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Chapter I

Introduction and objectives of the study






I Introduction and objectives of the study

Polylactic acid (PLA) is the most widely used bio-based/biodegradable polymer.
However, it suffers the disadvantage of having a low toughness. To overcome this
weakness has been the subject of numerous studies.

A conventional method to overcome the brittleness of a glassy polymer is to
combine it with an elastomeric phase, either in a chemical way (i.e. synthesis in a reactor)
or in a physical way (i.e. by blending). The advantage of using reactor synthesis is that it
can give morphologies which are difficult to obtain by polymer blending. For instance, in
high impact polystyrene (HIPS) or high impact poly(methyl methacrylate) (PMMA),
core—shell inclusions with an elastomeric shell and a rigid core dispersed in the polymer
matrix are obtained by synthesis. Such morphologies can provide higher toughness
enhancement than the biphasic morphology where an elastomeric phase is dispersed in
the rigid matrix.

In the case of PLA, to our knowledge no process has yet been developed to
produce complex morphologies with elastomeric phases by synthesis. The only way to
improve its toughness is thus to blend it with other polymers, preferentially bio-based
or/and biodegradable ones if there is a will to keep the environmentally friendly feature
of PLA.

In the 1990s, research was carried out to study the morphology of non-miscible
ternary blends. It was found that it is possible to achieve core—shell morphologies with
ternary polymer blends. But all those studies were based on conventional polymers. In the
present work, we will explore the possibility of achieving core—shell morphologies with
PLA-based ternary polymer blends and verify whether this kind of morphology can
indeed bring better toughness improvement than binary blends.

To reach this goal, the first question to answer is how to control the morphology
of immiscible polymer blends. It is known that the key factor dominating the ternary
blend morphology structuration is the three binary interfacial tensions between the three
polymers. If the values of these interfacial tensions are known, the morphology of a
ternary blend can then be predicted. This was our guideline. We first measured the
interfacial tensions between the chosen polymers and the results of these measurements
were used to theoretically predict the morphology of their ternary blends. We showed that
the prediction and experimental observations are indeed in agreement and that semi-
encapsulated morphologies can be obtained with PLA-based blends. However, this was

-3



not our goal, which was to prepare core—shell morphologies. To modify the morphology
of the ternary blends in such a way as to have a core—shell morphology, the interfacial
tensions needed to be selectively changed. This was achieved by adding interfacial
tension modifiers (often called compatibilizers) to the blends. We tried to use
commercially available compatibilizers to tune the morphology but we failed since
selective compatibilization was needed to induce a change in the ternary blend
morphology. With the collaboration of a group from the University of Aix Marseille, two
specific diblock copolymers were synthesized and their selective compatibilization effect
was verified. With the help of these diblock copolymers, we succeeded in creating the
core—shell morphology we were looking for. The mechanical properties of the obtained
composites were measured and compared to those of binary blends.

Outside this general introduction (chapter I), the manuscript is organized around
five chapters. The following paragraphs summarize their main content and our main
results.

II Literature survey

This chapter describes what is known about PLA and PLA-based blends.
Attention is paid to the mechanism of toughness improvement from core—shell
morphologies and to the ways to control the morphology of polymer blends. The key
factor controlling the morphology of ternary blends is the spreading coefficient, the
relation between this parameter and ternary blend morphology being illustrated in Fig. I.1:

A B Agiie <0 A B Agi e >0
Auge <0 G Aygre <0

Aes <0 s <0

A B| %s/4c<0 A Bl 4s/4c<0
G Aygre>0 C Ayge <0

Ayes <0 Aes>0

Fig. I.1 Relation between spreading coefficients A and the morphology of ternary
blends composed of three polymers A, B and C.

In Fig. 1.1, A is the spreading coefficient. It is calculated from the values of the interfacial
tensions between polymers A, B and C:



Agjac =Vec —Vas —Vac
Aysic =Vac— Vs~ Vac

Agrcins =Yg —Yac —Vac

A summary of the methods used to measure the interfacial tension between two
polymers is given. In order to have reliable measurements, two methods were chosen for
this study: the first method is based on the Palierne model, the second on the kinetics of
relaxation of a deformed drop.

IIT Materials and experimental methods

In this chapter, we describe the three polymers which were used in this work:
PLA, poly(butylene adipate-co-terephthalate) (PBAT) and a copolyamide (PA). In the
targeted morphology PLA was defined as the matrix, PBAT and PA as dispersed phases
where PA should be encapsulated by PBAT. The apparatuses used to prepare the polymer
blends and characterization methods are described.

IV Measurement of interfacial tensions and study of non-compatibilized ternary
blends

In this chapter the characterization of the interfacial tensions between PLA, PBAT
and PA was carried out with two methods (Palierne’s model and drop retraction). The
values of the interfacial tension we measured are given below:

Palierne model (mN/m) | Drop retraction (mN/m)

PBAT/PLA 3.8 3+£04
PA/PLA 5.2 56+£0.3
PA/PBAT 2 33+£04

The values of the interfacial tensions from drop retractions were preferred to
predict the morphology of the ternary blend (we obtained larger errors in interfacial
tensions with the Palierne model). From the values of the interfacial tensions, the
spreading coefficients in the PLA/PBAT/PA ternary blend can be calculated:

Appari paspia = Y paarspia — Veasppar = Vearpra <~ MmN /m
}“PA/PBAT/PLA =7Yparpra ~VprBaripra Y parppar = —0.5+1mN/m

Abas praspaar = Y pasppar = Vpsaripra — Voaspa <~ mMN/m



Based on these spreading coefficient values, it was expected that the morphology
should be either a core—shell one, where PA droplets are sub-inclusions in PBAT, or a
semi-encapsulated one where PA droplets are sitting at the border of the PBAT and PLA
phases. By preparing a ternary blend 60PLA/20PBAT/20PA in an internal mixer, it was
confirmed that the morphology is indeed a semi-encapsulated one (Fig. 1.2). The model
was thus validated.

obe

e
\ o
i tasly

Fig. 1.2 Morphology of the ternary blend 60PLA/20PBAT/20PA prepared by melt
mixing. The white matrix is PLA, the grey phase is PBAT and the black phase is PA.

V Compatibilization of ternary blends

Although the morphology of ternary blends had been successfully predicted, our
goal (i.e. to obtain a core—shell morphology) was not attained. The spreading coefficients,
and thus the interfacial tensions, needed to be modified in order to push the morphology
evolution in the aimed direction (Fig. 1.3).

PBAT PLA PBAT PLA
G

Fig. 1.3 Schematic representation of the morphology evolution from semi-

encapsulation to core—shell

Spreading coefficients satisfying the conditions below were thus needed:

Apgariparpia = Vpsaripia = Voaspoar — Voapa <OmN /m
ZPA/PBAT/PLA =Vparpra ~ Vepar/pra — Vpasppar = 0mN/m

A’PA/PLA/PBAT =Vparpgar — Vpgaripea — Vparpra < 0mN/m
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Compared to the results of Chapter IV, Ap,/ppar/pra Needed to be increased from

negative to positive. There were two options to achieve this goal: either increasing the
value of yp4/pp4 Or reducing the value of Yppar/pra and Ypa ppar-

From the practical point of view, the latter option is easier to implement, as the
interfacial tension can be reduced by adding a compatibilizer to the system. Ideally, it is
preferable for the compatibilizer to be a selective one that reduces only the interfacial
tension of PBAT/PLA and PA/PBAT blends, but not of PA/PLA blends. Based on this
approach, a first trial was carried out with a commercial compatibilizer (Lotader), but it
was found that this non-selective compatibilizer could not achieve the core—shell
morphology since it reduces all three interfacial tensions in the ternary blend at the same
time. Compatibilization with a selective block copolymer is mandatory in this case to
achieve the desired core—shell morphology. Two block copolymers, PLA-b6-PBAT and
PBAT-b-PA, were synthesized and characterized. After checking their compatibilization
effect, a strategy to achieve core—shell morphology was designed and applied to achieve
the targeted core—shell morphology.

Afterwards, the mechanical performance of the ternary blends was evaluated and
compared with PLA/PBAT binary blends since the purpose of this work was to see
whether the core—shell morphology could bring some advantage in toughness compared
with binary blends. However, the ternary blends did not show any advantage compared to
binary blends in terms of either the stiffness or toughness properties. This may be due to
the too low value of the modulus of the core phase relative to the two other polymers,
making it unable to induce the multi-cavitation effect as in HIPS or to the imperfect
morphology with the presence of a few droplets of PA at the interface.

VI Conclusions and perspectives

This work aimed at achieving direct core—shell morphologies in ternary
PLA/PBAT/PA polymer blends by melt mixing. Interfacial tensions were determined and
the three spreading coefficients were calculated. The blends prepared by melt mixing
showed a partial encapsulation of the PA phase at the interface between the PLA and
PBAT. This morphology was in agreement with the sign of the spreading coefficients.
Two diblock copolymers were synthesized in order to have a selective compatibilization
and to modify the PA sub-inclusion location. The presence of the block copolymers
enabled us to modify the interfacial tension balance and to successfully change the
morphology from partial encapsulation to full encapsulation of PA sub-inclusions in the
PBAT drops. Due to the low modulus of the PA phase relative to the other phases, the



core—shell morphology of the ternary blend did not lead to an enhanced reinforcement
relative to the binary blend.

Résumé du travail de thése

L’acide polylactique (PLA) est le polymere le plus largement utilisé. C’est un
polymére biosourcé et biodégradable. Cependant, il souffre d'un inconvénient qui est
d’avoir une faible ténacité. De nombreux auteurs ont tenté de pallier a cette faiblesse.

Un procédé classique pour vaincre la fragilité d'un polymere vitreux consiste a le
mélanger avec une phase ¢lastomere, soit d'une maniére chimique (synthése au sein d’un
réacteur), soit d'une maniere physique (mélange de polymeres a I’état fondu). L'avantage
d'utiliser la voie synthese est de pouvoir obtenir des morphologies difficiles a réaliser par
mélange de polymeéres. Par exemple, dans le polystyréne choc (HIPS) ou dans le
poly(méthacrylate de méthyle) (PMMA) choc, des morphologies coeur—peau avec des
inclusions constituées d’un noyau rigide entouré d’une coque €lastomere dispersées dans
la matrice polymere ont été obtenues par voie synthése. Une telle morphologie permet
d’améliorer la ténacité¢ de la matrice par rapport a au mélange binaire ou une phase
¢lastomere est dispersée dans la matrice rigide.

Dans le cas du PLA, aucun procédé, a notre connaissance, n'a encore ¢&té
développé pour produire des phases ¢lastomeres de morphologies complexes par voie
synthése. La seule maniére d'améliorer sa ténacité est donc de le mélanger avec d'autres
polymeres, de préférence biosourcés et/ou biodégradables pour conserver le caractére
environnemental du PLA.

Dans les années 1990, des recherches ont été menées pour étudier la morphologie
de mélanges ternaires non miscibles. Il a été constaté qu'il est possible d'obtenir des
morphologies coeur—peau avec un mélange de polymere ternaire. Mais toutes ces études
¢taient basées sur des polymeéres conventionnels. Dans notre travail, nous avons exploré
la possibilit¢ d'obtenir une morphologie coeur—peau dans des mélanges de polymeéres
ternaires a base de PLA et de vérifier si ce type de morphologie permet effectivement
d’apporter une amélioration de la ténacité par rapport aux mélanges binaires.

Pour atteindre cet objectif, le premier point a ét¢ de comprendre comment
contrdler la morphologie dans les mélanges de polymeéres non miscibles. Le paramétre clé
qui domine la structuration de la morphologie d’un mélange ternaire est la tension
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interfaciale des trois mélanges binaires. Si les valeurs des tensions interfaciales sont
connues, la morphologie du mélange ternaire peut alors étre prédite. Ce fut notre ligne
directrice. Nous avons d'abord mesuré les tensions interfaciales entre les polymeres de
I’étude et les résultats de ces mesures ont été utilisés pour prédire théoriquement la
morphologie des mélanges ternaires. Nous avons montré que les prédictions et les
morphologies observées sur les mélanges ternaires sont en accord et que des
morphologies avec une encapsulation seulement partielle des nodules de PA par le PBAT
¢taient obtenues dans les mélanges a base de PLA. Cependant, ce n'était pas 1’objectif
visé (morphologie cceur-peau avec une encapsulation complete des nodules de PA dans le
PBAT). Pour modifier la morphologie des mélanges ternaires, les tensions interfaciales
devaient étre modifiées. Ce but a été atteint en ajoutant des agents compatibilisants
(copolymeéres). Nous avons essay¢ d'utiliser des agents compatibilisants disponibles dans
le commerce pour ajuster la morphologie, mais nous avons échoué car une affinité
s¢lective avec les différentes phases était nécessaire pour modifier la morphologie du
mélange ternaire. Avec la collaboration d’une équipe de l'universit¢ Aix Marseille, deux
copolymeéres diblocs spécifiques ont été synthétisés et leur effet de compatibilisation
sélective a été vérifié. Avec l'aide de ces copolymeres diblocs, nous avons réussi a créer
la morphologie cceur—peau que nous recherchions. Les propriétés mécaniques des
composites obtenus ont été¢ mesurées et comparées a celles des mélanges binaires.

Sans compter cette introduction générale (chapitre I), le manuscrit est organisé
autour de cinq chapitres. Nous donnons ci-dessous un résumé du contenu et des
principaux résultats de chaque chapitre.

II Etude bibliographique

Ce chapitre décrit ce qui est connu sur les mélanges a base de PLA. L'attention a
été portée sur le mécanisme d'amélioration de la ténacité a partir de morphologies coeur-
peau et sur les moyens de contrdler la morphologie des mélanges de polymeres par voie
mélange. Le parametre clé controlant la morphologie des mélanges ternaires est le
coefficient d'étalement, la relation entre ce parametre et la morphologie du mélange
ternaire étant illustrée sur la Fig. 1.1.

Sur la Fig. .1, A est le coefficient d'étalement. Il est calculé a partir des valeurs
des tensions interfaciales entre les polymeéres A, B et C:

Asiaic =Vee = Vg —Yac
Ayipic =Vac =Yz~ Vac

Agicis =Vap—Vac —Vac

-9.



Un résumé des méthodes utilisées pour mesurer la tension interfaciale entre deux
polymeéres est fait. Deux méthodes ont été choisies pour ces mesures dans cette étude:
Une méthode est basée sur le modele de Palierne, 'autre est basée sur la cinétique de
relaxation d'une goutte déformée.

III Matériaux et méthodes expérimentales

Dans ce chapitre, nous avons introduit les trois polymeres étudiés dans ce travail,
le PLA, le poly (butyléne adipate-co-téréphthalate) (PBAT) et le copolyamide (PA). La
morphologie ciblée a été définie avec le PLA comme matrice, le PBAT et le PA comme
des phases dispersées ou les inclusions de PA sont encapsulées dans le PBAT. Les
appareils utilisés pour préparer les mélanges de polyméres et les méthodes de
caractérisation sont décrits.

IV Mesure de tensions interfaciales et étude de mélanges ternaires non
compatibilisés

Dans ce chapitre, la caractérisation des tensions interfaciales entre le PLA, le
PBAT et le PA a été effectuée avec deux méthodes (modele de Palierne et rétraction de
goutte). Les valeurs des tensions interfaciales sont données ci-dessous:

Palierne model (mN/m) |Rétraction de goutte (mN/m)

PBAT/PLA 3.8 3£04
PA/PLA 5.2 5.6£0.3
PA/PBAT 2 33+£04

Considérant les larges erreurs de nos mesures avec le modele de Palierne, seules
les valeurs de tension interfaciale issues des essais de rétraction de gouttes ont été
utilisées pour calculer les coefficients d’étalement et pour prédire la morphologie des
mélanges ternaires:

Appari paspia = Y paarspia — Veasppar = Yearpra <=5 MmN /m

NS

P41 pBaTI PLA = Y paspra — Vpsaripra — Yearppar =—0-5E1mN /m

j'PA/PLA/PBAT = Ypaspar — Vegaripea — Vparpra < =5SmN/m
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Sur la base de ces coefficients d'étalement, la morphologie pourrait étre soit une
morphologie ceeur—peau avec des inclusions de PA encapsulées (sous-inclusions) dans le
PBAT ou partiellement encapsulées dans le PBAT (inclusions de PA localisées a la
fronti¢re entre le PBAT et le PLA). En préparant un mélange ternaire 60PLA / 20PBAT /
20PA en mélangeur interne, il a été confirmé que la morphologie est bien une
morphologie semi-encapsulée. Le modele est donc validé (Fig. 1.2).

V Compatibilisation de mélanges ternaires

Méme si la morphologie du mélange ternaire a été prédite avec succes, notre
objectif (morphologie coeur—peau) n'était pas atteint. Pour pousser la morphologie a
évoluer dans la direction visée (Fig. 1.3), les coefficients d'étalement, et donc les tensions
interfaciales, devaient étre modifiés. Les coefficients d'étalement a atteindre sont donnés
ci-dessous:

Apsariparpia = Vesaripra — Voaspoar — Voarpa <OmMN /m

~

P4/ PBATI PLA = Vpaspra — ¥ paarspia — Vearppar > O mN /m

Aparpras paar = Vpaspaar — Vpaarspia — Vearpa <O MmN /m

Par rapport aux résultats du chapitre III, Aps/pgaT/pLa dOit Etre augmenté pour
devenir positif. Il y a deux options pour atteindre cet objectif, soit augmenter la valeur de

YPA/PLA ou réduire la valeur de YPBAT/PLA et YPA/PBAT'

D’un point de vue pratique, cette derniére option est plus facile a mettre en ceuvre,
car la tension interfaciale peut étre réduite en ajoutant un agent compatibilisant dans le
mélange. Idéalement, un agent compatibilisant sélectif réduisant seulement la tension
interfaciale des couples PBAT/PLA et PA/PBAT, et non dans le couple PA/PLA, est
préférable. Sur la base de cette approche, un premier essai a été réalisé avec un
compatibilisant commercial (Lotader), mais il a €té constaté que ce compabilisant non
sélectif ne permettait pas d’obtenir la morphologie coeur—peau, car il réduisait les trois
tensions interfaciales dans le mélange ternaire en méme temps.

La compatibilisation avec des copolyméres a blocs sélectifs était donc
indispensable pour obtenir la morphologie cceur—peau recherchée. Deux copolymeéres a
blocs, PLA-b-PBAT et PBAT-b-PA, ont été synthétisés et caractérisés. Aprés avoir
vérifié leur effet de compatibilisation, une stratégie pour parvenir a la morphologie
coeur—peau a été mise au point et réalisée pour obtenir la morphologie ciblée.
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Les performances mécaniques des mélanges ternaires ont aussi €té évaluées et
comparées a celles des mélanges binaires PLA / PBAT puisque le but de ce travail était
de voir si la morphologie cceur—peau des mélanges ternaires pouvait permettre
d’augmenter la ténacité par rapport aux mélanges binaires. Cependant, dans le cas présent,
les mélanges ternaires ne présentent aucun avantage par rapport aux mélanges binaires en
termes de rigidité et la ténacité. Cela est probablement dii au fait que le module des sous-
inclusions (phase PA) n'est pas assez ¢levé pour avoir I'effet de multicavitation trouvé
dans le polystyrene choc.

VI Conclusions et perspectives

Ce travail visait a obtenir des morphologies dites cceur—peau dans des mélanges
de polymeres ternaires PLA/PBAT/PA par voie fondue. Les tensions interfaciales ont été
déterminées et les trois coefficients d'étalement calculés. Les mélanges préparés par voie
fondue ont montré une encapsulation partielle de la phase PA a l'interface entre le PLA et
le PBAT en accord avec le modéle. Deux copolyméres a blocs ont été¢ synthétisés afin
d'avoir une compatibilisation sélective. Ces copolymeres ont permis de modifier
I'équilibre des tensions interfaciales et de la localisation des sous-inclusions de PA dans
les gouttes de PBAT. Des mélanges avec une morphologie coeur—peau ont été obtenus par
voie mélange. En raison du faible module de la phase PA par rapport aux autres phases,
la morphologie cceur—peau du mélange ternaire n'a pas conduit au renforcement escompté
par rapport a un mélange binaire ou a la non perfection de la morphologie obtenue
(présence de gouttelettes de PA a I’interface entre le PBAT et le PLA.
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IT Literature survey

In this chapter, the first point of focus is PLA, which is the most widely used
bioplastic. One of the factors limiting a wider application of this polymer is its weak
toughness, which can be improved by blending it with an elastomeric phase. However, a
morphology with a core—shell structure can improve even further the toughness (i.e.
HIPS), but such a morphology has never been created with PLA.

Conventionally, a core—shell morphology is created by chemical synthesis, but
this is not easily feasible with PLA. The literature shows that it should be possible to
achieve this morphology by polymer blending. Thus, in the following part the principle
used to control the morphology of immiscible polymer blends is introduced — from binary
to ternary blends. It was found that interfacial tension plays the most important role in
controlling the morphology of ternary blends. Various methods for the measurement of
interfacial tension are thus described.

I1.1 PLA-based polymer blends

I1.1.1 PLA as a bioplastic

As early as in 1962, the term “renewable resource” was coined by Paul Alfred
Weiss [Weiss, 1962] as “the total range of living organisms providing man with food,
fibers, drug, etc...” With time, this definition has evolved in two different ways,
renewable energy and renewable materials, which are regarded as alternatives to the
diverse environmental and energy issues caused by the use of traditional fossil-based fuel
and materials.

The present work deals with a specific type of renewable material, bioplastics,
which refers to plastics derived from living substances such as plant oil, sugar or starch,
etc. It is often confused with another concept, “biodegradable plastics”, which only
indicates that a certain type of plastic is biodegradable. Many bioplastics are
biodegradable, with some exceptions like bio-based polyamide (PA) Rilsan®, some
cellulose derivatives or bio-based polyethylene (PE). On the contrary, not all
biodegradable plastics are bio-based, such as polycaprolactone (PCL) or polybutylene
succinate (PBS). Thanks to environmental considerations, the trend to develop and use
bio-based polymers will increase, as predicted in the European Bioplastics report
[European Bioplastics, 2012] and seen in Fig. II.1.
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Fig. I1.1 Global production capacity of bioplastics [European Bioplastics, 2017]

According to the predictions of European Bioplastics, the annual bioplastic
production capacity in the year 2022 will be larger by 120% than that of 2017. Among
those plastics, the one making the major contribution is polylactide (PLA), which
accounted for 10.3% of the total bioplastic production in 2017 [European Bioplastics,

2017].

The main reason for the success of PLA is its bio-based characteristics associated
with a good Life Cycle Assessment. In addition, it has good, but not outstanding,
mechanical properties, the Young’s modulus of pure PLA being between 3 and 6 GPa
[Shen et al., 2009], showing a brittle rupture at around 4% deformation at room
temperature. Another advantage is its processability to form classical pieces of equipment.
For these reasons, it has been used to replace common plastics such as polypropylene or
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polyethylene in different cases. The disadvantages limiting the further application of PLA
are its weak chemical/environmental resistance and its poor ductility, which limit the use
of PLA to packaging applications where large mechanical properties and durability are
not needed.

I1.1.2 Mechanical improvement of PLA by polymer blending

Blending with an elastomer phase is a traditional way to improve the ductility of
brittle polymers [Wu, 1985]. As a matter of fact, a lot of work has been devoted to
studying the blending of PLA with polymers such as PCL [Broz et al., 2003] [Todo et al.,
2007], PBS [Wang et al., 2009] [Harada et al., 2007] and poly(butylene adipate-co-
terephthalate) (PBAT) [Jiang et al., 2006] [Zhang et al., 2008], which are ductile at room
temperature, in order to achieve a better toughness. These soft inclusions are often bio-
based and/or biodegradable in order to preserve the ecologically friendly properties for
the whole blend.

This enhancement of ductility by preparing a binary blend can be obtained by two
correlated mechanisms, (1) cavitation of the dispersed phase and (2) redistribution of the
stress in the matrix [Halary et al., 2008]. Under an external strain, for example a uniaxial
traction, stress will concentrate around the heterogeneous part (the dispersed phase) and
create a hydrostatic pressure inside the drop. As the traction continues, the pressure
accumulates a potential energy inside the inclusion. Once the stored potential energy
reaches a given threshold level, it will be released in the form of creating a new surface: a
cavity is formed inside the inclusion. After the appearance of cavities, the normal stress
around the inclusion reduces and leads to a redistribution of stress: the stress around the
inclusions changes from triaxial to plane. Triaxial stress favours craze formation which is
a signature of brittle rupture, while plane stress tends to induce chain slippage by shear. A
shear band can thus be formed between inclusions if the distance between them is small
enough [Wu, 1985]. The formation of these shear bands in the whole matrix will
consume a considerable amount of energy, and that is the reason for the improvement of
ductility.

Thanks to the relatively easy procedure to realize this approach, it has been
widely applied to enhance the toughness of various rigid polymers. However, if
backtracking on the history of strategies to improve the ductility of polymers, polystyrene
(PS) binary blends with the elastomer polybutadiene (PB) were the first generation of
enhancement. Nowadays, instead of preparing binary blends, further mechanical
improvements can be achieved by replacing homogeneous elastomeric inclusions by
complex inclusions composed of an elastomer shell and a rigid core, the so-called “core—
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shell” structure or “salami” for the case with multiple cores. It is this kind of morphology
that was created in high impact poly(methyl methacrylate) and high impact polystyrene
(HIPS) [Halary et al., 2008]. The mechanism by which such structure provides better
toughness is that under a mechanical strain, a multi-cavitation is created instead of the
mono-cavitation in the case of a homogeneous inclusion. Hence, even more energy is
consumed during deformation by this effect, as illustrated in Fig. I1.2:

Rigid core

Elastomer & .....

Fig. I1.2 Cavitation mechanisms in a pure elastomer inclusion and in a core—shell
inclusion [Schirrer et al., 1996]

Fig. I1.2 illustrates the cavitation mechanisms in the case of two types of
inclusions under a uniaxial stress. One single cavity is created in the pure elastomeric
inclusions. But for the complex inclusion, since the modulus of the matrix and rigid core
is much larger than that of the elastomer shell, little stress is transmitted to the core via
the shell. During the strain, the rigid core barely deforms. Hence the elastomer in the
polar location is being stretched and this finally leads to the creation of multiple small
cavities. Supposing that the cavity volume is identical for both cases, there is obviously
more area created in the case of multi-cavitation. As a consequence, more energy is
consumed in this case and this mechanism of cavitation leads to a higher toughness
[Schirrer et al., 1996].

In ternary blends, using a rigid core as sub-inclusion can also lead to an increase
of the Young’s modulus in comparison with binary blends. Overall, a core—shell
structure can achieve both better rigidness and ductility at the same time. The only
difficulty is to obtain such morphology. The realization of such a specific structure is
difficult using traditional polymer blending methods. The complex inclusions used in
HIPS and high impact PMMA are actually obtained by in situ chemical synthesis
[Halary et al., 2008]. Although these two common plastics have been industrialized for a

- 18 -



long time, improvement aiming at simpler and more economical synthesis is still under
development [Desbois et al., 2006].

Outside the chemical synthesis method, recent results on multiphase polymer
blends have shown the possibility of obtaining such core—shell structures [Reignier and
Favis, 2003] by classical mechanical blending, but these studies were mostly limited to
some fossil-based polymers and they only focused on the morphology. The present work
aimed at expanding such multiphase blending approaches using bio-based polymers and
measuring the associated mechanical properties.

I1.2 Immiscible ternary polymer blends

I1.2.1 Polymer blend principles

The aim of polymer blending is to create a given morphology, usually by
dispersing one immiscible polymer inside another one with a defined and controlled size
and shape of dispersed inclusions, by distributing these inclusions or drops well, with the
purpose of obtaining synergetic properties, i.e. better properties than the sum of those of
individual polymers. In the case of thermoplastics which are in a solid state at room
temperature, the mixing process is realized in their molten state. This process is
conducted in an apparatus that is able to provide enough thermal and mechanical power
to overcome the high viscosity of molten polymer.

For a more comprehensive understanding of the blending process, some principles
for the blending of two immiscible liquids will be presented here considering two aspects:
the local behaviour of a single drop and a global view on the whole polymer blend.

11.2.1.1 Drop deformation and breaking

When discussing the behaviour of a drop in the blend, two phenomena should be
taken into consideration, first the mechanical stress r which tends to deform the drop,
and second the interfacial stress which counterworks with the shear stress and tries to
minimize the interfacial area between the drop and the matrix. Such a competition is
expressed in a parameter called the capillary number, defined as the ratio of the shear
stress and the interfacial stress [Taylor, 1934]:

R
Ca=2 Eq. 1
V4B
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where R is the radius of the drop and y,, is the interfacial tension. In a simple shear
flow, the shear stress is written as z,, =17,,7, 17,, 1s the viscosity of the matrix and y is
the shear rate. Thus the expression of the capillary number can be rewritten as:
R
Ca=""" Eq.2
4B

During an increase of the shear rate, the shear stress progressively takes the
dominant role. There is a critical value of Ca above which the drop will be broken by the
flow: this value is the so-called critical capillary number Ca,, . Taylor [Taylor, 1934]

was the first to interpret the value of Ca,,, as a function of the viscosity ratio p (Eq. 3)

between the viscosities of the dispersed phase (77, ) and the matrix.
p=— Eq. 3

Several scientists have extended his work [Grace, 1982], [Hinch and Acrivos, 1979, 1980]
to both shear and elongational flows as shown in Fig. 11.3:

le+3 " :
. @ experiments simple shear
. Grace, 1982
3 .’.. A experiments elongation
+2f= ;
le ’.' Grace, 1982
‘ ’ ® === first order theory
= 4 ‘\.L ) Taylor, 1932
w” let+lfp= ® = = slender body shear
QO Hinch en Acrivos, 1979
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le+tO= ™= pme Hinch en Acrivos, 1980
= —A_A

‘*Hﬂ--r-ﬁ =

le-5 le-4 le- le-1 le+0 le+1 le+7 le+l le+4

le-1
viscosity ratio p

Fig. I1.3 Relationship between Ca,,, and p in different types of flow [Stegeman et al.,
2002]

As the curve corresponding to the elongational flow is always below that of the
shear flow, it is an indication that an elongational flow has a higher efficiency in breaking
a drop than shear. The explanation is simply that in a shear flow, only part of the shear is
used to deform the drop, and the other part is only rotating the drop. On the curve
corresponding to simple shear, there is a minimum Ca,_,, existing when the value of p is
around 1. When p is larger than 4, it is predicted that no drop breakage is possible, no

matter how large the shear rate is.
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To summarize the behaviour of a drop as a function of Ca, Utracki [Utracki,
2003] proposed the following rules:

Ca<0.1Ca,,,, no deformation

0.1Ca,,<Ca<Ca,,, drop is deformed but not broken

Ca,,<Ca<2Ca,,,, drop is deformed and broken into two smaller drops by flow

Ca>2Ca,,,, drop is deformed into a stable thread

An important and interesting issue about this well accepted conclusion by Utracki
[Utracki, 2003] is that it is only valid under the hypothesis that the initial deformation of
the drop is zero. To have a complete description of drop behaviour in flow, the amount of
its deformation at the initial state should also be taken into consideration, as shown in Fig.
1.4, which shows the drop behaviour for two initial deformation conditions. Fig. 11.4
represents the deformation rate ratio between the dispersed phase and matrix as a function
of the initial deformation of the drop ( L equals the ratio between the length of the major
axis of the deformed drop and its original radius). The viscosity of the dispersed phase
and matrix are supposed to be identical in the two cases.

ac B
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Fig. I1.4 Dependence of the drop deformation in shear on the initial drop deformation
[Stegeman et al., 2002]. L represents the ratio of the length of the major axis of the
deformed drop on its original radius

If there is sufficient deformation at the beginning, the drop can be stretched into a

long filament even with only 0.25 Ca,_,,, as if the value Ca was larger than Ca_, for an

crit » crit

initially non-deformed drop.

When the value of Ca reaches the value of Ca_, in the flow, Meijer et al.

crit

[Meijer et al., 2009] introduced the distinction between two mixing mechanisms to break
the drop: distributive mixing ( Ca>>Ca,,, ) and dispersive mixing ( Ca~ Ca,_,,). For

distributive mixing, as the shear effect takes the dominant position, the dispersed phase
deforms affinely with the matrix and does not develop capillary waves. In the mechanism
of dispersion, drops deform into filaments and are finally broken into smaller drops due
to the stretching effect of the flow, and locally the interfacial stress competes with the
shear stress. The working principle of some static mixers is to perform such stretching by
elongational flow and then to refold the blended material in order to repeat the elongation
action [Meijer et al., 2009]. For dispersive mixing where the interfacial effect has an
important effect, the drop is first stretched into a filament, then broken up into smaller
drops by the growth of instabilities formed at the interface [Rayleigh, 1879].

A significant difference between the distributive and dispersive mixings is the role
of time. During distributive mixing, the exclusive parameter is the maximum value of
Ca . But for dispersive mixing, beside Ca, time should also be taken into consideration.
An example is shown in Fig. IL.5.
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Fig. IL.5 Response of a drop under a similar triangle load of shear. All parameters are
the same: maximum Ca/Cacric = 1.3, p = 1.3 but a difference of 8 s in the total duration of
the experiment [Meijer et al., 2009]

In Fig. I1.5, the maximum ratio between Ca and Ca,,, is 1.3, and therefore it is

under the case of dispersive mixing. The maximum value of Ca is identical in both cases,
the only difference being the duration of shear: 84 s for the top scheme and 92 s for the
bottom. Then, these 8 seconds of difference are enough for an instability to form at the
interface, which finally leads to the drop breakup.

From the practical point of view, small inclusion sizes are often regarded as an
indication of “good” dispersion. It is, however, interesting to discuss this issue. Between
the two mechanisms of distributive and dispersive mixing, as defined by Meijer et al.
[Meijer et al., 2009], which one is more efficient to obtain a fine dispersion? The well-

known conclusion is that when the viscosity ratio is equal to unity, Ca,, reaches a

minimum value in shear flow, and then the drop size decreases easily by the shear effect,
giving a distributive mixing mechanism for the breaking of drops. However, in the case
of the stretching of a large drop into a long filament disintegrating into smaller drops by
the interfacial instability effect, small satellite drops are formed during the last stage of
the thread breakup [Elemans et al., 1990]. The size of these satellite drops is very small
and impossible to attain by the simple effect of drop breakage by shearing [Meijer et al.,

2009]. As a result, it is rather the dispersive mixing which can lead to very small drops.
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11.2.1.2 Drop coalescence

Contrary to drop breakup which leads to a fine morphology, during coalescence
two drops assemble into one and the morphology will coarsen by this mechanism. This
procedure of coalescence can be divided into two steps: collision and drainage of the film
sitting between the two drops.

Preceding coalescence, two drops have first to approach each other. The reason
for this approaching motion is the flow dynamics, as the contribution of Van de Waals
forces can be neglected considering the high viscosities of molten polymers. Once the
two drops are close enough, the interface between them deforms from curved to flat to
form a film. During the contact time of the drops, the thickness of the film decreases until

a critical value £, is reached, where an instability begins to grow at the interface of the

film and finally leads to the coalescence of the drops. There are three existing models to
describe film drainage depending on the mobility of the interface: immobile, partially
mobile or fully mobile. In the case of polymer blends, the partially mobile model is used
since in this model the flow inside the drop is considered. Coalescence depends on two
factors, the probability of collision between two drops and film drainage. In a simple
shear flow, on average a drop collides with another drop after every time #.on expressed as

[Meijer et al., 2009]:

T
tcoll = 8 .

rp

Eq. 4

where y is the shear rate and ¢ is the volume fraction of dispersed phase.

The probability of collision is defined as an exponential of the ratio between the collision

time ¢,,, and the whole process time ¢, [Meijer et al., 2009]:
t ya
P =exp(——) =exp(— 37 ) Eq. 5
proc V(Dtpmc

The probability of film drainage occurring is defined in a similar approach, the
drainage probability being the exponential of the ratio between the time needed for the
film drainage and the interaction time. Assuming that the sizes of the two colliding drops
are identical, the probability can be written as:

P

drain

= exp(ﬁipCam) Eq. 6

crit

In the equation above, R refers to the radius of the drop and p indicates the viscosity

ratio between the dispersed phase and the matrix. Therefore, the probability of
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coalescence is expressed as the product of those two probabilities. Fig. 1.6 [Meijer et al.,
2009] illustrates the combination of collision and film drainage.

3 il . .
071070 g0 ()

Fig. I1.6 Combination of collision and drainage probabilities under the following
conditions: simple shear rate 0.01 s™; viscosities of dispersed phase and matrix equal to

I Pa.s; Yap=10? N/m;t,,,. =50s; h,, = 10”m ;¢ =0.1. [Meijer et al., 2009]

From Fig. I1.6, it is obvious that at a similar volume fraction, small drop sizes are
favourable for the coalescence process to occur. However, the limit of the shear rate is
rather delicate: it should be large enough to press two drops together during the collision,
but not too high to ensure enough interaction time of the two drops to allow the film
drainage to take place.

11.2.1.3 Combination of breakup and coalescence

When considering the breakage and coalescence in a real polymer blend, the time
should be taken into account. At the initial state of the blend, the polymer pellets melt,
leading to sizes at the scale of millimetres which will lead to a large value of the capillary
number. As a result, the distributive dispersion takes the dominant role in this first step of
blending, decreasing the size of the inclusions. As the morphology becomes finer with the
shear effect, the decreasing size of the dispersed phase results in a reduction of the
capillary number and thus the dispersion mechanism changes into dispersive dispersion,
which will lead to an even finer morphology. Because of the small inclusion size, the
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coalescence is then more likely to happen at this stage of blending. At the end, breakup
and coalescence are in a dynamical equilibrium state, and the average size of inclusions
will not vary anymore.

The discussion here is to clarify the behaviour of drops near the dynamical
equilibrium state. In the situation of a single drop, the competition between drop breakup
and coalescence is described in Fig. I1.7 with different models for coalescence, supposing
that the viscosity ratio is equal to unity and the time is long enough for coalescence to
take place [Meijer et al., 2009]. This idea was first introduced by Elmendorp [Elmendorp,
1986].
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Fig. I1.7 Competition between breakage and coalescence under shear [Meijer et al., 2009]

The solid line corresponds to equilibrium breakup and indicates the limit for
shear-induced breaking. As discussed before, small drops are favourable for coalescence
and breakage happens with large drops. The region between the equilibrium breakup line
and the lines corresponding to coalescence is the region where drop sizes are stable. Yet
this is still a too simple approach for a real polymer blend owing to the fact that both
shear and elongational flow occur during a real blending process and the model of a
single drop loses its validity when describing the integration of the whole blend. Aware
of this issue, Wu [Wu, 1987] investigated the behaviour of the inclusion size of PA 6-6
and ethylene propylene rubber (EPR) blends with different polymer viscosities and a
fixed volume fraction of dispersed phase equal to 15%. By studying the relationship
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between the inclusion size and the shear rate, an “apparent critical capillary number”

( Ca* ) was introduced. The purpose of this new number is to simplify the

crit

breakup/coalescence (noting that breakup includes distributive and dispersive dispersion)

app
crit »

competition into a simple shear-breaking model. If Ca>Ca drops are breaking up,

app
crit

otherwise they are coalescing. The relationship between Ca_.; and the viscosity ratio is

shown in the following empirical equation:

Caapp — 4(77_d)i0.84 Eq 7

crit
The exponent of the power law dependence takes a positive value if the viscosity ratio is
larger than unity, otherwise it is negative. The great advantage of this model is that it can
be used to estimate the average inclusion size in polymer blends. However, an obvious
drawback of this model is that no coalescence due to the concentration of dispersed phase
is taken into consideration since no term linked to it appears in the equation. Three years
later, Serpe [Serpe et al., 1990] proposed a correction of Wu’s equation by adding a term
linked to the fraction of dispersed phase:

4(777d)i0.84

ap _ 1,
Cacn’t [1 _ (4¢m¢d )08] Eq 8

where ¢, and ¢, refer to the volume fractions of matrix and dispersed phase

respectively.

Although this equation is empirical, it is often used to estimate the average size of the
included phase in the binary polymer blend.

I1.2.2 Immiscible ternary polymer blends

Adding a third polymer gives a huge amount of morphological possibilities and
the focal point of the study of ternary blends is quite different from that of binary blends.
The theories predicting the morphology of immiscible ternary polymer blends were
developed only 20 years ago, and it is still a new-born domain in polymer compounding,
with few industrial applications. In the following discussion, the control of the
morphology of ternary systems will be described.
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11.2.2.1 Macroscopic and microscopic considerations

Macroscopic view

As for all systems in the world, the evolution of polymer blend morphology is
towards a direction with lower free energy, in order to reach a more stable state. In a
polymer blend, the expression of this parameter is written as:

G=D Ay, + 2 mp, Eq.9

The first term refers to the interfacial contribution on the free energy, where 4, stands

for the interfacial area between phases, y, for their interfacial tension. The second term is
for the partial molar free energy which depends on the number of moles and on the
chemical potential of each component. When discussing the possibility of obtaining
different morphologies, it is not necessary to consider the term an. 4, as the
components of the blend do not vary. Only the interfacial contribution should be taken
into account for the free energy. Guo et al. [Guo et al., 1997] were the first to apply this
approach to predict the morphology of ternary blends. First, all the possible morphologies
were drafted out. Then the term sz?/y of each possibility was calculated and compared.

The morphology with the lowest free energy is the most probable to happen as it is the
thermodynamically favourable state.

For instance, for two phases dispersing in a third one as matrix, three possible
morphologies are drafted out as in Fig. I.8:

oo OF°, ‘ b

Fig. I1.8 Possible morphologies for a ternary blend

The interfacial contributions to the free energy for morphologies a, b, and ¢ in Fig.
I1.8 can be written as:
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G, =(4aN,) " (34V)" v, + (42N, G4V ) 1,

b, + ¢

G, = (47N) > B V)" 7, + (f)”ygw Eq. 10
L b i
 4+4

G, =(4aN) G V)| v, + (f)“m
L 4 _

where G,, G, and G, are the interfacial free energies of morphologies a, b and c,

respectively. Subscripts g, b and w refer to the respective colour of the phase on the
figure: grey, black and white. N is the number of drops, ¢ is the volume fraction, V is the

total volume of the mixture and y stands for the interfacial tension.

In Guo’s paper [Guo et al., 1997], a rough approximation is used, stating that N,

N, and N are the same, which is obviously a suspicious hypothesis. This is the

untoward part of this approach: to estimate the value of the total interfacial area in the
blend is not a simple task as it means the sum of the surface area of millions of drops in
the blends! One way to solve this question concerning the total interfacial area is to first
use Wu or Serpe’s equation (Eq. 7 or 8) to estimate the average inclusion size of the
different dispersion phases, then to use it to calculate the average volume of the drops. As
the total volume of the dispersed phase is a known factor when preparing the polymer
blend, the number of drops can be deduced. Afterwards, it only needs to be combined
with the average surface area of every drop to get the total value in the blend. Although
this is a path to make the estimation, it is in practice very difficult to do due to the
interplay of so many parameters. Error accumulates at each step of calculation and the
result is not very reliable. Even more, when the morphology is complicated as in the case
of semi-encapsulation, it just becomes inapplicable because there is still no theory that
predicts the inclusion size of the semi-encapsulation situation. It is thus necessary to take
a second approach into account.

Microscopic view

In this approach, the object of the study is no longer the whole blend but the local
situation at the three polymer interfaces. A ternary polymer blend can be simply
considered as a tri-phase deformable system, the interfacial preference determining what
kind of structure will be formed locally. This “preference” is described by the interfacial
force balance; the first study on this phenomenon was on the gas—liquid—solid system as
shown in Fig. I1.9:
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Fig. I1.9 Spreading of a liquid drop i on the substrate j in the air

The condition for the liquid drop to cover the whole surface is that the spreading
coefficient (4, ) defined in Harkins’s equation [Harkins, 1941] is positive:

i..=7‘j—7/i—yy.>0 Eq. 11

v

where y, and 7, are the surface tension of liquid i and substrate j, 7, is the interfacial

tension. Behind the mathematical expression of these phenomena, the mechanism is
actually the interfacial preference: for instance, for an attracting surface with
Ay =v;—v,—r; >0,itwill lead to 7, >y, +y; . If surface tension y, is large, indicating

a poor affinity between the solid phase and air, the area of the interface of these two
phases has the tendency to decrease and this is exactly the motor for the liquid phase to
spread, in order to minimize the solid—air interface area.

By extending the situation from gas—liquid—solid to three liquid phases, this
theory can thus be applied to describe the morphology of ternary polymer blends [Hobbs
et al., 1988]. The condition to have a full capsulation of phase j by phase i in the matrix
of k 1s that the spreading coefficient is positive:

A =Vu—Vu—7; >0 Eq. 12

where y, and y, are the interfacial tensions instead of y; and 7, . A schematised

o

Fig. I1.10 Tendency of encapsulation of phase j by phase i in the matrix k

situation is shown in Fig. 11.10:

-30 -



Le Corroller and Favis [Le Corroller and Favis, 2009] developed this theory
further by considering all the three spreading coefficients of the three phases:

Agiaic =Vse =Yg —Yac
Aurgic =Vac = Vap ~Vse Eq. 13

Agicis =Yg —Yac—Vsc

With different combinations of these three spreading coefficients, there are four possible
morphologies, as shown in Fig. IL.11:

A <0 A

A B Brarc A B Brarc
Aygre <0 0 Aygre <0
Aacrn <0 Ascrn <0
A B Agrare <0 A B Agi e <0
G /1A4B(‘>O C }”A‘B(‘<O
ez <0 Ayez >0

Fig. I1.11 Extension of spreading coefficient to ternary phases

The advantage of this approach is that a study of the interfacial property is enough
to predict the type of morphology. It has been used successfully to predict the
morphology of ternary blends PET/PS/PEG [Kolahchi et al., 2014], HDPE/PA-6/EVOH
[Rastin et al., 2014]. And thit is this method that will be applied in our study.

However, while it is known that the interfacial tension is the most important
parameter controlling the morphology of ternary blends, other parameters like rheological
effects should not be neglected.

Contribution of the viscosity

The models of Guo and Hobbs have successfully predicted the morphologies in
ternary blends in most situations [Wilkinson et al., 2004] [Jazani et al., 2010]
[Tchomakov, 2004] where the property of the interface with large values of spreading
coefficients or high contrast of free energy is the main factor that determines the type of
morphology. However, if the interfacial effect is weak, these models may no longer
provide the correct prediction. The actual morphology depends on other parameters, as in
the example below.
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In a PP/liquid crystalline polymer (LCP)/polycarbonate (PC) blend [Nemirovski
et al., 1995], the calculation of the spreading coefficient of the PC relatively to the LCP
gives Aup peicp =0.16. This means that in the PP matrix, the PC phase should form a

shell around sub-inclusions of LCP, and the low value of A, »c,,» implies that the

interfacial effect is rather weak for this blend. However, the obtained morphology is
contrary to the prediction: LCP encapsulates the PC phase. The explanation for this
phenomenon is that the viscosity of LCP is much lower than that of PC, so it is more
difficult to deform the PC phase during the blend, which tends to remain in the shape of
spheres. On the other hand, it is much easier for the LCP phase to form the shell despite
the fact that this morphology is slightly unfavourable from the interfacial balance point of
view.

11.2.2.2 Parameters controlling the microstructure

Parameters controlling the number of sub-inclusions

Ternary blends made of high density polyethylene (HDPE), polystyrene (PS) and
poly(methyl methacrylate) (PMMA) can have a core—shell morphology with an
encapsulation of PMMA by PS in an HDPE matrix, as shown by [Reignier and Favis,
2000]. In their work, the volume fraction (PS+PMMA)/HDPE was fixed at 20/80. A
variation of the morphology of sub-inclusions was observed by changing the PS/PMMA
volume ratio (Fig. I11.12).

PS/PMMA=85/15 PS/ PMMA=65/35 PS/PMMA=35/65 PS/PMMA=10/90

(*e) > (O@) m> | Q‘ )y |

 PS/PMMA=60/40
), g

e '
Dispersed particles as sub-inclusions Core—shell structure with inverted phases

Fig. I1.12 Evolution of microstructure of composite drops in ternary (PS/PMMA)/HDPE
blends on varying the PS/PMMA volume ratio [Reignier and Favis, 2000].

As shown in Fig. I1.12, at the point of phase inversion (PS/PMMA=60/40), a
significant structural change occurs in the droplets: PMMA sub-inclusions (represented in
black) change from dispersed spheres to a continuous phase, with PS becoming sub-
inclusions. It can be noted that a layer of PS remains around the PMMA phase after phase
inversion (last scheme in Fig. I1.12). This is due to the large difference of the spreading
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coefficient of the PS/PMMA blend. Similar phenomena on the phase inversion between
inclusion and sub-inclusion were also found in PS/styrene-butadiene rubber (SBR)/PE
blends [Luzinov et al., 1999].

Parameters controlling the size of dispersed phase

The size of dispersed phase in binary blends was well studied and described in the
work of Wu [Wu, 1984] and Serpe et al. [Serpe et al., 1990]. Hemmati [Hemmati et al.,
2001] succeeded in predicting the droplet size in a core—shell structure ternary blend
considering the complex inclusion to be a homogeneous drop, with the viscosity being
the weight average of the two dispersed phases and the interfacial tension equal to that
between the shell and the matrix.

However, a study performed by Reignier and Favis [Reignier and Favis, 2000] in
(PS/PMMA)/HDPE ternary and HDPE/PS, HDPE/PMMA binary blends gave a different
picture. In all these three blends, HDPE served as matrix. Fig. 11.13 shows the variation
of the drop size versus the volume fraction of dispersed phase. The authors compared the
droplet size in the ternary blend relative to the droplet size in the two binary blends
obtained in similar conditions. They found that the average size of the droplets increases
with the dispersed phase volume fraction for all blends. In the case where PS/PMMA=1/6
(Fig. 11.13.a), the droplet size curve for the ternary blend is located between the curves for
the binary blends. In the case of equal content of PS and PMMA (Fig. I1.13.b), the droplet
size curve in the ternary blend superimposes with the PS/HDPE blend curve when the
dispersed phase is larger than 20%. This fact shows that the evolution of the dispersed
phase size does not obey the composite viscosity effect in the entire composition range.
The authors explained this superimposition with the influence of the shell thickness on
the rheological behaviour of the composite drop, since the shell becomes thicker and
thicker as the PS+PMMA content in the mixture increases. Once the shell thickness
exceeds a threshold value, the matrix does not feel the effect of the sub-inclusions
anymore, and the apparent rheological behaviour of the composite drop becomes
identical to that of a pure PS drop. So the major factors dominating the droplet size of the
dispersed phase are not only the composite effect of viscosity but also the influence of the
shell thickness on the rheological behaviour of the composite drop.
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Fig. I1.13 Variation of the dispersed phase droplet size with volume ratio
(PS+PMMA)/HDPE relative to the binary blends for two different volume ratios of
PS/PMMA: a- PS/PMMA=1/6; b- PS/PMMA=1 [Reignier and Favis, 2000]

This explanation is validated when plotting the droplet size versus the PS content
relative to the droplet phase volume instead of the total dispersed phase volume fraction
(Fig. I1.14). These measurements were performed at a fixed fraction of dispersed phase
on the matrix (PS+ PMMA)/HDPE=20/80). Increasing the PS volume fraction in the
dispersed phase results in a decrease of the droplet size, as also shown in Fig. I1.13 a and
b. Fig. II.14 shows that the composite drop behaves as a pure PS drop after the PS
volume fraction in the dispersed phase exceeds 50%. Correlating Fig. I11.13b and Fig.
I1.14 provides further proof supporting the observation that when the thickness of the PS
shell exceeds a certain value, an identical behaviour of pure PS and PS/PMMA complex
inclusion takes place. The authors concluded that the critical shell thickness of PS is 0.2
pum relative to 1 pm radius of a composite drop. This explains also why, in Fig. II.13a,
this phenomenon does not take place, as the thickness of the PS shell is never sufficient to
erase the rheological contribution of PMMA sub-inclusions, and thus no superimposition
of curves is observed here. A subsequent study confirming this interpretation was
published by the same authors three years later [Reignier and Favis, 2003].
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Fig. I1.14 Dispersed phase size as a function of PS content relative to the dispersed
phase for a (PS+ PMMA)/HDPE=20/80 composition [Reignier and Favis., 2000]

Influence of mixing parameters
- Mixing time:

Studies on both binary [Sundararaj et al., 1992] [Macosko et al., 1996] and ternary
blends [Reignier and Favis, 2000] showed that both the morphology and the dispersed
phase size become stable after a few minutes of blending. As mentioned in the section on

thermodynamic interpretation, there will be no further evolution of the morphology once
the thermodynamically stable state is reached.

- Mixing order:

Huang [Huang et al.,, 2006] reported that the order of mixing (simultaneous
introduction of components or pre-mixed batch) does not have a significant influence on
the type of morphology and the microstructure in PP/EOR/EOR-g-MAH blends. The
same result was also found in HDPE/PS/PMMA [Tchomakov et al., 2004]. This can also
be explained by the thermodynamic stability under kinetic conditions: if the composition
and kinetic conditions are fixed, the existence of a thermodynamically stable state is
unique and must be reached in all cases. Since the order of mixing changes neither the
composition nor the mixing conditions, it only modifies the way to reach the unique
stable state. Thus the final morphology should not depend on this parameter if the process
is not kinetically limited.
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- Mixing speed:

In ternary blends, the role of the blending speed is similar to binary blends. With a
higher shear rate, the size of the dispersed phase becomes smaller [Jazani et al., 2010],
but this parameter has no influence on the type of morphology [Shokoohi et al., 2009].

- Mixing temperature:

The effect of temperature can be considered as its contribution to the viscosities
(main parameter) and interfacial tensions. However, the fact that the degradation of
polymer is accelerated with higher temperature should not be neglected [Jazani et al.,
2010].

I1.3 Measurement of interfacial tensions between polymers

As discussed in the previous section, the interfacial tension plays a dominant role
for controlling the morphology of ternary blends. Unlike parameters like the mechanical
and rheological properties that have been studied extensively for a long time now, the
modern methods of characterizing interfacial tension such as thread breaking and drop
retraction were developed only around 20 years ago [Luciani et al., 1997] [Elemans et al.,
1990], and some methods are still under development with in situ techniques [Velankar et
al., 2004] [Yu et al., 2004]. There is no direct way to obtain experimentally the value of
the interfacial tension between two molten polymers. It must be deduced by balancing
interfacial tension with another force, mainly gravity and shear forces. The techniques to
calculate or measure the interfacial tension between two molten polymers can be
classified into three categories:

- Calculation from the intrinsic properties of each polymer;

- Calculation from the rheological response of a polymer blend;

- Local observation of a drop/fibre/disk embedded in between two polymeric
molten layers and deformed.

I1.3.1 Calculation of interfacial tension from intrinsic properties of each polymer

The interfacial tension between two molten polymers can be calculated from the
knowledge of the surface tensions or solubility parameters of the two polymers. Antonoff
[Antonoff, 1942] proposed a very straightforward way to estimate the interfacial tension
between two polymers, as illustrated in the following equation:

Vi=Vi™V; Eq. 14
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7: and y, are the surface tension of two polymers, y, is their interfacial tension.

Obviously, this can only yield a rough estimation. Afterwards, the dispersive term and
polar term were taken into consideration of the surface tension as:

7/=7/D+7/P Eq. 15

This expression was employed in the harmonic average by Wu [Wu, 1982] to calculate
the interfacial tension:
D D P P
ViV ViV

=y 4+v. —4 + Eq. 16
71] ]/l 7/] (]/iD‘i‘]/jD yiP_i_}/jP) q

This is the most commonly used method to estimate the interfacial tension, thanks
to the relatively easy procedure for the characterization of surface tension. A potential
drawback of this method is that the values of surface tension are usually available at room
temperature. Using these values to deduce the interfacial tension at temperatures above
the melting point, very often at elevated temperatures, may introduce a considerable error
in the final result. Moreover, even when using a temperature correlation to extrapolate the
surface tension above the melting point, the influence of the phase transition from solid to
liquid state on the surface property is neglected, although Lee et al. [Lee et al., 1970]
established a model describing the correlation between interfacial tension and
temperature with consideration of the phase transition. The numerous hypotheses of this
model raise some doubts about it [Gaines, 1972].

Besides the surface tension, the interfacial tension between polymers can also be
calculated from their solubility parameters. Similar to the composition of surface tension,
there are three components in the expression of solubility parameters:

5 =6,+6,+65, Eq. 17

5,,0, and O, refer to the contribution of dispersion, polarity and hydrogen bond,
respectively.

Hansen [Hansen, 1967] has used the following equation to estimate the compatibility of
two polymers:

R = (6, — §/d )2 + (é‘ip - 5]p )2 +(0, - é}h )2 Eq. 18

A smaller value of R’ refers to a better compatibility between the two polymers. Luciani
et al. [Luciani et al., 1996] used this parameter and an empirical equation given below
(Eq. 19) to predict the interfacial tension between two polymers i and j:

7y =0881(8, = 8,) +(8, -8, +(8,-8,"T"™  Eq.19
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In brief, the advantage of this type of method is that information on the surface
property of polymer is relatively easy to obtain. However, due to its poor reliability, it
can only give a rough estimation of interfacial tensions [Biresaw et al., 2002].

I1.3.2 Calculation from the rheological response of a polymer blend

Taylor [Taylor, 1932] was the first to describe the rheological response of a
mixture of two viscoelastic phases from the intrinsic rheological properties of each
component and their interfacial tension. Since then, several models have been developed,
such as those of Choi et al. [Choi et al., 1975], Palierne [Palierne, 1990] and Bousmina
[Bousmina, 1999], to determine the interfacial tension from the rheological properties of
a polymer blend. Therefore, the interfacial tension can be deduced from the measurement
of the rheological properties of the blend and of each component, knowing the size of
inclusions and the volume fraction of dispersed phase. The main idea of this method is
that the rheological response of a polymer blend is composed of the rheological
contributions of the two components and of their interface. Here, the Palierne model is
used as an example to illustrate this method.

The Palierne model was first published in 1990 [Palierne, 1990], it is a model
derived by analogy with electric formalism aimed for predicting the rheological
behaviour of a binary emulsion. To apply the Palierne model, the following hypotheses
should be satisfied: The components of the blend should be incompressible viscoelastic
fluids; the viscosity of the components should be high enough to neglect the effect of
gravity and inertia; the morphology of the blend is globular; rheological measurements
are performed in the linear viscoelastic domain where the stress is proportional to the
strain, which indicates that the deformation of the drops under oscillatory strain is small.
With all the aforementioned conditions satisfied, the Palierne model predicts that the
complex modulus of the emulsion blend is a function of the complex modulus of the
dispersed phase and the matrix, the interfacial tension between the two phases, the
volume fraction and the particle size of the dispersed phase. In the original version of
Palierne model, the interfacial tension was considered in a sophisticated way: Besides of
the intrinsic interfacial tension between the dispersed phase and matrix, the effect of
change of local interfacial area and shear modulus was also taken into consideration.
When there is no compatilizer present between the matrix and the dispersed phase, these
effects of local conditions are almost impossible to measure experimentally, related
parameters are often set to zero [Graebling et al., 1993]. However in the presence of
compatibilizer at the interface, the interfacial properties become dependent on the
deformation (Marangoni effect) and the nonisotropic contribution to the interfacial stress
also needs to be considered [Riemann et al., 1997]. In the present work, the Palierne
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model was only used for non-compatibilized blends. By assuming the dispersed phase is
monodispersed and using the volume average diameter to represent the particle size of the
dispersed phase, the second version of Palierne model was published in 1993 [Graebling
et al., 1993] as shown in Eq.20:

G =G 1+ 3¢H
1-2¢H Eq. 20

where

[47 %V (G, +5G, )} +[c; -G \i6c, +196;)]

I’ Eq. 21
[407/%v (Gm +G, )J n [(QG; +3G X16G,*n +19G, )]

In the equations above, G* is the complex modulus, d and m refer to the dispersed phase
and matrix, y,, is the interfacial tension, ¢ is the volume fraction of the dispersed phase.

To use the monodisperse hypothesis is that the polydispersity of the blend cannot be too
high: R, /R, <2, where R, is the number average radius, R, is the volume average

radius. Thanks to the simplicity of this version of Palierne model, it is much more widely
used than the original version [Bousmina and Muller, 1993] [Carreau et al., 1994]
[Lacroix et al. 1996] when dealing with polymer blends in absence of copolymer. The
interfacial tension/over the drop size can be determined by fitting the experimental curve
of the storage modulus of the blend by the model. A second method of using rheological
behaviour of the polymer blend to calculate the interfacial tension was proposed by
Gramespacher and Meissner [Gramespacher and Meissner, 1992]. In this case,
information of G’ and G is used to plot weight relaxation spectrum 7H(7) in function of
relaxation time /log 7 [Tschoegl, 1989]. The relaxation spectrum of the blend contains
three peaks: Two of the peaks correspond to the blend components, the additional third
peak usually observed at longer relaxation time corresponds to the characteristic time of
droplet relaxation in the polymer blend. Then the interfacial tension can be calculated
with this relaxation time, average size of the droplet and rheological properties of the
blend components.

From a practical point of view, using this method to characterize interfacial
tension requires the performance of three rheological tests: on the blend and on each of
the two components, and a morphological observation to measure the average size of the
inclusions. Although many steps are required in this method, all of them are easy to carry
out. The potential risk of this method is that systematic errors in the final result may
become quite substantial through the accumulation of small errors of each measurement,
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especially during the characterization of the average size of inclusions. Another risk is
that since the response of interfacial tension needs be measured in the low frequency
region, the sensitivity of the rheometer may not be accurate enough to detect the
contribution of the interface. Moreover, if the morphology of the blend is not perfectly
globular, e.g. part of the dispersed phase is in form of ribbons instead of spherical drops,
the model is no longer valid. A more detailed discussion of these aspects will be given in
the experimental part.

I1.3.3 Dynamic/static observations of a drop/fibre/disk in a polymer melt

Unlike the previous method which studies the rheological behaviour of the whole
two-phase polymer blend, this class of methods considers only one drop or fibre or disk.
The advantage of this type of method is that it is based on direct optical observation of
local deformations, and the information obtained is more complete compared to the
method based on the rheological properties of the blend. Three types of observations have
been developed where a given polymer object is submitted to a deformation due to
another force, i.e. gravity or flow.

11.3.3.1 Equilibrium situation for a drop deformed by the gravity

Pendant drop and sessile drop are classical methods to characterize surface
tension between air and a liquid phase, or interfacial tension between liquids or polymers.

Pendant drop

In this method, a molten polymer drop is pendant in the other polymer, satisfying
the condition that the system is at a mechanical equilibrium state and the density of the
matrix is lower than that of the drop. Then the profile of this drop can be described by an
equation established by Bashforth and Adams [Bashforth and Adams, 1883], which was
originally developed for a gas—liquid system. It can, however, also be applied to two
molten polymers as all hypotheses are valid in this case. Fig. II.15 shows the schema for
this method.
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Fig. II.15 Pendant drop geometry for an algebraic analysis

A drop of polymer liquid is pendant on a syringe immersed in another polymer.
Bashforth has used the following equation to describe the profile of this drop:

i+asm¢:—B£+2 Eq22
R, x a

where

R_a8Ap
y

Eq. 23

In the equation above, «a is the radius of the curvature at the lowest apex, g is the gravity
constant, and Ap is the difference of density between the two phases, y refers to the

interfacial tension. If x, z are the coordinates of a certain point on the profile, the
expressions of R, and sin¢g are given as below:

s e(Epy
R=2-__dr Eq. 24
¢~ dz
dx’
dz
sing = % Eq. 25
[+
dx

Later, several simplifications and improvements of this method were made by
Andreas [Andreas, 1938], Anastasiadis et al. [Anastasiadis et al., 1986] and others.
However, the main routine remains the analysis of the drop profile to calculate the value
of interfacial tension.
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Beside the limit that the density of the matrix should be lower than that of the
drop, its transparency should also be ensured. There are other inconveniences, such as
that the time to achieve the stable state is usually very long due to the high viscosities of
the molten polymers and that the density of molten polymers can be difficult to measure.

Sessile drop

A drop of polymer liquid is put on the surface of a polymer liquid whose density
is high enough to prevent the drop from sinking under the substrate’s surface. The form
of the drop is determined by the equilibrium of interfacial force, surface tensions of the
two phase and gravity effect. Unlike the pendant drop method, it is difficult to describe
the whole profile of the drop. The interfacial force balance along the horizontal axis is
shown in Fig. 11.16.

Fig. I1.16 Schema for a sessile drop
