into polymer resins, the viscosity ratio
considered in these studies being in the range of 1 to 10™*. Those studies essentially relied on the
analysis of mixing torque variations in a batch internal mixer as well as on the observation of the
content of the mixer after different mixing times (in the same way as in [31,32]). The authors found
that several parameters seemed to have an influence on the mixing time of such blends, whether the

additive was miscible in the polymer resin or not, including:

e Processing temperature: a higher mixing temperature resulted in shorter mixing times;

o Filling level: faster and better homogenization was achieved when the mixing equipment was
optimally filled;

e Viscosity ratio: longer mixing times were required at low viscosity ratios;

e Blend composition: higher volume fractions of the low viscosity component resulted in longer

times to achieve homogenization.

Furthermore, similarities were found in the dynamic mixing behaviour of miscible and immiscible
systems, for which the introduction of a very low viscosity additive in a high viscosity polymer resin

(viscosity ratios of 107 to 10*) resulted in a lubricating effect, characterized by a strong and persistent
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decrease of the mixing torque. Considering the mechanism proposed by Scott and Macosko[31,32],
this was attributed to the segregation of the low viscosity component to the high shear rate zones of the

mixing equipment.

The observation of the mixer content after short mixing times revealed that the low viscosity additive
had molten and coated the polymer pellets, therefore appearing to be the continuous phase (despite
being the minor constituent in terms of volume fraction) and confirming previous findings.[33] The
introduction of a low viscosity additive therefore reduced the viscous dissipation and stress transfer by
acting as a lubricant, consequently decreasing the energy available to soften and melt the polymer.
Additionally, in both cases (miscible or immiscible systems) lubrication was followed by a rapid
increase of the mixing torque before reaching a steady torque value, which is typical of a phase

inversion behaviour.

Further work on this matter by Cassagnau and Fenouillot[37] demonstrated that during the blending
of a miscible low viscosity additive with a high viscosity polymer, the homogenization of the system
proceeds through two mechanisms: mixing and diffusion. It was actually found that the simple
striation model described by Tadmor and Gogos[29] could not be applied and that the behaviour of
the system was more sensitive to diffusion than to mixing in the case of viscosity ratios below 107
Lubrication therefore occurs in the case where the characteristic time of diffusion is shorter than the
mixing time, causing the low viscosity component to segregate to the high shear rate zones of the
mixing equipment. The apparent phase inversion phenomenon should accordingly be considered as

the result of the homogenization on a molecular level through interdiffusion.

In the case of immiscible systems, no diffusion takes place and the homogenization on a macroscopic
scale relies solely on the mixing ability of the mixing equipment. Therefore, lubrication occurs because
of the absence of diffusion of the low viscosity component into the high viscosity component and

phase inversion ensues, following the mechanism proposed by Scott and Macosko.[31,32]

3.3. Diffusion behaviour of small molecules into polymer resins

3.3.1. Theoretical aspects of molecular transport in polymers

The formulation of thermoplastic and thermoset materials generally involves the incorporation of
small molecules such as plasticizers or reactive polymer modifiers. In reactive blending for example,
the chemical transformation of the polymer relies on the ability of the reactants to diffuse to the
reactive sites.[38—40] The study of the diffusion mechanisms during the blending of low viscosity
additives into polymer resins is therefore an important issue to be considered as it directly affects the

blending process and the design of the mixing equipment.

The diffusion of a solvent into a polymer is characterized by the Deborah number Dy, which is defined

as the ratio of the characteristic time of the fluid A, to the characteristic time of the diffusion process
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Ag, thus comparing the rate of conformational rearrangement of the polymer chains with the rate of

diffusion.

Am

Db=Z

When the Deborah number is large, the molecular transport is called elastic diffusion. Values close to 1
denote comparable rates of diffusion and molecular relaxation, thus the molecular transport is
considered viscoelastic. If the Deborah number is small, the polymer and the solvent are considered to
behave like purely viscous fluids and the diffusion can be described by a Fickian law. The diffusion of
small molecules (e.g. a solvent or a low molar mass additive) in a polymer at a temperature
significantly higher than their glass transition temperature is generally considered to correspond to the

third situation where the Deborah number is small.

The diffusion of small molecules into polymer resins can be described by the free volume theory,
which was first introduced by Cohen and Turnbull[41] and extensively developed by Vrentas and
Duda[42-46]. According to this theory, if V* is the minimum free volume (or hole) into which a
solvent molecule can jump and Vey is the average free volume, then the self-diffusion coefficient D,
can be considered to be proportional to the probability of finding a hole V* or larger:

VV*)

D, = A.exp (— v
FH

where y is a numerical factor introduced to account for the overlap between free volume elements and
A is a constant of proportionality relating to the gas kinetic theory. This expression is usually

developed as follows:

Here, Do is a constant, E is the critical energy necessary for a molecule to overcome attractive forces, w,
and w; are the weight fractions of solvent and polymer in the system, respectively, V,* and V,* are the
specific volumes of the solvent and the polymer at 0 K, respectively, and £ is the molar volume ratio for

the solvent and polymer jumping units.

The mutual diffusion coefficient D;, can then be deduced using the Flory-Huggins theory for polymers

above their glass transition temperature:

Dy, = D;(1 — 91)*(1 — 2x¢4)

with ¢, the volume fraction of solvent in the system and y the Flory-Huggins interaction parameter.
The parameters in these equations are difficult to determine and several studies have proposed

methods to predict them.[47,48]
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3.3.2. Rheological measurement and modelling of the diffusion phenomenon

More recent studies[49-51] have demonstrated that such parameters (used to determine diffusion
coefficients) can be derived from viscoelastic measurements and used to model the diffusion behaviour
of small molecules into polymers. The goal of these investigations was to get a better understanding of
the dependence of molecular transport kinetics on process parameters, such as temperature, as well as
formulation parameters, such as miscibility of the diffusing molecule with the polymer resin or molar

mass of the polymer.

These studies used rheological measurements based on a bi-layer setup well described in the work of
Joubert et al.[49], where a layer of the penetrant molecule was placed on top of a polymer layer so that
the diffusion would occur in a single direction normal to the surface of the sample. Rheology was
found to be a sensitive tool which allowed to directly link the evolution of viscosity to the transport

behaviour in miscible and partially miscible systems, as illustrated on Figure 5:

1. During the initial stages of the experiment the viscosity of the system is dominated by the
lower viscosity fluid;

2. In the intermediate stages of the diffusion process, a concentration gradient is created, which
induces viscosity variations;

3. Eventually, the system reaches a steady value of viscosity with no further diffusion, indicating

that the homogenization of the sample is achieved.
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Figure 5. Illustration of the absolute complex viscosity variations during the diffusion of a mineral oil (Torilis® 7200) into
EPDM (Vistalon®8800) at T' = 160 °C and w = 10 rad/s[12]
While all studies agreed that an increase in temperature resulted in an increased rate of diffusion, the
impact of other parameters such as the molar mass of the polymer resin on the mutual diffusion
coefficient seemed to vary depending on the chemical nature of the system studied. These
investigations on the rheological modelling of the diffusion process were mainly focused on the
diffusion of plasticizers in elastomers, and so far not much research has been done on thermoplastic
systems. In the work of Ponsard-Fillette et al.[50], the subject of diffusion in thermoplastics is

addressed and it is shown that the previously mentioned model based on the free volume theory can be

19



Chapter 1 - Literature review

used to predict the rheological properties of polypropylene/paraffinic oil blends. The validity of this
model relies on the homogeneous nature of the relaxation mechanisms and the fact that the reduction

of entanglement arising from the dilution is the dominating mechanism.

In fact, the use of a model based on the free volume theory to describe polymer-plasticizer interactions
during the diffusion process relies on the groundwork laid by Marin et al.[52] and Raju et al.[53] on
the dilution aspects in concentrated and semi-dilute polymer solutions. They extensively discussed the
modelling of intramolecular and intermolecular forces which govern the relaxation mechanisms of
entangled macromolecules, according to the reptation theory proposed by de Gennes[54] as well as the
theoretical approach to the thermodynamics of polymer solutions developed by Flory[55]. The
conclusions of these early investigations are that the dilution of a polymer by a solvent leads to a
reduction of macromolecular entanglements (and therefore to a shift in the relaxation spectrum). The
viscoelastic properties of the polymer solution thus depend on the one hand on the chemical nature of
the solvent (due to a shift in the glass transition temperature) and on the other hand on the

concentration of the polymer in solution (dilute, semi-dilute or concentrated regime).

More recent studies by Gimenez et al.[56] and Ponsard-Fillette et al.[50] have demonstrated that the
introduction of small molecules such as monomers and oligomers (paraffinic oils) resulted in the
modification of the viscoelastic properties of polymer resins due to a dilution effect similar to that
caused by a solvent. It is therefore not unreasonable to assume that the diffusion process in miscible
polyolefin systems (involving a high molar mass polymer resin and a low molar mass additive) can be

described using a similar model.

However, it should be noted that the modelling of the diffusion of small molecules into polymer resins
heavily relies on the miscibility of the system. For instance, it has been shown that in immiscible
systems, the absence of diffusion resulted in the absence of viscosity variations throughout the bi-layer
rheological experiments presented above.[12] Moreover, while the mechanisms of molecular transport
in miscible systems are rather straightforward, they are quite complex and still not well understood in
systems that are only partially miscible, as diffusion kinetics have been shown to rely on the chemical

affinity between the diffusing species and the polymer resin.[12,51,57]
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4. Miscibility and crystallization behaviour of polyolefins in the
presence low molar mass hydrocarbon additives

4.1. Physical properties of low molar mass hydrocarbon additives and miscibility in
polyolefin resins

The compounding of polyolefins involves several types of additives, including stabilizers, flame
retardants, anti-static agents, colorants and processing aids, as well as many types of fillers.[58]
Processing aids are usually classified as external and internal lubricants[59], depending on whether
they provide slip between the polymer and the surface of the processing equipment or decrease the

frictional forces between the polymer chains, respectively.

A large number of processing aids that are used in the formulation of polyolefins consists of
hydrocarbon derivatives such as paraffinic, naphthenic and aromatic oils, paraffinic and
microcrystalline waxes or saturated fatty acids.[60,61] More recently, blends of polyolefins with low
molar mass hydrocarbon compounds have generated new interest for their use in the field of energy
storage. For instance, mineral oils have been studied extensively for their use in polyethylene-based
battery separators[19,62—66], and other investigation have focused on blends of polyolefins (especially
polyethylene or polypropylene) with paraffin waxes for potential applications in phase change

materials.[67-75]

Paraffinic compounds are short linear hydrocarbon chains (or alkanes) whose physical properties
depend on the number of -CH,- repeating units.[76] At room temperature, alkanes containing 1 to 4
carbon atoms are gases and alkanes containing roughly 5 to 15 carbon atoms are liquids. Heavier
compounds with 20 carbon atoms or more are usually found in the form of waxy solids at room
temperature. While hydrocarbon oils generally comprise a mixture of paraffinic, naphthenic and
aromatics compounds, hydrocarbon waxes on the other hand usually consist of linear paraffins, which
provides them with a high degree of crystallinity in the solid state. The crystallization behaviour of
paraffin mixtures can be quite complex, usually showing several melting endotherms and
crystallization exotherms as a result of solid-solid transition[77] from one crystalline structure to

another or fractionated crystallization[78] due to the molar mass distribution of the n-alkane chains.

The low molar masses of linear hydrocarbon compounds (such as paraffin waxes, which are solid at
room temperature) lead to lower melting temperatures compared to that of polyolefin resins as well as
very low viscosities at typical polymer processing temperatures. It can therefore be assumed that
hydrocarbon oils and waxes have similar viscoelastic behaviours at the high temperatures considered
for the blending of polyolefins. However, the difference in their degree of crystallinity in the solid state
implies very different behaviours upon the cooling and subsequent crystallization of binary blends also

involving high molar mass semi-crystalline polymers.
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As explained previously (see Section 2.1), the definition of miscibility developed by Flory[20] and
Huggins[21] to describe polymer-solvent interactions can be applied to binary systems involving a
semi-crystalline polymer with a much lower molar mass component, such as hydrocarbon oils and
waxes in this case. Nevertheless, the study of such systems can be quite complex due to the singular
behaviour of those low molar mass additives, which usually exhibit very good diffusion and solvation
abilities in polymer melts, but can also be characterized by a high degree of crystallinity in the solid
state (in the case of waxes) or remain in the liquid state at room temperature (in the case of oils). For
this reason, very different phase separation mechanisms may apply upon solidification of such
mixtures. From this point of view, polymer-oligomer systems can be considered as polymer solutions
and binary polymer blends at the same time. Understanding the morphology developments during the
solidification of such systems is a critical issue, as the formulation of polymers involves a wide range of

additives with intermediate molar masses.

The aforementioned studies on battery separators and phase change materials found that paraffin oils
and waxes were mostly miscible in polyethylene and polypropylene in the melt, but induced liquid-
liquid phase separation when added in large amounts[79,80], which is usually typical of immiscible
systems. Solid-liquid (in the case of oils or crystallizable waxes) phase separation was also observed
upon crystallization of the polyolefin resins. The conclusion of those studies are that those compounds
were totally or partially miscible in polyethylene[62,19,70,71,75] and partially miscible or immiscible
in polypropylene.[63,81] The good compatibility between low molar mass linear hydrocarbon
compounds and polyethylene arises from their similar chemical structure and close solubility
parameters (e.g. Ouppe = 8.0 and Siquid paratin = 7.8).[64] Furthermore, most investigations found that
short alkanes (such as mineral oil or liquid paraffin) were miscible in polyethylene and polypropylene
in the melt, and some waxes were found to be miscible in polypropylene when added in small
amounts. However, while co-crystallization is has been reported in the case of PE/wax blends[82-84],
crystalline waxes are always found to crystallize separately from polypropylene because of their

different crystalline structures.[71,72]

Observations on the miscibility and crystallization behaviour of blends of polyolefins with low molar

mass hydrocarbon additives are summarized in Table 1.
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The miscibility of linear hydrocarbon oils and waxes with polyolefins in the molten state implies that
those low molar mass additives can be considered as diluents and that the Flory-Huggins theory on
polymer-solvent interactions can therefore be used to describe such binary systems in the molten
state.[79] In their paper, Lloyd et al.[62] explain the effect of miscibility on the melting temperature of
the semi-crystalline polymer resin in polymer-diluent systems, based on the Flory-Huggins theory.

The melting temperature T, of the polymer in solution is given by the following expression:

-1
R V, 1

T, =—— — y? _

m (AHqu (¢a X¢d)+Tm>

where Ty° is the melting temperature of the pure polymer, AH, is the heat of fusion of the repeat unit
of the polymer, V, is the molar volume of the repeat unit of the polymer, Vg is the molar volume of the
diluent, @q is the volume fraction of the diluent, R is the ideal gas constant and ¥ is the Flory-Huggins
interaction parameter. Ty, is then plotted against the volume fraction of polymer in solution ¢, = 1- @q
in the case of blends of polypropylene with three different diluents, which are characterized by their
interaction with the polymer resin. The resulting temperature-composition phase diagram is

represented in Figure 6, where each plotted line corresponds to a different diluent.

Figure 6. Temperature-composition phase diagram for a polymer-diluent system in which the polymer is semi-crystalline[62]

In this diagram, the lines referred to as melting point depression curves give the melting temperature
of the polymer depending on the composition of the system. They separate the homogeneous one-
phase region (above the line) from the heterogeneous two-phase solid-liquid region (below the line).
Here, the effect of the Flory-Huggins interaction parameter expressing the strength of interaction (i.e.
degree of miscibility) between the polymer and the diluent is put forward, and it can be observed that a
good polymer-diluent miscibility (x<0) results in a decrease in the melting temperature of the polymer
due to the dilution effect. It should also be noted that in non-equilibrium processes, the cooling rate

has a severe impact on the phase diagram. In the same study, Lloyd et al.[62] show that increasing the
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cooling rate leads to the supercooling of the blend, thus resulting in a lowering of the melting point

depression curve as the system cools below its equilibrium crystallization temperature.

The effect of low viscosity hydrocarbon additives, either liquid (e.g. oils or liquid paraffins) or solid
(such as crystalline paraffin waxes), on the crystallization behaviour of polyolefins, especially

polyethylene and polypropylene, will be discussed in the next sections.

4.2. Crystallization behaviour of polyolefins in the presence of a low molar mass
amorphous additive

As explained in the previous section, a large number of additives used in the formulation of polyolefins
consists of low molar mass hydrocarbons, such as mineral oil or liquid paraffin, which are in the liquid
state at rooms temperature. As a consequence, they remain amorphous liquids within the processing,
melting and crystallization temperature ranges usually considered for the study of polyolefins. Solid-
solid interactions can therefore not be considered for this type of systems, and the cooling of such
blends eventually leads to a separation between the solidified semi-crystalline polymer and the liquid

additive.

The segregation of the two constituents can occur through solid-liquid or liquid-liquid phase
separation, depending on the miscibility of the system.[19] If the additive is miscible with the polymer,
it acts as a diluent and the system remains homogeneous in the molten state, eventually undergoing
solid-liquid phase separation upon crystallization of the polymer. On the contrary, liquid-liquid phase
separation occurs if the interaction between the polymer and the additive is weak (i.e. the system is
immiscible).[79] Some methods such as thermally induced phase separation (TIPS) rely on the limited
miscibility of the low molar mass compounds in polymer resins to control the morphology of the

dispersed phase via solid-liquid or liquid-liquid phase separation.[19,62]

4.2.1. Immiscible systems

In the case of immiscible systems, separate phases are formed in the molten state and the
crystallization behaviour of the polymer is hardly affected by the presence of the dispersed phase and
usually crystallizes like the bulk homopolymer[90], although dispersed domains may act as additional
nucleation sites depending on the interfacial tension and on the potential migration of impurities from
the additive to the polymer.[91] However, the presence of an amorphous dispersed phase may impact
the ultimate morphology of the crystalline phase of the polymer, which has a controlling influence on
the mechanical properties of the blend. For instance, Martuscelli et al.[92] demonstrated that several
factors influence the morphology of a binary blend of immiscible polymers, such as the chemical
nature, molar mass and crystallization temperature of the constituents, as well as the blend
composition and the spherulite growth rate of the semi-crystalline constituent. These parameters may

lead to the amorphous phase being either rejected from the crystalline front or engulfed within the
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spherulites, such as illustrated in Figure 7, where the effect of the blend composition on the final

morphology of isothermally crystallized iPP/PIB films is shown.

90/10

Figure 7. Optical micrographs of iPP/PIB blends (1. = 135 °C) with different compositions[90,92]

Moreover, the authors emphasized the fact that such variations in the structure, shape and dimensions
of the crystalline phase have a controlling influence on the fracture behaviour of polypropylene.[93]
Other authors also observed the final morphology of the blend to be dependent on variations of the
viscosity ratio, which was induced by changing the molar mass of the polymer resin[79] or that of the
linear hydrocarbon additive.[81] However, the effect of the chain length of the low molar mass
component was only studied in the range of roughly C15 to C30, thus no data was found as to the

impact of longer alkane derivatives.

4.2.2. Miscible systems

If the amorphous constituent is miscible with the polymer resin, the blend is considered homogeneous
in the molten state and no liquid-liquid phase separation occurs. The final morphology of the blend is
therefore controlled by the solid-liquid phase separation occurring during the solidification of the
semi-crystalline polymer.[79] Phase separation in polyolefin/diluent systems resulting from a solid-
liquid segregation process has been reported several times in the literature, especially in the case of
polyethylene[65,80,88] and polypropylene[63,81] resins. These investigations mainly involved low
molar mass hydrocarbon additives such as naphthenic oil and linear alkanes in the range of C10-C30
(i.e. liquid paraffin) which were found totally of partially miscible with the polyolefin resins

considered.

Groeninckx et al.[90] described the crystallization process of such miscible systems as involving two
types of molecular transport occurring simultaneously: the diffusion of the semi-crystalline polymer to
the crystalline front and the rejection of the amorphous component from the crystalline phase. This
segregation can be characterized as inter-spherulitic or intra-spherulitic, as illustrated in Figure 8,
where the amorphous component is shown to be located between the crystal lamellae, between stacks

of lamellae (fibrils) or between the spherulites.
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Figure 8. Schematic representation of the different types of segregation of the amorphous component from the crystallizable
component in miscible polymer blends[90]

For instance, several authors have commented on the morphology in polypropylene-based systems

involving low molar mass hydrocarbon additives.[19,62,63,79] In their study, Lloyd et al.[62] explain

that the observed fracture patterns can be qualitatively explained by a solid-liquid phase separation

process, resulting in inter-spherulitic segregation of the diluent.

Ll e PP-TA 70-30 %8
34 & :

Figure 9. Scanning electron micrographs of the spherulitic structure resulting from the solid-liquid phase separation of a
PP/mineral oil (70/30) solution (left)[62] and a PP/polyethoxylated amine (70/30) solution (right)[19]

Variations in shape and dimensions of the observed microstructures were found to be dependent on
the polymer/diluent combination, blend composition, nucleation density of the polymer and cooling
rate. Polypropylene appeared to be a particularly adequate polymer to investigate inter-spherulitic
segregation because of the neat spherulitic morphology of its crystalline phase in the solid state. Other
studies have focused on other polymer resins, and for instance several examples of microporous
membranes prepared with polyethylene (which typically exhibit “leafy” fracture patterns as a result of
solid-liquid phase separation) can be found in the literature.[62,64,65]

Besides the impact on the crystalline morphology of the blends in the solid state, the presence of
miscible low molar mass components implies that they act as diluents in the molten state, therefore
influencing the crystallization and melting behaviour of semi-crystalline polymers. Although mineral
oil or liquid paraffin appeared to have no effect on the ultimate crystallinity of polyethylene or
polypropylene[66,75], the incorporation of such additives was reported to result in a decrease of the

crystallization and melting temperatures due to the reduction of chain entanglements arising from the
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dilution of the semi-crystalline polymer.[88,89] While the decrease in crystallization temperature is
linked to the lower nucleation density in the melt, the shift in melting temperature due to the addition
of a miscible amorphous component can be explained by the higher mobility of the polymer chains.
According to Groeninckx et al.[90], the melting point depression results from kinetic, morphological
and thermodynamical factors. Kinetic effects arise from the cooling conditions and morphological
effects are associated with changes in the morphology of the nascent crystals. Thermodynamical effects
consist in the decrease of the free energy of the semi-crystalline polymer as a result of dilution by a
miscible amorphous component in the molten state[55,94], which leads to a shift in the equilibrium

melting point, as schematized in Figure 10.
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Figure 10. Schematic diagram of the free energy of the crystalline phase (G.) and free energy of the melt phase of a
homopolymer (Gnr°), as well as the free energy of a miscible blend (Gm(®)), as a function of temperature[90]

4.3. Crystallization behaviour of polyolefins in the presence of a low molar mass
semi-crystalline additive

As mentioned earlier, hydrocarbon additives with a higher molar mass (C20 and above) are usually
found in the form of waxy solids at room temperature. Additives such as paraffin waxes and polyolefin
oligomers exhibit a particular behaviour as they are characterized by a very low viscosity in the molten
state as well as a high degree of crystallinity in the solid state due to their linear structure. This implies
that the crystallization behaviour of blends involving semi-crystalline polymers with such additives can

be quite complex.

It is important to note that due to their low molar mass (compared to that of polymers), these additives
present relatively low melting and crystallization temperatures. This means that the melting and
crystallization of the semi-crystalline polymer can be considered to always occur in the presence of a
liquid (or molten) phase, whether the system is miscible or immiscible. Consequently, the solid-liquid
separation mechanisms described in the previous section are still valid, provided that there is a
significant difference between the melting temperatures as well as between the crystallization
temperatures of the two components. However, if the melting and/or crystallization temperatures of

the two components are close, they can undergo concurrent melting and/or crystallization. In that
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regard, it should also be noted that the melting and crystallization temperatures of the semi-crystalline
polymer may be shifted as a result of dilution and plasticizing in the case of miscible systems (as

mentioned in the previous section).[71,74]

4.3.1. Miscible systems

In the case of miscible systems involving two crystallizable components, several modes of
crystallization have been described: separate, concurrent and co-crystallization. Co-crystallization only
occurs in rare cases where the blend constituents have similar crystalline structures and are completely
miscible in the crystalline phase[90], which requires chemical compatibility as well as close matching
of the chain conformation and crystal lattice. Most of the time, the miscibility is limited to the molten
state and the components crystallize separately due to the segregation of the component with the lower
crystallization temperature (segregation mechanism described in Figure 8). Concurrent crystallization
on the other hand is mostly the result of overlapping crystallization temperature ranges, which should
be taken in account in the analysis of DSC thermograms, where a single melting endotherm and
crystallization exotherm may not necessarily be the result of co-crystallization. Some examples of co-
crystallization are mentioned in the literature, where linear paraffin chains of low molar mass
polyethylene were reported to co-crystallize with the linear sequences of LLDPE or LDPE.[8,95,96]
One hypothesis to support those observations is that the short paraffin chains are unable to fold (see
Figure 11) but may be assimilated to straight polyethylene sections, and can therefore be incorporated

in polyethylene lamellae.[86]

Folded polymer chain

Tie chain

+«— Loose loop

Figure 11. Model illustrating the arrangement of polyethylene chains into lamellar structures upon crystallization[97,98]

Additionally, the incorporation of crystalline paraffin wax in polyethylene was reported to significantly
increase the overall degree of crystallinity, which is mainly due to the high degree of crystallinity of
those compounds and therefore not necessarily showing evidence of co-crystallization. The result is

the improvement of some mechanical features of the blends, such as higher Young’s modulus, but also
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the degradation of the ultimate mechanical properties, such as stress and strain at break.[82,84,86] The
ultimate mechanical properties of semi-crystalline polymers are known to be closely related to the
number of tie chains between lamellae[97,99], which is reduced because of the dilution of the polymer
by a short hydrocarbon compound. However, in systems where the miscibility is limited by blend
composition[84,86], the presence of defects arising from phase separation may be a more
straightforward explanation to the lower stress and strain at break observed at high wax

concentrations.

4.3.2. Immiscible systems

Immiscible systems are characterized by a lack of compatibility inducing liquid-liquid phase
separation in the molten state. Blends with two immiscible components with different crystallization
temperatures would thus be expected to crystallize sequentially and independently in the same manner
as isolated homopolymers. However, the crystallization behaviour of a semi-crystalline polymer may

be affected by the presence of a dispersed component despite the physical separation in the melt.

Coincident crystallization of both components has been reported in cases where the dispersed phase
has a higher crystallization temperature than the continuous phase, therefore acting as a nucleation
site.[100] However, low molar mass hydrocarbon additives exhibit relatively low melting and
crystallization temperatures compared to that of polyolefins, which can be considered to crystallize in

the presence of a liquid phase, hence the case of coincident crystallization will not be further discussed.

In investigations on immiscible systems, such as PP/paraffin wax blends, it was found that the
crystallization of the polymer resin is mostly unhindered by the presence of the low molar mass
additive (despite a slight decrease in the melting temperature of polypropylene due to plasticizing),
showing separate melting endotherms and crystallization exotherms in DSC analyses as a result of the
phase separation in the solid state as well as in the molten state.[71,72] In fact, blending seemed to
have a much greater effect on the dispersed wax, decreasing its degree of crystallinity and wearing off
its complex melting and crystallization behaviour (see Section 4.1), due to the lack of mobility in an
already solidified resin.[90] Other studies on immiscible PP/PE systems showed that the spherulite
growth rate of the polypropylene continuous phase remains unaffected by the presence of
polyethylene. They also pointed out that the nucleation density of propylene may be affected by the
presence of molten polyethylene, either decreasing because of the migration of nucleation sites to the
dispersed phase[101] or increasing as a result of additional nucleation at the interface between the two

polymers.[102]

Nevertheless, the main consequence of blending immiscible compounds is surely the impact on the
ultimate crystalline morphology of the blend, which has been thoroughly investigated by several
authors over the past fifty years.[1] According to Bartczak and Galeski[91], variations of the spherulitic
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morphology of polypropylene in the presence of polyethylene are the result of changes in the interface

shape during the crystallization of the blend.

Figure 12. Schematic representation of the deformation of a dispersed PE phase during the crystallization of the PP resin[91]

Figure 12 indeed illustrates the deformation of the dispersed phase upon crystallization of the resin,
leading to an alteration of the crystalline morphology in the solid state, which directly impacts the
mechanical properties of the blend. The magnitude of this deformation is dependent on the ability of
the dispersed phase to flow between the spherulites of the crystallizing dispersed phase. This implies
that low molar mass (i.e. low viscosity) hydrocarbon compounds are very likely to be deformed during
the crystallization of the polyolefins resins, which may also apply to miscible systems undergoing an

inter-spherulitic segregation process.
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5. Compatibilization of polyethylene-polyamide blends

5.1. General aspects of polymer-polymer compatibilization

As mentioned in Section 2.2, blends involving two immiscible polymers may result in various
morphologies which can be useful to achieve certain properties.[22] However, these morphologies can
be quite difficult to achieve and may be thermodynamically unstable.[23] For this reason, a lot of effort
has been put into the research of efficient ways to compatibilize and/or control the morphology of
immiscible polymer blends.[103] The objective of compatibilization in immiscible systems is therefore
to prevent uncontrolled morphology developments[104,105], usually by incorporating a

compatibilizer which acts as an interface agent between the two constituents of the blend.[106]

There are three aspects to the compatibilization of immiscible systems, which are (i) the reduction of
interfacial tension in order improve dispersion, (ii) the stabilization of blend morphology against shear
stress during the processing and forming steps, and (iii) the enhancement of adhesion between the two
phases in the solid state in order to ensure an efficient stress transfer within the final material. These
requirements can be fulfilled either by the addition of a third component to the blend, usually a block
or graft copolymer, or by forming such copolymer in situ via reactive compatibilization of the

blend.[107]

Compatibilization by addition consists in the incorporation of a small amount of a third component to
the blend. While a co-solvent (miscible with both phases) can be used, such compatibilizers are usually
block or graft copolymers with segments that are miscible (or at least have sufficient interactions) with
one or both polymers in the blend.[108] Their role is to reduce the interfacial tension between the two
immiscible phases in order to stabilize the dispersed domains (i.e. prevent droplet coalescence) and
promote interfacial adhesion. In that regard, copolymer compatibilizers can be considered as
interphase agents that are similar to the surfactants used to stabilize emulsions.[26] The molar mass
and sequential distribution of blocks or grafts are key factors influencing the efficiency of such
copolymers, and their molecular structure should therefore be carefully optimized in order to ensure
proper diffusion of the copolymer to the polymer-polymer interface as well as to avoid the formation
of micelles.[107] Besides, the incorporation of a third component to a polymer blend usually results in
modified viscoelastic properties and crystallization behaviour, and may therefore impact the
processability or final properties of the blend. As a consequence, reactive compatibilization of the

blends is usually preferred over compatibilization by addition.

In the case of reactive compatibilization, the compatibilizer is produced by a chemical reaction directly
at the interface between the two immiscible phases, thus forming a copolymer based on segments of
the initial homopolymers in the blend. As a consequence, this type of compatibilization has several
advantages compared to compatibilization by addition, including the fact that the copolymer does not

need to diffuse to the polymer-polymer interface, while the molar mass of the copolymer segments is
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comparable to that of the homopolymer in each phase.[109] However, reactive compatibilization must
be carried out under adequate processing conditions (i.e. sufficiently distributive and dispersive
mixing) in order to be efficient. Moreover, the reactivity and reaction rate must be sufficiently high to
promote the formation of a significant amount of compatibilizer across the phase boundary in the

molten state.[107,110]

According to Brown[109], reactive compatibilization strategies can be classified into five main
categories depending on which parts of the polymer chains are involved in the formation of the
copolymer. For each strategy in this classification, there are actually two types of processes leading to
the formation of the copolymer, that are (i) the direct reaction between the polymer chains of the
immiscible phases or (ii) the introduction of a third component to the blend. The latter is fairly similar
to compatibilization by addition, except that the added component is a reactive species involved in the
formation of the copolymer. This reactive component can simply act as a catalyst activating the
reaction between the two polymers, although coupling agents reacting with one or both polymers are
more frequently used. In this case, the reactive component incorporated in the blend may be

designated as a “compatibilizer precursor”.

5.2. Introduction to polyethylene/polyamide blends

Polyethylene and polyamide are some of the most widely spread thermoplastic polymers, with a large
variety of industrial applications.[111-113] The blending of these polymers is primarily motivated by
combination of the good technical features of polyamide with the cost-effectiveness and moisture
resistance of polyethylene.[114] However, polyethylene and polyamide have significantly different
crystalline structures and polarities due to their very different molecular structures, resulting in highly
incompatible blends with coarse biphasic morphologies.[115,116] The compatibilization of such
immiscible systems has therefore been the subject of a considerable number of investigations, with the

aim of achieving various controlled morphologies depending on the targeted applications.

For instance, the use of polyethylene is limited in technical applications, such as in the automotive
industry, because of its poor heat resistance. The improvement of thermal and mechanical properties
can be achieved with polyamide as the continuous phase, while the demand for cost-effective materials
requires to keep polyethylene as the major component. These requirements can be met by producing
co-continuous morphologies.[117] On the other hand, lamellar, fibrillar or finely dispersed
morphologies may be interesting for other applications as they can also result in outstanding
properties, provided that the interfacial adhesion between the two immiscible components is

sufficiently improved through compatibilization.[118,119]

As explained in the previous section, adequate compatibilization should promote the reduction of
interfacial tension between the two phases and avoid coalescence, resulting in the formation of a stable

morphology as well as a narrow domain size distribution. The addition of various functional polymers
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or oligomers as coupling agents in immiscible polymer blends has therefore been studied extensively as
an effective way to achieve reactive compatibilization.[120,121] However, this strategy poses problems
that are similar to the ones described in the case of compatibilization by addition, the main issues
being the migration of the compatibilizer precursor to the interface between the immiscible phases, as
well as good compatibility with at least one of the polymer resins. The compatibility issue is commonly
overcome by using a chemically modified version of one of the two polymers as the
compatibilizer.[121] A good example of this strategy is the use of maleic-anhydride-grafted polyolefins
as compatibilizers in polyolefin/polyamide blends, where the compatibilizer is miscible in the

polyolefin and reacts with the amine end-groups of the polyamide.[118,122-124]

Compatibilization strategies for immiscible blends of polyethylene and polyamide are detailed in the

following sections.

5.3. Compatibilization strategies for polyethylene/polyamide blends

In immiscible polymer systems such as polyethylene/polyamide blends, reactive compatibilization is
usually preferred over compatibilization by addition because of difficulties associated with the
synthesis of linear PE-PA block copolymers to be used as compatibilizers.[117] Reactive
compatibilization of polyethylene/polyamide blends is usually ensured by using a functional
copolymer such as a polyethylene grafted with an acidic group (carboxylic acid, acrylic acid, maleic
anhydride, etc). The acidic groups undergo an acid-base reaction with the terminal amines of
polyamide to form covalent bonds while the apolar backbone of the copolymer interacts with the
polyethylene phase, consequently reducing the interfacial tension between the two immiscible
polymers. Reactive compatibilization with a grafted polyethylene copolymer can be implemented
either by directly adding the compatibilizer precursor to the immiscible blend, or by promoting the in-
situ functionalization of polyethylene along with compatibilization in a single-step reactive

process.[120,125]

Various strategies for the morphology control and/or compatibilization of immiscible
polyethylene/polyamide blends are described in the literature. With few exceptions where organoclay
is used to control the blend morphology[126-129], most investigations are focused on the use of
grafted polyolefin copolymers as compatibilizer precursors. Hence, a review of the compatibilizer
precursors studied in the literature is summarized in Table 2, where such polyolefin copolymers are
divided into four groups depending on the nature of their functional groups: maleic anhydrides, acids,
ionized acids or other functionalities. In most of the papers reviewed the compatibilizing component
was either used as received from the supplier, or in some cases synthesized prior to blending. Two
synthesis routes are described for the preparation of such functional polyolefins, namely (i) the
copolymerization of ethylene with another monomer bearing functional groups or (ii) the direct

modification of a polyolefin by free radical grafting.
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Table 2. Summary of the morphology control and reactive compatibilization strategies investigated in the literature for

polyethylene/polyamide blends

Blend compositions

CP contents

Polymer blend R K Compatibilizer precursor (CP) X . Reference
investigated investigated
Polyolefins grafted with maleic anhydride
PE/PA 30/70 & 50/50 PP-g-MA 5% Chen et al.[130]
PE/PA 90/10 to 10/90 PE-g-MA 1-10 % Serpe etal.[131]
HDPEPA6 70/30 PE-g-MA 5% Kyu Kim et al.[132]
LDPE/PA6 75/25 SEBS-g-MA 1-5 % Lim et White[123]
LDPE/PA6 60/40 to 90/10 LDPE-g-MA 5% Jurkowski et al.[133]
Palabiyik et
HDPE/PA 2 2 PP-g-MA 9
/PAG 80/20 to 20/80 g 5% Bahadur(134]
LDPE/PA6 75/25 SEBS-g-MA 0.5-2 % Minkova et al.[135]
LDPE/PA6 75/25 PE-g-MA 1-10 % Jiang et al.[136]
LDPE/PA6 75/25 & 25/75 SEP-g-MA 5% Filippi et al.[137]
LDPE/PA12 70/30 PE-g-MA 0.2-2% Huitric et al.[105]
Chet; tet
HDPE/PAG 80/20 & 20/80 HDPE-g-MA 1-10 % chreentiwate
al.[138]
HDPE/PA6 75/25 to 25/75 PE-g-MA 2% Araujo et al.[125]
HDPE/PA6 30/70 HDPE-g-MA 2-8 % Hamid et al.[139]
HDPE/PA6 57/43 to 19/81 HDPE-g-MA 16-27 % Argoud et al.[118]
Polyolefins grafted with acidic functionalities
LDPE/PA6 75/25 & 25/75 Ethylene/acrylic acid copolymer 5% Filippi et al.[140]
LDPE/PA6 75/25 Ethylene/acrylic acid copolymer 0.5-2% Minkova et al.[135]
HDPE/PA6 75/25 & 25/75 Ethylene/acrylic acid copolymer 5% Scaffaro et al.[119]
HDPE/PA6 75/25 Ethylene/acrylic acid copolymer 5% Filippone et al.[128]
Polyolefins grafted with acidic functionalities, neutralized with metal cations (ionomers)
Ethyl thacrylic acid/is 1 1
HDPE/PA6 90/10 to 10/90 ylene/methacrylic acid/isobutyl acrylate 0.5% Willis et Favis[141]
terpolymer, zinc-neutralized
Ethyl thacrylic acid/isobutyl lat
HDPE/PA6 90/10 to 10/90 ylene/methacrylic acid/isobutyl acrylate 59% Willis et al.[142]
terpolymer, zinc-neutralized
Ethyl hacrylic acid/i 1 1 dlez-Nt
HDPE/PAG 80/20 thylene/methacry] 1c. ac1d/1sobu'ty acrylate 2.59% Gonzalez-Nunez et
terpolymer, zinc-neutralized al.[143]
Ethyl lic acid )\ \
LDPE/PA6 75/25 & 25/75 ylene/acrylic acid copolymer. 2% Filippi et al.[140]
zinc-neutralized
Ethyl lic acid )\ \
LDPE/PA6 75/25 ylene/acrylic acid copolymer. 0.5-2% Minkova et al.[135]
zinc-neutralized
LDPE/PAG 80/20 to 20/80 Ethylene/ methacrth‘ ac1d/1sobu.tyl acrylate 0.1-35 % Leewajanakul et
terpolymer, zinc-neutralized al.[144]
Ethyl thacrylic acid \ , sodium-
LDPE/PA6 80/20 to 20/80 ylene/methacrylic acid copolymer, sodium 0.5 % Lahor et al.[145]
neutralized
Ethyl thacrylic acid/isobutyl acrylaty
HDPE/PAG6 75/25 & 25/75 ylene/methacrylic acid/isobutyl acrylate 2.5-10% Baouz et Fellahi[146]
terpolymer, zinc-neutralized
Ch: 1 et
HDPE/PAG 80/20 & 20/80 HDPE-g-MA, zinc-neutralized 1-10 % ame’ll}[’f;;’apoo ¢
al.
Polyolefins grafted with other functionalities
LDPE/PA6 25/75 to 5/95 LDPE-g-butyl acrylate 2.5% Raval et al.[148]
Ethyl thyl-, isobutyl-
LLDPE/PA6 20/80 ylene/(ethyl-, isobutyl- or 20% Valenza et al.[149]
hydroxylethyl-)methacrylate copolymer
LDPE/PA6 80/20 to 20/80 SEBS-g-ricinoloxazoline maleinate 10 % Vocke et al.[150]
LDPE/PA6 90/10 to 10/90 Ethylene/glycidyl methacrylate copolymer 1-5% Chiono et al.[151]
Ethyl lic acid \
HDPE/PAG 75/25 & 25/75 ylene/acrylic acid copolymer + 5% Scaffaro et al.(119]
cyclophosphazene-epoxy
Ethylene/acrylic acid copolymer +
HDPE/PA6 75/25 & 25/75 . 5% Scaffaro et al.[119]
cyclophosphazene-oxazoline
Organoclays
HDPE/PA6 30/70 Alkyl ammonium-modified montmorillonite 1.2-24 % Fang et al.[127]
HDPE/PA6 75/25 Alkyl ammonium-modified montmorillonite 5 % Filippone et al.[128]
HDPE/PA6 75/25 & 25/75 Alkyl ammonium-modified montmorillonite 1-20 % Filippone et al.[129]
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All studies presented in Table 2 reported that the addition a compatibilizer precursor induced the
enhancement of interfacial adhesion between polyethylene and polyamide as well as the inhibition of
coalescence (to various extents), resulting in a reduction of the size of the dispersed domains and a
narrower size distribution. Some studies also reported an improvement of the mechanical properties of
the blends, especially tensile strength and impact resistance. While some authors investigated large
amounts of compatibilizer precursors, in most cases sufficient compatibilization and optimal

properties were achieved with only a few percent, typically 0.5-5 wt% of the blend.

It appears that compatibilizer precursors for polyethylene/polyamide systems mostly consist in
functional polyethylenes. Ethylene/acrylic acid copolymers provide good compatibilization via
acidolysis reactions between the carboxyl groups and the terminal amines of polyamide[140], and
neutralization of the acidic units by a bivalent metal cation (usually zinc or sodium) to form ionomers
is reported to further enhance the compatibilizing ability of such copolymers because of the additional
ion-dipole interactions with polyamide.[145] However, comparative studies show that maleic-
anhydride-grafted polyethylenes are the most efficient compatibilizer precursors for
polyethylene/polyamide systems, which is attributed to their faster reaction rate and higher reactivity
of maleic anhydride functional groups compared to acids.[135,136] This was confirmed by Orr et
al.[152] in a study on melt coupling reactions to form block and graft copolymers, in which functional
group pairs are ranked in terms of reactivity. The conclusion of this study is that the rate of conversion
for a reaction between an amine and a cyclic anhydride is much faster than that of other reactions
which could potentially be involved in the grafting of polyamide chains onto a functional polyethylene
compatibilizer precursor according to Table 2 (acid/amine, epoxy/amine, epoxy/acid and

oxazoline/acid).

Nowadays, maleic anhydride grafted polyethylenes (PE-g-MA) are the most widely spread
compatibilizers for polyethylene/polyamide blends. The maleic anhydride content these commercial
additives is usually around 1 wt% (typically in the range of 0.5-2 wt%). While the graft copolymer must
remain apolar to be compatible with the polyethylene phase, the maleic anhydride content must be
sufficiently high to ensure a good compatibilization. The reaction between the maleic anhydride
groups of the compatibilizer precursor and the amine end-groups of polyamide is illustrated in Figure
13. This reaction results in the grafting of polyamide onto polyethylene chains to form a PE-g-PA

copolymer, which is characterized by a cyclic imide moiety.
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Figure 13. Reaction between PE-g-MA and an amine-terminated polyamide[152]
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This reaction also generates water as a bi-product, which may cause the degradation of polyamide[113]
or impact reactive compatibilization by shifting the reaction equilibrium. However, Argoud et al.[118]
noted that water does not react with maleic anhydride at the melt processing temperatures considered

and that it can be easily eliminated through venting zones during the extrusion process.

5.4. Impact of molar mass on the morphology control and compatibilization of
polyethylene/polyamide blends

5.4.1. Molar mass of the homopolymers

As explained in Section 3.2 of this chapter, the morphology of immiscible systems is greatly influenced
by the viscosity of its homopolymer constituents, which is related to their respective molar masses. The
relationship between viscosity ratio and blend morphology can be easily described by a simple

diagram, as shown in Figure 14.

Continuous
Phase of B

Continuous
Phase of A

Viscosity Ratio A/B
|

1
Volume Ratio A/B

Figure 14. Effect of the blend composition and viscosity ratio on the blend morphology[26]

This is particularly well illustrated in the work of Epinat et al.[34] where compatibilized and
uncompatibilized blends of polyethylene and polyamide exhibit a wide variety of morphologies
depending on the blend composition and molar mass of the polyamide (see Figure 4). Typically, this
study shows that in uncompatibilized polyethylene/polyamide blends the point of phase inversion is
between 10 and 20 vol% polyamide when the viscosity ratio is 0.003 (M.(PA) =~ 3000 g/mol) and
between 50 and 60 vol% polyamide when the viscosity ratio is 1.7 (Ma(PA) = 18 000 g/mol).

In other recent investigations by Pernot et al.[117] and Coérdova et al[153] on compatibilized
polyethylene/polyamide systems, the fine tuning of the molar mass of the constituents as well as the
degree of functionalization of the compatibilizer precursor allowed to successfully control the
morphology of the blends on a sub-micrometric scale. An example of morphology control using these

parameters is illustrated in Figure 15.
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Blend PE copolymer PA homopolymer MA/NH.
M, (g/mol) Monomers M, (g/mol) Terminal groups ratio
9 wt% acrylate, 35 % NHo,
MB 16 000 15000 7:1
0.8 wt% MA 65 % COOH
-0 0
MC 16,000 17 wt% acrylate, 2500 50 % NHa, 31

2.9 wt% MA 50 % CH;

Figure 15. TEM micrographs of PE/PA (80/20) blends prepared by reactive extrusion[153]

In these studies, the authors highlight the influence of the particular morphologies obtained on the
crystallization behaviour of the polymers as the confinement of the polyamide phase influences its
nucleation. More generally, in the case of dispersed morphologies, the size and nature (polyethylene
dispersed in polyamide or polyamide dispersed in polyethylene) of the dispersed domains has a
significant impact on the crystallization behaviour of the blends. For instance, polyamide dispersed
domains may act as nucleation sites for polyethylene upon cooling of the blend as a result of the

difference in crystallization temperatures between the two polymers.

5.4.2. Molar mass of the compatibilizer precursor

The efficiency of the compatibilization and morphology control of immiscible blend is also highly
dependent on the molar mass of the copolymer compatibilizer. In reactive processes where the
reaction rate is a key factor to achieve efficient compatibilization, the high molar mass of the
compatibilizing agent may have a significant influence.[110,154] Theoretically, the compatibilization
ability of copolymer compatibilizers can be improved by increasing their molar mass (to produce more
entanglement, thus allowing deeper anchoring into the homopolymer phases) and number of
blocks/grafts (to allow multiple interlocking).[155] However, the use of high molar mass
compatibilizer precursors may result in poor compatibilization as a result of their low chain mobility

and potential inability to migrate to the interface.

As a consequence, lower molar mass compatibilizers have generated interest thanks to their greater
diffusion ability and lower viscosity during melt processing. For instance, Todd et al.[156] successfully
introduced a low molar mass amino-telechelic polyethylene (3-17 kg/mol) to compatibilize an
immiscible PET/HDPE system via aminolysis of the PET chains. The use of a functional PE oligomer
resulted in the improvement of the interfacial adhesion between PET and HDPE and the consequent

reduction of the volume of the dispersed phase. Another example is the interface optimization of an

38



Chapter 1 - Literature review

immiscible PBAE/PEO system by O’Brien et al.[157] via the in-situ formation of a multiblock
copolymer, which was generated from a reaction involving the end-groups of two telechelic oligomers
(diepoxy terminated PBAE and diamine terminated PEO, both 4000 g/mol), each one miscible in one
of the homopolymers (as illustrated in Figure 16). However, no such example has been reported in the

case of polyethylene/polyamide compatibilization.

Homopolymer A
with telechelic oligomer A Homopolymer A
<, Multiblock copolymer
Homopolymer B
with telechelic oligomer B Homopolymer B

Figure 16. Illustration of the reactive processing scheme proposed by O Brien et al[157] using telechelic oligomers to form a
multiblock copolymer at the interface between two homopolymers
In their study, Shi et al.[158] achieved stable co-continuous morphologies by forming polyamide-
grafted copolymers with both high and low molar mass polyolefin backbones from LLDPE-g-MA (M,
=20 000 g/mol) and PB-g-MA (M, = 3000 g/mol) compatibilizer precursors. While high molar mass
copolymers strengthened the interface and induced finer dispersion, low molar mass copolymers were
found to promote the formation of a flat interface between the polyethylene and polyamide phases.
These observations are attributed to the poorer ability of low molar mass copolymers to hinder
coalescence. In less complex polypropylene/polyamide systems, Duvall et al.[122] observed that
despite a higher maleic anhydride content, the PP-g-MA compatibilizer precursor with lower molar
mass did not provide a strong enough interaction with the polypropylene phase. On the other hand,
other investigations by Padwa et al.[159] and Jiang et al.[136] demonstrated that the compatibilization
efficiency of PE-g-MA precursors was increased with decreasing the molar mass of the polyethylene
backbone, thus producing finer and more uniform dispersions of the polyamide phase. Although these
observations may seem to contradict the conclusions of the studies cited in the previous paragraph, the
higher compatibilization efficiency of those low molar mass compatibilizer precursors was attributed
to a higher reactivity towards polyamide chains and to the decrease of the viscosity of the polyethylene

phase.

The observations made in those studies clearly indicate that the molar mass of copolymer
compatibilizers has a controlling influence of the final morphology of polyethylene/polyamide blends.
However, the number of adjustable parameters and the variety of morphologies obtained show that
this relationship is complex and that it is difficult to precisely predict the impact of using lower molar
mass compatibilizer precursors such as PE-g-MA oligomers on the ultimate morphology of

polyethylene/polyamide blends.
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6. Conclusion

Several aspects of polymer blending were tackled in this chapter, with a focus on the incorporation of

low molar mass compounds in polyolefins and polyethylene/polyamide blends.

In Section 3, it was shown that the low viscosity and good diffusion ability of low molar mass additives
have a controlling influence on the morphology developments of binary blends in the molten state.
The main issue described in the literature is the lubricating effect caused by those additives, which
results in a delayed homogenization during the processing of the blends. Nevertheless, these
morphology developments are strongly correlated with modifications in the viscoelastic behaviour of
polymers. Consequently, the behaviour of polyethylene oligomers in polyolefin resins in the molten

state may be easily studied by means of rheological measurements (Chapter 3).

The influence of low molar mass hydrocarbon additives on the melting and crystallization behaviour
of polyolefins was discussed in Section 4. While immiscible systems lead to liquid-liquid phase
separation in the molten state, blends involving a miscible additive are characterized by a dilution of
the polymer, which results in solid-liquid phase separation upon solidification. In both cases, the
degree of crystallinity and final morphology of the system may be impacted, with potential
consequences on the final properties of the polymer materials. The miscibility of polyethylene
oligomers in polyolefin resins in the solid state can therefore be investigated by studying the

crystallization behaviour of the blends (Chapter 3).

Lastly, several strategies for the compatibilization of immiscible polyethylene/polyamide blends were
reviewed in Section 5. It appeared that the most common compatibilizer precursors are high molar
mass polyethylenes grafted with maleic anhydride. This compatibilization strategy is based on the
reaction of the maleic anhydride groups with the terminal amines of polyamide, as well as miscibility
with the polyethylene phase. However, some studies suggest that similar compatibilizer precursors
with lower molar masses could be of interest, thanks to their greater diffusion ability and lower
viscosity during melt processing. Maleic anhydride-grafted polyethylene oligomers could therefore be
used in the compatibilization of polyethylene/polyamide blends (Chapter 4). Additionally, the use of a
reactive pair of oligomers appears to be a promising strategy to promote the in-situ formation of a

multiblock copolymer compatibilizer.
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1. Materials

1.1. Polymer resins

The polypropylene (PP) used in this work was an isotactic homopolymer (PPH 7060, Total). It has a
melting temperature of 165 °C and a density of 0.905 g/cm’. Its melt flow index is 12 g/10min (230 °C,
2.16 kg), which corresponds to a zero shear viscosity of 3.10° Pa.s (180 °C).

A high-density polyethylene (HDPE) (Hostalen GF 7750 M2, LyonDellBasell) was also studied. It has a
melting temperature of 135 °C and a density of 0.957 g/cm’. Its melt flow index is 1 g/10min (190 °C,
2.16kg), or a zero shear viscosity of 9.10° Pa.s (180 °C).

A high molar mass, maleic anhydride-grafted polyethylene (PE-g-MA) (Exxelor PE 1040,
ExxonMobil) was used both as a polymer resin and as a high molar mass additive. It has a melting
temperature of 135 °C and a density of 0.960 g/cm’. Its melt flow index is 1 g/10min (190 °C, 2.16 kg),

which corresponds to a zero shear viscosity of 5.10° Pa.s (180 °C).

A polyamide 6 (PA6) (Akulon F136-DH, DSM) with a melting temperature of 220 °C and a density of
1.130 g.cm™ was also used in this study. It has a viscosity number of 245 cm*/g (ISO 307) i.e. a zero
shear viscosity of 4.10° Pa.s (240 °C).

The molar masses of the polyolefins were determined with a Malvern Viscotek TDAmax high-
temperature gel permeation chromatography (GPC)/size-exclusion chromatography (SEC) system.
The molar mass of the polyamide 6 was determined by potentiometric titration of the amine and acid
terminal groups. The values obtained were [COOH] = 32 mmol/kg and [NH,] = 33 mmol/kg. The
molar mass of polyamide 6 was therefore calculated to be approximately 30 000 g/mol. The molar
masses obtained from these analyses are given in Table 1.

Table 1. Molar masses of the selected polyolefins (measured by HT-GPC/SEC) and of the polyamide 6 (measured by
potentiometric titration)

Designation Mp (Da) Mn (Da) Mw (Da) Mw/Mn
PP 119 000 48 000 210 000 4.4
HDPE 56 000 19 000 111 000 59
HDPE-g-MA 39 000 17 000 50 000 2.9
PA6 - 30 000 - -
1.2. Oligomers

1.2.1. Commercially available polyethylene oligomers

Readily available, functional as well as non-functional polyethylene oligomer additives were used as

model molecules for this study. The first one was a linear primary carboxylic acid polyethylene (Unicid
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700 acid, Baker Hughes). The other functional oligomers used were linear polyethylenes grafted with
maleic anhydride derivatives (Ceramer 67 polymer and Ceramer 1608 polymer, Baker Hughes). The
non-functional polyethylene oligomer used in the present work was a synthetic wax, linear and fully
saturated homopolymer of ethylene (Polywax 725 polyethylene, Baker Hughes). The chemical

structures of such oligomers are illustrated in Table 2.

Table 2. Chemical structures of Baker Hughes functional and non-functional oligomers (n + m + p ~ 50, R = H or iPr)

Designation Chemical structure
HaC CH
Polywax 725 ° W ’
O
Unicid 700 HaC

OH

Ceramer 67

Ceramer 1608

The molar mass of each commercial oligomers was determined using a Malvern Viscotek TDAmax
high-temperature gel permeation chromatography (GPC)/size-exclusion chromatography (SEC)

system. The measured values can be found in Table 3.

Table 3. Molar masses of the commercial polyethylene oligomers (measured by HT-GPC/SEC)

Designation Mp (Da) Mn (Da) Mw (Da) Mz (Da) Mw/Mn
Polywax 725 900 800 900 1 000 1,1

Unicid 700 700 600 700 900 1,3

Ceramer 67 700 700 800 1100 1,2
Ceramer 1608 1100 800 1300 2 000 1,6

The physical and chemical properties of these commercial oligomers are gathered in Table 4. The
melting temperature as well as the acid and saponification numbers were obtained from the technical

datasheets provided with the products. The viscosities were measured using an ARES-G2 strain-
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controlled rheometer in parallel plate geometry (T = 180 °C, € = 500% for Polywax 725, Unicid 700
and Ceramer 67, and € = 100% for Ceramer 1608).

Table 4. Physical and chemical properties of the commercial polyethylene oligomers

. ) Melting point Acid value Sonification value Zero shear
Designation o . .
(°C) (mgKOH/g) (mgKOH/g) viscosity (Pa.s)
Polywax 725 104 - - 0.007
Unicid 700 110 63 - 0.02
Ceramer 67 96 48 77 0.02
Ceramer 1608 75 154 215 2

It is worth noting that the maleic anhydride derivatives used for the functionalization of Ceramer
products are among maleic anhydride, mono-isopropyl maleate (Z and E isomers) and maleic acid (Z
and E isomers), as stated on the safety datasheets provided with the products. This was verified by
analytical thermal desorption coupled with gas chromatography and mass spectroscopy (ATD-GC-
MS), which is detailed in Appendix A. For simplification purposes, oligomers grafted with the above
cited maleic anhydride derivatives will be referred to as maleic anhydride-grafted polyethylene

oligomers in the rest of this document.

1.2.2. Polyethylene oligomers synthesized by the C2P2 laboratory

End-functionalized polyethylenes with low molar mass were synthesized by the Chemistry, Catalysis,
Polymers and Processes laboratory (C2P2, Villeurbanne, France). The strategy for the
functionalization of such polyethylenes involved catalyzed chain growth (CCG) on a main-group
metal-based catalyst. This allowed the synthesis of polyethylenes with controlled molar masses
between 500 and 5000 g/mol.[1,2] Very high functionalities were achieved and a wide range of end-
functions were thus made available for use.[3,4] For the purpose of this study, several functional
polyethylene oligomers were chosen with regards to their chemical affinity and/or potential reactivity
towards functional groups available at the surface of the fillers. The chemical structures of those
oligomers are specified in Table 5. Functional groups, functionalities and molar masses can be found

in Table 6.

Table 5. Chemical structure of the functional oligomers synthesized by the C2P2 laboratory

Designation Chemical structure

CH

=
=

3

CHs
PE-Si(OMe)(Me) , H3(:W8i/
N

. OMe
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OMe

T 4O0Me
PE-Si(OMe)s Hio S
. \OMe

HaC NH
PE-NH, : W 2
n

Table 6. List of the end-functionalized polyethylene oligomers synthesized for the study

Designation Functional group Molar mass (g/mol)*  Functionality (%)**
PE-Si(OMe)(Me) » Mono-alkoxysilane 1300 84
PE-Si(OMe) 5 Tri-alkoxysilane 1300 81
PE-NH, Amine 1700 97
PE-NH, Amine 4000 97

* Determined by >C NMR by the C2P2 laboratory
** Determined by ' H NMR by the C2P2 laboratory

1.2.3. Other oligomers

A tri-functional polyetheramine oligomer was also used in this study (Jeffamine T-403, Huntsman). It
has a density of 0.978 g/cm® and is in the liquid state at room temperature with a zero-shear viscosity

of no = 0.07 Pa.s (at 25 °C). The chemical structure and properties of this oligomer are presented in

Table 7.
Table 7. Chemical structure and properties of Jeffamine T-403 (x + y + z = 5-6)

. . . Molar mass AHEW*

Designation Chemical structure
(g/mol) (g/eq)
CHs;
NH
y 2
effamine o)
J 400 81
T-403 CHs CHs
(0] (0]
HoN N /> NH;

H3C

YAHEW = amine hydrogen equivalent weight
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1.3. Glass fibres

The fillers used in this work were chopped strand glass fibres (DS 2200-13P and DS 1128-10N, Binani
3B). These E-CR glass fibres are typically used for the reinforcement of thermoplastic composites.

Details on the dimensions of the fibres as well as compatible thermoplastic resins are given in Table 8.

Table 8. Characteristics of the glass fibres

Designation Reference Compatible resins  Fibre length (mm) Fibre diameter (um)
GF1 DS 2200-13P PE, PP 4 13
GF2 DS 1128-10N PA 4 10

Such glass fibres are supplied in the form of fibre bundles which unbound upon blending with a
polymeric media. For the purpose of this study, a chemical characterization of the surface of these
fillers was carried out. Characterization methods as well as conclusions concerning the chemical

composition of the sizing of the fibres are detailed in Section 2 of this chapter.
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2. Surface characterization of glass fibres

2.1. Short literature review

Glass fibres are generally mostly comprised of silicon dioxide SiO», calcium oxide CaO and aluminium
oxide ALO;. The composition of E-CR glass also involves alkali metal oxides (Na,O), alkaline earth
metal oxides (MgO, K,O) and transition metal oxides (TiO,, Fe;Os, ZnO).[5]

The surface of glass fibres is usually treated with a thin (10-100 nm) coating called “sizing”, which
consists of an aqueous suspension of several components, the role of which is to facilitate the handling
of the fibres and to ensure a good compatibility with the polymer matrix.[6] The formulation of such
sizings involves film formers, lubricants, surfactants, antistatic agents and coupling agents. Figure 1

shows the typical composition of a glass fibre sizing according to Gorowa et al.[7]

Surfactant
4%

Lubricant
4%

)
/| Antistatic agent
WY 3%

Coupling agent
10%

Film former
79%

Figure 1. Typical composition of a glass fibre sizing [7]

The role of coupling agents is to ensure a strong anchoring of the sizing onto the surface of the glass
fibre and to promote, along with the film former, a good matrix-filler interfacial adhesion. The most
commonly used coupling agents are alkoxysilanes, which bond covalently with the glass substrate via
naturally occurring silanol functions on the glass surface.[8] Functional end-groups allow the coupling
agents to interact with the other components of the sizing through interpenetration, diffusion and
chemical reaction.[9] Common functional end-groups include amines (e.g. aminopropyl silanes, APS),
epoxides (e.g. glycidoxypropyl silanes, GPS) and vinyls (e.g. vinyl silanes, VS).[10] Typical coupling
agents for glass fibres designed for polyolefin and polyamide systems are shown in Table 9.[11]
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Table 9. Typical coupling agents used in sizings for glass fibres used in the reinforcement of thermoplastics

Th lasti
Designation Chemical structure ermo.p astie
resin
0]
Polyethylene,
y-methacryloxy OMe oyetylene
. . /\/\ .~ polypropylene,
propyltrimethoxysilane o] Si
::\OMe polystyrene

OMe

HO OEt
N-bis (beta-hydroxy \/\ N /\/\S_i <

ethyl) y-amino 2 YOEt Polyamide
propyltriethoxysilane HO OEt

As already mentioned, commercial sizings based on silane coupling agents also involve numerous
other additives. Those formulations are often proprietary multicomponent systems designed for
specific applications, and it would therefore be difficult to determine their exact composition.
Nevertheless, in the scope of this study, the use of functional polyethylene oligomers as matrix-filler
interface agents requires some knowledge about the surface chemistry of said fillers. Therefore, several
analyses were carried out in order to identify potential reactive groups at the surface of the selected

glass fibres.

2.2. Direct analysis of the glass fibres

2.2.1. Thermogravimetric analysis (TGA)

TGA measurements were performed on a TA Instruments Q500 thermogravimetric analyser to
determine the amount of sizing on glass fibres. Samples of commercial glass fibres were heated up to
800 °C at a rate of 10 °C/min under helium flow. Table 10 shows the mean weight loss measured over

several analyses for the two types of glass fibres considered.

Table 10. Thermogravimetric analysis (TGA) of the glass fibres

Designation Reference Mean weight loss (%) Degradation range (°C)
GF1 DS 2200-13P 0.53 250-450
GF2 DS 1128-10N 0.79 215-575

As expected, both references showed weight loss values around 0.5-1 wt%. They were attributed to the
thermal degradation of the sizing as E-CR glass does not undergo thermal degradation in the
temperature range considered for TGA measurements. The samples exhibited several degradation

peaks, which probably correspond to the different components of the sizings. It was also noted that the
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degradation of the sizing of DS 1128-10N fibres takes place over a significantly broader range of

temperatures, indicating the presence of a component with higher thermal stability.

2.2.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) observations of the fibres were done on a Zeiss Merlin electron
microscope at the Centre Technologique des Microstructures (CTy, Villeurbanne, France). The glass
tibre bundles were gently dissociated and the glass fibres were spread over carbon tape on the sample
holder. The samples were then sputter-coated with a 10 nm layer of copper. Observations were made

both with a standard secondary electrons detector (SE) and a back-scattered electrons detector (BSE).

The BSE mode allows the observation of a chemical contrast between the different components of a
sample. Since electrons are back-scattered more strongly from elements with a higher atomic number,
“heavier” atoms appear brighter and “lighter” atoms appear darker. This observation mode is
particularly relevant in the case of glass fibres since the sizing (organic polymers) is chemically very
different from the glass substrate (silicon, calcium and aluminium oxides). Samples observed in the
BSE mode were not sputter-coated, since it could have induced image artefacts due to the relatively

high atomic number of copper.

The general surface aspect of sized glass fibres is shown in Figures 2-4. Observations in SE and BSE
mode showed no significant difference between DS 1128-10N and DS 2200-13P fibres with regard to
sizing distribution and patterns on the glass surface. It seemed that the distribution of the sizing was
highly inhomogeneous along the fibres, especially in terms of sizing thickness, which is consistent with
observations reported in the literature.[12] Some patterns, such as the ones observed in Figure 2, were
attributed to capillary bridges formed between fibres upon bundling, leaving linear sizing aggregates

on the surface.

Figure 2. SEM pictures of glass fibres
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Figure 4. High magnification SEM picture of a glass fibre

Observations at higher magnifications (see Figure 4) showed small spots around 100-500nm in
diameter, which could be due to dewetting of the sizing on the glass substrate. A certain roughness was
also noticed besides sizing aggregates and spots. It could not be determined whether this roughness is
due to the sizing deposition or if it is characteristic of glass substrates, although evidence of surface
roughness on clean glass substrates has been reported.[13] This question is of interest as bare glass
areas at the surface of the fibres would imply potential reactivity towards alkoxysilanes-functionalized

polyethylene oligomers.

2.2.3. Time-of-flight secondary-ion mass spectroscopy (ToF-SIMS)

Time-of-flight secondary-ion mass spectroscopy (ToF-SIMS) analyses were subcontracted to the

Science et Surface laboratory (Ecully, France) and conducted on an Ion-TOF SIMS 5 spectrometer.

Apart from the inorganic compounds naturally present in the glass substrate, the study of both
references of glass fibres demonstrated the presence of organic compounds such as aliphatic and

aromatic hydrocarbons (CiH,) as well as nitrogenous species (CN, CNO, CN).
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The analysis report emphasized the presence of C.H,O, species characteristic of C;5-Cys linear
saturated and unsaturated fatty acids on DS 2200-13P fibres. The presence of C:H,O, fragments
indicative of bisphenol diglycidyl ethers on the surface of DS 1128-10N fibres was also pointed out.

2.2.4. Solid-state nuclear magnetic resonance (NMR)

'H, ®C, *Si and *'P solid-state NMR spectroscopy was conducted on a Britker Avance WB 500MHz
spectrometer equipped with a MAS probe. Analyses were carried out directly on the glass fibres. They
were rendered particularly difficult by the small amount of sizing present on the fibres and by the
complex nature of those multi-component formulations. The NMR spectra obtained were therefore

analysed qualitatively. They can be found in Appendix B.

2.24.1. Proton and carbon-13 NVMR

'H and "C solid-state NMR analyses of DS 1128-10N and DS 2200-13P glass fibres showed many
peaks corresponding to aliphatic carbons and hydrogens (-CH, and -CHj). This was considered
consistent with the presence of potentially numerous polymeric components in the glass fibres sizings.

No signal corresponding to aromatic compounds were found.

While “C NMR of DS 2200-13P fibres did not show any other peaks, '"H NMR of this type of fibres
exhibited strong signals at § = 3.7 and 4.9 ppm which indicate the presence of an ether, ester and/or

acrylate compound.

In the case of DS 1128-10N fibres, 'H NMR exhibited a peak at § = 3.4 ppm which suggests the
presence of an amide (or polyamide) compound along with a shoulder at § = 3.6 ppm which could
indicate the presence of an ether. The *C NMR spectrum showed a narrow peak at § = 70 ppm which
could correspond to an ether or amine moiety as well as a very broad signal at § = 180-260 ppm which

is typical of compounds containing a carbonyl group such as carboxylic acids, esters and amides.

2242 Silicon-29 NMR

Solid-state NMR of *Si was used to find evidence of the presence of alkoxysilanes coupling agents in
the glass fibre sizings studied. Alkoxysilanes form “T” structures while the silicon dioxide (which
constitutes the most part of the glass substrate) is arranged in “Q” structures.[14,15] Spectrum analysis
was therefore complicated by the very low amount of T sites compared to Q sites as well as by their

close chemical shifts in Si NMR.

Table 11. Structures of different silicon sites and their typical chemical shifts in*’Si NMR[16]

Site type Structure »$i NMR shift range
Q*(n=4-x) Si(OR)x(OS1)4x -95; -115 ppm
T (n = 3-x) R-Si(OR),(OSi);« -60; -75 ppm
D" (n=2-x) R,-Si(OR)x(OSi)2x -20; -30 ppm
M* (n = 1-x) Ra-Si(OR),(OSi),« 10 ppm
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Spectrum analysis for DS 1128-10N and DS 2200-13P glass fibres revealed a main peak at § = -90 ppm
corresponding to the Q sites of the glass substrate, along with two small peaks at § = -40 ppm and § = -
140 ppm which were identified as rotation bands. Because of the low sensitivity of solid-state *Si NMR
as well as the presence of rotation bands at the chemical shifts corresponding to T structures, it was not

possible to verify the presence of alkoxysilanes in the samples.

2.24.3.  Phosphorus-31 NMR

*'P NMR spectra of both types of glass fibres exhibited a single broad peak at § = 0 ppm, corresponding
to the chemical shift of phosphoric acid and phosphate esters.[17] This was interpreted as evidence of
the presence of a phosphate mono/di-ester compound such as those used as emulsifiers and defoamers
in a wild range of formulations. The chemical shift of phosphates being relatively insensitive to the
nature of the alkoxy groups attached, it is difficult to conclude as to the exact structure of this

compound.

2.3. Analysis of sizing extracts

2.3.1. Sizing extraction

Considering that direct chemical analysis of the glass fibres was made difficult by the very small
amount of material deposited on their surface, the sizing was extracted in order to be analysed

independently. The extraction technique used was solid-liquid extraction with a Soxhlet extractor.[18]

Approximately 10 g of glass fibres were placed in the cellulose thimble and 200 mL of solvent were
placed in the boiling flask. Solvents with different polarities and boiling temperatures were chosen for
the extractions: ethanol (T, = 79 °C), cyclohexane (T, = 81 °C) and xylene (T, = 141 °C). It is worth
noting that xylene is a good solvent for hydrocarbon polymers and is commonly used in the
formulation of paints and varnishes. The temperature was set at 120 °C for ethanol and cyclohexane

and 180 °C in the case of xylene. The duration of the experiments was 72h.

After each extraction a rotary evaporator was used to remove the solvent from the liquid phase
collected in the boiling flask. The remaining liquid samples recovered from this process were yellow-
brownish and viscous substances that were later analysed using FTIR and NMR spectroscopy (see

following Sections 2.3.2 and 2.3.3).

The glass fibres were recovered from the thimble to be analysed by TGA. The conditions for TGA
measurements were the same as described in Section 2.2.1 of this chapter. The results of those analyses
are presented in Table 12, where the weight loss is expressed as a percentage of the total weight of glass
fibres in the sample and the amount of sizing extracted is expressed as a percentage of the total amount

of sizing on the glass fibres (which was determined from the weight loss value before extraction).
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Table 12. Mean weight loss values measured by TGA and corresponding amount of sizing extracted from the glass fibres

DS 2200-13P glass fibres DS 1128-10N glass fibres
Amount of sizing

Solvent used for —
Amount of sizing

extraction Weight loss (%) extracted (%) Weight loss (%) extracted (%)
Before extraction 0.53 0.79
Ethanol 0.34 35 0.67 14
Cyclohexane 0.36 30 0.67 14
Xylene 0.28 54 0.37 52

For both glass fibre types, the same amount of sizing was extracted whether ethanol of cyclohexane
was used. Xylene allowed the extraction of around 50 % of the glass fibres sizing in both cases. It was
also noted that the amount of sizing extracted did not increase much after 24h of extraction. One
reason for the limited amount of material extracted would be that the glass fibres are arranged in

bundles, which probably prevented the solvent from solubilizing all of the sizing.

2.3.2. Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) was performed on the extracted sizings using a
Thermo Fisher Scientific Nicolet iS10 spectrometer equipped with a Start Omni Transmission module.
The liquid samples were placed between two KBr discs to be analysed in transmittance mode. The
collected data was processed by Fourier transform to obtain absorbance spectra. A summary of the
main absorbance signals measured by FTIR as well as the corresponding bonds and possible

attributions is presented in Table 13. The corresponding spectra are displayed in Appendix B.

Table 13. Main signals (cm™) observed by FTIR analysis for sizing samples extracted with different solvents

DS 2200-13P glass fibres DS 1128-10N glass fibres .
ond Attribution
Ethanol Cyclohexane Xylene Ethanol Cyclohexane Xylene
3473 3465 3569 3468 3468 3470 O-H Alcohol, acid
3319 N-H Amine
2951 2953 2950 2951 2954 2953
2923 2925 2925 2923 2926 2925 C-H Methyl
2850 2855 2854 2850 2855 2855
1742 1741 1740 1741 1742 1740 Cc=0 Carbonyl
181 R-NH, Amine
1557
1466 1464 1461 1466 1464 1461 -CH,-  Aliphatic chain
1378 1378 1376 1377 1379 1377 CH, Methyl
1346 1354 1357 1352 1356 1356
1244 1247 1246 1247 1245 1249 Si-C Alkoxysilane
1226 1226 1227 1227 1226 1226 Alcohol, acid,
1156 1157 1158 1163 1159 1157 C-0 ether, epoxy,
1107 1109 1108 1105 1108 1109 C-N amine, amide,
1059 1058 1058 1058 Si-O siloxane,
1032 1029 1031 1029 alkoxysilane
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The signals collected from FTIR analyses indicated the presence of -CH,- and -CH; groups typical of
aliphatic chains. Measurements also suggested the presence of a carbonyl group on both types of fibres
but not much evidence was found as to what kind (amide, ester, carboxylic acid and/or ketone). Many
peaks were found in the 1000-1250 cm™ range and were thus difficult to attribute to specific bonds.
Some peaks could be attributed to Si-C and Si-O bonds, but it is unlikely that alkoxysilanes coupling
agents could be removed by the extraction process because of to their strong adsorption on the glass

substrate.

The main information that was drawn from FTIR analyses was the presence of peaks corresponding to
N-H and R-NH, bonds, thus indicating the presence of amine and/or amide compounds in the sizing

of DS 1128-10N glass fibres, although removed only by extraction with ethanol.

2.3.3. Nuclear magnetic resonance (NMR)

'H liquid-state nuclear magnetic resonance (NMR) analyses were performed on a Briiker Avance III
400MHz spectrometer equipped with a BBFO probe. Different deuterated solvents were used
depending on the solvent used for sizing extraction: chloroform (CDClL) for samples extracted in

ethanol and benzene was used (CsDs) in the case of cyclohexane and xylene.

Again, the interpretation of NMR spectra (which can be found in Appendix B) was difficult because of
the complex nature of the sizing formulations. The multiplet signals obtained often overlapped each
other, hence the NMR spectra were analysed qualitatively and peaks were rather attributed in terms of

typical chemical shifts.

The NMR spectra of both types of glass fibres displayed similar signals. Numerous peaks between § =
0.6 and 1.8 ppm were found in all samples, corresponding to aliphatic protons. Peaks found at § = 2.2-
2.3 ppm were attributed to alcohol and/or ether groups and peaks in the § = 4.0-4.2 ppm range to the

presence of ether and/or carbonyl groups.

2.4. Conclusions and hypotheses

The surface characterization of DS 2200-13P and DS 1128-10N glass fibres allowed to make
hypotheses as to the composition of their sizing, although it was not possible to determine precisely the

chemical nature of all constituents.

SEM observations showed an inhomogeneous sizing distribution on the surface of the fibres. As bare
glass areas would imply potential reactivity towards alkoxysilanes compounds, polyethylene oligomers
with dimethyl methoxy silane and trimethoxy silane functional groups were selected for the study on

glass fibre-reinforced HDPE (see Chapter 5).

ToF-SIMS, FTIR, solid-state NMR and liquid-state NMR analyses indicated the presence of

hydrocarbon polymer chains and carbonyl compounds on both types of glass fibres, as well as an
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organophosphate compound. Analyses also suggested the presence of ether, ester and/or acrylate
compounds on the surface of DS 2200-13P fibres. Lastly, amine and/or amide compounds were found
on DS 1128-10N fibres as well as potential epoxy groups. Consequently, polyethylene oligomers with

carboxylic acid, maleic anhydride and amine functional groups were also selected (see Chapter 5).

It was not possible to verify the presence of silane coupling agents in the sizing of the selected glass
fibres. However, considering the potentially low concentration of such compounds as well as their
strong adsorption on the glass substrate, they may not constitute suitable reaction sites for functional

polyethylene oligomers.

All of the functional polyethylene oligomers selected for the experimental trials reported in Chapter 5

are listed in Section 1.2 of this chapter.
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3. Sam ple prepa ration

3.1. Batch mixing

Samples were prepared using a 69cm® batch internal mixer (Haake Rheomix 600) equipped with roller
rotors. Each sample consisted of a polymer resin blended with various amounts of oligomers (0-30

wt%) and/or glass fibres (0-70 vol%).

Blending was carried out at 180 °C in the case of HDPE and PP resins and 240 °C in the case of PA6,
with a mixing speed of 50 rpm and a typical filling level of 70 %. During the mixing process the torque
was recorded in order to monitor viscosity changes in the mix. The protocols which were used are

detailed in the following paragraphs.

In the case of HDPE/PE oligomer and PP/PE oligomer blends (Chapter 3), the polymer was first
introduced at t = 0 min and allowed to melt and the PE oligomer was added at t = 5 min, unless
otherwise indicated. The mixing was stopped after stabilization of the mixing torque, which took
approximately 10-15 min. A similar protocol was used for the trials presented in Chapter 4, where PE-
g-MA and polyetheramine oligomers were incorporated within 2-5 min after the introduction of the

polymer resin.

For the preparation of composites blends involving glass fibres (Chapter 5), both the HDPE matrix
and the PE oligomer were initially introduced at t = 0 min and the glass fibres were incorporated at t =
5 min. The mixing was stopped after stabilization of the mixing torque, which took approximately 20

to 25 min.

The general aspect of the mixing torque curves corresponding to the addition of a PE oligomer or to

the incorporation of glass fibres in polyolefins is shown in Figure 5.
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Figure 5. Typical mixing torque curves corresponding to the addition of a PE oligomer (left: PP + 10 wt% PE-COOH
oligomer) or to the incorporation of glass fibres (right: HDPE + 40 vol% DS 2200-13P glass fibres)
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3.2. Extrusion

Samples were prepared using a Leistritz ZSE18 co-rotating twin-screw extruder with a screw diameter
of 18 mm and a length/diameter (L/D) ratio of 60. The screw profile which was used did not include
any reverse pitch element, as illustrated in Figure 6. Formulations were extruded at a flow rate of 3
kg/h with a screw speed of 200 rpm. HDPE and PP-based blends were extruded at 180 °C, while blends
involving PA6 were extruded at 240 °C.
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Figure 6. Diagram of the screw profile used for extrusions

The main component(s) of the blend was/were fed into the first block of the extruder through the
main hopper. The secondary component(s) was/were incorporated through a secondary side feeder at
block n°4 (L/D = 40), which was the case for HDPE/PA6 blends (Chapter 4) and HDPE/glass fibre
composite blends (Chapter 5). In formulations involving the addition of a liquid component (e.g.
Jeffamine T-403 in Chapter 4), that component was fed into the extruder using a peristaltic pump

through an injection point at block n°4.

The following process variables were monitored: (i) pressure and (ii) temperature of the extruded

material, measured at the die of the extruder, and (iii) mixing torque.

The extruded material was then air-cooled on a conveyor and chopped into pellets.
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4. Characterization methods

4.1. Rheometry

4.1.1. Viscosity measurements

The rheological properties of the samples were measured using a TA Instruments Discovery HR-2
stress-controlled rheometer in parallel plate geometry. The specimens used for rheological
measurements were prepared using a hydraulic press. They consisted of discs of 1 mm thickness and

25 mm diameter.

Firstly, a strain sweep oscillatory shear test was performed (with a set angular frequency of w = 1 rad/s)
in order to determine the linear viscoelastic domain of each blend. A frequency sweep oscillatory shear
test was then carried out at a set strain depending on the type of sample (typically e = 1 %, unless
otherwise specified) to measure the viscoelastic properties of the blends. All frequency sweeps were
carried out from high angular frequencies (starting at w = 100 rad/s) to low angular frequencies
(ending at w = 0.01 rad/s). It is worth noting that viscoelastic properties measured at low angular
frequencies therefore correspond to a residence time of 30-45 min within the rheometer. All
rheological measurements were carried out under nitrogen flow at a temperature of 180 °C for both

HDPE and PP systems, and 240 °C for blends based on PAS6.

Samples with various oligomer concentrations were compared in terms of zero shear viscosity. For
further discussion of the results, the absolute complex viscosity (simply referred to as “viscosity”) of

polymeric systems will be considered, such as:

|n*(w)|=\/(@)Z(G”—(“’))2 with  G*(w) = 6" () + - 6" (w)

w

where G*(w) is the complex shear modulus, G'(w) the shear storage modulus, G”(w) the shear loss

modulus, n*(w) the complex viscosity and w the angular frequency.

4.1.2. Diffusion experiments

The diffusion of polyethylene oligomers into HDPE and PP was assessed using bi-layer rotational

rheometry, a technique well described in the work of Joubert et al.[19]

These measurements were carried out using a TA Instruments ARES-G2 strain-controlled rheometer
in parallel plate geometry, with a diameter of 25 mm. The experimental setup is depicted in Figure 7,
with the high viscosity component (HDPE or PP) as the lower layer and low viscosity component (PE
oligomer) as the upper layer. Diffusion experiments were carried out at a temperature of 180 °C, which

was the processing temperature chosen for both HDPE and PP-based systems.
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To avoid contact between the upper rheometer plate and the lower polymer layer, a sufficiently thick
layer of oligomer was intercalated. Measurements were done with a 1.5mm polymer layer and a 0.5mm
layer of polyethylene oligomer, hence a 25 vol% (i.e. = 25 wt%) concentration of polyethylene oligomer

in the system.

“| «—— PEoligomer

Matrix (PP or HDPE)

N\

«——— Lowerplate

Figure 7. Experimental setup for diffusion measurements using bi-layer rotational rheometry

The shear storage and shear loss moduli (G’ and G”, respectively) of the system were measured as a
function of time with a set angular frequency of w = 10 rad/s. The strain value was adjusted during the
experiment in order to remain within the linear domain of the interlayer mixture: € = 100 % at the

beginning of the experiment and progressively reduced to € = 1 % after 5 min.

A typical example of the curves obtained from these diffusion experiments is depicted in Figure 8,
where the viscosity measured at the beginning of the experiment corresponds to that of the low

viscosity component and increases as molecular diffusion takes place.
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Figure 8. General aspect of G, G” and [/ curves obtained from diffusion experiments

At the end of each diffusion experiment (i.e. when G, G” and |n*| reach a steady value), a frequency

sweep oscillatory shear test was performed in order to measure the viscoelastic properties of the

73



Chapter 2 - Materials and methods

resulting mixture. This was done to compare the viscoelastic properties of the samples resulting from

the diffusion tests with that of mechanically blended samples at similar oligomer concentrations.

4.1.3. Activation energy measurements

The activation energies of HDPE, PP and Unicid 700 were measured to be used in the modelling of the
viscoelastic behaviour of polyolefin blends. The WLF equation[20,21] is generally used as a model to
determine the temperature dependency of the viscosity of polymers. However, the Arrhenius law is
usually more suitable for low molar mass oligomers as well as semi-crystalline polymers processed at
temperatures significantly higher than their glass transition temperature[22], which is presently the
case for HDPE and PP.

The temperature dependency of the viscosity of the above cited components was determined by
performing a temperature sweep oscillatory shear test. However, such measurements are only valid in
the Newtonian regime. Consequently, while PE oligomers behave like Newtonian fluids on a wide
frequency range, polymers such as HDPE and PP had to be analysed at low angular frequency (w =
0.01 rad/s in this case) to be as close as possible to the Newtonian domain. The measurements were
done using a Discovery HR-2 stress-controlled rheometer in parallel plate geometry. The viscosity of
the samples was measured at set strain (e = 1 % for polyolefin resins and & = 500 % for polyethylene
oligomers) and angular frequency, with temperatures ranging from 120 to 220 °C for polyethylene

oligomers, 140 to 240 °C of high-density polyethylene and 170 to 270 °C for polypropylene.

Activation energies were then determined by plotting viscosity as a function of the reciprocal inverse

of the temperature. The following Arrhenius law was used:

+In(k)

~l =

Eq
In(n) = R

where E, is the activation energy, 1) is the measured viscosity, T is the temperature, R is the ideal gas

constant (R = 8.314 J/mol/K) and k is a constant.

4.2. Differential scanning calorimetry (DSC)

A TA Instruments Q200 differential scanning calorimeter was used to determine the melting and
crystallization temperatures of the blends as well as raw materials. Neat HDPE and HDPE/PE oligomer
blends were heated to 180 °C, then cooled down to -150 °C and finally heated to 180 °C again. Neat PP
and PP/PE oligomer blends were heated to 180 °C, then cooled down to -50 °C and finally heated to
180 °C again. Neat PA6 and PA6/oligomer blends were heated to 240 °C, then cooled down to 20 °C

and finally heated to 240 °C again. All DSC runs were carried out at a scanning rate of 10 °C/min.
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4.3. Hot stage optical microscopy (HSOM)

Hot stage optical microscopy (HSOM) was used in order to observe the crystallization process and
crystalline morphology of PP/PE oligomer blends. HSOM consists of observations under a polarized
light microscope with the sample placed inside a hot stage to allow thermal scanning of the material.
HSOM observations were performed on a Leica DM 2770 M optical microscope equipped with a
QImaging Qicam Fast 1394 digital camera. Thermal scanning was ensured by a Mettler Toledo
FP82HT hot stage controlled by a Mettler Toledo FP90 central processor.

The blends were pressed into 30-60 pm films using a Polystat 200T bench-type hydraulic press. The
films were placed inside the hot stage, firstly heated to 180 °C and allowed to melt. The samples were
then cooled down to 50 °C at a rate of 5 °C/min. Pictures were taken at regular intervals of
temperature. Figure 9 displays the typical aspect of a neat polypropylene sample during the

crystallization process, as observed under a polarized light microscope.

Figure 9. Picture of a thin film of PP at 125 °C under polarized light

The use of a waveplate allows the observation of HSOM pictures in colour., where non-crystalline
objects appear magenta and crystalline objects appear yellow or blue. In the case of polymer samples,
the magenta colour indicates the presence of an amorphous or molten phase. Under polarized light,
polypropylene spherulites appear as birefringent discs growing radially, showing a typical Maltese
cross pattern.[23] Eventually, polygonal structures can be observed when spherulites come into contact
with each other. In the example shown in Figure 9, the developing PP crystalline phase (spherulites)
can be observed exhibiting radial as well as epitaxial growth within the still molten polymer phase at
125 °C.

4.4. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) observations were performed on a Zeiss Merlin electron
microscope at the Centre Technologique des Microstructures (CTy, Villeurbanne, France). Polymer

blend and fibrous composite specimens were prepared using a hydraulic press to press the samples
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into 1 mm-thick discs. The discs were then quenched in liquid nitrogen and fractured using pliers.
Sections of appropriate size were cut and mounted on specimen holders, the fractured surface facing

upwards.

Some of the polymer blend samples were also prepared with chemical etching of the surface to extract
the lower molar mass components of the blends. This protocol, very similar to the one described by

Michler[24], is the following:

1. The etchant was prepared by slowly mixing 5 ml of distilled water, 50 ml of sulfuric acid and
0.55 g of potassium permanganate under continuous stirring;
2. The samples were placed in a test tube with the etchant solution;

3. After 30min, the samples were removed, thoroughly rinsed with distilled water and dried.

All specimens were finally sputter-coated with a 10 nm layer of copper to ensure good electrical

conductivity between the surface of the specimen and the specimen holder.

4.5. Tensile testing

The mechanical properties of the blends were determined by tensile testing. Those tests were
performed on a Shimadzu Autograph AG-X Plus tensile tester equipped with a Shimadzu TRViewX
digital video extensometer. The samples were moulded into type 5A test specimens (20 mm gauge
length, 4 mm width and 2 mm thickness) according to the ISO-527 standard, using a Babyplast 610P

hydraulic injection moulding machine.

I I3 | Overall length 275
L h % b2 | Width at ends 125+1
‘_ 5 I1 | Length of narrow parallel-sided portion| 25 + 1
& C b1 | Width at narrow portion 4+01
—] i — d S4— & r1 | Small radius 8+0,5
| r2 | Large radius 12,51
Ly L | Initial distance between grips 50+2
L Lo | Gauge length 20+0,5
| h | Thickness 2+0,2

Figure 10. Type 5A test specimen dimensions according to the ISO-527 standard

To comply with the ISO-527 standard, two different tensile test speeds were used: (i) Imm/min to
determine Young’s modulus (E) and (ii) 30mm/min to measure yield stress (oy) and strain at break
(ev). For each blend, ten specimens were tested at each testing speed. A typical stress-strain curve

obtained from the tensile testing of neat HDPE is shown in Figure 11.
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Figure 11. Typical stress-strain curve obtained from tensile testing (e.g. neat HDPE)

4.6. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) was performed on some of the samples. Measurements were
carried out using a TA Instruments ARES-G2 strain-controlled rheometer in rectangular torsion
geometry. The dimensions of the rectangular parallelepiped test specimens were 15 X 5 x 1.5 mm

(length x width x thickness).

A temperature sweep oscillatory shear test was carried out at a set strain of € = 0.05 % and a set
frequency of f = 1 Hz (w = 6.28 rad/s) in a temperature range of -60 °C to 130 °C and with a heating
rate of 3 °C/min. The shear storage and shear loss moduli (G’ and G”, respectively) as well as the loss
factor (tan 8) were measured as a function of the temperature. The loss factor is defined by the

following equation.

n

tand = —
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1. Introduction

The formulation of thermoplastic materials involves the blending of numerous additives and fillers in
order to improve their technical features as well as their processability.[1] The aim of the REPEAT
project is to value functional polyethylene oligomers as plasticizers and interface agents in
thermoplastic composites. A large number of processing aids that are currently used in the
formulation of polyolefins consists of hydrocarbon derivatives such as paraffinic, naphthenic and
aromatic oils, paraffinic and microcrystalline waxes or saturated fatty acids.[2,3] The main difficulties
associated with these blends are the very low viscosity ratio between the additive and the polymer resin
in the molten state[4] as well as the potential phase separation occurring in the solid state due to the
difference in the degree of crystallinity, crystallization temperature and crystalline microstructure

between the constituents.[5]

During the blending of a miscible low viscosity oligomer with a high viscosity polymer, the
homogenization of the system proceeds through two mechanisms: mixing and diffusion.[6]
Lubrication occurs in the case of a slow diffusion of the additive into the polymer, causing the low
viscosity component to segregate to the high shear rate zones of the mixing equipment. In the case of
immiscible additives, no diffusion takes place and the homogenization on a macroscopic scale relies
solely on the mixing ability of the blending equipment. Lubrication therefore occurs as a result of the
absence of diffusion of the low viscosity component into the high viscosity component. Some studies
have investigated the blending of miscible and immiscible low viscosity additives into polymers[4,7],
and Scott and Macosko[8,9] have proposed a mechanism to describe the morphology developments
during the initial stages of mixing. The viscosity ratios reported in those studies varied in the range of
10° to 107. In the present work, the blending of a low viscosity polyethylene oligomer with high
viscosity polypropylene and high-density polyethylene was considered, involving viscosity ratios in the
range of 107 to 10°. Morphology developments during the blending of such systems was studied by a
batch processing approach (Section 2.1). Furthermore, recent studies[10-13] have highlighted the
efficiency of bi-layer rheological measurements to investigate the diffusion of low viscosity plasticizers
into polymers. This technique is very adequate in the case of miscible polymers and discriminating
towards non-diffusive blends. It was therefore used as a model experiment to monitor the evolution of
the viscoelastic properties in bi-layer systems (Section 2.2). Rheology constitutes a particularly
powerful tool for the study of such blends and was therefore further used in combination with
rheological predictive laws[14] in order to assess the miscibility of a functional polyethylene oligomer

in the selected polyolefin resins in the molten state (Section 3).

It is also well known that the morphology of binary polymer blends has a decisive influence on the
final properties of polymer materials. Most polymers are thermodynamically immiscible with each
other, including polypropylene/polyethylene blends as well as some polyethylene/polyethylene blends,

although some instances of partial miscibility resulting in macroscopically homogeneous blends have
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been reported.[15-18] Many studies[15,19-23] have focused on the control of the morphology and
crystallization kinetics of miscible and immiscible polymer blends with similar viscosities. However, a
large number of processing aids that are used in the formulation of polyolefins consists of low viscosity
hydrocarbon derivatives and more recently, blends of polyolefin with low molar mass paraffin
compounds generated new interest for their use in the field of energy storage.[24-34] The second
objective of the present work was therefore to investigate the miscibility aspects inherent to the
crystallization of blends of low molar mass polyethylene oligomers with polypropylene and high-
density polyethylene (Section 4). The crystallization behaviour of such blends was studied by dynamic
scanning calorimetry in combination with optical microscopy under polarized light, and changes in

the crystalline microstructure of the blends were observed by electron scanning microscopy.
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2. Processing of HDPE/PE oligomer and PP/PE oligomer blends

2.1. Morphology developments upon blending: batch processing approach

Blends based on HDPE or PP with a functional PE-COOH oligomer (Unicid 700) were achieved using
a batch internal mixer at a temperature of 180 °C. The PE oligomer concentrations tested were 1, 2.5,
5, 10, 20 and 30 wt%. In a first set of experiments, the polyolefin resin and the PE oligomer were
introduced simultaneously at t = 0 min. The mixing torque was recorded to monitor viscosity
variations in the systems and to get a better understanding of the morphology developments during

blending. The torque curves obtained are presented in Figure 1.
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Figure 1. Mixing torque curves for HDPE/PE oligomer (left) and PP/PE oligomer (right) blends

Both graphs show a single torque peak for the blending of neat polyolefins. The introduction of a
gradually increased amount of PE oligomer in the mix was characterized by a decrease of the
maximum torque value as well as area under the curve, which corresponds to the energy that is
necessary to melt and homogenize the system. It was also noted that the final mixing torque was

reduced by the addition of the PE oligomer, indicating a reduction of the overall viscosity of the blend.

Studies have shown that during the initial stages of blending, the lower viscosity component segregates
to the high shear zones of the mixing equipment, resulting in a lubricating effect.[4] This is especially
true since the additive has a lower melting temperature than the polymer, thus melting first when put
in contact with the hot surface of the mixer. The current understanding of this process is that in the
initial stages of the blending process, the (low viscosity) minor component forms a continuous phase
that coats the major component which is still in the form of solid pellets.[7] The available energy to
melt the major component is subsequently decreased, resulting in longer times to homogenization,
which emphasizes the importance of the viscosity ratio towards the processing conditions of binary

blends.
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In the case of HDPE systems, the time required to reach a stable torque value was not impacted by the
addition of PE oligomer. However, at 20 wt% PE oligomer, the curve did not exhibit a single peak, due
to the lubricating effect of the low viscosity oligomer. The lubricating effect was even more apparent at
30 wt% PE oligomer, where the mixing torque was reduced to 0 N.m for almost a minute, delaying the
homogenization of the system. For PP blends, adding PE oligomer in various amounts did not impact
the homogenization time either. Blends with 20-30 wt% PE oligomer again showed evidence of
lubricating effect. However, variations in torque value were less apparent than in HDPE systems after

the prime peak, due to the lower viscosity of PP compared to HDPE.

The lubricating effect was further investigated by introducing the polyolefin resin and the PE oligomer
separately into the mixer: the polyolefin resin was first introduced in the mixer and allowed to melt
and the PE oligomer was added after 5 min. The mixing torque variations corresponding to the

incorporation of the PE oligomer are shown in Figure 2.
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Figure 2. Mixing torque curves after the addition of PE oligomer in HDPE (left) or PP (right)

The concentration of PE oligomer was again linked to the gradual reduction of the final mixing torque
(i.e. viscosity) of the blend. While the introduction of low amounts of PE oligomer (1-5 wt%) resulted
in rapid homogenization, blends involving higher oligomer concentrations (> 10 wt%) were
characterized by longer times to achieve homogenization, during which the mixing torque was nearly
decreased to the minimum measurable value. It was therefore deduced that the persistence of the
lubricating effect and delay in homogenization of the system was directly linked to the concentration

of PE oligomer in the blend at a given viscosity ratio.

The raise of the torque value following the lubrication phenomenon is typical of a phase inversion
arising from the melting and subsequent consolidation of the major component when an immiscible
low viscosity component is introduced in the mixer.[4,35] The blends studied in this work can
therefore be considered to behave like immiscible blends in the early stages of the blending process,
although it was observed that times to achieve homogenization were much shorter than the values

found in the literature for low amounts of PE oligomer.[4]
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Finally, the comparison of the steady torque value before the addition of PE oligomer and after the
homogenization of the system clearly shows a reduction of the overall viscosity of the blend (despite
the increased filling level in the mixer), suggesting that PE oligomers behave like plasticizers in the

melts.

All of these observations suggest that diffusion is the dominating mechanism in the homogenization of
such systems. Besides, the homogenization occurring in a batch internal mixer can be further
described by representing the velocity profile of a binary polymer blend between in a simple shear
flow.[36] Such a system is depicted in Figure 3, where a low viscosity fluid is placed on top of a high

viscosity fluid between a lower stationary plate and an upper moving plate.

(b) (c)

_— _—
R —  ——
e
—_—
—_

Mixing time

Figure 3. Evolution of the velocity profile during the homogenization a binary blend with a low viscosity ratio

In the first stages of the mixing process, the low viscosity component absorbs all the shear stress, as
depicted in the velocity profile (a). The formation of a lubricating layer thus hinders the shear stress
transfer to the high viscosity component. In the case of miscible fluids, mixing as well as diffusion
occurring at the interface between fluids (1) and (2) contribute to the homogenization of the system,
leading to the distribution of the velocity profile (b). This results in an increase of the overall viscosity
of the system, which translates into a raise in the mixing torque value, as observed in Figure 2. Further
mixing and diffusion finally lead to the complete homogenization of the system, which corresponds to

profile (c).

2.2. Diffusion of a PE oligomer into HDPE and PP: model experiment

Studies have shown that during the blending of two miscible of immiscible polymers, the viscosity
ratio is of foremost importance.[4,7] Low viscosity ratios were shown to have a dramatic impact on the
mixing regime as well as the morphology development of the blends. It has also been shown that when
blending of a very low viscosity component into a high viscosity polymer, the system behaviour is
more sensitive to diffusion than mixing for viscosity ratios below 107°.[6] A model experiment is
therefore proposed to investigate the homogenization process during the blending of polyolefin resins

with polyethylene oligomers.

As explained in Chapter 2, the diffusion ability of the PE oligomer into HDPE and PP was measured
by bi-layer rotational rheometry.[10] The high viscosity polyolefin resin was placed on the bottom
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plate while the low viscosity PE oligomer was placed on top and the viscoelastic properties of the
system were measured against time. Variations of the absolute complex viscosity during the diffusion

of the PE oligomer into HDPE and PP are presented in Figure 4.
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Figure 4. Variations of the absolute complex viscosity measured by bi-layer rotational rheometry during the diftusion of a PE
oligomer into HDPE and PP resins (6 = 180 °C, @ = 10 rad/s, d = 25mm, e = 2 mm)
Considering the viscosity ratio between the polyolefins and the PE oligomer as well as the
experimental setup, the viscosity measured at the beginning of the experiment should be similar to that
of the neat PE oligomer, which is around 102 Pa.s. Because of the time required to place the samples in
the rheometer and to reach the appropriate temperature, the viscosity measurements were started with
a delay of about 1 min. The HDPE and PP systems thus generally exhibited viscosities around 10°-10"
Pas at the beginning of the measurements, which was attributed to part of the low viscosity
component having already diffused into the other component during the setting up of the experiment.
Additionally, considering the slopes of the viscosity curves presented in Figure 4 for t = 0-15 min, it
can be argued that the diffusion phenomenon is faster in the HDPE resin, which may partly explain
the higher viscosity values measured at the beginning of the experiment for the HDPE/PE oligomer

system.

Studies indicate that the diffusion of the low viscosity component into the polymer generates a
concentration gradient, thus leading to viscosity variations. As the viscosity is directly linked to the
transport behaviour between the two components[11], the measured viscosity of the system increases
if diffusion occurs. All samples indeed displayed a rapid increase in viscosity in the first minutes of the
experiment, indicating facile diffusion of the PE oligomers into the polyolefins. HDPE and PP systems
were compared in terms of diffusion coefficient in the polymer phase, which was calculated according
to the following equation[37,38]:

2L,*
tD: D
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where, L, is the thickness of the polymer phase, tp is the diffusion time and D is the diffusion
coefficient. The calculated diffusion coefficients for both HDPE and PP systems were around 5.10™"°
m’/s, with no significant difference between the different systems. Those values were found to be in the
same order of magnitude as the typical values found in the literature for similar systems at similar

temperatures and concentrations.[10,12,13]

After a sufficient amount of time, the viscosity of each sample reached a steady value as a result of the
homogenization process. At the end of each experiment, the viscoelastic behaviour of the final
medium was subsequently determined by a frequency sweep oscillatory shear test. The measurements
revealed that the samples resulting from the diffusion experiments had a similar viscoelastic behaviour
than that of blends processed using an internal mixer. Those results strongly suggest that the samples
undergo an efficient homogenization process through diffusion without any mixing, which confirms
previous results and demonstrates that diffusion is the dominating mechanism in the homogenization

of such systems.
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3. Miscibility and morphology in the molten state

3.1. Viscoelastic properties of the blends

HDPE/PE oligomer and PP/PE oligomer blends were prepared using a batch internal mixer at a
temperature of 180°C and characterized in terms of rheological behaviour by oscillatory shear
rheometry in parallel plate geometry. Figure 5 shows the viscosity curves obtained for HDPE and PP

systems with 0-30 wt% PE oligomer.
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Figure 5. Viscosity curves for HDPE/PE oligomer (left) and PP/PE oligomer blends (right)

All blends exhibited a viscoelastic behaviour corresponding to that of typical polyolefins with a linear
molecular structure. The blends containing PE oligomer had a viscoelastic behaviour analogous to that
of the neat polyolefin, and frequency sweeps showed a gradual decrease in viscosity as the PE oligomer

content was increased in both HDPE and PP systems, as shown in Figure 5.

The incorporation of low viscosity polyethylene oligomers into polyolefins can be considered to have a
dilution effect[39], thus influencing the viscoelastic properties of the resulting blend. If PE oligomers
were completely immiscible with the polyolefins, then the continuous polymer phase would dominate
the rheological behaviour of the blends[40] and the viscosity of the blends would have likely remained
unchanged. However, the miscibility cannot be ascertained only by observing the decrease of the

viscosity of the blends.

It was noticed that in the case of PP blends with high oligomer concentrations, the storage modulus
exhibited a deviation from the typical slope at low angular frequencies, indicating an alteration of the
terminal relaxation behaviour of PP in the presence of large amounts of PE oligomer. The storage
modulus curves of HDPE/PE oligomer and PP/PE oligomer blends are shown in Figure 6, where the

blends with 0, 10 and 30 wt% PE oligomer are displayed as relevant examples of this phenomenon.
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Figure 6. Storage modulus curves for HDPE/PE oligomer (left) and PP/PE oligomer (right) blends at 0, 10 and 30 wt%

This phenomenon was investigated by using another method of data representation. Cole-Cole
diagrams have been successfully used in a number of studies[41-45] as an efficient tool to further
investigate miscibility aspects of binary polymer blends. They consist in the representation of " versus

n’ which are calculated according to the following equations:

n”=% and n ==

where 1’ is the real viscosity, n” is the imaginary viscosity (with n* = /()2 + (n"")?), G’ is the shear

»

storage modulus, G” is the shear loss modulus, and w is the angular frequency. The Cole-Cole

diagrams corresponding to the viscosity curves presented in Figure 5 are displayed in Figure 7.
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Figure 7. Cole-Cole diagrams for HDPE/PE oligomer (left) and PP/PE oligomer (right) blends

All HDPE/PE oligomer blends exhibited a semi-circular scatter which is characteristic of
homogeneous blends.[41] PP systems on the other hand showed a tail on the right-hand side of the
arc, starting with oligomer concentrations as low as 2.5 wt% and growing more visible as the amount
of oligomer increased. An enlarged Cole-Cole diagram for the blend of PP with 30 wt% PE oligomer is

shown in Figure 8 as a relevant example of this phenomenon.
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Figure 8. Cole-Cole diagram for PP with 30 wt% PE oligomer

Those results indicate that a phase separation occurs in blends of PP with PE oligomers[41,43-45],
suggesting that the miscibility in such blends could be limited by the oligomer concentration.
However, it would be difficult to quantify this phase separation and therefore to determine to what

extent the oligomer contributes to the dilution of the polymer resin.

3.2. Rheological modelling

3.2.1. Carreau-Yasuda law

In their study of the viscoelastic properties of PP/oil blends, Gimenez et al.[14] and Ponsard-Fillette et
al.[12] demonstrated that the viscoelastic behaviour of such mixtures could be described using the
Carreau-Yasuda equation.[46] Assuming the applicability of the Cox-Merz rule, where y = w, this

equation can be written as follows:

n=1n[l+ (rw)“]%

where n, is the zero-shear viscosity of the bulk polymer, t corresponds to the relaxation time of the
bulk polymer and m is the power law slope. The parameter a characterizes the transition between the

power law and zero-shear regions.

Considering an entangled regime (M > (Mc)pur.¢™ >, with ¢ the volume fraction of polyolefin resin in
the blend) the intrinsic viscosity [ro] can be drawn from the zero-shear viscosity of the bulk polyolefin

resin.

[M0] = (M0) purk ©*

The zero-shear viscosity of the blend is then determined by introducing a free volume correction

parameter a, that takes into account the change in glass temperature inherent to the dilution.
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(Mo)biena = Mo)puik <P4 Ay

Similarly, in the entangled regime the relaxation time T can be written as:

T= (T)bulk<l’1'75a<p

The following generalized Carreau-Yasuda equation was therefore used to model the viscosity

reduction arising from the dilution of HDPE and PP resins by the PE oligomer:

m
a

n(w, ) = (Mo) puik A <P4[1 + (Touk ag 9V w)a]

Using the input parameters (1o)su, 8 and @, the Carreau-Yasuda model was fitted to the viscosity

curve of neat HDPE and PP, as shown in Figure 9.
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Figure 9. Fitting of the Carreau-Yasuda equation for the viscosity curves of neat HDPE and PP

The input parameters (no)sux ap and ¢, as well as the output parameters Toux, @ and m drawn from the

fittings are given in Table 1.

Table 1. Parameters of the Carreau-Yasuda equation for bulk HDPE and PP

Polymer (No)bu (Pa.s) 2y (-) ¢ () Thulk (8) a(-) m (-)
HDPE 9.5x10° 1 1 0.16 0.64 -0.51
PP 3.3x10° 1 1 0.97 0.76 -0.43

These calculated parameters were then used as fixed input parameters in the Carreau-Yasuda model in

order to predict the viscoelastic behaviour of the blends, as described in the following sections.
3.2.2. HDPE/PE oligomer blends

The PE oligomer considered in this study is a linear polyethylene with a chemical structure very close

to that of HDPE and its glass transition temperature can be considered to be very similar to that of
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HDPE. Consequently, the free volume correction parameter was not taken into account (i.e. a, = 1) for

HDPE/PE oligomer blends.

The viscosity of each HDPE/PE oligomer blend was predicted using the previously calculated
parameters and then compared to the measured viscosity. Figure 10 displays the predicted and
measured viscosities for blends with 10 wt% and 30 wt% PE oligomer, which were taken as relevant
examples. The predicted zero-shear viscosities were also compared to the measured zero-shear

viscosities (see Figure 5) for all blends of HDPE with PE oligomer.
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Figure 10. Modelled viscoelastic properties for HDPE/PE oligomer blends (10 wt% and 30 wt%) (left) and comparison of the
predicted versus measured zero-shear viscosities for HDPE/PE oligomer blends (0-30 wt%) (right)

It appeared that the rheological behaviours predicted by the model fitted the experimental data quite
well. Those results therefore indicate that HDPE systems behave like semi-dilute or concentrated
polymer solutions[14,39] in the presence of PE oligomers, suggesting that the selected low molar mass

oligomer is good solvents for HDPE in the molten state.

3.2.3. PP/PEoligomer blends

Because of the difference in glass transition temperatures between PP and PE oligomers, the free
volume theory must be considered[47—49] to model the viscoelastic behaviour of PP systems. The free
volume correction parameter a, must therefore be determined. This correction parameter is given by

the following equation:[10,14]

-1
a, = exp (ﬁlE —E0|>

where E is the activation energy of the blend and E, is the activation energy of the bulk polymer.
Assuming the additive law of free volumes and considering the activation energy of the oligomer E,,

the activation energy of the blend can therefore be defined as:

1
E
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The activation energies of PP and PE oligomers were determined by performing a temperature sweep
oscillatory shear test in the Newtonian regime (w = 0.01 rad/s) and plotting viscosity as a function of
the reciprocal inverse of temperature, using an Arrhenius equation.[50] The measured activation
energy values were Eo = 41.7 kJ/mol for PP and E; = 21.4 kJ/mol for the PE oligomer. The activation
energies and free volume correction parameters were calculated for each PP/PE oligomer blend and

are given in Table 2.

Table 2. Activation energies and free volume correction parameters calculated for PP/PE oligomer blends (0-30 wt%)

PE oligomer PP content

contentg (wt%) (Wt%) ¢0) E (kJ/mol) a¢ ()
0 1.000 1.000 41.7 1.000

1 0.990 0.989 41.3 0.895

2.5 0.975 0.974 40.6 0.761

5 0.950 0.947 39.7 0.588

10 0.900 0.895 37.9 0.364

20 0.800 0.790 34.7 0.158

30 0.700 0.687 32.1 0.079

a, and @, as well as the previously calculated parameters (Tour, @ and m) were used in the Carreau-
Yasuda model to predict the viscosity of PP/PE oligomer blends. Figure 11 shows the predicted
viscosity for blends of PP with 10 wt% and 30 wt% PE oligomer, which were taken as relevant
examples, analogous to those presented in Figure 10. The predicted zero-shear viscosities were also

compared to the measured zero-shear viscosities for all of the PP/PE oligomer blends.
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Figure 11. Modelled viscoelastic properties for PP/PE oligomer blends (10 wt% and 30 wt%) (left) and comparison of the
predicted versus measured zero-shear viscosities for PP/PE oligomer blends (0-30 wt%) (right)

It was found that in the case of PP/PE oligomer blends, the model (which is based on the hypothesis of
a homogeneous medium) did not fit the experimental data as well as for HDPE systems. While the
zero-shear viscosities appeared to be well predicted for concentrations up to 5 wt% PE oligomer,
blends with concentrations of 10 wt% PE oligomer and above showed higher viscosities than expected,

meaning that the viscosity reduction arising from the dilution was overestimated by the model. For
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instance, the measured zero-shear viscosity of the 30 wt% blend was found to be ten times higher than
the predicted value. This could be caused by the appearance of separate domains of PE oligomer at
high concentrations, which could be the result of the saturation of the PP above a certain
concentration. This is consistent with previous observations on the viscoelastic behaviour of PP/PE

oligomer blends (see Cole-Cole diagrams in Figure 7) which indicated a possible phase separation.

The present results therefore suggest that the PE oligomer is partially miscible in PP in the molten state
and that the miscibility may be dependent on the blend composition. However, the mechanism leading
to the saturation of the polymer phase and causing the observed variations in the viscosity reduction
effect was not further investigated in the scope of this study. Some authors reported that the blending
of PP with low molar mass paraffinic waxes were homogeneous on a macroscopic scale up to wax
concentrations of about 5-10 wt%.[16,51] Such results could be consistent with the assumption that PP
and PE oligomers are at least partially miscible in the melt.[52] However, the mechanisms leading to
the saturation of the polymer phase and causing the observed variations in the viscosity reduction

effect were not further investigated in the scope of this study.
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4. Crystallization behaviour of HDPE and PP in the presence of
a functional PE oligomer

As mentioned previously, the final properties of polymer blends are highly dependent on their
morphology in the solid state, which ensues from the morphology developments during melt
processing as well as from the molecular rearrangements that occur during the transition from the
molten to the solid state. The experimental work presented in this section is therefore focused on the
crystallization behaviour of HDPE/PE oligomer and PP/PE oligomer blends as well as the consequent

morphology in the solid state.

As low concentrations might not have allowed the observation of potentially separate domains in the
solid state, blends with large amounts of PE oligomer (10-30 wt%) were chosen for this part of the
study in order to be able to detect the presence of said oligomers in the samples. The differential
scanning calorimetry (DSC) curves of HDPE and PP systems with 30 wt% PE oligomer are shown in

Figure 12 as examples of the crystallization behaviours observed at high concentrations.
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Figure 12. DSC curves for HDPE/PE oligomer (left) and PP/PE oligomer (right) blends at 0 and 30 wt% PE oligomer

The crystallization behaviours of HDPE and PP systems with various amounts of PE oligomer are

discussed separately in the following sections.

4.1. HDPE/PE oligomer blends

In order to evaluate the effect of PE oligomers on the crystallization behaviour of HDPE, differential
scanning calorimetry (DSC) was used to measure the crystallization temperature, melting temperature
and degree of crystallinity of HDPE/PE oligomer blends. The corresponding heat flow curves are
displayed in Figure 13.
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Figure 13. DSC curves recorded during the crystallization (left) and melting (right) of HDPE/PE oligomer blends

All samples displayed two melting and crystallization peaks, each corresponding to the melting and
crystallization temperatures of neat components. It is worth noting that for all blends, each component
exhibited a single crystallization exotherm, therefore showing no sign of fractionated
crystallization.[53] Those results indicate that PE oligomers form a separate phase upon solidification

of the blend.[21]

Several investigations found that HDPE was miscible with low molar mass linear hydrocarbon
compounds in the molten state, but that those blends underwent a solid-liquid phase separation upon
crystallization of the polymer resin.[25,28,54] Here, it was observed that the melting temperature of
HDPE had slightly decreased with the addition of PE oligomer, which may be directly linked to the
dilution[55] of HDPE by the PE oligomer as a result of their miscibility in the molten state.[56,57]
However, the crystallization temperature of HDPE did not shift with the addition of the PE oligomer
as it could be expected, indicating that the crystallization kinetics of the HDPE phase is not affected by

dilution.

The overlapping of peaks in (due to the close melting and crystallization temperature of HDPE and PE
oligomer) prevented the direct determination of the degree of crystallinity of the two separate
components, even though the DSC analysis indicated separate melting and crystallization of HDPE
and the PE oligomer in the blend. Additionally, it is difficult to ascertain the heat of fusion of PE
oligomers, although values can be found in the literature for linear low molar mass linear alkanes and
paraffinic waxes.[58] Considering that HDPE and PE oligomer have very similar molecular structures,
the heat of fusion of purely crystalline HDPE (AH{ = 293 J/g[58]) was used to determine the overall
degree of crystallinity in all samples. The overall degree of crystallinity and heat of fusion measured by
DSC for HDPE/PE oligomer blends as well as neat components can be found in Table 3. For each
blend, the overall degree of crystallinity calculated with an additive rule of mixture from the degrees of

crystallinity of the neat materials is given in the last column of the table.
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Table 3. Overall heat of fusion and degree of crystallinity of HDPE/PE oligomer blends

Blend composition AHgblend) Xm(blend) Calculated X,
0/g) (%) (%)
100/0 198 68 68
90/10 208 71 70
80/20 214 73 71
70/30 226 77 73
100/0 253 86 86

Those measurements showed that the overall degree of crystallinity of the HDPE blends slightly
increased with the addition of PE oligomer. It should be noted that PE oligomers have a much higher
degree of crystallinity than HDPE. Therefore, the increase in overall degree of crystallinity did not
allow to draw conclusions as to the consequences of the dilution of HDPE by PE oligomers on the
crystallization behaviour of those blends. Nevertheless, it was observed that for each blend the overall
degree of crystallinity measured by DSC was similar to the calculated value obtained from an additive
rule of mixture. This suggests that the degree of crystallinity of each constituent is not influenced by

blending and that both the HDPE and the PE oligomer crystallize separately.

The sample with 10 wt% PE oligomer did not exhibit a second crystallization peak. Instead, the
crystallization exotherm was slightly lower than for neat HDPE around 90 °C. Although this is
probably due to the weaker signal corresponding to the oligomer at lower concentrations, it could be
associated with the concurrent melting of the two constituents. Blends with even lower oligomer
concentrations might not have exhibited the same melting and crystallization behaviours, but this
would be practically impossible to verify due to the very close melting and crystallization temperatures
of HDPE and PE oligomers, meaning that the peak corresponding to the melting of the PE oligomer
would be concealed by the onset of the melting peak of HDPE (and that the crystallization peak of the
PE oligomer would be concealed by the offset of the crystallization peak of HDPE).

Samples with lower oligomer concentrations (< 10 wt%, not represented in Figure 5) did not exhibit a
second crystallization or melting peak. Instead, the crystallization exotherm was slightly lower than for
neat HDPE around 90 °C and the melting endotherm was slightly higher than for neat HDPE around
110 °C. Although this is probably due to the weaker signal corresponding to the PE oligomer at lower
concentrations, it could also be associated with a concurrent crystallization phenomenon between the
two constituents. Hato et al.[59] notably found that hard paraffin wax (with similar molar mass and
melting temperature as the PE oligomer considered in the present study) was miscible with HDPE up
to 20 wt% in the solid state as a result of potential co-crystallization. Additionally, Gumede et al.[60]
recently found evidence that while solid-liquid phase separation essentially occurred upon cooling,
linear portions of a highly branched LLDPE were able to co-crystallize with medium-soft paraffin wax

in the wax-rich phase. However, considering that in the present case PE oligomer chains in their fully
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extended conformation are about 6-7 nm long, they should only be able to co-crystallize with the

thinner HDPE lamellae, the melting temperature of which is around 100°C.[61]

4.2. PP/PE oligomer blends

4.2.1. Crystallization behaviour — DSC analysis

PP/PE oligomer blends were analysed by differential scanning calorimetry (DSC), in the same manner

as for HDPE/PE oligomer blends. The corresponding heat flow curves are displayed in Figure 14.
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Figure 14. DSC curves recorded during the crystallization (left) and melting (right) of PP/PE oligomer blends

All samples exhibited two distinct melting and crystallization peaks, each corresponding to the melting
and crystallization temperatures of the neat constituents, similarly to what was observed in the case of
HDPE/PE oligomer blends, thus indicating phase separation upon crystallization.[21] The melting
peaks of PP and PE oligomer were well separated and the degree of crystallinity of the two constituents
could therefore be determined independently, with respect to their mass fraction in the blend. These
valued are displayed in Table 4 along with the overall degree of crystallinity of each blend. Again, the
heat of fusion of purely crystalline HDPE (AH{ = 293 J/g) was used to determine the degree of
crystallinity of the PE oligomer and a value of AH{’ = 207 J/g was used in the case of PP.[58]

Table 4. Heat of fusion and degree of crystallinity of PP and PE oligomer in PP/PE oligomer blends

Blend AH¢ (PE) X (PE) AH;¢ (PP) Xn (PP) X (blend)
composition (/g) (%) (7/g) (%) (%)
100/0 - - 103 50 50
90/10 14 49 89 48 48
80/20 37 63 79 48 51
70/30 66 70 72 50 56
0/100 253 86 - - 86
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The addition of PE oligomer to PP generally resulted in an increase of the overall degree of crystallinity
of the blends, while the degree of crystallinity of the PP phase remained globally unaffected. The
degree of crystallinity of the PE oligomer increased with its concentration, which can be correlated
with the increase of the overall degree of crystallinity of the blends. However, the degree of crystallinity
of the PE oligomer in the blends was found lower than that of the neat PE oligomer, meaning that
when introduced in PP a portion of the PE oligomer is unable to crystallize, which could be explained

by a lack of mobility of the PE oligomer chains in the already solidified PP.[62]

Furthermore, it was observed that the crystallization temperature of PP had shifted downwards and
that the melting peak of PP had broadened with the addition of PE oligomer. Those effects were more
discernible at high concentrations, although already noticeable with 10 wt% PE oligomer. This
indicates that the introduction of PE oligomers, even in low amounts, somehow has an impact on the
melting and crystallization behaviour of PP. Several studies showed that low molar mass n-alkanes
were miscible with PP in the molten state and acted as a diluent, while solid-liquid phase separation
occurred upon crystallization of the PP.[5,26] Although it appears clearly here that two separate
crystalline phases form upon cooling of the blend, the shift in crystallization temperature indicates that
the presence of the PE oligomer influences the crystallization behaviour of PP as a result of dilution in

the molten state.[55]

Evidence of melting point depression in the presence of hydrocarbon waxes and oils have also been
reported in the literature in the case of PP[16,31] and PE[34,63]. According to Groeninckx et al.[62],
dilution by a miscible amorphous component in the molten state results in a decrease of the free
energy of the semi-crystalline polymer, which eventually leads to a shift of the equilibrium melting
point.[56,64] Nevertheless, even if PE oligomers act as diluents in the molten state thanks to their low
molar mass, no co-crystallization can take place between PP and PE oligomers because of their
different crystalline structures.[31,32] The present results could therefore be an indication that some
PE oligomer chains are retained in the amorphous phase of PP[51] as a result of the dilution of PP by

the PE oligomer.

Additional DSC analyses were performed at a scanning rate of 5 °C/min on a PP/PE oligomer blend at
a concentration of 5 wt% in an attempt to get a better understanding of the crystallization behaviour of
less diluted PP systems. The corresponding heat flow curve is presented in Figure 15 and compared to

that of neat PP as well as that of the blend with 30 wt% PE oligomer.
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Figure 15. Crystallization behaviour of PP with 5 wt% and 30 wt% PE oligomer (cooling rate = 5 °C/min)

Again, the separate crystallization of PP and PE phases appeared clearly at 30 wt% PE oligomer. The
sample with 5 wt% PE oligomer showed no crystallization peak corresponding to the oligomer. It was
not obvious in this case whether the signal was too weak to be distinguished from the baseline or
simply non-existent. The crystallization peak corresponding to PP exhibited a small shoulder on the
left-hand side. This could be attributed either to the delayed crystallization of some PP chains due to
the presence of PE oligomer, or to the concurrent crystallization of the two constituents as PP crystals
may act as additional nucleation sites for the PE oligomer.[65] The fact that this shoulder is not
observed at 30 wt% may simply be the result of the further decrease of the crystallization temperature

range of PP with the increased concentration of PE oligomer.

Moreover, the downwards shift in crystallization temperature which had previously been noticed at
higher oligomer concentrations (see Figure 14) appeared to be already quite pronounced at 5 wt%.
This shows that the decrease in crystallization temperature is not a linear function of the oligomer
content, which suggests that the dilution of PP involves only a small amount of PE oligomer. Those
results are in agreement with the hypothesis that the low molar mass PE is at least partially miscible in
polyolefins such as HDPE and PP. Nevertheless, even if polyethylene oligomers act as diluents in the
melt thanks to their low molar mass, no co-crystallization can occur because of their different
crystalline structure compared to PP.[31,32] It is therefore possible that due to their low molar mass,

some PE oligomer chains are able to remain in the amorphous phase of PP upon crystallization.

4.2.2. Morphology developments upon crystallization - HSOM experiments

The morphology developments taking place upon the phase separation between the PP and the PE
oligomer were further investigated by hot stage optical microscopy (HSOM) in combination with the
DSC analyses. When cooled under a polarized light microscope, PP spherulites appear as birefringent

discs growing radially as a result of crystallization.[66] Crystalline phases therefore appear white under
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polarized light because of the positive birefringence of the spherulites, whereas amorphous or molten

areas of the film appear black.

As explained in Chapter 2, the samples consisting of thin films of polymer were heated at 180 °C and
cooled down to 50 °C at a rate of 5 °C/min in order to monitor the morphology of the crystalline
phases. Particular interest was taken in the crystalline morphology of the samples in the 100-120 °C

range, which is in between the crystallization peaks of PP and PE oligomer, as displayed on DSC curves

(Figure 14). HSOM pictures of the samples at different temperatures are shown in Figure 16 (neat PP)
and Figure 17 (PP with 30 wt% PE oligomer).

Figure 17. Pictures of the PP/PE oligomer (70/30) blend at 170 °C, 110 °C and 50 °C under polarized light

Here, both PP and the PE oligomer are in the molten state at 170 °C (no transmitted light) and in the
solid state at 50 °C (maximum light intensity). The central picture taken at 110 °C corresponds to a
stage where the PP, which is the major component of the blend, has crystallized while the PE oligomer

remains molten.

The intensity of the light transmitted through the sample was correlated with the relative crystallinity
of the blend.[67] The monochrome pictures taken during HSOM experiments were analysed in terms
of grey value on an 8-bit greyscale that ranges from 0 (black) to 255 (white). The mean grey value of
each picture was determined using an image processing software. The mean grey values obtained were
then plotted against temperature so as to obtain a transmitted light intensity profile throughout the
cooling process. The resulting normalized transmitted light intensity profiles of both samples are

displayed in Figure 18.
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Figure 18. Evolution of the transmitted light intensity during the cooling of PP with 0 wt% and 30 wt% PE oligomer,
measured by PLM and compared to the DSC curves for the corresponding samples

In neat PP the transmitted light intensity rose rapidly between 130 °C and 120 °C to reach
approximately the maximum value, which corresponds to the crystallization peak of PP on the DSC
thermogram. The sample consisting of PP with 30 wt% PE oligomer exhibited a slower increase in
light intensity between 130 °C and 120 °C, as well as a plateau between 120 °C and 100 °C
corresponding to the temperature range in which the PE oligomer is still molten. The presence of this

plateau correlates with the separate crystallization of PP and the PE oligomer observed by DSC.

Enlarged sections of the pictures shown in Figure 17 are displayed in Figure 19. The two pictures
represent the exact same area of the film corresponding to the PP/PE oligomer (70/30) blend at 110 °C
and 50 °C. In these pictures, polygonal structures can be observed as a result of the PP spherulites

coming into contact with each other.

Figure 19. HSOM pictures of PP with 30 wt% PE oligomer taken at 110 °C and 50 °C under polarized light

Qualitative analysis of those pictures revealed that the inter-spherulitic region consisted of molten
material at temperatures between the crystallization temperatures of PP and the PE oligomer (see

Figure 19 at 110 °C). At temperatures below the crystallization temperature of the PE oligomer those
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areas seemed to have crystallized, as the boundaries between PP spherulites appeared very bright (see
Figure 19 at 50 °C). These observations were interpreted as evidence of the presence of the highly

crystalline PE oligomer in the inter-spherulitic region.

Studies on the morphology of PP-PE interfaces have highlighted the fact that the PE phase could be
deformed by the growth of PP spherulites upon crystallization, resulting in the presence of deformed
PE occlusions in the ultimately crystallized blends.[68,69] Moreover, it was reported that the ultimate
morphology of the PE phase is highly dependent on the viscosity of the PE, which determines its
ability to flow between the growing PP spherulites.[70] Considering the very low viscosity of the PE
oligomers used in this study, it can be assumed that the PE domains encountered should be highly
deformed with numerous ramifications into the PP phase. Additionally, no spherical PE occlusions

were observed in the PP phase.

On the other hand, in the case of a miscible polymer/diluent system there is no liquid-liquid phase
separation and the final morphology of the blend should therefore be controlled by the solid-liquid
phase separation occurring during the solidification of the semi-crystalline polymer[54], which may
take place in the case of an amorphous diluent or if the diluent has a significantly lower crystallization
temperature than the polymer. This was reported several times in the literature for blends of PP with
low molar mass hydrocarbon compounds such as mineral oil or linear alkanes[5,26], in which cases

the segregation of the low molar mass component may be mostly described as inter-spherulitic.[62]

Considering the dilution of the PP by the PE oligomer in the molten state, the qualitative analysis of
HSOM pictures (Figure 19) suggests that upon crystallization of the PP, the liquid PE oligomer phase
is excluded from the growing PP spherulites and forms separate domains.[21,52] However, it was not
possible to determine from these observations whether some PE oligomer chains had remained within

PP spherulites.

4.2.3. Crystalline morphology in the solid state - SEM observations

PP/PE oligomer blends were observed by scanning electron microscopy (SEM) in order to evaluate the
impact of PE oligomer addition on the crystalline microstructure of PP in the solid state. The chemical
etching of the samples, as described in Chapter 2, allowed the observation of the crystalline
microstructure of both neat polyolefins and blends. The fracture morphologies corresponding to neat

PP and PP with 30 wt% PE oligomer are presented in Figure 20 and Figure 21.
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Figure 21. SEM pictures of PP + 30 wt% PE oligomer

SEM pictures of neat PP (Figure 20) revealed the spherulitic morphology of the polymer. The sample
showed no discontinuity within the crystalline phase, with lamellae interweaving at the junction
between spherulites. The PP/PE oligomer (70/30) blend (Figure 21) on the other hand exhibited an
altered topography which was found to be very unlike the morphologies typically encountered in
(immiscible) PP/PE blends, where the dispersed phase generally appears in the form of spherical
domains.[21] Even though spherulites were still visible, the junctions between them seemed to form

small aggregates of matter, and occasionally resulted in cracks.

Assuming from the previous experiments that the PE oligomer is driven out of the PP phase during the
spherulitic growth, SEM pictures of blends with 30 wt% oligomer were expected to show large PE
domains in the inter-spherulitic region. While it appeared that the presence of PE oligomer had
affected the integrity of the junctions between PP spherulites, no conclusion could be drawn as to the
exact location of the PE oligomer in the crystallized blend. Nevertheless, the brittleness of low molar
mass polyethylenes in the solid state could explain the appearance of cracks if at least some of the PE

oligomer is located in the inter-spherulitic region.
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It is also worth noting that the fracture of PP/PE oligomer samples occasionally resulted in apparent

spherulitic morphologies such as presented in Figure 22 for 90/10 and 70/30 blends.

Figure 22. SEM pictures of PP/PE oligomer blends: 90/10 (left) and 70/30 (right)

SEM observations showed that most of the fracture had happened at the junctions between PP
spherulites rather than inside them, suggesting that the presence of the PE oligomer had affected the
integrity of the boundaries between PP spherulites. These fracture patterns have already been
described in the literature in the case of the solid-liquid phase separation between PP and diluents such
as mineral 0il.[23,71] According to these studies, the fracture pattern (corresponding to the crystalline
microstructure of the polymer) resulting from solid-liquid phase separation is dependent on the

polymer/diluent combination, blend composition and cooling rate.

The presently observed morphologies may therefore be qualitatively explained by the solid-liquid
phase separation arising from the inter-spherulitic segregation[62] of the PE oligomer during the
growth of PP spherulites. The consequent weakening of the interface between PP spherulites was
found to be strongly correlated with previous DSC and HSOM observations and may indeed be caused
by the presence of the PE oligomer (which is very brittle in the solid state) in the inter-spherulitic
region. Ultimately, the lack of cohesion in the crystalline microstructure induced by the presence of PE
oligomer is likely to result in brittleness and probably lead to poor mechanical properties of the blends

in the solid state.

4.3. Consequences of phase separation on mechanical properties in the solid state

In the absence of adequate compatibilization, blends of immiscible polymers usually result in poor
mechanical properties. Many studies[15,18,20,22,72—74] have reported that the blending of different
polyolefins resulted in either antagonistic or synergistic effects depending on the selected polymers,
blend composition and processing conditions. Most studies[15,22,72,73] have reported that Young’s
modulus was merely a linear functions of the blend composition in miscible and immiscible blends of

PP with various types of PE. However, it has also been found that this particular parameter was
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dependent on the degree of crystallinity[75] in blends of linear polyethylenes with paraffinic
waxes[18,76], where an increased wax concentration induced an increased crystallinity and resulted in
an increase of Young’s modulus. The yield stress parameter on the other hand was generally found to

deviate (positively or negatively) from the linear additive law.

For the purpose of this study, the mechanical properties of HDPE/PE oligomer and PP/PE oligomer
blends were measured by tensile testing, according to the protocol described in Chapter 2. The results
showed that the yield stress oy, and Young’s modulus E of HDPE and PP systems remained unaffected
by the presence of PE oligomer, at least up to 30 wt%, contrary to the strain at break e, values. The

values of strain at break for HDPE/PE oligomer and PP/PE oligomer blends are presented in Figure 23.
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Figure 23. Elongation at break for HDPE/PE oligomer (left) and PP/PE oligomer (right) blends

It was found that the addition of PE oligomer did not significantly impact the elongation properties of
HDPE for concentrations up to 20 wt%, and the elongation at break of PP was not significantly
impacted either up to 5 wt%. However, it decreased dramatically with 30 wt% PE oligomer in HDPE
and 10 wt% PE oligomer or more in PP, concentrations at which the samples underwent brittle
fracture, which is typical of biphasic materials.[77]. The correlation of those results with previous
observations suggests that poor mechanical properties arise from a weakening of the crystalline

microstructure as a result of the presence of PE oligomer domains.

The degradation of the ultimate mechanical properties in the presence of low molar mass hydrocarbon
compounds has been reported in other studies[18,78], where the decrease of stress and strain at break
was closely related to the decreased number of tie chains[79,80] arising from the dilution of the
polymer. However, in such systems where the miscibility appears to be limited by the composition of
the blend, the presence of defects arising from phase separation may be the dominating mechanism

explaining this biphasic material behaviour.

The results presented here as well as those from previous studies lead to the conclusion that an
excessive concentration of low molar mass PE leads to the saturation of the polymer resin due to their

limited miscibility in polyolefins such as HDPE and PP in the solid state, thus resulting in the
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formation of a separate phase that accumulates in the inter-spherulitic region and becomes sufficiently
sizeable to cause defects in the crystalline microstructure of the blend. It also appears that the
concentration threshold from which the mechanical properties are altered is dependent on the type of

polymer resin: around 5-10 wt% for PP and 20-30 wt% for HDPE.

It is also worth noting that in the case of PP systems, the degradation of the mechanical properties is
concurrent with the presence of a second crystallization exotherm evidencing the separate
crystallization of the PE oligomer at concentrations above 5 wt%. However, analogous observations on
the DSC thermograms of HDPE systems would a priori lead to predict the degradation of mechanical
properties to occur at concentrations between 10 wt% and 20 wt% of PE oligomer. This could be
explained by the different microstructure of polyethylene in the presence of low molar mass
hydrocarbon compounds (“leaty” morphology), as evidenced by Lloyd et al.[71], which may be more

resistant to mechanical solicitations than that of polypropylene (spherulitic morphology).
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5. Conclusion

This work was focused on the study of binary polyolefin blends with low viscosity ratios, where a low
molar mass PE-COOH oligomer was incorporated in PP and HDPE. The rheological behaviour in the
molten state as well as crystalline microstructure in the solid state were investigated along with the

crystallization behaviour during the transition between those two states.

The functional PE oligomer was easily incorporated into the selected polyolefins thanks to rapid
molecular diffusion and good miscibility in the molten state. However, the modelling of the
viscoelastic behaviour of the blends using the Carreau-Yasuda equation suggested that the miscibility
might be limited at high oligomer concentrations and that some kind of saturation phenomenon may
occur, particularly in the case of PP-based systems which seemed to result in partially inhomogeneous

melts above 5 wt% PE oligomer.

Additionally, it appeared clearly from DSC analyses as well as HSOM and SEM observations that
HDPE/PE oligomer and PP/PE oligomer blends underwent solid-liquid phase separation upon
cooling, leading to biphasic materials in the solid state. However, the hypothesis can be made that due
to their close molecular structure, small amounts of PE oligomer chains are able to co-crystallize with
HDPE, resulting in better compatibility in the solid state. On the other hand, the crystallization of
PP/PE oligomer blends can be considered to lead to small amounts of PE oligomer chains being

retained in the amorphous phase of PP as a result of the dilution phenomenon in the melt.

Further experimental work would be required to study the impact of the molar mass and/or viscosity
of the PE oligomer on the viscoelastic and crystallization behaviours of such binary systems, as well as
the resulting blend morphologies in the solid state. It would also be interesting to determine the
solubility parameters of PE oligomers with various functional groups in order to compare them to that

of the selected polyolefin resins and to correlate them with experimental results.
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1. Introduction

Polyethylene and polyamide are some of the most widely spread thermoplastic polymers, with a large
variety of industrial applications.[1-3] The blending of these polymers is primarily motivated by
combination of the good technical properties of polyamide with the cost-effectiveness and moisture
resistance of polyethylene.[4] However, polyethylene and polyamide have significantly different
crystalline structures and polarities due to their very different chemical nature, thus resulting in highly
incompatible blends usually exhibiting coarse biphasic morphologies.[5,6] The compatibilization of
such immiscible systems has therefore been the subject of a considerable number of investigations, with

the aim of achieving various controlled morphologies depending on the targeted applications.

An adequate compatibilization of two incompatible polymers should promote the reduction of
interfacial tension between the two phases and prevent coalescence, resulting in the formation of a stable
morphology as well as a narrow domain size distribution.[7] The addition of various functional polymers
as coupling agents in immiscible polymer blends has been studied extensively as an effective way to
achieve reactive compatibilization.[8,9] However, the use of high molar mass compatibilizer precursors
may result in poor compatibilization as a result of their low chain mobility and potential inability to
migrate to the interface. As mentioned in Chapter 1, the issue of molar mass was overcome by Todd et
al.[10] and O’Brien et al.[11] by introducing low molar mass compatibilizer precursors to form a high
molar mass multi-block copolymer compatibilizer in situ. However, no such example has been reported

in the case of polyethylene/polyamide compatibilization.

A very well-known and well-documented strategy for the compatibilization of polyethylene/polyamide
blends is the use of maleic anhydride-grafted polyethylenes (PE-g-MA), which are miscible in
polyethylene and react with the amine end-groups of polyamide.[12-14] Additionally, low molar mass
polyolefin oligomers grafted with maleic anhydride groups have been used successfully by several
authors as a means to obtain stable morphologies in polyethylene/polyamide blends.[15,16] On the
other hand, multi-functional oligomers such as polyetheramines have generated interest as efficient
crosslinkers[17,18] as well as for the chemical modification of various polymers, including polyamides,

resulting in remarkable viscoelastic and mechanical properties.[19-21]

The primary objective of the present work was therefore to compatibilize immiscible HDPE/PA6 blends
using a reactive system involving (i) a polyethylene oligomer grafted with maleic anhydride groups
(Ceramer) as well as (ii) a tri-functional polyetheramine oligomer (Jeffamine T). The experimental work
reported in this chapter is divided into four sections. The first part (Section 2) is dedicated to the
characterization of Ceramer/Jeffamine T systems in terms of viscoelastic and mechanical behaviour.
Then (Section 3), such a reactive system is investigated as a potential route towards the compatibilization
of immiscible HDPE/PA6 blends and compared to the sole use of Ceramer 1608 as well as to the use of
a high molar mass PE-g-MA (Exxelor) which is commonly used as a compatibilizer precursor. Finally,

the last two sections are focused on the study of the physical and chemical interactions between the

119



Chapter 4 - Compatibilization of HDPE/PAG6 blends with functional oligomers

selected functional oligomers and PA6 (Section 4) and HDPE (Section 5) homopolymers, as well as on

the resulting viscoelastic and mechanical properties of those blends.
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2. Study of Ceramer/Jeffamine reactive systems

The compatibilization strategy investigated in this chapter involves a reactive system based on two types
of functional oligomers. The first type consists of polyethylene oligomers grafted with maleic anhydride
derivatives (Ceramer) and the other is a tri-functional polyetheramine oligomer (Jeffamine T). The
results presented in this first experimental section are focused on the characterization of
Ceramer/Jeffamine T compounds in terms of viscoelastic and mechanical behaviour in order to

determine their chemical structure.

2.1. Reaction between Ceramer and Jeffamine T oligomers

The amount of functional groups in the oligomers was determined from the acid and saponification
values (in the case of Ceramer) or from the amine hydrogen equivalent weight (in the case of Jeffamine
T) found in the technical datasheets provided with the products. The calculated values are summarized
in Table 1. In the last column, the amount of functional groups is expressed in moles of functional groups
per mole of oligomer, which corresponds to the mean number of functional groups per oligomer chain.
Additional information on the chemical structure and physical properties of those functional oligomers

can be found in Chapter 2.

Table 1. Amount of functional groups in Ceramer and Jeflamine T oljgomers

. Type of functional ~ Amount of functional Amount of functional
Oligomer

group groups (mmol/g) groups (mol/mol)
Ceramer 67 Maleic anhydride 0.7 0.5
Ceramer 1608 Maleic anhydride 1.9 1.5
Jeffamine T-403 Amine 6.8 3.0

The compositions of Ceramer/Jeffamine T mixtures (see Table 2) were adjusted accordingly, in order
achieve quasi-stoichiometric ratios of amine and maleic anhydride functional groups. For simplification
purposes, these oligomers may be referred to as C67 (Ceramer 67), C1608 (Ceramer 1608) and T403
(Jeffamine T-403) herein after.

Table 2. Composition of Ceramer 67/Jeffamine T-403 and Ceramer 1608/Jeflamine T-403 mixtures

Mixture composition
(Ceramer/Jeffamine T-403)
Ceramer 67 90/10
Ceramer 1608 75/25

Ceramer oligomer

The reactive systems were first studied by directly mixing the two types of oligomers in a counter-
rotating twin-screw micro-compounder (Haake MiniLab). This compounding equipment has a capacity
of 7 cm’ and integrates a backflow channel to allow recirculation. Ceramer pellets were first introduced

at a temperature of 130 °C and a mixing speed of 50 rpm under recirculation. Jeffamine was then injected
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and the system was mixed for 15 min under recirculation. The mixture was finally recovered from the

micro-compounder in order to be analysed.

A reaction mechanism is proposed in Figure 1. It involves the reaction between the maleic anhydride
groups of the Ceramer and the amine groups of the Jeffamine T, yielding a compound characterized by

a cyclic imide moiety along with water as a by-product.

CHy
(0]
] NH,
o) o
CH, CHs
o . ’@\/O O\A\
HsC A . HoN ) PNH,
CHz
CH,
NH.
, NH2
(0]
CH,
O\)\> + H20
“NH,
CH3

Figure 1. Reaction between Ceramer and Jeflamine T oligomers

As explained in Chapter 2, Ceramer oligomers are actually obtained from the grafting of various maleic
anhydride derivatives onto a polyethylene backbone, according to the information provided by the
manufacturer. Those derivatives include: maleic anhydride, mono-isopropyl maleate, di-isopropyl
maleate and 2-butenedioic acid. The reaction between the amine groups of Jeffamine T and such
derivatives is very similar to the one illustrated in Figure 1, and it can be noted that the reaction between

isopropyl maleate groups and amine groups generate isopropanol as a by-product.

2.2. Characterization of Ceramer/Jeffamine compounds

The samples produced by micro-compounding were characterized by means of differential scanning
calorimetry (DSC) as well as rheometry. The experimental protocols are similar to those described in

Chapter 2 and are further detailed in the following paragraphs.

DSC analyses were carried out in a temperature range of -70 to 120 °C at a scanning rate of 10 °C/min.
Considering that polyethylene and Ceramer oligomers have similar structures, the heat of fusion of

purely crystalline polyethylene (AH{ = 293 J/g[22]) was used to determine the overall degree of

122



Chapter 4 - Compatibilization of HDPE/PAG6 blends with functional oligomers

crystallinity in all samples. The crystallization temperature (T.), melting temperature (T.), melting
enthalpy (AHj) and degree of crystallinity (Xn) of each sample are summarized in Table 3 (Section 2.2.1)
and Table 4 (Section 2.2.2).

Viscosity measurements (frequency sweep oscillatory shear tests in parallel plate geometry) were
performed at a temperature of 130 °C and a set strain of € = 500 % for C67 and C67/T403, € = 100 % for
C1608 and € = 0.1 % in the case of C1608/T403.

2.2.1. Ceramer 67/Jeffamine T-403

After micro-compounding, the C67/T403 sample was recovered in the form of a low viscosity liquid at
130 °C and quickly turned into a waxy solid at room temperature, similarly to unreacted Ceramer 67

and Ceramer 1608 oligomers.

DSC measurements of the samples (see Table 3) showed that the crystallization and melting
temperatures of Ceramer 67 remained unaffected by the reaction with Jeffamine T-403, and that the

degree of crystallinity was only slightly decreased.

Table 3. DSC analysis of the Ceramer 67/Jeffamine T-403 compound

Sample Tc (°C) Tm (°C) AHf (J/g) Xm (%)
T403 - - 0 0
Cé67 84 89 246 84
C67/T403 85 89 232 79

Rheological analysis of the sample at 130 °C (see Figure 2) showed that the viscosity of Ceramer 67 had
increased from 0.02 Pa.s to 0.06 Pa.s with the addition of Jeffamine T-403, while its rheological behaviour

was still similar to that of a Newtonian liquid.

104
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Figure 2. Viscosity of the C67/T403 compound compared to that of Ceramer 67 and Ceramer 1608 oligomers
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This increase in viscosity can be attributed to an increase of the average molar mass of Ceramer 67 as a

result of the reaction with Jeffamine T-403, according the reaction mechanism proposed in Figure 1.

Considering the low maleic anhydride content of Ceramer 67, the DSC and rheometry results suggest
that the addition of Jeffamine T-403 does not significantly alter the molecular arrangement of Ceramer
67 chains. The reaction with Jeffamine T-403 can therefore be considered to only result in an increase
of the molar mass through the grafting of one, two or three polyethylene oligomer chains onto the tri-

functional polyetheramine.

2.2.2. Ceramer 1608/Jeffamine T-403

The C1608/T403 sample recovered from micro-compounding was found to be in the form of a rubbery
and translucent solid at 130 °C which became brittle at room temperature. A visual comparison of

C1608/T403 and C67/T403 compounds is provided in Figure 3.

Ingénierie ces Matériggx Polymeres /

N/

Figure 3. Photographs of C1608/T403 (left) and C67/T403 (right) compounds in the form of I mm-thick discs

Ingénierie s Matéria

DSC analyses (see Table 4) showed that the main melting and crystallization peaks of Ceramer 1608 had
disappeared with the incorporation of Jeffamine T-403, leaving only a very small endotherm and
exotherm. The measured degree of crystallinity was consequently found to be severely decreased,

indicating that Ceramer 1608 had become mainly amorphous with the addition of Jeffamine T-403.

Table 4. DSC analysis of the Ceramer 1608/Jeffamine T-403 compound

Sample Tc (°C) Tm (°C) AHf (J/g) Xm (%)
T403 - - 0 0
C1608 53 69 83 28
C1608/T403 32 62 16 6

Rheological measurements at 130 °C showed that the C1608/T403 sample behaved like a solid, while the
rheological behaviour of Ceramer 1608 was that of a Newtonian liquid with no = 2 Pa.s (see Figure 2).
Consequently, a dynamical mechanical analysis (DMA) was performed on the C1608/T403 sample,
following the protocol described in Chapter 2 (temperature sweep oscillatory shear stress in rectangular
torsion geometry between -60 and 130 °C at a set strain of € = 0.05 % and a set frequency of f = 1 Hz). A
rupture of the test specimen was observed around 130-135 °C. The results of the DMA and rheological

measurements are shown in Figure 4.
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f=1Hz - £=0.05% T=130°C - ¢=01%

109 1 1 1 1 1 1 09 1 1 L 109
—_ = = Storage modulus
S o A e Loss modulus L 10°
‘g 10° 4 2 10°4 4 R A Complex viscosity &
= E A H
'g '8 A L 107 9'(1
e = E 9 “ 2
£ 10" 4 < . 104 A, =
o rol g = 4. £10° &
LI s g (3 4. :
32 1074 |'_v 5 107 " " s s s s s EEEAEEEEEE )
3 3 N L10° &
g = ° . A £
e 10°4 —— Storage modulus % 10° *e . .41 - 10* °
® Loss modulus H ° o’ 4
% Tan delta n ® o000

10°1— . . . 0,01 10* T T T 10°

-50 0 50 100 0,01 0,1 1 10 100
Temperature (°C) Angular frequency (rad/s)

Figure 4. Characterization of the C1608/T403 compound by temperature sweep oscillatory shear test in rectangular torsion
geometry (right) and frequency sweep oscillatory shear test in parallel plate geometry (left)
It was observed from the frequency sweep test that the storage modulus of the C1608/T403 sample is
higher than the loss modulus and that the viscosity curve exhibits no plateau at low frequencies, which
are usually typical characteristics of crosslinked rubbers.[23] It can also be noted that the measured
values of storage modulus are similar to that of polymers such as synthetic rubbers. DMA on the sample
showed a main transition at T, = Ty = +81 °C, which is much higher than that of the neat oligomers: the
glass transition temperature of Jeffamine T-403 was measured at -71 °C by DSC and the glass transition
temperature of Ceramer oligomers can be considered to be similar to that of polyethylene, which is

around -110 °C.

These results therefore suggest that the reaction between Ceramer 1608 and Jeffamine T-403 may have
yielded a crosslinked network, due to the higher number of maleic anhydride groups on the polyethylene
oligomer. It is worth noting that the formation of a Ceramer-Jeffamine T network is only possible is the
Ceramer oligomer is at least di-functional, provided that enough functional groups from both oligomers
react effectively. The crosslink density of such a system can be estimated from the rheological
measurements presented in Figure 4 by using the theory of ideal crosslinked rubber networks, which is
well described in the work of Ferry.[23] The number-average molar mass in between cross-links (also

called “critical molar mass”) M, is thus defined by the following equation:

where p is the density of the material, R is the ideal gas constant (R = 8.314 J/mol/K), T is the temperature
and G. is the elastic modulus of the material. The density of the Ceramer1608/Jeffamine T-403
compound was approximated to that of the Ceramer 1608 (i.e. p = 960 kg/m?) and the mean value of
storage modulus (measured by rheometry at 130 °C) was 8.10° Pa. Hence, the calculated critical molar

mass value was approximately M, = 4000 g/mol.
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In the case of a di-functional PE-g-MA oligomer, in stoichiometric conditions (i.e. a mixture
composition of 78/22) and with a conversion rate of 100 %, the critical molar mass of the network would
be defined by M, = %m + Mc¢1608, thus giving an approximate value of M, = 1000 g/mol.
Considering the quasi-stoichiometric ratio of amine and maleic anhydride groups in the present case,
the calculated value of critical molar mass suggests an effective reaction between Ceramer 1608 and
Jeffamine T-403 yielding a crosslinked network. A schematic representation of the network formed from
the reaction between the two oligomers (a di-functional PE-g-MA and a tri-functional polyetheramine)

is proposed in Figure 5.

TS
4L\§ﬂ§'vf}

Figure 5. Proposed representation of the network formed from the reaction between Ceramer 1608 and Jeflamine T-403

The structure of such a network depends on the molar mass and number of functional groups of each
reactive oligomer. In the present case, the number of maleic anhydride groups on Ceramer 1608 chains
is not known exactly and may vary from one chain to another. Calculations (see Table 1) indicate that
each Ceramer 1608 chain should bear 1-2 maleic anhydride groups, compared to 0-1 grafts in the case

of Ceramer 67.

Finally, it is worth noting that several other Ceramer and Jeffamine oligomers are currently
commercially available, meaning that the properties of such crosslinked compounds could be easily

adjusted by tuning the critical molar mass of the network.
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3. Compatibilization of a HDPE/PA6 blend using a C1608/T403
reactive system

In this part of the study, a reactive system involving two functional oligomers as compatibilizer
precursors was investigated in order to compatibilize HDPE/PA6 blends produced by extrusion. The
selected oligomers were Ceramer 1608 and Jeffamine T-403, whose interactions with HDPE and PA6
homopolymers are investigated separately in Sections 4 and 5. The compatibilizing efficiency of this
reactive system was compared to that of a high molar mass PE-g-MA compatibilizer precursor
commonly used in the industry: Exxelor PE 1040. HDPE/PA6 blends containing various amounts of PE-
g-MA and polyetheramine additives were therefore tested in terms of morphology, viscoelastic

behaviour and mechanical properties, which are good indicators of compatibilization efficiency.

3.1. Blend composition and processing

The molar mass and amount of functional groups of the selected compatibilizer precursors are

summarized in Table 5.

Table 5. Properties of the selected compatibilizer precursors

Compatibilizer Amount of functional Amount of functional
Molar mass (g/mol)
precursor groups (mmol/g) groups (mol/mol)
Jeffamine T-403 400 6.8 3.0
Ceramer 1608 800 1.9 1.5
Exxelor PE 1040 17 000 0.1 1.7

The blends investigated in this part of the study were based on a 70/30 blend of polyethylene and
polyamide. Thus, for each blend the weight fraction of PA6 was set at 30 wt% while the remaining

70 wt% consisted of HDPE and compatibilizer precursors.

The blends were prepared using a co-rotating twin-screw extruder (L/D = 60) at a temperature of 240 °C
and a flow rate of 3 kg/h. Following the protocol described in Chapter 2, dry-blends of neat HDPE and
PE-g-MA were fed through the main hopper into the first block of the extruder, while PA6 was
introduced through a side feeder at block n°4 (L/D = 20). In the case of the HDPE/PA6/C1608/T403
blend, Jeffamine T-403 was added by injection at block n°4.

Considering the difficulties associated with the injection of Jeffamine T-403 at very low flow rates, the
weight fraction of Jeffamine T-403 was set at 1 wt%. The weight fraction of Ceramer 1608 was
consequently set at 4 wt% to account for the amount of amine functional groups in the blend. The two
other blends without Jeffamine T-403 were used as control samples. The compositions of the blends are

summarized in Table 6.
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Table 6. Compositions of the HDPE/PA6 blends with various compatibilizer precursors

Blend composition

Compatibilizer precursor (HDPE/PAG/PE-g-MA*/T403)

- 70/30/0/0

Ceramer 1608 + Jeffamine T-403 65/30/4/1
Ceramer 1608 66/30/4/0

Exxelor PE 1040 60/30/10/0

*PE-g-MA = Ceramer 1608 (C1608) or Exxelor PE 1040 (E1040)
&

It is worth noting that several blending methods were tested in an attempt to optimize the extrusion
process through the preparation of various polymer/oligomer premixes. However, it was found that such
variations of the extrusion process had no significant influence on the properties of
HDPE/PA6/C1608/T403 blends, hence the protocol described above was used. Those extrusion trials
are reported in Appendix C.

3.2. Evaluation of compatibilization efficiency

The viscoelastic behaviour of each blend was characterized by rheometry at 240 °C, according the
protocol described in Chapter 2. The corresponding storage modulus curves are displayed in Figure 6.
It is worth noting that, as mentioned in the experimental section (see Chapter 2), frequency sweeps were
carried out from high to low angular frequencies, thus viscoelastic properties measured at low angular
frequencies (w = 0.1-0.01 rad/s) correspond to a residence time of 30-45 min within the rheometer.
Variations of storage and loss modulus values measured at low frequencies may therefore be due to

further evolution of the system during rheological measurements in the case of reactive blends.
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Figure 6. Storage modulus curves for HDPE/PAG6 blends with various types and amounts of compatibilizer precursors

The viscoelastic behaviour of HDPE/PAG6 blends was not significantly affected by the incorporation of
Ceramer 1608. Both HDPE/PAG6 (70/30) and HDPE/PA6/C1608 (66/30/4) blends were characterized by

a storage modulus lower than the loss modulus, thus exhibiting a behaviour similar to that of the molten
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homopolymers. The increase in storage modulus at low frequencies was found to be consistent with
observations made by other authors in the case of uncompatibilized blends where polyamide is dispersed
in a continuous polyethylene phase.[24] The 65/30/4/1 blend (containing both Ceramer 1608 and
Jeffamine T-403) presented a similar behaviour at high frequencies but exhibited a more pronounced

increase in storage and loss modulus at low frequencies.

On the other hand, the presence of 10 wt% Exxelor PE 1040 resulted in a significant increase in viscosity
with similar storage modulus and loss modulus values, indicating a viscoelastic behaviour similar to that
of a gel, which is more commonly encountered in the case of branched or even crosslinked
polymers.[25-27] This behaviour can be attributed to the strong chemical interactions of the high molar
mass PE-g-MA with PA6 as well as molecular entanglement with HDPE, therefore suggesting the

possible formation of a three-dimensional network.

The morphology of these blends was subsequently determined by SEM and compared to that of the
uncompatibilized HDPE/PAG6 blend. The corresponding SEM pictures are shown in Figure 7.

Figure 7. SEM pictures of HDPE/PAG blends with various types and amounts of compatibilizer precursors: Ceramer 1608 +
Jeftamine T-403 (top right), Ceramer 1608 (bottom right) and Exxelor PE 1040 (bottom left)

The uncompatibilized HDPE/PA6 blend exhibited a dispersed morphology (spherical domains of PA6
dispersed in a continuous HDPE phase) with a typical domain diameter of 1-10 um and poor interfacial

adhesion between the two phases. These observations are in accordance with the morphologies

commonly encountered in such immiscible systems.[28,29]

The blends with Ceramer 1608 (66/30/4/0) or both Ceramer 1608 and Jeffamine T-403 (65/30/4/1)
exhibited two types of coexisting morphologies: (i) spherical domains of PA6 with diameters ranging

from roughly 1 ym to 10 pm (i.e. dimensions similar to those observed in the uncompatibilized
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HDPE/PA6 blend) along with (ii) elongated domains of PA6 extending over lengths ranging from
several micrometres to several millimetres. The coexistence of spherical and elongated domains of PA6
suggests that low molar mass compatibilizer precursors tend to favour droplet coalescence instead of
hindering it, thus resulting in flattened interfaces, as observed in a previous study.[16] Furthermore, the
interfacial adhesion between HDPE and PA6 was observed to be quite poor with many occurrences of
debonding, demonstrating an ineffective compatibilization in both cases. The Palierne model could be
useful to quantify variations of the interfacial tension between HDPE-rich and PA6-rich phases.
However, it would be practically impossible to apply here because of the presence of elongated domains

in HDPE/PA6/C1608 and HDPE/PA6/C1608/T403 blends.

Lastly, the incorporation of 10 wt% Exxelor PE 1040 resulted in a macroscopically homogeneous

morphology, indicating an efficient compatibilization of the HDPE/PAG6 blend.

The mechanical properties of the blends were determined by tensile testing (according to the protocol
described in Chapter 2) in order to supplement SEM observations on the compatibilization efficiency of
the investigated compatibilizer precursors. The measured values of Young’s modulus (E), yield stress
(0y) and strain at break (e,) are presented in Table 7. A graphical comparison of those blends in terms of

yield stress and strain at break is proposed in Figure 8.

Table 7. Mechanical properties of HDPE/PAG6 blends with various types and amounts of compatibilizer precursors

Blend E (MPa) oy (MPa) &b (%)
HDPE/PAG (ref) 770 + 30 28+1 10+0
4wt% C1608 + 1wt% T403 660 = 90 22+0 10+0
4wt% C1608 710 = 30 26 £1 10+ 0
10wt% E1040 780 + 60 33+0 50+ 10
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Figure 8. Yield stress (left) and strain at break (right) for HDPE/PA6 blends with various types and amounts of compatibilizer
precursors
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The typical stress-strain curves (recorded by tensile testing at 30 mm/min) corresponding to each blend
are displayed in Figure 9 to further illustrate the mechanical behaviour of HDPE/PA6 blends in the
presence of Ceramer 1608 (C1608), Jeffamine T-403 (T403) and Exxelor PE 1040 (E1040).

35

30
25
E 4
S 20
% ]
g 15
a 4
10-
1 —— HDPE/PAG (70/30)
5 —— HDPE/PAG/C1608/T403 (65/30/4/1)
1 —— HDPE/PA6/C1608 (66/30/4)
0+ —— HDPE/PAG/E1040 (60/30/10)

T T T T T T T T T T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70%
Strain (%)

Figure 9. Typical stress-strain curves for HDPE/PA6 blends with various types and amounts of compatibilizer precursors

No significant variation of Young’s modulus was observed with any of the PE-g-MA compatibilizer
precursors, although the presence of both Ceramer 1608 and Jeffamine T-403 resulted in slightly lower
values. The low values of strain at break measured in the case of the first three blends are indicative of
biphasic materials, which is typical of uncompatibilized blends of immiscible polymers.[30] On the
contrary, the use of Exxelor PE 1040 as a compatibilizer precursor resulted in a significant increase in
strain at break as well as a slight increase in yield stress, suggesting an improvement of the interfacial
adhesion between polyethylene and polyamide phases as a result of effective

compatibilization.[12,31,32]

These results are consistent with previous rheological measurements and SEM observations showing
that the incorporation of a high molar mass PE-g-MA leads to strong interactions between HDPE and
PA6, while the use of a PE-g-MA oligomer or a reactive PE-g-MA/polyetheramine system results in
unstable dispersed morphologies with poor interfacial adhesion between HDPE and PA6 phases.
Considering the reactivity of such functional oligomers towards polyamide (see Section 4), their poor
compatibilizing ability can therefore be attributed to a lack of interaction with the polyethylene phase,

compared to a higher molar mass compatibilizer precursor.
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4. Chemical interactions between Ceramer and Jeffamine
functional oligomers and PA6

As explained in Chapter 1, maleic anhydride-grafted polyethylenes (PE-g-MA) are commonly used as
compatibilizer precursors in polyethylene/polyamide blends because of their reactivity towards the
amine end-groups of polyamide as well as their miscibility with polyethylene resins.[12—14] On the other
hand, various polyetheramines have been used in other studies for the chemical modification of
polyamides.[19,20] The objective of the experimental work presented in this part of the study was
therefore to get a better understanding of the chemical interactions between the selected functional

oligomers and PA6.

4.1. Reactivity towards PA6

4.1.1. Reactivity of Ceramer 1608 towards PA6

Blends of PA6 with various amounts of Ceramer 1608 (see Table 8) were achieved using a batch internal

mixer at a temperature of 240 °C.

Table 8. Composition of PA6/Ceramer 1608 blends

Oligomer type Overall oligomer Blend composition
concentration (wt%) (PA6/C1608)

0 100/0

1 99/1

2 98/2
Ceramer 1608 3 97/3

4 96/4

5 95/5

10 90/10

The PA6 was initially introduced and allowed to melt, then the oligomer was added around t = 5 min.
The mixing torque curves corresponding to the 2 wt% and 10 wt% blends are displayed in Figure 10 as

relevant examples. For each blend, the first peak corresponds to the introduction and melting of PA6.

After blending, PA6/Ceramer 1608 samples were characterized by rheometry following the protocol
described in Chapter 2 for viscosity measurements. Regarding the viscosity curves shown in Figure 10,
it should be noted that the rheological characterization of polyamides can be affected by the presence of
water which evaporates during measurements at high temperatures, thus shifting the polycondensation
equilibrium towards longer polyamide chains.[28] As a consequence, the measured viscosity usually
tends to increase at low frequencies (particularly since rheological measurements were carried out from
high to low angular frequencies, thus resulting in residence times of approximately 30-45 min within
the rheometer) instead of approaching a Newtonian plateau. In order to avoid this phenomenon,

samples were dried under vacuum for 24h at 70°C to remove water prior to rheological measurements.
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Figure 10. Mixing torque curves (left) and viscosity curves (right) for blends of PA6 with various amounts of Ceramer 1608

The introduction of Ceramer 1608 resulted in a drop in mixing torque values, showing a lubricating
effect similar to that observed in the case of polyethylene-based blends (see Chapter 3). Homogenization
times were found to be dependent on the oligomer concentration, which is consistent with previous
observations made in Chapter 3. During homogenization, the mixing torque raised rapidly and exceeded

that of neat PA6, indicating a reaction between the two components.

As explained in Chapter 1, the blending of PA with a PE-g-MA leads to a reaction between maleic

anhydride groups and the terminal amines of PA, which is illustrated in Figure 11.

O f O
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PE PE / PE

O + HyN PA ——— N——PA
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Figure 11. Mechanism for the reaction between Ceramer 1608 and Polyamide 6[33]

Such a reaction results in the grafting of PA6 chains onto Ceramer 1608 to form a polyethylene-g-
polyamide copolymer. In practice, this corresponds to an increase of the molar mass of PA6, which is
consistent with the increased viscosity of the 2 wt% blend (Figure 10). However, it can be observed that
the mixing torque value at the reaction peak is higher with 2 wt% Ceramer 1608 than with 10 wt%, and
rheological measurements of the corresponding blends confirmed that the viscosity of the 98/2 blend

was much higher than that of the 90/10 one.

As mentioned in Chapter 2, the concentration of amine end-groups in PA6 was measured by
potentiometric titration, which gave a value of 33 mmol(NH,)/kg, while the concentration of maleic
anhydride groups in Ceramer 1608 is 1.9x10> mmol(MA)/kg. The concentration of amine and maleic

anhydride functional groups was therefore calculated as a function of the weight fraction of Ceramer

133



Chapter 4 - Compatibilization of HDPE/PAG6 blends with functional oligomers

1608 in the blend and compared to the mixing torque values recorded at the reaction peak for each

blend. Those values are displayed in Figure 12.
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Figure 12. Mixing torque at the reaction peak for PA6/Ceramer 1608 blends compared with the concentration of amine and
maleic anhydride functional groups in each blend

Calculations showed that stoichiometric conditions would be achieved at 1.7 wt% Ceramer 1608, which

corresponds approximately to the 2 wt% blend for which the mixing torque at the reaction peak is the

highest. Meanwhile, blends with unreacted functional groups (i.e. an excess of either amine or maleic

anhydride functional groups) resulted in lower mixing torque values at the reaction peak.

The results presented here suggest that the molar mass of PA6 is indeed increased as a consequence of
the reaction with Ceramer 1608, leading to an increase of the viscosity and thus of the mixing torque
value during blending. While the highest molar mass is attained when all the amine end-groups have
reacted (i.e. stoichiometric conditions), further incorporation of Ceramer 1608 results in a decrease of
the blend viscosity. This can be explained by two phenomena: (i) a lesser increase in molar mass due to
the grafting of fewer PA6 chains onto each PE-g-MA oligomer (excess of maleic anhydride functional
groups), and/or (ii) the plasticization of the blend by unreacted PE-g-MA chains.

The increase of the molar mass of PA6 was quantified in the case of the blend with 2 wt% Ceramer 1608,
as the rheological behaviour of this blend is not affected by an excess of Ceramer 1608 (quasi-
stoichiometric conditions). In the absence of potential dilution by unreacted oligomer chains, the
entangled regime was considered (M > M.), where the zero-shear viscosity increases with the 3.4 power

of the molar mass[23], yielding the following equation:

M— 3.4’
TlpA6 + 2%C1608 _ k ( PA6 + 2%c1sos>

Mp46 neat Mp a6 neat

where 1); is the zero-shear viscosity of the blend and M, is the number-average molar mass of PA6 with

and without the addition of 2 wt% Ceramer 1608. The viscosity of the PA6/C1608 (98/2) blend was
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measured to be fifty times higher than that of neat PA6, which corresponds to a threefold increase in
molar mass according to this equation. Considering the initial molar mass of PA6 (30 000 g/mol), the
copolymer obtained from the reaction with Ceramer 1608 should therefore have an approximate molar

mass of 90 000 g/mol.

4.1.2. Reactivity of Jeffamine T-403 towards PA6

Blends of PA6 with various amounts of Jeffamine T-403 (Table 9) were achieved using a batch internal

mixer at a temperature of 240 °C.

Table 9. Composition of PA6/Jeffamine T-403 blends

Oligomer type Overall oligomer Blend composition
concentration (wt%) (PA6/T403)
0 100/0
Jeffamine T-403 1 99/1
3 97/3

The PA6 was initially introduced and allowed to melt, then the oligomer was added around t = 3 min.
The mixing torque curves recorded during blending are displayed in Figure 13 along with the
corresponding viscosity curves (measured by rheometry according to the protocol described in Chapter

2) for those samples.
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Figure 13. Mixing torque curves (left) and viscosity curves (right) for blends of PA6 with various amounts of Jeflamine T-403

The introduction of Jeffamine T-403 resulted in short homogenization times. The homogenization of
Jeffamine T-403 was characterized by a decrease of the mixing torque, with ultimate values inferior to
that of neat PA6. Rheological measurements confirmed that the viscosity of PA6 had decreased

incrementally as a result of the addition of incremental amounts of Jeffamine T-403.

In their work on the chemical modification of polyamide, Auclerc et al.[19] proposed a mechanism to

describe the chemical interactions between PA6 and Jeffamine T-403. The blending of those
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components involves two types of reactions that are: (i) amidification between the amine groups of
Jeffamine T-403 and the carboxylic acid end-groups of PA6 and (ii) transamidification on the amide

moieties of PA6. This mechanism is illustrated in Figure 14.
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Figure 14. Proposed mechanism for the chemical reactions between polyamide 6 and Jeffamine T-403[19]

While the amidification reaction may lead to an increase of the molar mass of PA6 through chain
extension and branching, the transamidification reaction on the other hand results in a decrease of the
molar mass because of chain scission. A reduction of the molar mass is indeed consistent with the
rheological behaviour observed for blends of PA6 with Jeffamine T-403, suggesting that chain scission
as a result of transamidification is the prevalent mechanism. Nevertheless, the kinetics of those reactions
were not investigated in this study and the blending of PA6 with Jeffamine T-403 may lead to complex
mixtures of linear and branched polyamide chains, the chemical structures of which were not further

characterized.

4.2. Properties of PA6/C1608/T403 ternary systems

PA6 was blended with Ceramer 1608 and Jeffamine T-403 using a batch internal mixer at a temperature
of 240 °C. This system was studied at different overall oligomer concentrations (3 wt% and 15 wt%) and
PA6/C1608 and PA6/T403 blends were also prepared as control samples. The compositions of these

blends are summarized in Table 10.
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Table 10. Composition of PA6/C1608/T403 blends

Oligomer type Overall oligomer Blend composition
concentration (wt%) (PA6/C1608/T403)
- - 100/0/0
Ceramer 1608 + Jeffamine T-403 3 97/2/1
Ceramer 1608 + Jeffamine T-403 15 85/12/3
Ceramer 1608 (control sample) 12 88/12/0
Jeffamine T-403 (control sample) 3 97/0/3

PAG6 was initially introduced and allowed to melt. Ceramer 1608 was then incorporated around t = 2
min and Jeffamine T-403 was finally added around t = 4 min. The mixing torque curves as well as the

viscosity curves for those blends are displayed in Figure 15.
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Figure 15. Mixing torque curves (left) and viscosity curves (right) for PA6/C1608/T403 blends

The successive variations of the mixing torque recorded in the case of the 97/2/1 blend were found to be
consistent with the observations made in Sections 4.1.1 and 4.1.2 that the addition of small amounts of
Ceramer 1608 resulted in an strong increase of the mixing torque while the addition of Jeffamine T-403
resulted in a decrease of the mixing torque. This suggests that the reactions described previously indeed
take place with an increased molar mass of PA6 through grafting with Ceramer 1608 and a decrease of

the molar mass through chain scission in the presence of Jeffamine T-403.

While the blend with 2 wt% Ceramer 1608 was rapidly homogenized, the incorporation of 12 wt%
Ceramer resulted in a persistent lubricating effect, contrary to what was previously observed with 10 wt%
Ceramer 1608 in PA6 (see Section 4.1.1). This could be attributed to the initially lower filling level of the
mixing equipment in the case of blends involving large amounts of oligomers (15 wt% in this case).
Consequently, in the case of the 85/12/3 blend the 3 wt% of Jeffamine T-403 were incorporated while
the homogenization of Ceramer 1608 was not completed. This resulted in a strong increase of the mixing
torque with a final value similar to that of the other blend (i.e. much higher than for neat PA6), although

previous results (see Sections 4.1.1 and 4.1.2) showed that similar amounts of Ceramer 1608 (10 wt%)
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and Jeffamine T-403 (3 wt%) both led to a decrease of the ultimate mixing torque of PA6. It can therefore
be concluded that in such ternary blends, all three constituents interact with each other to form a
complex mixture of linear and branched polyamide chains with various molar masses as a result of all

the reaction mechanisms at play, which are described in Sections 2.1 and 4.1.

Ultimate mixing torque values were found to be similar for both blends and rheological measurements
confirmed the similar viscoelastic behaviour of the two blends at high frequencies (10-100 rad/s).
However, different trends were observed at low frequencies (0.01-10 rad/s). This difference in
viscoelastic behaviour between 97/2/1 and 85/12/3 blends is better illustrated with the storage modulus

and loss modulus curves presented in Figure 16.
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Figure 16. Storage modulus (G’) and loss modulus (G”) curves for PA6/C1608/T403 blends: 97/2/1 (left) and 85/12/3 (right)

The viscoelastic behaviour of the 97/2/1 blend was found to be similar to that of a gel[27], with a storage
modulus slightly higher than the loss modulus. This could be interpreted as evidence of the formation
of a network between the three constituents of the blend, considering the quasi-stoichiometric

conditions in which the Ceramer 1608 is introduced.

On the contrary, the viscoelastic behaviour of the 85/12/3 blend was rather similar to that of a molten
thermoplastic, although the moduli crossover point[34] had shifted towards lower frequencies
compared to neat PA6 (weo (ssn123 = 4 rad/s and weo eat paey > 100 rad/s). This phenomenon can be
explained either by an increased molar mass of polyamide chains[23] or by the presence of dispersed
domains in the blend.[35] However, considering the large excess of Ceramer 1608 prior to the addition
of Jeffamine T-403, it is more likely that a significant amount of Ceramer 1608 would remain available

to react with Jeffamine T-403 and possibly form C1608/T403 domains.

The morphology of the blends was determined by SEM in order to verify those hypotheses. The

corresponding pictures are shown in Figure 17.
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Figure 17. SEM pictures of PA6/C1608/T403 blends: 100/0/0 (left), 97/2/1 (middle) and 85/12/3 (right)

SEM observations of the 85/12/3 blend showed well dispersed and mostly spherical domains with
dimensions ranging from 50 nm to 700 nm. This morphology was attributed to the presence of
C1608/T403 domains dispersed in a continuous PA6 phase, which is consistent with the hypothesis that
the unreacted Ceramer 1608 chains react with Jeffamine T-403. The interfacial adhesion between the
two phases appeared to be excellent, which was expected because of the strong chemical interactions
involving the three constituents. However, it cannot be concluded that in such systems Ceramer 1608
and Jeffamine T-403 oligomers are exclusively located in the dispersed phase, considering the structures

of the compounds formed through their respective reaction(s) with PA6.

The 97/2/1 blend on the other hand showed only very few domains with diameters of approximately 50
nm to 200 nm. Considering the concentrations of Ceramer 1608 and Jeffamine T-403 in the blend, it is
likely that both oligomers mostly react with PA6, leaving only little amounts of unreacted oligomer
chains to form C1608/T403 domains. This would indeed explain the differences in number and size of

the dispersed domains between the two blends.

In addition to rheological measurements and SEM observations, the impact of chemical modification
on the mechanical properties of PA6 was evaluated by tensile testing, following the protocol detailed in
Chapter 2. To that end, the blend with 12 wt% Ceramer 1608 and 3 wt% Jeffamine T-403 (85/12/3) was
compared to neat PA6 (100/0/0) as well as to the blends containing only Ceramer 1608 (88/12/0) or
Jeffamine T-403 (97/0/3). Young’s modulus (E), yield stress (oy), stress at break (op) and strain at break

(&) were measured by tensile testing and are presented in Table 11.

Table 11. Mechanical properties of PA6/C1608/T403 blends

Blend (PA6/C1608/T403) E (MPa) oy (MPa) o, (MPa) & (%)
100/0/0 2100 + 200 64+1 52+1 270 =20
88/12/0 1800 + 100 54+1 62+1 210+ 20
97/0/3 2200 + 100 601 49+1 310 £ 20
85/12/3 1800 + 100 52+1 75+ 1 230 %20

The addition of functional oligomers did not significantly impact the elongation at break or the Young’s
modulus of PA6, indicating that the ductility and stiffness of the material were preserved[36] thanks to

the chemical interactions and excellent interfacial adhesion between PA6 and the dispersed phase.
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Tensile testing results also showed a slight decrease in yield stress, which was attributed to the presence

of polyolefin and polyether blocks that are inherently weaker than polyamide chains.

The typical stress-strain curves (recorded by tensile testing at 30 mm/min) corresponding to each blend
are displayed in Figure 18 to further illustrate the impact of the addition of functional oligomers on the

mechanical properties of PA6, especially in terms of yield stress and stress at break.
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Figure 18. Typical stress-strain curves of PA6/C1608/T403 blends

88/12/0 and 85/12/3 blends exhibited a particular behaviour during plastic deformation, which was
found to be similar to the strain-hardening behaviour typically encountered in rubber particle-
toughened polymers for instance.[37,38] In the case of the 85/12/3 blend, toughening can be attributed
to the formation of C1608/T403 domains with strong interactions with the polyamide phase, as well as
to the potential formation of a network between the three constituent. On the other hand, the
mechanical behaviour of the 88/12/0 blend under tensile strain is probably the result of the increased

molar mass of the polyamide chains, which is usually responsible for higher stress at break.[39,40]

140



Chapter 4 - Compatibilization of HDPE/PAG6 blends with functional oligomers

5. Behaviour of Ceramer and Jeffamine oligomers in HDPE

The aim of part of the study was to assess the compatibility of the C1608/T403 reactive system with
HDPE. The miscibility of Ceramer 67, Ceramer 1608 and Jeffamine T-403 oligomers with HDPE was
investigated as well as the morphology developments and rheological behaviour arising from the
blending of both types of functional oligomers with HDPE. Lastly, the use of a high molar mass PE-g-
MA was also investigated as a means to improve the compatibility between the C1608/T403 compound

and the HDPE resin.

5.1. Miscibility of the functional oligomers with HDPE

Blends of HDPE with 5 wt% of each oligomer (Ceramer 67, Ceramer 1608 and Jeffamine T-403) were
achieved using a batch internal mixer at a temperature of 180 °C. The compositions of these blends are

summarized in Table 12.

Table 12. Composition of HDPE/oligomer blends

Oligomer type Overall oligomer Blend composition
concentration (wt%) (HDPE/oligomer)
- - 100/0
Ceramer 67 5 95/5
Ceramer 1608 5 95/5
Jeffamine T-403 5 95/5

The HDPE was initially introduced and allowed to melt, then the oligomer was added around t = 2 min.
The mixing torque curves recorded during blending are displayed in Figure 19 along with the viscosity

curves measured by rheometry at 180 °C (following the protocol described in Chapter 2 for viscosity

measurements).
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Figure 19. Mixing torque curves (left) and viscosity curves (right) for blends of HDPE with 5 wt% oligomer (Ceramer 67,
Ceramer 1608 and Jeffamine T-403)
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The introduction of the oligomers resulted in a sudden drop in the mixing torque value corresponding
to a lubricating effect[41], similarly to what was described in Chapter 3 for the addition of a low viscosity
PE oligomer into HDPE and PP resins. HDPE/C1608 and HDPE/T403 blends showed very short
homogenization times (1-2 min), while the time to achieve homogenization of the HDPE/C67 blend was

nearly 40 minutes.

As already discussed in Chapter 3, during the blending of low viscosity compounds into polymer
matrices, lower viscosity ratios result in longer times to achieve homogenization.[41,42] Considering
that the viscosity of Ceramer 1608 (2 Pa.s) is a hundred times higher than that of Ceramer 67 (0.02 Pa.s),

the results presented here are consistent with those conclusions.

However, the lubricating effect observed in the case of Ceramer 67 is much more persistent than what
was previously observed in the case of the Unicid 700 oligomer which has a similar viscosity. According
to Cassagnau and Fenouillot[43], the mixing behaviour of a binary blend is more sensitive to diffusion
than to mixing when the viscosity ratio is lower than 10, which is presently the case. Seeing that Unicid
700 and Ceramer 67 have comparable viscosities and degrees of functionality, it could therefore be
argued that the diffusion of PE oligomers into HDPE depends on the chemical nature of their functional

group, which may influence miscibility.

Nevertheless, considering the viscosity and chemical structure of Jeffamine T-403, the short
homogenization time observed in the case of the HDPE/T403 blend can be explained neither by a higher
viscosity ratio nor by a greater chemical affinity. The rapid diffusion of Jeffamine T-403 into HDPE

might therefore be due to its lower molar mass compared to that of Ceramer oligomers.

Rheological characterization of the blends showed that the viscosity of HDPE was unaffected by the
presence of Ceramer 67 or Ceramer 1608 oligomers (in Figure 19 the curves corresponding to the
HDPE/C67 and HDPE/C1608 blends are superimposed over the neat HDPE curve), although it was
previously shown (see Chapter 3) that the addition of 5 wt% PE oligomer to HDPE caused a viscosity
reduction as a result of dilution. This suggests that Ceramer oligomers have a poorer solvation ability
towards HDPE, meaning that they may form dispersed domains within a HDPE continuous phase. This
would explain why the viscosity of HDPE/C67 and HDPE/C1608 blends is dominated by the viscosity
of HDPE.

The introduction of 5 wt% of Jeffamine T-403 on the other hand resulted in a perceptible decrease of
the viscosity. Consequently, the theoretical viscoelastic behaviour of the HDPE/T403 (95/5) blend was
predicted using the Carreau-Yasuda equation[44—46] in the same manner as in Chapter 3. The free
volume correction parameter was not taken into account in this case (hence a, = 1). The other
parameters of the Carreau-Yasuda equation (drawn from the fitting of the viscosity curve of neat HDPE)
are given in Table 13. The modelled viscosity curves for both neat HDPE and the HDPE/T403 blend are

shown in Figure 20.
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Table 13. Parameters of the Carreau-Yasuda equation drawn from the fitting of the viscosity curve of neat HDPE and used for
the prediction of the viscoelastic behaviour of the HDPE/T403 (95/5) blend

Blend (Mo)bux (Pa.s) ae (-) ¢ (-) Toulk (S) a(-) m (-)
HDPE/T403 10.9%103 1 0.95 0.79 0.59 0.42
(95/5) ] ' . . _

0
©
e
2
@
o
(%]
2
S
e HDPE neat
Carreau-Yasuda fit for HDPE neat
= HDPE/T403 (95/5) '
. Predicted viscosity for HDPE/T403 (95/5)
10
0,01 0,1 1 10 100

Angular frequency (rad/s)
Figure 20. Predicted vs. measured viscoelastic behaviour of the HDPE/T403 (95/5) blend

It appeared that the viscoelastic behaviour predicted with the Carreau-Yasuda equation fitted the
experimental data quite well, indicating an effective dilution of HDPE by the Jeffamine T-403
oligomer.[44,47] This was considered consistent with the rapid diffusion of Jeffamine T-403 into HDPE
leading to shorter homogenization times compared to HDPE/C67 and HDPE/C1608 blends.

The morphology of the blends in the solid state was determined by SEM observations, which are

presented in Figure 21.

T ——
“HBPE + 5Wt% C67, .

Figure 21. SEM pictures of HDPE/C67 (left), HDPE/C1608 (middle) and HDPE/T403 (right) blends

Samples containing 5 wt% Ceramer (both C1608 and C67) exhibited biphasic morphologies with
spherical oligomer domains dispersed in a continuous HDPE phase, which is typical of a liquid-liquid
phase separation[48], therefore indicating a poor miscibility in the molten state. Nevertheless, the
domains were well dispersed and no debonding was observed, also suggesting a low surface tension

between Ceramer oligomers and HDPE because of their close chemical structure. The diameter of the
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dispersed domains was 50 nm to 500 nm in the case of Ceramer 67 and 100 nm to 3 um with Ceramer
1608. This may be attributed to the higher maleic anhydride content of Ceramer 1608 (inducing higher
incompatibility due to the increased polarity of the oligomer compared to Ceramer 67) as well as to its
higher viscosity, as the viscosity ratio of the blend is known to have a direct influence on the morphology

of the dispersed phase.[28,49]

The morphology of the HDPE/T403 blend was found to be very different with no dispersed domains
observed. Instead, the sample exhibited a textured surface similar to that described by Lloyd et al.[50] as
a result of solid-liquid phase separation in polymer-diluent mixtures. This appears to be a reasonable
explanation for the observed morphology considering the miscibility between Jeffamine T-403 and
HDPE in the molten state as well as the fact that Jeffamine T-403 remains an amorphous liquid upon
the crystallization of HDPE (see Chapter 1). Figure 22 shows a SEM picture of the HDPE/T403 sample

at higher magnification.

Figure 22. SEM picture of a HDPE/Jeflamine T-403 (95/5) blend

On this SEM picture, a “fuzzy sphere” morphology[50] with dimensions in the range of 100 nm to 1 ym
is observable, which could correspond to a spherulitic morphology induced by solid-liquid phase
separation between HDPE and Jeffamine T-403 upon cooling, similarly to what was observed in the case

of PP/PE oligomer systems (see Chapter 3).

5.2. In-situ formation of a C1608/T403 compound in HDPE

Ceramer 1608 and Jeffamine T-403 were incorporated to HDPE using a batch internal mixer at a
temperature of 180 °C. The weight ratio between the two oligomers was set at 3/1 in order to remain in
quasi-stoichiometric conditions, hence a blend with 6 wt% Ceramer 1608 and 2 wt% Jeffamine T-403
was prepared. A control sample with the same overall oligomer content (8 wt% Ceramer 1608) was also

prepared. The compositions of these blends are summarized in Table 14.
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Table 14. Composition of HDPE/C1608/T403 blends

Oligomer type Overall oligomer Blend composition
concentration (wt%) (HDPE/C1608/T403)
- - 100/0/0
Ceramer 1608 8 92/8/0
Ceramer 1608 + Jeffamine T-403 8 92/6/2

The HDPE was initially introduced and allowed to melt. Ceramer 1608 was then added around t =2 min
and Jeffamine T-403 was finally added around t = 4 min. The mixing torque curves as well as the

corresponding viscosity curves are displayed in Figure 23.
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Figure 23. Mixing torque curves (left) and viscosity curves (right) for HDPE/C1608/T403 blends

The mixing torque graph shows that the incorporation of 6-8 wt% Ceramer 1608 to HDPE resulted in
the same lubricating effect as observed with 5wt% Ceramer 1608 (see Section 5.1), with the
homogenization time and mixing torque value after homogenization both varying with the oligomer
concentration, as expected considering the results obtained in Chapter 3. The corresponding viscosity
curve of the HDPE/C1608 (92/8) blend showed a slight viscosity reduction compared to what can be
observed in Figure 19, indicating a potential dilution of HDPE by the oligomer. However, the absence
of a Newtonian plateau at low frequencies, which is characteristic of the presence of a dispersed phase,

suggested a phase separation between HDPE and Ceramer 1608 at the same time.

In the case of the HDPE/C1608/T403 (92/6/2) blend, the incorporation of Jeffamine T-403 (t ~ 4 min)
to the HDPE/C1608 mixture resulted in a very short homogenization time as well as an increase of the
ultimate mixing torque value. This was correlated with the higher viscosity of the HDPE/C1608/T403
blend compared to neat HDPE. Additionally, the absence of a Newtonian plateau at low frequencies also

indicated the presence of a dispersed phase.

SEM pictures of theses samples are shown in Figure 24.
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Figure 24. SEM pictures of HDPE/C1608/T403 blends: 92/8/0 (left) and 92/6/2 (right)

The HDPE/C1608 (92/8) blend exhibited a morphology similar to that observed with 5 wt% Ceramer
1608 (see Section 5.1), with slightly larger droplet diameters (roughly 100 nm to 10 pm) because of the

higher oligomer concentration. This confirmed the phase separation between HDPE and Ceramer 1608.

SEM observations of the HDPE/C1608/T403 (92/6/2) blend revealed a dispersed phase consisting of
irregularly shaped domains with dimensions ranging from 1 pum to 20 um. This was interpreted as
evidence of the in-situ formation of a compound resulting from the reaction between Ceramer 1608 and
Jeffamine T-403. However, the frequent debonding of the dispersed domains on the surface of the

sample indicated a poor interfacial adhesion between HDPE and the C1608/T403 compound.

5.3. Incorporation of a high molar mass PE-g-MA in HDPE/C1608/T403 blends

In order to improve the compatibility between the C1608/T403 compound and HDPE, samples
containing a high molar mass polyethylene grafted with maleic anhydride groups were prepared. A

commercially available PE-g-MA additive, Exxelor PE 1040 (E1040), was selected for this purpose.

6 wt% Ceramer 1608 and 2 wt% Jeffamine T-403 were incorporated to three different polyethylene-
based resins: (i) HDPE, (ii) Exxelor PE 1040 or (iii) a 50/50 blend of HDPE and Exxelor PE 1040. The

compositions of these blends are summarized in Table 15.

Table 15. Composition of HDPE/E1040/C1608/T403 blends

Polyethylene phase Overall oligomer Blend composition
concentration (wt%) (HDPE/E1040/C1608/T403)
HDPE 8 92/0/6/2
HDPE + Exxelor PE 1040 8 46/46/6/2
Exxelor PE 1040 8 0/92/6/2

The polyethylene (HDPE and/or Exxelor PE 1040) was introduced in the batch internal mixer at a
temperature of 180 °C and allowed to melt before adding 6 wt% Ceramer 1608 after 2 min. Jeffamine T-
403 was added after homogenization of Ceramer 1608. The mixing torque curves recorded during

blending as well as the viscosity curves measured by rheometry are displayed in Figure 25.
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Figure 25. Mixing torque curves (left) and viscosity curves (right) for HDPE/E1040/C1608/T403 blends

The homogenization time following the addition of Ceramer 1608 (prior to the incorporation of
Jeftamine T-403) varied dramatically depending on the composition of the polyethylene phase and was
characterized by a persistent lubricating effect in the presence of Exxelor PE 1040: 2 min in neat HDPE,
19 min in the HDPE/E1040 (50/50) blend and 64 min in neat E1040. This was attributed to the higher
viscosity of Exxelor PE 1040 which is six times higher than that of HDPE, as the lower viscosity ratios in
HDPE/E1040/C1608 and E1040/C1608 blends (R (cis0s/E1040) = 10°) compared to the HDPE/C1608 blend

(R (c1o0mppe) = 10™*) is probably the main cause for the longer homogenization times observed.

The incorporation of Jeffamine T-403 in the blends containing Exxelor PE 1040 resulted in much higher
final mixing torque and viscosity values compared to the blends containing only HDPE. This was
attributed to the strong interaction between Jeffamine T-403 and Exxelor PE 1040 as a result of the
reaction between amine and maleic anhydride functional groups, which is similar to the one described

in Section 2.1 with Jeffamine T-403 and Ceramer 1608.

It should also be noted that a C1608/T403 weight ratio of 3/1 induces a slight excess of amine groups
over the maleic anhydride groups of Ceramer 1608, making it possible for Jeffamine T-403 to react with
Exxelor PE 1040 as well. The amounts of functional groups in the E1040/C1608/T403 (92/6/2) blend are

given in Table 16 as an example.

Table 16. Calculated amounts of functional groups in the E1040/C1608/T403 (92/6/2) blend

Component Weight fraction  Type of functional =~ Amount of functional groups

(%) group in the blend (mmol/g)
Exxelor PE 1040 92 Maleic anhydride 0.098
Ceramer 1608 6 Maleic anhydride 0.114
Jeffamine T-403 2 Amine 0.136

Considering the amount of maleic anhydride and amine functional groups in the blends, it can therefore

be suggested that Jeffamine T-403 is able to react with both Ceramer 1608 and Exxelor PE 1040, leading

147



Chapter 4 - Compatibilization of HDPE/PA6 blends with functional oligomers

to the formation of a network between the three constituents. However, the structure of this network
cannot be determined exactly, as there is no indication that Jeffamine T-403 reacts preferentially with

one PE-g-MA or the other.

SEM observations were carried out to assess the morphology of the blends and verify the presence of

potential C1608/T403 domains. SEM pictures of the three blends are shown in Figure 26.

Figure 26. SEM pictures of HDPE/E1040/C1608/T403 blends: 92/0/6/2 (left), 46/46/6/2 (middle) and 0/92/6/2 (right)

As already shown in Figure 24, the introduction of Ceramer 1608 and Jeffamine T-403 in HDPE resulted
in formation of a dispersed phase with irregular shapes and dimensions. Dispersed domains were also
observed in the other two samples, showing that a C1608/T403 compound was also formed in situ.
However, the presence of a high molar mass PE-g-MA (Exxelor PE 1040) resulted in a much better
dispersion along with an improved interfacial adhesion between the polyethylene continuous phase and
the C1608/T403 domains. In that case, the dispersed domains were mostly spherical with diameters
ranging from 50 nm to 1 pm in HDPE/E1040/C1608/T403 and 20-500 nm in E1040/C1608/T403. These
observations led to the conclusion that the C1608/T403 compound strongly interacted with the
polyethylene phase because of the amine-maleic anhydride reaction between Jeffamine T-403 and
Exxelor PE 1040. A schematic representation of the network formed between Jeffamine T-403, Ceramer

1608 and Exxelor PE 1040 is proposed in Figure 27 to account for the morphologies observed by SEM.

Exxelor PE 1040
= Ceramer 1608

= Jeffamine T-403
- — - (1608/T403 domains

Figure 27. Proposed representation of the interactions between Exxelor PE 1040 and the dispersed C1608/T403 domains
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Only the interactions through covalent bonding between Exxelor PE 1040 and C1608/T403 domains are
represented here, although chemical interactions between those constituents may exist outside these
domains. Unreacted constituents (such as HDPE or unreacted oligomer chains) were not represented

for simplification purposes.
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6. Conclusion

The objective of the experimental work developed in this chapter was to investigate new strategies for
the compatibilization of immiscible polyethylene/polyamide blends. This study was focused on the use
of a reactive system involving two types of functional oligomers, namely (i) a polyethylene oligomer
grafted with maleic anhydride groups (Ceramer) as well as (ii) a tri-functional polyetheramine

(Jeffamine T), both of which are commercially available materials.

In the first experimental part, it was found that the association of a PE-g-MA oligomer with a tri-
functional polyetheramine oligomer resulted in compounds with very different characteristics
depending on the physical and chemical properties of the PE-g-MA used, and the results suggested that
the reaction between Ceramer 1608 and Jeffamine T-403 yielded a crosslinked network. It is worth
noting that several other Ceramer and Jeffamine oligomers are commercially available, meaning that the
properties of such Ceramer-Jeffamine networks could be finely tuned by adjusting several parameters
such as the molar mass of the oligomers (number of ether repeat units of Jeffamine and number of
ethylene repeat units of Ceramer) and the number of functional groups of each oligomer (type of

Jeftamine as well as maleic anhydride content in the case of Ceramer).

A reactive system consisting of Ceramer 1608 and Jeffamine T-403 was therefore investigated as a
potential route towards the compatibilization of an immiscible HDPE/PA6 (70/30) blend. The results
showed that the use of Ceramer 1608 or of a Ceramer 1608/Jeffamine T-403 reactive system did not
result in efficient compatibilization, while the use of a high molar mass PE-g-MA (Exxelor PE 1040) led
to homogeneous materials with improved mechanical properties. This suggests that the poor
compatibilizing ability of oligomeric compatibilizer precursors is due to their lack of interaction with
the polyethylene phase. Nevertheless, the study of the physical and chemical interactions between the
selected functional oligomers and HDPE and PA6 homopolymers led to some interesting results, which

are detailed in the following paragraphs.

In Section 4, it was demonstrated that Ceramer 1608 and Jeffamine T-403 functional oligomers have
strong interactions with PA6 through several reaction mechanisms, resulting in remarkable mechanical
properties. Further mechanical testing should therefore be carried out on polyamide/Ceramer/Jeffamine
compounds, especially in terms of impact strength, as their strain-hardening behaviour could make
them good candidates for impact resistance applications. The results presented in that part of the study
also indicate that the viscoelastic and mechanical properties of the resulting compounds are strongly
influenced by the composition of the blends and could therefore be more finely adjusted with additional

experimental work.

The results presented in Section 5 indicated that the compound formed from the reaction between a
maleic anhydride grafted polyethylene oligomer (Ceramer 1608) and a tri-functional polyetheramine

oligomer (Jeffamine T-403) was incompatible with HDPE. However, the interfacial adhesion between
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the dispersed domains and the polyethylene continuous phase could be improved with the addition of a
high molar mass polyethylene grafted with maleic anhydride functionalities (Exxelor PE 1040). Further
work would be needed to determine the minimum amount of Exxelor PE 1040 necessary to obtain a
good interface with the C1608/T403 compound, and the composition of the quaternary blend could be
finely adjusted in order to achieve specific morphologies. Besides, it would be interesting to investigate
the mechanical properties blends with such morphologies, considering the interactions between the

continuous phase and the dispersed domains.

Considering the results presented in this chapter, additional experimental efforts would be required to
focus on the use of PE-g-MA and polyetheramine oligomers with different molar masses and number
of functional groups in order to achieve an efficient compatibilization of polyethylene/polyamide blends.
In this perspective, it is worth noting that several Ceramer and Jeffamine oligomers are currently
commercially available. Furthermore, the use of high molar mass PE-g-MA in addition to the functional
oligomers could also be an interesting lead. Besides, the optimization of the blend composition in terms
of polyethylene/polyamide ratio, concentration of oligomers and amounts of reactive groups in the

blend is an issue that would require tackling.
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Chapter 5 - Use of functional PE oligomers as interface agents in glass fibre-reinforced HDPE

1. Introduction

Glass fibre-reinforced thermoplastics constitute an important category of composite materials, as many
industrial applications require both excellent mechanical properties and light weight, while reducing
costs at the same time.[1,2] For these reasons, they have been the subject of considerable industrial and

scientific interest for the past decades and therefore studied in many aspects.

The reinforcement of polymers, which corresponds to the enhancement of their mechanical properties,
mainly relies on the quality of the interfacial interactions between the reinforcing filler and the polymer
matrix to ensure a proper load transfer under mechanical solicitation.[3] In the case of glass fibres, a
good matrix-filler interfacial adhesion is commonly obtained by surface treatment of the fibres with the
appropriate sizing.[4] Consequently, most investigations on the improvement of polymer-glass fibre
interfacial adhesion have focused on the development of efficient sizing formulations involving silane

coupling agents[5,6] rather than on oligomeric or polymeric additives.

On the other hand, one of the major issues with discontinuous glass fibre-reinforced thermoplastics is
certainly their processing, which requires the incorporation of high amounts of rigid, non-spherical
particles, thus resulting in very high viscosity suspensions. From a rheological point of view, most
investigations on the viscoelastic behaviour of such fibrous composites are conducted in dilute regimes,
although some studies on concentrated fibre suspensions are available.[7-10] Additionally, while the
use of dispersants is documented in the case of highly filled systems involving micron- or submicron-
sized fillers (ceramics, minerals, metal oxides, etc.)[11-14], it seems that the reduction of interparticle

interactions in concentrated fibre suspensions has not been studied extensively.

As a consequence, the aim of the experimental work reported in this chapter was to investigate the use
of functional polyethylene oligomers as dispersing and coupling agents in HDPE reinforced with
discontinuous glass fibres (GF), with the underlying objectives of improving both the processability and
the mechanical properties of such systems. In the first experimental part of this study (Section 3.1), the
dispersing ability of a functional PE oligomer was assessed by batch processing approach along with
rheological analysis of HDPE/GF systems. The impact of this functional PE oligomer on the mechanical
properties of such composite blends was then determined to serve as a proof of concept for further trials
(Section 3.2). Lastly, a screening of PE oligomers with various functional groups was carried out in order
evaluate the influence of glass fibre-coupling agent chemical interactions on the mechanical properties
of HDPE/GF composite blends (Section 4).
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2. Short literature review

Polymers can be reinforced with a wide variety of fillers[1], an important class of which are glass fibres.
Such reinforcement fillers come in various forms, such as mats, rovings, chopped strands or milled
fibres, depending on the targeted application.[15] The main advantage of discontinuous glass fibres is
the possibility to associate them with thermoplastics using conventional processing and forming
methods such as extrusion and injection moulding.[16] More specifically, chopped strand glass fibres
(with a typical diameter of 10-20 um and a typical length of 3-5 mm[17]) allow for this type of processes
while providing strong mechanical reinforcement, compared to milled fibres or other typical
reinforcement fillers.[10] However, the processing of polymers filled with chopped strand glass fibres
may be challenging as these particles are characterized by very high aspect ratios, thus deeply influencing

the flow properties of such suspensions.

2.1. Rheology of suspensions and dispersion of glass fibres

The rheological behaviour of filler polymers depends on both the characteristics of the filler (aspect ratio,
stiffness, surface chemistry) and the characteristics of the polymer matrix (viscosity, chemical nature) as
well as the interactions between those constituents.[18] Setting aside chemical interactions and matrix
viscosity, the viscosity of particle suspensions is known to increase with increasing the volume fraction

and/or the aspect ratio[19-23], as illustrated in Figure 1.
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Figure 1. Relative viscosity as a function of volume fraction for various particle shapes[19]

Therefore, lower volume fractions are achievable with prolate or rod-like particles (such as glass fibres)
compared to their spherical counterparts.[24,25] The consequences of this are both theoretical, as the
maximum packing fraction is an important parameter in most mathematical models describing the
rheological behaviour of particle suspensions, and practical, as it prevents compounders from achieving

very high glass fibre contents in reinforced polymers.

While the flow properties of polymers is hardly affected by the presence of fibres at low volume

fractions[9,23], their viscoelastic behaviour may change dramatically at higher volume fractions and
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aspect ratios as the probability of fibre-fibre interactions increases.[22,26,27] Indeed, the flow properties
of non-Brownian suspensions, such as glass fibre suspension, are influenced by viscous interactions
(hydrodynamic forces exerted by the polymer matrix on the particles) as well as colloidal
interactions.[28,29] The latter typically consist in interparticle interactions arising from the contacts
between particles, which are influenced by several parameters such as the size and shape of the particles,

as well as their surface chemistry.[30]

Such interactions may be used to induce repulsion (i.e. overcome attracting forces) between the particles
in suspension by introducing appropriate chemical species in the system. A common strategy to achieve
this is the use of polymeric dispersants to provide steric stabilization to the particles.[30] This strategy
requires strong anchoring to the surface of the particles[11], which can occur through several modes

depending on the structure of the dispersant, as illustrated in the work of Lewis[28] (see Figure 2).

(A) (B)

Figure 2. Schematic representation of the adlayer conformation depending on the molecular structure of the adsorbed

©)

polymeric dispersant: (A) homopolymer, (B) diblock copolymer with a short anchor block, (C) graft copolymer with an
anchored backbone and (D) surfactant structure with a functional anchoring group[28]
Consequently, the chemical nature and structure of the dispersant should be carefully chosen depending
on the type of filler as well as the type of dispersion medium.[12,31,32] Several mechanisms for the
adsorption of polymeric dispersants onto various filler surfaces are well described in the literature.[13]
Among these mechanisms, chemisorption is usually preferred as it provides a strong and durable

chemical interaction between the adsorbed species and the filler through covalent bonding.[33]

Nevertheless, while polymer dispersants have been the subject of substantial research efforts in the case
of systems involving micron- or submicron-sized fillers, it seems that the reduction of interparticle
interactions during the processing of fibre-reinforced polymers has not been investigated extensively.
The main reasons for this might be that discontinuous fibres are less prone to agglomeration compared
to other reinforcing fillers[34] and that favourable matrix-filler interactions leading to an efficient

dispersion are usually ensured by surface treatment (“sizing”) of the fibres.[4,15]
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2.2. Reinforcement of polymers with glass fibres

From a practical point of view, the reinforcement of polymers is defined as the enhancement of
mechanical properties such as stiffness, tensile strength, tear strength, cracking resistance, fatigue
resistance or abrasion resistance.[35] In that respect, glass fibres are good candidates as reinforcement
fillers thanks to their interesting mechanical properties and moderate cost.[1] However, the major issue
with glass fibres is their incompatibility with organic matrices such as polymers due to their chemical
nature. Indeed, in composite materials, reinforcement arises from weak and/or strong matrix-filler
interactions providing sufficient wetting and adhesion, and the role of the matrix-filler interface is to
ensure the transfer of the mechanical load from the matrix to the filler.[3] In the case of glass fibres, good
compatibility with the polymer matrix is provided by surface treatment involving the deposition of a

thin coating called “sizing”.[36]

As briefly discussed in Chapter 2, the formulation of such glass fibre sizings is usually quite complex and
involves numerous components[37], the most important of which are film formers and coupling agents.
It appears from the literature that current research trends are mostly directed towards the development
of silane coupling agents to improve polymer-glass fibre interfacial adhesion.[5,6,38,39] Several authors
have proposed models to describe the interpenetrated network structures formed in the interphase
between the glass fibre and the sizing, thereby putting forward the availability of the coupling agents at
the interface with the polymer matrix.[40-42]

NH, H NH,

Haoéli, 0 3 ;= r K H~Oéi/OH

|
O‘\H NH; \"—‘\ ‘L‘L~7

Glass Fibre Surface

Figure 3. Schematic representation of a glass fibre-sizing interphase: an interpenetrating network between the coupling agent
(hydrolysed y-aminopropyltriethoxysilane) and the film former (polyurethane)[42]

However, considering their relatively low concentration in commercial sizings, there can be reasonable

doubt that such silane coupling agents may not provide sufficient anchoring sites at the surface of glass
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fibres. In that respect, other authors have suggested that the reactivity of the film former, which
constitutes the major part of the sizing, may play a greater role in polymer-glass fibre interfacial

adhesion.[43,44]

To this day, it seems that most investigations have focused on the development of surface treatments for
glass fibres prior to their association with polymer matrices. Although this is probably an efficient
strategy, considering that sizings are also designed to facilitate the manufacturing and handling of said
glass fibres[15], some additional research effort could be directed towards the development of oligomeric
or polymeric coupling agents to be incorporated directly upon the processing of glass fibre-reinforced
polymers. It is worth noting that maleic anhydride-grafted polymers (e.g. PP-g-MA) and copolymers
(e.g. SEBS-g-MA) have been successfully used in some studies together with or as an alternative to silane
coupling agents in order to promote the interfacial adhesion between glass fibres and polymer
matrices.[45-48] Additionally, the use of coupling agents is already the subject of numerous studies in
the case of polymers reinforced with natural fibres[49,50] or carbon fibres[51,52], although the coupling

agents investigated are usually limited to maleic anhydride-grafted polyolefins.
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3. Impact of matrix-filler chemical interactions on the
processability and mechanical properties of glass fibre-
reinforced HDPE

The fillers investigated in this study were chopped strand glass fibres which are typically used in the
reinforcement of thermoplastic composites. The physical characteristics of such glass fibres are recalled

in Table 1.

Table 1. Characteristics of the glass fibres used in this study

Designation ~ Reference Compatible resins ~ Fibrelength (mm) Fibre diameter (pm)
GF1 DS 2200-13P PE, PP 4 13
GF2 DS 1128-10N PA 4 10

As indicated in Table 1, the two types of glass fibres are designed for the reinforcement of different
polymeric systems; GF1 for polyolefins and GF2 for polyamides. Type-2 glass fibres should therefore
not be suitable for the reinforcement of the HDPE-based systems presently investigated due to

unfavourable chemical interactions.

The surface characterization of these glass fibres (which is detailed in Chapter 2) suggested the presence
of amine and/or amide as well as potential epoxy compounds in the composition of the GF2 sizing. A
carboxylic acid-functionalized oligomer, Unicid 700 (U700), was therefore used as a dispersing/coupling
agent. It can be noted that similar fatty acid compounds have been successfully used to promote the

dispersion of zirconia particles in polymers and other non-polar media.[53-57]

3.1. Processability assessment by a batch processing and rheological approach

In this part of the study, systems involving a HDPE polymer matrix and two types of chopped strand
glass fibres (GF) were investigated by a batch processing approach. This method was used in the work
of Rueda[58] to quantify the maximum packing fraction of solids and assess the processability of
PP/ferrite and PP/glass fibre composite blends. The objective of the experimental work presented here
was to determine the impact of the chemical interactions between glass fibres and a polyethylene matrix
on the processability and rheological behaviour of such highly filled suspensions in the presence of a

functional PE oligomer used as a dispersant.

3.1.1. Batch processing

HDPE/GF and HDPE/U700/GF composite blends were achieved using a batch internal mixer at a
temperature of 180 °C. Following the protocol described in Chapter 2, the HDPE matrix and the PE
oligomer were introduced simultaneously at t = 0 min and the glass fibres were added at t = 5 min. The

mixing torque was recorded during the blending process.
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The amount of glass fibres incorporated varied from 5 vol% to 60 vol% (roughly 10 wt% to 80 wt%) and
the concentration of Unicid 700 was set at 5 wt% of the polymer phase. The amount of functional PE
oligomer per unit of glass fibre surface area was consequently decreased with the increasing fraction of
glass fibres. While it could be argued that the amount of dispersant should be set according to the filler
content, this was done in order to avoid any saturation of the HDPE matrix by the PE oligomer (see
conclusions from Chapter 3). Another reason to do that is to keep the viscosity of the polymer phase
constant, as it may affect the state of dispersion as well as fibre breakage upon mixing[59,60], although
it was previously shown (see Chapter 3) that the addition of a PE oligomer to HDPE resulted in

viscosities in the same order of magnitude as that of neat HDPE.

In Figure 4, the mixing torque recorded after complete homogenization of each composite blend (i.e.
when the system has reached a steady state) is displayed as a function of the volume fraction (¢) of glass

fibres. The corresponding weight fractions are indicated on the top X axis.
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Figure 4. Steady-state mixing torque for HDPE/GFI (left) and HDPE/GF2 (right) composite blends with and without U700

As expected, the steady-state mixing torque increased with the glass fibre content over a wide range of
volume fractions. However, above a certain volume fraction, the steady-state mixing torque decreased
with the increasing glass fibre content. The composite blends obtained for volume fractions beyond the
maximum value of steady-state mixing torque progressively became incohesive and the glass fibres were

no longer well dispersed as a result of insufficient wetting by the polymer matrix.

In highly filled systems, the maximum packing fraction of solids (¢w) is defined as the maximum packing
arrangement of particles while still retaining a continuous material.[34] However, in the case of non-
ideal particles such as glass fibres, the maximum volume fraction that is achievable while still retaining
a continuous polymer phase is usually well below that value. The volume fraction of glass fibres at which
the steady-state mixing torque reached its maximum value was therefore assimilated to a critical volume

fraction (¢.). It is worth noting that in rheological terms, ¢. is usually refers to the percolation threshold,
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which is defined as the volume fraction at which the particles start to form a three-dimensional network,
thus resulting in the viscosity of the suspension tending towards infinity. However, the difference
between @. and ¢ can be rather difficult to assess for some systems, especially in the case of fillers with

high aspect ratios.[30]

For each system, the volume fraction corresponding to the maximum value of steady-state mixing
torque is illustrated by a dotted line on Figure 4. The corresponding critical volume fractions ¢.

measured by this method are given in Table 2.

Table 2. Critical volume fractions (p.) measured from the steady-state mixing torque curves

System Q.
HDPE/GF1 0.48
HDPE/U700/GF1 0.48
HDPE/GF2 0.27
HDPE/U700/GF2 0.45

It can be noted that in the absence of Unicid 700 the critical volume fraction is higher in the case of GF1
(compared to GF2), which was attributed to the fact that the sizing of type-1 glass fibres was designed
for the reinforcement of polyolefin-based systems. Consequently, the critical volume fraction remains
unchanged with the addition of Unicid 700 as the filler already has a good affinity with the polymer
matrix. On the other hand, a shift in the maximum steady-state mixing torque in the presence of Unicid

700 is observed in the case of type-2 glass fibres.

In theory, the critical volume fraction should on depend on particle characteristics[61] such as aspect
ratio or size distribution, which may be dependent on processing conditions (especially the aspect ratio
in the case of glass fibres). However, previous studies showed that the maximum packing fraction could
also be dependent on the chemical species adsorbed on the surface of the filler.[58] The present results
therefore indicate that Unicid 700 may act similarly to a coupling agent between type-2 glass fibres and
the HDPE matrix, thus leading to favourable matrix-filler interactions and increasing the wetting of glass
fibres by the polymer matrix. They also suggest that such functional oligomer may act as a dispersant
adsorbed onto the surface of glass fibres, thus reducing attractive forces by ensuring steric stabilization

of the fibre suspension.[28]

It was also observed that the presence of the PE-COOH oligomer in such systems resulted in lower
mixing torque after complete homogenization, indicating a reduction of the overall viscosity of the
blend, which could be attributed both to the plasticizing of the polymer phase by the low molar mass PE

oligomer in the melt and to the reduction of interparticle interactions.

3.1.2. Rheological analysis

As explained previously, the rheological behaviour of filled polymers depends on both the characteristics

of the filler (aspect ratio, stiffness, surface chemistry) and the characteristics of the polymer matrix

166



Chapter 5 - Use of functional PE oligomers as interface agents in glass fibre-reinforced HDPE

(viscosity, chemical nature) as well as on the interactions between those constituents.[18] In such non-
Newtonian suspensions of non-Brownian particles (glass fibres in this case), the flow regime is
determined by the volume fraction (¢) of particles.[62,63] In their study on the rheological behaviour
of polypropylene filled with short glass fibres, Rueda et al.[10] determined the onsets of the different
concentration regimes in terms of volume fraction of glass fibres, based on the theories of Doi-Edwards
and Onsager. These concentration regimes are closely linked to the aspect ratio of the fillers, which is

known to have a controlling influence on the flow properties of highly filled polymers.[20,21,23]

The aspect ratio (p) of rod-like particles such as glass fibres can be defined as the ratio of the
characteristic length (L) to the characteristic diameter (D).[64] In the present work, type-2 glass fibres
have a diameter of 10 pm and an initial length of 4 mm. However, after breakage (upon processing with
HDPE) the characteristic length of glass fibres in HDPE/GF2 and HDPE/U700/GF2 composite blends
was determined to be roughly 200 um. Consequently, the aspect ratio of the glass fibres in those systems
was calculated to be approximately p = 20. The values of ¢ defining the transitions between the different
concentration regimes were calculated accordingly and are given in Table 3.

Table 3. Transitions between concentration regimes calculated in terms of glass fibre volume fraction, according to the
theories of Doi-Edwards and Onsager[10]

Dilute to Semi-dilute to Isotropic concentrated to
Regime semi-dilute isotropic concentrated nematic
transition
¢ =(1/p)? ¢=1/p ¢=33/p
¢ (p = 20) 0.003 0.05 0.17

According to those values, the glass fibres in composite blends with up to 17 vol% GF2 should be
randomly oriented while interparticle interactions should generate anisotropy above 17 vol% GF2, thus

influencing the rheological properties of those systems.[65]

HDPE/GF2 and HDPE/U700/GF2 composite blends prepared by batch mixing were characterized by
rheometry. Following the protocol described in Chapter 2, frequency sweep oscillatory tests were
performed at a temperature of T = 180 °C and a set strain of € = 0.05 %. The corresponding storage

modulus curves are displayed in Figure 5 and the two systems are compared in Figure 6.

As expected, the storage modulus increased with the addition of fibres. However, contrary to previous
observations that the steady-state mixing torque (which is related to viscosity) decreased above a critical
volume fraction (¢.) of glass fibres, the viscosity of the composite blends measured by rheometry kept

increasing with the filler content.

167



Chapter 5 - Use of functional PE oligomers as interface agents in glass fibre-reinforced HDPE

10" 4 v 107
vy?V vv?Y M * v?Y v
v * v
10° ] yv?Y o x* 10°4 vy *
'VVVVV'vv ***** “'. v'vvv ***5'
L x st LA vV +*s88° .
= 10° * st AR = q0°] v x* s ete uAy
© x * A g = 107y v x % * L4 A []
& A ‘ ‘ ‘ N : - Y v vV . *x * . PS * ° [ ] N A . [ ]
~ [ ]
Ly 3 L] A:' (LI S * x* 0‘.' At
3 10 'S } 1 A 3 10°4 e® o AlE
S 28 4 A El R A AL .
3 N 3 L oo ? ° °® A"
E 10°- ag" E 10°+ o .
] Aw = 0vol%GF2 | @ e A" = Ovol% GF2
o " o ° A =
g 107 A 4 10vol%GF2| & .7 A A 10vol% GF2
2 A * 20vol%GF2 2 ALt ®  20vol% GF2
1 a" . ¢ 40vol% GF2 , A = ¢ 40vol% GF2
10°3 " *  45vol% GF2 04 4 " *  45vol% GF2
A2 v 50vol% GF2 " 2 v 50vol% GF2
100 T T T T LR | 100 T T T T
0,01 0,1 1 10 100 0,01 0,1 1 10 100
Angular frequency (rad/s) Angular frequency (rad/s)

Figure 5. Storage modulus curves for HDPE/GF?2 (left) and HDPE/U700/GF2 (right) composite blends

While HDPE/GF2 and HDPE/U700/GEF2 systems followed similar trends, two main observations can
be drawn from the storage modulus curves. Firstly, the volume fraction of glass fibres at which the
viscoelastic behaviour shifted from a Newtonian behaviour (with a typical slope of 2 at low frequencies)
to a percolated network behaviour (with G’ tending to a plateau at low frequencies) was found to be
different for the two systems. In the case of HDPE/GF2 composite blends, this shift took place between
10 vol% and 20 vol% GF2, which corresponds to the transition between the isotropic concentrated
regime and the nematic regime, according to the values given in Table 3. For composite blends
containing Unicid 700, the shift appeared to take place above 20 vol% GF2, indicating that the presence

of the functional PE-COOH oligomer may decrease interparticle interactions through steric stabilization

of the glass fibres.
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Figure 6. Storage modulus curves for HDPE/GF2 and HDPE/U700/GF2 composite blends at 0, 20 and 50 vol% GF2

The second observation, which is illustrated in Figure 6, is the decrease of the storage modulus with the

addition of Unicid 700. However, considering the very similar storage modulus values between neat
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HDPE and the HDPE/U700 (95/5) blend, the storage modulus changes observed in filled systems cannot
be considered to be solely due to the plasticizing of the HDPE matrix in the molten state. This suggests
that the addition of a functional PE-COOH oligomer to HDPE/GF2 systems leads to a reduction of fibre-
fibre interactions through steric stabilization, which is consistent with the observations made in previous

studies involving similar fatty acid as dispersants in concentrated suspensions.[11,53,54,66,67]

Lastly, it was also observed that the moduli crossover point (i.e. the frequency w., at which G’ = G”) was
shifted towards lower frequencies with the increasing volume fraction of glass fibres, as illustrated in

Figure 7 for HDPE/GF2 composite blends.
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Figure 7. Storage modulus (G) and loss modulus curves (G") for HDPE/GF2 composite blends at 10, 40 and 50 vol% GF2

The crossover point is closely linked to the characteristic elastic time (A) of the system. Such relationship
is described by the following equation:[68]

6w
The characteristic elastic time A = 1/w., (for G’ = G”) was therefore determined for both HDPE/GF2 and
HDPE/U700/GF2 composite blends (see Figure 8).

Variations of the characteristic elastic time were observed to follow a trend which could be described by
a model analogous to the Krieger-Dougherty model for particle suspensions.[69,70] The model used to

fit the experimental data was defined by the following equation:

A=t =(1—£)

B AHDPE ¢C

—kéc

where A, is the relative (normalized) characteristic elastic time, A is the characteristic elastic time of the
composite blend, Anppe is the characteristic elastic time of the HDPE matrix, ¢ is the volume fraction of

glass fibres, ¢. is the critical volume fraction of glass fibres and k is an empirical parameter relating to
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the intrinsic viscosity of the glass fibres. The normalized values of characteristic elastic time (A; = X\/Aupre)
are plotted against the volume fraction of glass fibres in Figure 8.

= HDPE/GF2
Krieger-Dougherty fit for HDPE/GF2

e HDPE/U700/GF2
Krieger-Dougherty fit for HDPE/U700/GF2

100

10

Normalized characteristic elastic time (-)

0%  10% 20% 30% 40% 50%  60%

Volume fraction of GF2 (vol%)

Figure 8. Normalized characteristic elastic time for HDPE/GF2 and HDPE/U700/GF2 composite blends

The values of the ¢. and k parameters obtained from the fitting of this equation are given in Table 4.

Table 4. Values ¢. and k obtained from the fitting of the equation derived from the Krieger-Dougherty model

System P k
HDPE/GF2 0.50 1.27
HDPE/U700/GF2 0.57 1.01

The critical volume fraction (¢.) was found to be higher in the presence of the functional PE-COOH
oligomer, which is consistent with the observations made in Section 3.1.1 that such functional oligomer
may act as a dispersant by reducing interparticle interactions through steric stabilization of the glass

fibres.[28]

Although the values of relative characteristic elastic time did not exactly match the model, it is worth
noting that HDPE/GF2 and HDPE/U700/GF2 systems are quite different from the ideal hard sphere
suspensions described by the Krieger-Dougherty model, meaning that discrepancies between the model

and the experimental data were to be expected.

3.2. Preliminary extrusion trials on a laboratory scale

Following the batch processing trials, HDPE/GF composite blends were prepared by extrusion in order
to assess the impact of Unicid 700 (U700) on the maximum filler level as well as on the mechanical
properties of HDPE/GF systems. Considering the results from Section 3.1, only type-2 glass fibres
(designed for the reinforcement of polyamides) were studied as their chemical incompatibility with the
polyethylene matrix made them a good indicator of the dispersing/coupling effect of Unicid 700. In

order to dissociate the plasticizing effect of this low molar mass PE-COOH oligomer (on the polymer
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phase) from matrix-filler chemical interactions, a non-functional PE oligomer, Polywax 725 (W725),

was also used in a series of control samples.

3.2.1. Effect of the functional group on processability

HDPE/GF2, HDPE/W725/GF2 and HDPE/U700/GF2 composite blends were prepared using a co-
rotating twin-screw extruder (L/D = 60) at a temperature of 180 °C and a flow rate of 3 kg/h, according
to the protocol described in Chapter 2. Dry-blends of HDPE and PE oligomers (U700, W725 or none)
were fed through the main hopper into the first block of the extruder, while the glass fibres (GF2) were
introduced through a side feeder at block n°4 (L/D = 20).

The concentration of PE oligomers was set at 5 wt% of the polymer phase and the fraction of glass fibres
incorporated varied from 5vol% to 70 vol% (roughly 10 wt% to 85 wt%), similarly to the batch-

processed composite blends.

The process variables recorded during the extrusion of the blends are represented in Figure 9. They
correspond to the mean values measured once the process had reached a steady state. The mixing torque
is expressed as a percentage of the maximum torque that the motor of the extruder is capable of

providing. The pressure variable corresponds to the value measured at the die of the extruder.
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Figure 9. Process variables recorded during the extrusion of HDPE/GF2 blends: mixing torque (left) and pressure (right)

A maximum volume fraction of 65 vol% was achieved, regardless of the composition of the polymer

phase. Further increase in the filler level resulted in an overload of the extruder.

The recorded mixing torque and pressure values indicate that the overall viscosity of the composite
blends was reduced with the addition of PE oligomers, thus slightly improving processability.
Furthermore, it was observed that the two PE oligomers did not have the same impact on processability
depending on the filler level. Indeed, the mixing torque and pressure values were found to be lower in
the presence of Polywax 725 up to 15-20 vol% glass fibres, while a more significant improvement of

processability was observed in the presence of Unicid 700 at higher volume fractions. This suggests that
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the effect of the non-functional PE oligomer is limited to the plasticizing of the polymer phase in the
melt, while the introduction of the PE-COOH oligomer has an impact on interparticle interactions in

highly filled systems.

3.2.2. Effect of the functional group on mechanical properties

The mechanical properties of the HDPE/GF2 composite blends obtained by extrusion were measured
in order to assess the impact of the functional and non-functional PE oligomers on the matrix-filler
interfacial adhesion.[71,72] Young’s modulus (E), yield stress (o,) and strain at break (e,) were
determined by tensile testing according to the protocol described in Chapter 2. The measured values are

given in Table 5 and graphically represented in Figure 10.

Due to the limitations of the injection moulding equipment (because of the very high viscosity of these

highly filled materials), only the composite blends with 0-30 vol% GEF2 were tested.

Table 5. Mechanical properties of HDPE/GF2, HDPE/W725/GF2 and HDPE/U700/GF2 composite blends depending on the
volume fraction of GF2

HDPE/GF2

Volume fraction of GF2 (vol%) E (MPa) oy (MPa) & (%)
0 600 + 100 259+ 0.8 650 + 90
5 1300 = 100 26.5+ 0.6 100 + 10
10 2500 + 300 27.3+04 90 + 10
15 3400 = 300 27.1x0.3 80 £ 10
20 4100 £ 0 254+ 0.5 70 £ 10
25 4600 + 200 25.6+04 300
30 5400 + 200 25.8+0.3 10+£0

HDPE/W725/GF2

Volume fraction of GF2 (vol%) E (MPa) 0y (MPa) & (%)
0 700 £ 0 255+0.1 220+ 70
5 1600 = 100 27.2%0.5 120 £ 10
10 2600 + 100 27.7+0.3 110 £ 10
15 3500 = 500 27.0+04 90 £ 10
20 4400 + 400 26.2 £0.2 70 = 10
25 4300 £ 600 26.5+0.3 300
30 5400 + 200 26.1+£0.7 10+£0

HDPE/U700/GF2

Volume fraction of GF2 (vol%) E (MPa) oy (MPa) & (%)
0 800 £ 0 25.6 £0.2 210 £ 20
5 2400 + 100 29.0+0.5 100 + 10
10 3200 + 100 29.2 £0.5 800
15 4400 £ 200 294+ 0.6 60+ 10
20 5700 = 100 30.0 £ 0.9 500
25 6700 = 300 326 £0.9 20+ 0
30 7800 = 400 36.4+ 0.6 10£0
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Figure 10. Young's modulus (left) and yield stress (right) of HDPE/GF2, HDPE/W725/GF2 and HDPE/U700/GF2 composite
blends as a function of the volume fraction of GF2

As expected, the incorporation of glass fibres resulted in an increase of Young’s modulus while
decreasing the elongation at break. The yield stress of HDPE/GF2 and HDPE/W?725/GF2 systems did
not show significant variations, which was attributed to the poor quality of the matrix-filler interphase

as a result of the incompatibility between type-2 glass fibres and polyolefin compounds.[4]

While the presence of a non-functional PE oligomer (Polywax 725) did not impact the mechanical
properties of HDPE/GF2 composite blends, the use of a functional PE-COOH oligomer (Unicid 700)
resulted in a significant improvement of mechanical properties. It was also observed that the difference
in Young’s modulus and yield stress values between HDPE/U700/GF2 composite blends and the other
systems increased with the filler content. For instance, at a volume fraction of 30 vol% GF2, Young’s
modulus was increased by 44 % and yield stress was increased by 41% in the case of the

HDPE/U700/GF2 blend compared to HDPE/GF2.

Such improvement of the mechanical properties can be attributed either to an improved interfacial
adhesion between the polymer matrix and the glass fibres or to an increase in fibre length.[71-73] In
this case, the increase in fibre length could be the result of either less fibre breakage during the blending
process due to the decreased viscosity of the polymer phase (plasticizing effect in the molten state)
and/or to modified fibre-fibre interactions (dispersing effect). However, considering the minor decrease
in matrix viscosity as well as the decrease in the viscosity of composite blends (see Section 3.1.2), an
increase in fibre length is very unlikely. It can therefore be considered that the fibre length distribution
is very similar in all three systems. Consequently, the improvement of mechanical properties was
attributed to the improved matrix-filler interfacial adhesion as a result of favourable chemical

interactions between the functional PE-COOH oligomer and type-2 glass fibres.

Additionally, these results show that the impact of the functional PE-COOH oligomer is more significant

at higher filler contents, which is consistent with the general idea that the impact of polymeric
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dispersants becomes more significant when increasing the solid content in suspensions.[30]

Consequently, the volume fraction of glass fibres was set at 30 vol% for further trials (see Section 4).

3.2.3. Effect of the oligomer concentration on mechanical properties

From an industrial point of view, it is obviously in the compounder’s best interest to use as little additives
as possible to achieve optimal properties, as their cost may be greater than that of the polymer matrix or
that of the filler.[2] Previous studies on the use of fatty acids as dispersants in zirconia suspensions and
zirconia-filled polyethylene showed that the dispersant concentration should be finely tuned in order to
achieve optimal rheological properties and that an excess of dispersant could actually be detrimental
from a processing point of view. For instance, in their investigations on the use of fatty acids as
dispersants in polyethylene/zirconia systems, Hanemann et al.[74,75] found that the optimum
dispersant concentration was 2.2 mg/m? (referring to the specific surface area of filler) for filler contents
of 50 vol% and more, which corresponds to a carboxylic acid functional group concentration of
7.7 umol/m” in the case of stearic acid. This optimum concentration value is obviously dependent on

the type of filler that is used, especially in terms of surface chemistry.

HDPE/W725/GF2 and HDPE/U700/GF2 composite blends with various amounts of PE oligomers were
prepared by extrusion in order to study the effect of the PE oligomer concentration on the mechanical
properties of such systems. Considering the results from the previous section, the filler content was set
at 30 vol% GF2 (roughly 53 wt%), which is the volume fraction of glass fibres for which the effect of the
functional PE-COOH oligomer is the most significant. The PE oligomer concentrations investigated

were 0.5, 2 and 5 wt% of the polymer phase.

The concentrations of functional PE-COOH oligomer (Unicid 700) and corresponding concentrations
of carboxylic acid functional groups with respect to the surface area of glass fibres were thus calculated.

They are indicated in Table 6 in the case of a HDPE/U700/GF2 composite blend with 30 vol% GF2.

Table 6. Concentrations of Unicid 700 and corresponding concentrations of carboxylic acid groups, with respect to the
surface area of glass fibres, depending on the concentration of Unicid 700 in the blend at 30 vol% GF2

. . Concentration of Unicid 700 Concentration of COOH
Ohgomer concentration 2 . 2 .
(Witd%) (mg/m?), relative to the (pmol/m?), relative to the
? surface area of GF surface area of GF
0 0 0
0.5 28 31
2 111 124
5 277 311

Young’s modulus (E), yield stress (o,) and strain at break (e;,) were determined by tensile testing
according to the protocol described in Chapter 2. The measured values are given in Table 7 and

graphically represented in Figure 11.
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Table 7. Mechanical properties of HDPE/W725/GF2 and HDPE/U700/GF2 composite blends (30 vol% GF2) depending on
the concentration of PE olijgomer

HDPE/W725/GF2
Oligomer concentration (wt%) E (MPa) oy (MPa) & (%)
0 5400 £+ 200 25.8+0.3 14+2
0.5 5300 + 400 259+ 1.1 14+1
2 5600 + 600 26.2+04 13+1
5 5400 + 200 26.1 £0.7 14 +2
HDPE/U700/GF2
Oligomer concentration (wt%) E (MPa) oy (MPa) & (%)
0 5400 + 200 25.8+0.3 14+2
0.5 5500 £ 500 26.9 + 0.5 14+1
2 5800 = 600 292+ 1.1 101
5 7800 £ 400 36.4+0.8 11+1
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Figure 11. Young's modulus (left) and yield stress (right) of HDPE/W725/GF2 and HDPE/U700/GF2 composite blends
(30 vol% GF2) as a function of the concentration of PE oligomer

The mechanical properties of HDPE/W725/GF2 systems remained unaffected by the variations of the

Polywax 725 concentration, which is consistent with previous observations (see Section 3.2.2) that the

presence of a non-functional PE oligomer does not improve the mechanical properties of HDPE/GF2

systems. In the case of HDPE/U700/GF2 systems, the mechanical properties were significantly improved

with 5 wt% Unicid 700 but remained rather similar to that of HDPE/W725/GF2 systems at lower

concentrations (0.5 wt% and 2 wt%).

As a consequence, the concentration of PE oligomers was set at 5 wt% of the polymer phase for the

following trials (see Section 4) in order to achieve a sufficient improvement of the mechanical properties

of HDPE/GF2 composite blends.
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4. Enhancement of the mechanical properties of HDPE/GF
composite blends: screening of functional PE oligomers

As explained previously, the reinforcement of a polymer relies on the interactions between the polymer
matrix and the reinforcing filler.[35] It was shown in previous Section 3 that a PE oligomer with an
appropriate functional group can be used to improve the matrix-filler interface in HDPE/GF systems.
However, in order to achieve a good dispersion of the glass fibres as well as a satisfactory improvement
of mechanical properties, such functional PE oligomers should be strongly anchored to the surface of
glass fibres in order to avoid desorption.[28] For this reason, several PE oligomers with various types of

functional groups were tested in this part of the study.

4.1. Selected functional PE oligomers

As mentioned previously, type-2 glass fibres are designed for the reinforcement of polyamides,

according to the information provided by the manufacturer.

SEM observations (see Chapter 2) of the glass fibres revealed an inhomogeneous sizing distribution on
the surface of the glass fibres. It was therefore hypothesized that there may be bare glass areas at the
surface of those glass fibres; hence a potential reactivity towards alkoxysilane compounds.[76] Such

functional PE oligomers were also selected accordingly.

Additionally, the surface characterization of the glass fibres (see Chapter 2) suggested the presence of
amine and/or amide as well as potential epoxy compounds in the composition of the sizing of type-2
glass fibres. Consequently, PE oligomers with adequate functional groups (carboxylic acid, maleic

anhydride and amine) were selected to be incorporated in HDPE/GF?2 systems.

The list of commercial and tailor-made functional PE oligomers/polymers selected for this study is

detailed in Table 8.

Table 8. List of functional PE oligomers and polymers used for the reinforcement of HDPE/GF2 composite blends

Designation Functional group Molar mass (g/mol) Functionality (%)
Polywax 725 - 800 -

Unicid 700 Carboxylic acid 600 63"
Ceramer 1608 Maleic anhydride 800 150
Exxelor PE 1040 Maleic anhydride 17 000 170
PE-NH, Amine 1700 97®
PE-NH, Amine 4000 97%
PE-Si(OMe)(Me) , Mono-alkoxysilane 1 300 84
PE-Si(OMe); Tri-alkoxysilane 1300 81®

@ Determined from the acid and saponification values provided with the technical datasheets
@ Determined from the maleic anhydride graft level reported on the technical datasheet
© Determined by 'H NMR by the C2P2 laboratory

176



Chapter 5 - Use of functional PE oligomers as interface agents in glass fibre-reinforced HDPE

As explained in Chapter 2, the PE oligomers with amine and alkoxysilane functional groups were
synthesized by the C2P2 laboratory, while the others are commercially available products. Apart from

Ceramer 1608 and Exxelor PE 1040, all selected PE oligomers were mono-end-functional.

It is worth noting that two amine-functionalized PE oligomers with different molar masses (respectively
1700 and 4000 g/mol) were tested in order to study the impact of this parameter on the coupling ability

of such functional oligomers.

The impact of those functional PE oligomers on the mechanical properties of HDPE/GF2 composite
blends was compared to that of a high molar mass PE-g-MA (Exxelor PE 1040), as this type of
compounds is commonly used to promote matrix-filler interfacial adhesion in reinforced polymer
composites[49,51,52] and has been successfully used in some studies involving glass fibres.[47,48,77]

However, it should be noted that

Lastly, Polywax 725 was used as a non-functional PE oligomer in control samples for the same reasons

as stated in Section 3.2.

4.2. Mechanical properties

As some of the PE oligomers (those synthesized by the C2P2 laboratory) were only available in limited
amounts, the HDPE/GF2 composite blends investigated in this part of the study were prepared using a
batch internal mixer at a temperature of 180 °C following the protocol described in Chapter 2.
Considering the results presented in Sections 3.2.2 and 3.2.3, the amount of glass fibres was set at 30 vol%
of the total volume and the concentration of PE oligomer was set at 5 wt% of the polyethylene phase
(HDPE + PE oligomer).

The mechanical properties of the composite blends were determined by tensile testing according to the
protocol described in Chapter 2. The measured values of Young’s modulus (E), yield stress (o,) and
strain at break (e.) are given in Table 9. Young’s modulus and yield stress are graphically represented in

Figure 12.

Table 9. Mechanical properties of HDPE/GF2 composite blends with various functional PE oligomers and polymers

PE oligomer E (MPa) oy (MPa) & (%)
Reference 4900 + 200 28 +1 12+1

PE (W725) 5100 + 200 29+1 10+ 1
PE-COOH (U700) 6200 + 200 33+£2 60
PE-g-MA (C1608) 6500 + 200 37+2 6+0
PE-g-MA (E1040) 6800 + 200 55+2 4+0
PE-NH, (1700 g/mol) 6200 % 200 38+2 440
PE-NH. (4000 g/mol) 6600 % 200 4142 440
PE-Si(OMe)(Me) , 5500 + 200 29+0 8+1
PE-Si(OMe) 5 5100 = 200 270 12+2
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Figure 12. Young's modulus (left) and yield stress (right) values for HDPE/GF2 composite blends with various functional PE
oligomers and polymers

A first observation of the data obtained for HDPE/GF2, HDPE/W725/GF2 and HDPE/U700/GF2
composite blends confirmed the trend observed in Sections 3.2.2 and 3.2.3, with a significant
enhancement of the mechanical properties only in the presence of the functional PE-COOH oligomer
(AE = +1.3 GPa and Aoy = +5 MPa). However, this improvement was not as pronounced as previously
observed. This could be due to the different processing method (batch mixing vs. extrusion) used for the
preparation of the composite blends, which is known to influence both the morphology of polymer
blends[78] and the breakage of glass fibres.[79-81] In the present case, batch processing should result in
less fibre breakage, thus modifying the length distribution of glass fibres, which may reduce the relative

impact of improving the matrix-filler interfacial adhesion.[71,73]

Secondly, the introduction of PE oligomers with alkoxysilane functional groups did not result in a
significant improvement of the mechanical properties. This was attributed to the fact that there may not
be enough reactive silanol sites available at the surface of the glass fibres, due to sufficient coverage by
the sizing. A more surprising observation is the higher Young’s modulus and yield stress in the presence
of the PE-Si(OMe)(Me), oligomer compared to the composite blend with the PE-Si(OMe)s oligomer,
whereas the reactivity of such alkoxysilane compounds should increase with the number of hydrolysable
alkoxy groups.[82] This may be explained by the instability of trimethoxysilane compounds, which can
undergo condensation with themselves or with neighbouring alkoxysilanes in the presence of

moisture[83,84], thus hindering the reaction with the glass substrate.

On the contrary, the addition of PE oligomers with carboxylic acid, maleic anhydride or amine
functional groups to HDPE/GF2 systems resulted in a significant enhancement of mechanical
properties, with AE = +1.3 to +1.6 GPa and Ao, = +5 to +10 MPa. This shows that the introduction of

PE oligomers with adequate functional groups leads to an improvement of the matrix-filler interfacial
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adhesion[71,72] due to strong anchoring to the surface of glass fibres. Those results therefore suggest
that such functional PE oligomers may act as coupling agents in glass fibre-reinforced
polyethylene[47,48], although no coupling reaction occurs between the PE oligomer and the HDPE
matrix, as it is usually the case in glass fibre sizings between silane coupling agents and film formers or

more reactive polymer matrices.[39,85,86]

Lastly, it was found that the mechanical properties of HDPE/GF2 composite blends could be further
improved by tuning the molar mass of the functional PE oligomers. In the case of PE-NH, oligomers,
an increase of AE = +0.4 GPa and Ao, = +3 MPa was observed when increasing the molar mass from
1500 to 4000 g/mol, although this may seem insignificant considering the standard deviation values.
Nevertheless, a more significant improvement of the mechanical properties was observed when using a
maleic anhydride-grafted polymer (Exxelor PE 1040, 17 000 g/mol) instead of an oligomer (Ceramer
1608, 800 g/mol) with a similar degree of functionality, especially in terms of yield stress. As already
mentioned in Chapters 3 and 4, the high molar mass of Exxelor PE 1040 implies molecular entanglement
with HDPE, whereas PE oligomer chains are too short.[87] This suggests that the limited improvement
of mechanical properties provided by functional PE oligomers may be due to insufficient interactions
(i.e. molecular entanglement in the melt and co-crystallization in the solid state) with the HDPE matrix,
despite a rapid molecular diffusion upon blending and an efficient anchoring to the surface of glass

fibres.
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5. Conclusion

In this chapter, the influence of functional PE oligomers on the rheological and mechanical properties
of HDPE/GF composite blends was investigated. Several conclusions could be drawn as to the impact of

such compounds on matrix-filler interactions in the melt as well as in the solid state.

In the first part of this study, it was observed that the surface chemistry of chopped strand glass fibres
had a controlling influence on the maximum volume fraction achievable while still retaining a cohesive
material, depending on the sizing applied by the manufacturer. It was subsequently demonstrated that
a PE oligomer with adequate functional groups (carboxylic acid in this case) could be successfully used
as a dispersant in an initially chemically unfavourable HDPE/GF2 system, in which the glass fibres had
been designed for the reinforcement of polyamides. The critical volume fraction of glass fibres was
consequently shifted towards higher values and the viscosity of the composite blends was decreased,
which could not be solely attributed to the plasticizing of the HDPE matrix by the PE oligomer in the
melt. These observations were attributed both to improved matrix-filler interactions in the presence of
the PE oligomer as well as reduced interparticle interactions due to steric stabilization of the glass fibres,

especially at high volume fractions.

The second part of this study was focused on enhancing the reinforcement of HDPE/GF2 composite
blends. Evidence was found that PE oligomers with the appropriate functional groups (carboxylic acid,
maleic anhydride and amine in this case) could be used as coupling agents, thereby improving the
interfacial adhesion between the glass fibres and the HDPE matrix. Alkoxysilane compounds, which are
commonly used as coupling agents in polymer/glass fibre systems, did not have any significant impact
on mechanical properties, which could be due to a lack of available silanol groups at the surface of glass
fibres.

Those results lead to the conclusion that functional PE oligomers could be used as dispersants as well as
coupling agents in glass fibre-reinforced polyethylene without requiring prior surface modification of
the glass fibres (aside from the sizing applied by the manufacturer). However, considering the results
from Chapter 3 as well as the tests carried out with functional polymers commonly used on an industrial
scale, it is clear that the main drawback of such functional PE oligomers is the lack of strong interactions
with the polymer matrix in the solid state due to their low molar mass, although it is clearly an advantage
regarding processability in the melt. Consequently, further investigations on glass fibre-reinforced
polyethylenes should focus on functional PE oligomers with molar masses in the range of 5000-10000
g/mol. Additionally, it could be interesting to investigate telechelic PE oligomers in composite systems
in which the reactivity of both the filler and the polymer matrix could be exploited, such as glass fibre-

reinforced polyamides.
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The formulation of thermoplastic materials involves the blending of numerous additives and fillers in
order to improve their technical features as well as their processability, and the demand for new
materials with specific properties designed to meet more restrictive and more diversified requirements
is growing. As a consequence, the development of new molecules to promote the dispersion of fillers in
thermoplastic matrices or to compatibilize blends of incompatible polymers has been the subject of
substantial research efforts over the past decades. Considering those challenges, the aim of the
REPEAT 1II project was to use end-functionalized polyethylene oligomers as interface agents in
reinforced thermoplastics and in immiscible polymer blends. Within the framework of this project, the
objective of this thesis was to investigate several aspects of the incorporation of such functional
polyethylene oligomers into polyolefin resins, polyethylene-polyamide blends and glass fibre-

reinforced polyethylene systems.

The objective of the experimental work presented in Chapter 3 was to get a better understanding of the
morphology developments occurring during the melt processing and crystallization of binary systems
where a low molar mass functional PE oligomer was incorporated into HDPE and PP resins. The
rheological behaviour of such systems in the molten state as well as their crystalline microstructure in
the solid state were therefore investigated, along with their crystallization behaviour during the

transition between those two states.

One of the difficulties associated with the processing of such blends is the very low viscosity ratio
between the low molar mass oligomer and the polymer. Batch processing as well as bi-layer rheological
measurements were therefore used to investigate mixing and diffusion aspects. It was found that the
PE oligomer was easily incorporated into the selected polyolefins thanks to rapid molecular diffusion
and good miscibility in the molten state. However, rheological modelling using the Carreau-Yasuda
equation as a predictive model suggested that the miscibility between PE oligomers and polyolefin
resins is limited at high oligomer concentrations and that some kind of saturation phenomenon may
occur, particularly in the case of PP-based systems which seemed to result in partially inhomogeneous

melts above 5 wt% PE oligomer.

Miscibility aspects as well as the crystallization behaviour of such blends were then studied by dynamic
scanning calorimetry in combination with optical microscopy under polarized light, and changes in
the crystalline microstructure of the blends in the solid state were observed by electron scanning
microscopy. It appeared clearly that HDPE/PE oligomer and PP/PE oligomer blends underwent solid-
liquid phase separation upon cooling, leading to biphasic materials in the solid state. However, the
hypothesis can be made that due to their close molecular structure, small amounts of PE oligomer
chains are able to co-crystallize with HDPE, resulting in better compatibility in the solid state
compared to PP-based systems. On the other hand, it can be considered that the crystallization of
PP/PE oligomer blends leads to small amounts of PE oligomer chains being retained in the amorphous
phase of PP (as a result of the dilution phenomenon in the melt), leading to poor compatibility and

brittle behaviour in the solid state.
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Considering the results obtained in this chapter as well as those reported in other studies, it would be
interesting to investigate similar systems with different oligomers, using the same tools. In this
perspective, the molar mass of the oligomers as well as the nature of the functional group(s) are

parameters that should be considered for further experimental work.

In the following Chapter 4, new strategies for the compatibilization of immiscible HDPE/PA6 blends
were investigated. This study was focused on the use of a reactive system involving two functional
oligomers as compatibilizer precursors, namely (i) a polyethylene oligomer grafted with maleic
anhydride groups (Ceramer 1608) as well as (ii) a tri-functional polyetheramine (Jeffamine T-403),

both of which are commercially available materials.

The results showed that the use of Ceramer 1608 or of the Ceramer 1608/Jeffamine T-403 reactive
system did not result in efficient compatibilization. On the other hand, the use of a high molar mass
PE-g-MA, which is commonly used in the compatibilization of such systems, led to homogeneous
materials with improved mechanical properties. This suggests that the poor compatibilizing ability of
oligomeric compatibilizer precursors is due to their lack of interaction with the polyethylene phase as a
result of their low molar mass. Nevertheless, the study of the physical and chemical interactions
between the selected functional oligomers and HDPE and PA6 homopolymers led to some interesting

results, which are detailed in the following paragraphs.

First, it was found that the association of a PE-g-MA oligomer (Ceramer 1608 or Ceramer 67) with a
tri-functional polyetheramine oligomer (Jeffamine T-403) resulted in compounds with very different
characteristics depending on the physical and chemical properties of the oligomers, and the results
suggested that the reaction between Ceramer 1608 and Jeffamine T-403 yielded a crosslinked network.
It is worth noting that several other similar oligomers are commercially available (especially in the
Jeffamine product range), meaning that the properties of such Ceramer-Jeffamine networks could be
easily tuned by adjusting parameters such as the molar mass of and the number of functional groups of

each oligomer.

Then, it was demonstrated that Ceramer 1608 and Jeffamine T-403 functional oligomers have strong
interactions with polyamide through several reaction mechanisms, which resulted in remarkable
mechanical properties. Thus, impact strength testing should be carried out on such blends as their
strain-hardening behaviour could make them good candidates for impact resistance applications. The
results presented in that part of the study also indicate that the viscoelastic and mechanical properties
of the resulting compounds are strongly influenced by the composition of the blends and could

therefore be more finely adjusted with additional experimental work.

Lastly, the incorporation of Ceramer 1608 and Jeffamine T-403 into HDPE led to the formation of
dispersed domains, which were found to be incompatible with HDPE. However, interfacial adhesion
with the HDPE resin was improved with the addition of a high molar mass PE-g-MA (Exxelor PE 1040

in this case). Considering those results, further work would be necessary to determine the minimum
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amount of Exxelor PE 1040 necessary to obtain a good interface between the Ceramer1608/Jeffamine
T-403 domains and the HDPE resin, which could result in interesting mechanical properties. Besides,
the composition of such quaternary blend could be finely adjusted in order to achieve specific

morphologies.

In the light of these results, further experimental work would be required on the use of functional
polyethylene and polyetheramine oligomers with different molar masses and numbers of functional
groups in order to achieve an efficient compatibilization of polyethylene/polyamide blends. In this
perspective, the use of high molar mass polyethylenes grafted with maleic anhydride functional groups
in addition to functional oligomers could also be an interesting lead. Besides, the optimization of the
blend composition in terms of polyethylene/polyamide ratio as well as the adjustment of the

concentration of the different functional oligomers are issues that would require tackling.

In the last chapter, functional PE oligomers were investigated as dispersing and coupling agents in
HDPE reinforced with discontinuous glass fibres (GF), with the aim of improving both the

processability and the mechanical properties of these systems.

In the first part of this chapter, the dispersing ability of a functional PE oligomer was assessed by batch
processing approach along with rheological analysis of HDPE/GF systems. It was demonstrated that a
PE oligomer with adequate functional groups could be successfully used as a dispersant in such
composite blends. Indeed, the maximum volume fraction of glass fibres achievable while still
maintaining a cohesive material was shifted towards higher values and the processability was
improved. These observations were attributed both to improved matrix-filler interactions in the
presence of the PE oligomer and to reduced interparticle interactions due to steric stabilization of the

glass fibres, especially at high volume fractions.

The second part of this chapter was focused on enhancing the reinforcement of HDPE/GF2 composite
blends. Preliminary trials as well as a screening of PE oligomers with various functional groups
brought evidence that PE oligomers with the appropriate functional groups (carboxylic acid, maleic
anhydride and amine in that case) could be used as coupling agents, thereby improving the interfacial
adhesion between the glass fibres and the HDPE matrix. On the other hand, although alkoxysilane
compounds are commonly used as coupling agents in polymer/glass fibre systems, alkoxysilane-
functionalized PE oligomers did not have any significant impact on the mechanical properties of

HDPE/GF2 systems.

Those results led to the conclusion that functional PE oligomers could be used as interface agents in
glass fibre-reinforced polyethylene without requiring prior surface modification of the glass fibres
(aside from the sizing applied by the manufacturer). However, considering the results from Chapter 3
as well as the tests carried out with functional polymers commonly used on an industrial scale, it is
clear that the main drawback of such functional PE oligomers is their lack of strong interactions with

the polymer matrix in the solid state due to their low molar mass, although their very low viscosity
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could be an advantage as regards processability in the melt. Consequently, further investigations on
glass fibre-reinforced polyethylenes should probably focus on functional PE oligomers with molar
masses in the range of 5000-10000 g/mol. Additionally, it would be interesting to investigate telechelic
PE oligomers in composite systems in which the reactivity of both the filler and the polymer matrix

could be exploited, such as glass fibre-reinforced polyamides.
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Appendices

1. Appendix A — Characterization of Ceramer 1608 by ATD-GC-MS

1.1. Introduction

According to the safety datasheets provided by the supplier (Baker Hughes), the maleic anhydride
derivatives used for the functionalization of Ceramer products are among maleic anhydride, mono-
isopropyl maleate and maleic acid. In the case of Ceramer 1608, this was verified by analytical thermal

desorption coupled with gas chromatography and mass spectroscopy (ATD-GC-MS).

1.2. Method

Gas chromatography (GC) was performed on a PerkinElmer Clarus 680 gas chromatograph equipped
with a Sigma-Aldrich SLB-35ms capillary column as well as a PerkinElmer TurboMatrix 350 ATD
thermal desorber. This equipment was coupled with a PerkinElmer Clarus SQ 8T mass spectrometer for
mass spectroscopy (MS). During thermal desorption, the sample was heated at 200 °C for 10 min and
the temperature of the focusing trap was -40 °C. The volatile compounds were then heated to 300 °C at

arate of 10 °C/min to be injected into the GC column.

1.3. Results

1.3.1. Gas chromatography (GC)

The chromatograph obtained from GC is shown in Figure 1.
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Figure 1. Chromatograph obtained from the ATD-GC-MS analysis of Ceramer 1608
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1.3.2. Mass spectroscopy (MS)

The mass spectra corresponding to the relevant peaks displayed in Figure 1 are shown in Figures 2-6.

The molecular structures of the volatile compounds featured on each figure were obtained from the mass

spectral library of the TurboMass™ software used on the mass spectrometer.
The peak at m/z = 1.90 was attributed to the presence of isopropyl alcohol (Figure 2).
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Figure 2. Mass spectrum corresponding to the peak at m/z = 1.90

The peak at m/z = 4.19 was attributed to the presence of maleic anhydride (Figure 3).
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Figure 3. Mass spectrum corresponding to the peak at m/z = 4.19
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The peak at m/z = 6.50 was attributed to the presence of di-isopropyl succinate (Figure 4).
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The peak at m/z = 6.62 was attributed to the presence of di-isopropyl maleate (Figure 5).

Figure 4. Mass spectrum corresponding to the peak at m/z = 6.50
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Figure 5. Mass spectrum corresponding to the peak at m/z = 6.62
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The peak at m/z = 8.04 was attributed to the presence of mono-isopropyl succinate (mass spectrum not

represented here). The peak at m/z = 8.27 was attributed to the presence of mono-isopropyl maleate

(Figure 6).
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Figure 6. Mass spectrum corresponding to the peak at m/z = 8.27

1.4. Conclusion

The characterization by ATD-GC-MS indicated that the maleic anhydride derivative used for the

functionalization of Ceramer 1608 was mainly di-isopropyl maleate. The presence of maleic anhydride

and mono-isopropyl maleate was also confirmed, although in much lower amounts. The presence of

maleic acid could not be detected.
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2. Appendix B - Surface characterization of glass fibres

2.1. Introduction

The spectra obtained from the nuclear magnetic resonance (NMR) and infrared (IR) analyses performed
either on sizing extracts or directly on the glass fibres are given in the following sections. The

interpretation of those analysis results is detailed in Chapter 2.

2.2. Direct analysis of the glass fibres

'H, *C, *Si and *'P solid-state NMR spectroscopy was conducted at the C2P2 laboratory on a Briiker
Avance WB 500MHz spectrometer equipped with a 4mm MAS probe. Those analyses were carried out

directly on the glass fibres. The spectra obtained from those analyses are shown in Figures 7-10.

2.2.1. Proton solid-state NMR
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Figure 7. Spectra obtained from the ' H solid-state NMR analysis of DS 2200-13P and DS 1128-10N glass fibres
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2.2.2. Carbon-13 solid-state NMR
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Figure 8. Spectra obtained from the **C solid-state NMR analysis of DS 2200-13P and DS 1128-10N glass fibres

2.2.3. Silicon-29 solid-state NMR
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Figure 9. Spectra obtained from the *Si solid-state NMR analysis of DS 2200-13P and DS 1128-10N glass fibres
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[ref]

2.2.4. Phosphorus-31 solid-state NMR
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Figure 10. Spectra obtained from the ?' P solid-state NMR analysis of DS 2200-13P and DS 1128-10N glass fibres
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2.3. Analysis of sizing extracts

23.1.
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Fourier-transform infrared spectroscopy (FTIR)

FTIR spectroscopy was performed on the extracted sizings using a Thermo Fisher Scientific Nicolet iS10

spectrometer equipped with a Start Omni Transmission module. The liquid samples were placed

between two KBr discs to be analysed in transmittance mode. The collected data was processed by

Fourier transform to obtain the absorbance spectra displayed in Figure 11. The type of glass fibre and

the solvent used for solid-liquid extraction (with a Soxhlet extractor) are indicated on each spectrum.
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Figure 11. Spectra obtained from the FTIR analysis of DS 2200-13P and DS 1128-10N glass fibre sizing extracts obtained by
solid-liquid extraction using a Soxhlet extractor with different solvents (ethanol, cyclohexane and xylene)
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2.3.2. Liquid-state nuclear magnetic resonance (NMR)

'H liquid-state NMR analyses were performed on a Briiker Avance IIT 400MHz spectrometer equipped
with a BBFO probe. Different deuterated solvents were used depending on the solvent used for sizing
extraction; chloroform (CDCls) for samples extracted in ethanol and benzene (CsDs) in the case of
cyclohexane and xylene. The type of glass fibre and the solvent used for solid-liquid extraction (with a

Soxhlet extractor) are indicated on each spectrum displayed in Figure 12.
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Figure 12. Spectra obtained from the 'H NMR analysis of DS 2200-13P and DS 1128-10N glass fibre sizing extracts obtained
by solid-liquid extraction using a Soxhlet extractor with difterent solvents (ethanol, cyclohexane and xylene)
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3. Appendix C — Optimization of the extrusion process as part of
the compatibilization of immiscible HDPE/PA6 blends using a
C1608/T403 reactive system

3.1. Introduction

In this part of the study, a reactive system involving two functional oligomers as compatibilizer
precursors was investigated in order to compatibilize HDPE/PA6 blends. The selected oligomers were
Ceramer 1608 (C1608) and Jeffamine T-403 (T403), whose interactions with HDPE and PA6 were
separately investigated in Chapter 5. The resulting blends were characterized in terms of morphology
and mechanical properties in order to evaluate the compatibilization efficiency of the reactive
C1608/T403 system. It should be noted that the present experimental work was focused on the
interactions between the different constituents of the blends rather than on the optimization of the blend
composition. Consequently, the blends investigated in this part of the study were all based on the same

blend composition, while several variants of the extrusion process were considered.

3.2. Determination of the blend composition

The blends investigated in this part of the study were based on a 70/30 blend of HDPE and PA6. The
weight fraction of PA6 was set at 30 wt% while the remaining 70 wt% consisted of HDPE and functional
oligomers. Considering the difficulties associated with the injection of Jeffamine T-403 at very low flow
rates, the weight fraction of Jeffamine T-403 was set at 1 wt%. The weight fraction of Ceramer 1608 was
consequently set at 4 wt% to account for the amount of amine functional groups in the blend. The

amounts of functional groups in the blend are given in Table 1.

Table 1. Calculation of the amounts of functional groups in the HDPE/PA6/C1608/T403 (65/30/4/1) blend

A t of
Weight Type of Functional group , mounto ,
Component fraction (%) functional grou content (mmol/g) functional groups in
(J
group & the blend (mmol/g)
HDPE 65 = = =
Carboxylic acid 0.032 0.0096
PA6 30

Amine 0.033 0.0099
Ceramer 1608 4 Maleic anhydride 1.9 0.076
Jeffamine T-403 1 Amine 6.8 0.068

It is worth noting that the chemical interactions between PA6 and Jeffamine T-403 include two types of
reactions, one of which involves the amide moieties of PA6 (transamidification) rather than the terminal
carboxylic acid groups (amidification). However, the respective extents of amidification and
transamidification would be difficult to determine and those reactions therefore not taken into account

in the determination of the blend composition.
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3.3. Optimization of the extrusion process

The blends were prepared using a co-rotating twin-screw extruder (L/D = 60) at a temperature of 240 °C
and a flow rate of 3 kg/h, according to the protocol described in Chapter 2. In order to investigate the
interactions between the different constituents of the blend and their impact on the compatibilization
efficiency of the C1608/T403 system, several variants of the extrusion process were studied. The
preparation of the HDPE/PA6/C1608/T403 blend via these different processing methods is detailed in
the following paragraphs. They are illustrated by block diagrams in Figures 13-17.

3.3.1. Method n°1

In this method, all the constituents were blended in a single-step process. A dry blend of HDPE and
Ceramer 1608 was fed through the main hopper into block n°1, while PA6 was introduced through a
side feeder at block n°4 (L/D = 20) along with Jeffamine T-403 through an injection point.

HDPE
1,950 kg/h
HDPE/C1608
2,070 kg/h
C1608 Main hopper
0,120 kg/h
PA6 Step n°1
0,900 kg/h 3,000 kg/h
Side feeder
T403
0,51 mL/min
Injection

Figure 13. Block diagram illustrating method of extrusion n°l
3.3.2. Method n°2

In the second extrusion method, a premix consisting of HDPE, Ceramer 1608 and Jeffamine T-403 was
prepared by extrusion. A dry blend of HDPE and Ceramer 1608 was fed through the main hopper into
block n°l, while Jeffamine T-403 was injected at block n°4. In a second extrusion step, the
HDPE/C1608/T403 premix was fed at block n°1 and PA6 was introduced at block n°4. This method was

designed to favour the formation of the Ceramer/Jeffamine reactive system prior to the addition of PA6.

HDPE
[ 2786 kg/h |
Main hopper [ stepn1 ] HDPE/C1608/T403
| 3000 kg/h | 2,100 kg/h
C1608 Main hopper
Side feeder ’ | Step n°2 |
| 3000 ke/h |
T403
0,73 mL/min
Injection PA6
0,900 kg/h
Side feeder

Figure 14. Block diagram illustrating method of extrusion n°2
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3.3.3. Method n°3

In this third method, a premix consisting of PA6 and Ceramer 1608 was prepared by extrusion. Both
constituents were fed into block n°l in the form of a dry blend. In the second step, HDPE was fed at
block n°1, while the PA6/C1608 premix was introduced at block n°4 along with Jeffamine T-403. This
method was designed to favour the reaction between PA6 and Ceramer 1608 prior to the incorporation

of Jeffamine T-403.

HDPE
1,950 kg/h
PA6 Main hopper
| 2647 kgh |
Main hopper Step n°1 PA6/C1608 Step n°2
3,000 kg/h 1,020 kg/h 3,000 kg/h
C1608 Side feeder
0,353 kg/h
Side feeder

0,51 mL/min

Injection

Figure 15. Block diagram illustrating method of extrusion n°3

3.3.4. Method n°4

In the fourth method, a premix consisting of PA6 and Jeffamine T-403 was prepared in a first extrusion
step. PA6 was introduced at block n°1 and Jeffamine T-403 was injected at block n°4. In the second step,
a dry blend of HDPE and Ceramer 1608 was fed into block n°1 while the PA6/T403 premix was
introduced at block n°4. This method was designed to favour the viscosity reduction of the PA6 phase

through the reaction with Jeffamine T-403 prior to blending with HDPE and Ceramer 1608.

HDPE
1,950 kg/h
HDPE/C1608
2,070 kg/h
C1608 Main hopper
0,120 kg/h
Step n°2
3,000 kg/h
PA6
2,903 kg/h
Main hopper Step n°1 PA6/T403
3,000 kg/h 0,930 kg/h
T403 Side feeder
1,65 mL/min
Injection

Figure 16. Block diagram illustrating method of extrusion n°4
3.3.5. Method n°5

The last method consisted in the preparation of a premix consisting of PA6, Ceramer 1608 and Jeffamine
T-403. A dry blend of PA6 and Ceramer 1608 was fed into block n°1 and Jeffamine T-403 was injected
at block n°4. In a second extrusion step, HDPE was fed at block n°1, while the PA6/C1608/T403 premix
was introduced at block n°4. This method was designed to promote the reaction of PA6 with both
functional oligomers prior to blending with HDPE.
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HDPE
1,950 kg/h
Meain hopper
Side feeder Step n°2
3,000 kg/h
PA6
2,571 kg/h
Main hopper Step n°1 PA6/C1608/T403
3,000 kg/h 1,050 kg/h
T403 Side feeder
1,46 mL/min

Injection

Figure 17. Block diagram illustrating method of extrusion n°5
3.3.6. Monitoring of the extrusion trials

The process variables recorded during the extrusion of HDPE/PA6/C1608/T403 blends are presented in
Table 2. The process variables corresponding to the extrusion of the uncompatibilized HDPE/PA6 blend

are also displayed in comparison.

Table 2. Process variables recorded during the extrusion of HDPE/PA6/C1608/T403 (65/30/4/1) blends

Blend Mixing torque (%) Pressure (bar) Temperature (°C)
HDPE/PAG6 (ref) 35 14 256
Method n°1 38 17 257
Method n°2 35 13 259
Method n°3 - - -
Method n°4 47 23 258
Method n°5 - - -

The extrusion of HDPE/PA6/C1608/T403 blends following methods n°1 and 2 presented no particular
difficulty and the process variables were found to be similar to those recorded during the extrusion of
the uncompatibilized HDPE/PA6 blend. The mixing torque and pressure recorded during the extrusion
via method n°4 were slightly higher than with the other methods. This suggests an overall increase of

the viscosity of the blend, despite the lower viscosity of the PA6/T403 premix compared to neat PA6.

The extrusion of premixes involving PA6 and Ceramer 1608 resulted in the blocking of the extruder due
to the formation of a plug in the first block. Consequently, the blends could not be achieved through
methods n° 3 and 5. Besides, extrusions involving Ceramer 1608 with Jeffamine T-403 and/or PA6
resulted in coarse foaming and irregular swelling of the extrudate. Additional extrusion trials involving
only HDPE and C1608 at a similar temperature (240 °C) and oligomer concentration (12 wt%) as the
PA6/C1608 premix did not result in foaming or swelling, indicating that foaming and swelling are most
probably caused by the formation of water as a bi-product of the reaction between maleic anhydride and

the amine functional groups of PA6 (rather than by the degradation of Ceramer 1608).
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3.4. Properties and morphology of the blends

As previously mentioned, the extrusion of HDPE/PA6/C1608/T403 blends could not be achieved
through methods n°3 and 5, hence the properties of those blends will not be discussed.

The morphologies of the HDPE/PA6/C1608/T403 blends prepared through methods n°1, 2 and 4 were
determined by SEM and compared to the uncompatibilized HDPE/PA6 (70/30) blend. The

corresponding SEM pictures are shown in Figure 18.

Figure 18. SEM pictures of HDPE/PA6 and HDPE/PA6/C1608/T403 blends prepared by different extrusion methods

The morphology of the uncompatibilized HDPE/PA6 blend was the same as described previously, with
spherical PA6 domains dispersed in a continuous HDPE matrix, a typical domain size between 1 pm

and 10 um, and poor interfacial adhesion between the two phases.

The HDPE/PA6/C1608/T403 blends obtained through methods of extrusion n°l and 4 also exhibited
dispersed morphologies with spherical domains as well as large lumps with irregular shapes. The typical
diameter of the spherical domains was measured between 1 um and 10 um while the larger lumps had

by dimensions ranging from several micrometres to several millimetres.

The sample prepared via method n°2 was characterized by the coexistence of a dispersed morphology
with regions of co-continuity between HDPE and PA6 phases. The dispersed domains were mostly
spherical with a typical size of 1-10 pum, although some deformed domains with dimensions up to 50 um
were also observed. Additional SEM pictures of this sample are presented in Figure 19 to illustrate the

coexistence of dispersed and co-continuous morphologies.
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Figure 19. SEM pictures of the HDPE/PA6/C1608/T403 blend obtained through the extrusion method n°2, showing the two
types of coexisting morphologies: dispersed (left) and co-continuous (right)

The different morphologies of the minor PA6 phase observed in HDPE/PA6/C1608/T403 samples once
again suggest that low molar mass compatibilizer precursors favour droplet coalescence in the melt. The
coexistence of well dispersed spherical domains with larger irregularly shaped objects also indicates that
the selected oligomeric compatibilizer precursors fail to achieve a good control of the morphology in
HDPE/PA6 blends, although the formation of the C1608/T403 compound within HDPE prior to
blending with PA6 (method n°2) seems to promote phase co-continuity. Moreover, a poor interfacial
adhesion between the two phases was observed in all samples, demonstrating the ineffective
compatibilization of the HDPE/PA6 blend.

The mechanical properties of the blends were determined by tensile testing according to the protocol
described in Chapter 2. Young’s modulus (E), yield stress (o,) and strain at break (e,) measured by tensile

testing are presented in Table 3.

Table 3. Mechanical properties of HDPE/PA6 and HDPE/PA6/C1608/T403 blends prepared by different extrusion methods

Blend E (MPa) oy (MPa) &b (%)
HDPE/PAG6 (ref) 1080 + 70 2540 2040
Method n°1 660 = 90 22+0 10£0
Method n°2 770 £ 220 2310 10£0
Method n°4 1030 £ 70 21 £1 00

A graphical representation of those values is provided in Figure 20.
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Figure 20. Mechanical properties of HDPE/PA6 and HDPE/PA6/C1608/T403 blends prepared by ditferent extrusion
methods
No significant variation of yield stress or strain at break was observed, regardless of the extrusion method
used to prepare the HDPE/PA6/C1608/T403 blends. This is consistent with previous observations that
all blends presented unstable morphologies and that interfacial adhesion between the two phases was

not improved as a result of the poor compatibilization efficiency of the C1608/T403 system.

The blends obtained through methods of extrusion n°1 and 2 resulted in Young’s moduli respectively
reduced by 46 % and 38 % compared to that of the HDPE/PA6 blend, which indicates a loss of stiffness.
Additionally, the measured Young’s modulus values were similar to those typically encountered in the
case of neat HDPE, suggesting that the elastic deformation behaviour of those blends is governed by the

continuous HDPE phase.

3.5. Conclusions

The use of a reactive system based on Ceramer 1608 and Jeffamine T-403 functional oligomers to
compatibilize HDPE/PA6 immiscible blends proved to be inefficient regardless of which chemical
interaction was favoured by the design of the extrusion process, hence the extrusion protocol described

in Section 3.1 of Chapter 4.
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