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| Introduction and objectives of the study

Polylactic acid (PLA)is the most widely used bibased/biodegradable polymer.
However, it suffersthe disadvantageof having a low toughness. To overcome this
weakness has been the subject of numerous studies.

A conventional method to overcome the brittleness of a glpsgymer is to
combine it with an elastomeric phase, either in a chemical way (i.e. synthaseacto)
or in a physical way (i.eby blending). The advantage of using reactor synthesisaisit
cangive morphologeswhich aredifficult to obtainby polymer blenihg. For instancgin
high impact polystyrene (HIPS)r high impact poly(methyl methacrylate) (PMMA),
coresshellinclusions with an elastomeric shell and a rigid core dispersed in the polymer
matrix are obtained by synthesiSuch morphologes can providehigher toughness
enhancement thathe biphasic morphology wheran elastomeric phases dispersd in
the rigid matrix.

In the case of PLAfo our knowledgeno process haget beendeveloped to
producecomplex morphologiesvith elastomeric phses by synthesisThe only way to
improve its toughness #usto blend it withother polymers, preferentiallybio-based
or/and biodegradablenesif there is awill to keep the environmentglfriendly feature
of PLA.

In the 19905 research was carriegut to study the morphology of naniscible
ternary blend. It was foundthat it is possible to achieve cotghell morphologes with
ternary polymer blersl But all those studies were based on conventional polymers. In the
present work, we will explore éhpossibilityof achiewng coresshell morphologes with
PLA-based ternary polymer blemdnd verify whether this kind of morphology can
indeed bringbettertoughness improvement than binary blend

To reach this goal, the first question to answer is how to control the morphology
of immiscible polymer blendslt is knownthat the key factor dominating the ternary
blend morphologystructurationis thethree binaryinterfacial tensiogbetween the three
polymers If the values oftheseinterfacial tensions are known, the morphologyaof
ternary blend carthen be predicted.This was our guideline. Wérst measured the
interfacial tensions between tisbosen polymerand the resudtof these measurement
wereusedto theoreticallypredict the morphologgf theirternary blend. We showed that
the prediction and experimental observasoare indeed in agreement and thaimt
encapsulad morpholodes can be obtainedith PLA-basel blends. However, this was
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not our goalwhich was to prepareoresshell morphologes To modify the morphology
of the ternary blend in such a wayasto have a coreshell morphologythe interfacial
tensions neezd to be selectively changed. Thiswas achieved by dding interfacial
tension modifiers (often calleccompatibilizes) to the blend. We tried to use
commercially available compatibilizerto tune the morphology buwe failed since
selective compatibilizatiorwas needed toinduce a changein the ternary blend
morphology. With the collaboration afgroup fronthe University of Aix Marseille, two
specificdiblock copolymers were synthesized and their selective compatibilization effect
was verified. With the help ofthese diblock copolymersve succeeded in creating the
coresshell morphologywe were looking far The mechanical propertiesf the obtained
compositesvere measured and compared tos#of binary blend.

Outsidethis general introductiofchapter I) the manuscript isorganizedaround
five chapters The following paragraphssummaize their main content and our main
results

Il Literature survey

This chapter descrés what is known aboutPLA and PLAbased blensl
Attention is paid to the mechanism of toughness improvement from dsirell
morphologes and to the waysto control the morphology of polymer bleaxdrhe key
factor controlling the morphologyof ternary blendss the spreading coefficient, the
relation between this parametardternary blendnorphologybeingillustrated in Figl.1:

Fig. 1.1 Relation between spreading coefficie@andthe morphology of ternary
blends composed of three polymers A, B and C.

In Fig. 1.1, ais the spreading coefficient is calculated from the values tife interfacial
tensions betweepolymersA, B and C:



Q/A/C “éC ‘,JAB ‘%C
Q/ B/C ‘JAC ‘%B “éC
Q/C/ B "]AB ‘]AC “éC

A summary 6 the methodsisedto measure thénterfacial tensiorbetween two
polymers isgiven In order to have reliable measuremehtsy methods were chosen for
this study:the first methodis based oithe Palierne model, theecondon the kinetics of
relaxation of a deformed drop.

[l Material sand experimental methods

In this chapter, walescribethe three polymers whictvere usedn this work
PLA, poly(butylene adipateo-terephthalate) (PBAT) and copolyamide (PA).In the
targeed morphology PLAwas definedas the matrix, PBAT and PAsdispersed phases
where PAshould beencapsulatetly PBAT. The apparatiesusedto prepare thegymer
blends and characterizatiomethods are described.

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

In this chapter the characterizationtioé interfacial tensioabetweerPLA, PBAT
and PAwas carried out withtwo methods(Paliernef ¥hodel and drop retractipnThe
values of the interfacial tensiove measuredre given below

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

PBAT/PLA 3.8 3+x04
PA/PLA 5.2 5.6+0.3
PA/PBAT 2 3.3+04

The values ofthe interfacial tensiondrom drop retractios were preferredo
predict the morphology othe ternary blend(we obtainedlarger errorsin interfacial
tensionswith the Palierne mod@l From the values ofthe interfacial tensionsthe
spreading coefficients ithe PLA/PBAT/PAternary blendcan be calculated

Garpapia  Peamipia  Papear  bapia SmN/m
QA/PBAT/PLA Fupia  Feaveia  bapear 0.5 rimN/m
QA/ pLAPBAT  barpeaT  PeaTiPA  Papia SmN/m



Basedonthese spreadingoefficientvalues, it was expecteatiat the morphology
should be eithera coresshell one where PAdroplets aresubinclusiors in PBAT, or a
semiencapsulated one where Bloplets aresitting atthe border othe PBAT and PLA
phasesBy preparing a ternary blend 60PLA/20PBAT/20P Aaminternal mixer, it was
confirmed that the morphology is indeed a semtapsulated on@ig. 1.2). The model
was thus validated.

Fig. 1.2 Morphology ottheternary blend 60PLA/20PBAT/20Rkepared by melt
mixing The vhite matrix is PLAthegrey phase is PBAT and the black phase is PA.

V Compatibilization of ternary blends

Although the morphologwf ternary blend had been successfully predicted, our
goal(i.e. to obtaira coresshell morphologywas not attained The spreadingoefficients,
and thus the interfacial tensiomeeadto bemodfied in order b push the morphology
evolutionin the aimed direction (Fid.3).

"%$8] "#g! "o6$&l 43!
@

Fig. 1.3 Schematic representation of themphologyevolutionfrom semi
encapsulation to corsshell

Spreading coefficients satigfig the conditions belowere thus needed

Garpwra  Poampa bapear  bapa OMN/M
Qureatiria  Bupia  deameia bapsar | OMN/M
Quvpwrear  Burear  deamipa  bapa OMN/M
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Comparedo the resuls of Chapter IV 8o g, 0 g o1€eee@dto be increased from
negative to positiveTherewere two options to achieve this godaitherincreasg the
value of (ko g 2 or redudng the value of (t o gaand Gto g0}

From the practical point of view, the latter option is easier to implement, as the
interfacial tension can be reduced by addargpmpatibilizerto the system. Ideallyit is
preferable forthe compatibilizer to be a selective ot reduces only the interfacial
tensionof PBAT/PLA and PA/PBATDblends but notof PA/PLA blends Based on this
approacha first trial was carried out with a commercial compatibili¢eotade), but it
was found that this neselective compibilizer could not achieve the corsshell
morphology since it reduces all three interfacial tensions in the ternary blend at the same
time. Compatibilizationwith a selectiveblock copolymer is mandatory in this case to
achievethe desiredcoresshell morphology.Two block copolymes, PLA-b-PBAT and
PBAT-b-PA, were synthesized and characterized. Afthieckng their compatibilization
effect, a strategy to achieve caséell morphologywas designed an@ppliedto achieve
thetargetedcoresshell morphology.

Afterwards the mechanical performance thie ternary blendsvasevaluated and
compared with PLA/PBATbinary blendssince the purpose of this womkas to see
whetherthe coreshell morphologycould bring some advantage toughness compared
with binary blend. Howeve, the ternary blenddid not show any advantageomparedo
binary blend in terms ofeitherthe stiffnessor toughnessropertiesThis may bedue to
thetoo low value ofthe modulus ofthe core phaseelative to the two other polymers
making it unable toinducethe multicavitation effectasin HIPS or to the imperfect
morphology withthe presence of a few droplets of PA at the interface.

VI Conclusions and perspectives

This work ained at achieving direct corshell morphologies in ternary
PLA/PBAT/PA polymer blends by melt mixingnterfacial tensions were determined and
the three spreading coefficients were calculaidte Hends prepared by melt mixing
showeda partial encapsulation of theA phase at the ietface betweemhe PLA and
PBAT. This morphology was in agreement with the sign of the spreading coefficients.
Two diblock copolymers were symsized in order to have a selectiecempatibilization
and to modify the PA subnclusion location. The presena# the block copolymers
enabledus to modify the interfacial tension balanaed to successfully change the
morphology frompartial encapsulation to full encapsulation of PA snblusions in the
PBAT drops.Due to the low modulus of the PA phase relative to the other plases,



coresshell morphology of the ternary blend did not lead to an enhanced reinforcement
relative to the binary blend.

RZsumZ d travail de these

/ 1 D F p@ytdctique (PLA) est lgpolymere le plus largementX WLOLVp &THVW X
polymere biosourcZ etbiodZgradable. Cependant, il souffre d'un inconvZrdentest
G 1 D ¥irie [idible tZnacitDe rombreix auteursont tentAe pallier” cette faiblesse

Un procZdZ claggie pour vaincréa fragilitZ d'un polymere vitreux consiste ~ le
mZlangeavec une phase Zlastomere, soit d'ovanisre chimique (synthes® X VHLQ GTXQ
rZacteur), soit d'une manisre physiqueZ(angede polymeres j O T p W D.Wavah@ge X
d'utiliserla voie synthesees de pouvoirobtenirdes norphologies difficiles " rZalisgpar
mZlange de polymeres. Par exemple, dans le polystyrirec {HIPS) oudans le
poly(mZthacrylate de mZthyle) (PMMAhog! des morphologie coeurpeauavecdes
LQFOXVLRQV FRQVWILLWLXG®H \H G WRQe D@ idmmkeQlidpesstians
la matrice polymereont ZtZ obtenwepar voie synthese Une telle morphologi@ermet
G 1D P p QeLtRriaA¢it¥de la matrice par rapport &u mZlange binaires une phase
Zlastomere est dispersZe dans la matrice rigide.

Dans le cas du PLA, aucun procZdZnotre connaissancen'a encore ZtZ
dZveloppZ pour produire des phases Zlastomeres de morphologies compplexes
synthese La seule manisre d'amZliorer sa tZnacitZ est donc de le mZlanger avec d'autres
polymeres, de prZfZrencéiosourcZset/ou biodZgradables pour conseriercaractre
environnementadu PLA.

Dans les annZes 1990, des recherches ont ZtZ menZes poulaZtugtighologie
de mZlanges ternaires non miscibles. Il a ZtZ constatZ qu'il est possible d'obtenir de
morphologie coeurpeau avec un mZlange de polymere ternaire. Mais toutes ces Ztudes
Ztaient basZes sur des polymeres conventionnels. mmrestravail, nousavonsexploiZ
la possibilitZ d'obtenir une morphologiE ° Xs¢audansdes mZlanges de polymeres
ternaires ~ base de PLA et de vZrifier si ce type de morphopmgimeteffectivement
Gafyporter une amZlioration de la tZnapéZ rapport aumZlanges binaires.

Pour atteindre cet objectifie premier point a ZtZ de comprendreomment
contr™ler la morphologie dans les mZlanges de polymeres non midaigasametreclZ
qui domine la structuratiomle la morphologieG 1 X Q P ptérba@eklt la tension
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interfaciale des trois mZlangebinaires. Si les valeurs des tensions interfaciales sont
connues, la morphologie du mZlange ternaire peut alors tre préditet notre ligne
directrice. Nous avons d'abord mesurZ les tensions interfaciales entre les pobjeneres

O 1 p WtXi&3 HZsultats de ces mesures ont ZtZ utilisZs pour prZdire thZoriqguement la
morphologie des mZlanges ternaires. Nous avons montrZ que lesignZdétt les
morphologies observZes sur lesZlanges ternairesont en accord et queles
morphologiesavec une encapsulation seulement partielle des nodules de PA par le PBAT
Ztaient obtenuedans lesmZlanges ~ base de PLA. Cependant, ce n'Ztait@Wjectif

visZ morphologie F ° Xdgauavecuneencapsulation complste des nodules de PA dans le
PBAT). Pour modifier la morphologie des mZlanges ternaires, les tensions interfaciales
devaient stre modifiZes. Ce but a ZtZ atteint en ajoutantgests compatibsants
(copolymeres) Nous avons essayZ d'utiliser égentscompatibilisats disponibles dans

le commerce pour ajuster la morphologie, mais nous avons ZchouZ caffinig
sZlectiveavec les diffZrentes phasggait nZcessaire pour modifier la morjogie du
mZlange ternaire. Avec la collaboratiéh X QH pd IMriv@rsitZ Aix Marseille, deux
copolymeres diblocs spZcifiques ont ZtZ synthZtisZs et leur effet de compatibilisation
sZlective a ZtZ vZrifiZ. Avec l'aide de ces copolymeres diblocs, noos & ussi ~ crZer

la morphologie F ° X#¢au que nous recherchions. Les propriZtZs mZcaniques des
composites obtenus ont ZtZ mesurZes et comparZes " celles des mZlanges binaires.

Sans comptecette introduction gZnZrale (chapitye le manuscrit esbrganisZ
autour de cing chapitres. Nous donnons-d#ssous un rZsumdu contenu etdes
principaux rZsultats de chaque chapitre

Il Etude bibliographique

Ce chapitre dZcrit ce qui est connu sur les mZlanges ~ base de PLA. L'atiention
ZtZportZe sur le mZcanisme d'amZlioration de la tZnacitZ "~ partir de morphdicgies)
peauet sur les moyens de contr™|er la morphologie des mZlanges de poban«er
mZlange Le parametre clZ contr™lant la morphologie des mZlanges ternaires est le
coeficient d'Ztalement, la relation entre ce parametre et la morphologie du mZlange
ternaire Ztant illustrZeurla Fig.1.1.

Surla Fig. 1.1, lest le coefficient d'Ztalement. Il est calculZ " partir des valeurs
des tensions interfaciales entre les polyms#e B et C:

Q/A/C “éC "AB ‘JAC
Q/ B/C ‘I]’-\C ‘,]AB “éC
Q/C/ B ‘;]AB ‘JAC “‘éC
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Un rZsumZ des mZthodes utilisZes pour mesurer la tension interfaciale entre deux
polymeres estfait. Deux mZthodes ont ZtZ choisies poes mesures dam®tte Ztude:
Une mZthode est basZe sur le modsle de Palierne, l'autre est basZeirstiigae de
relaxation d'une goutte dZformZe.

Il MatZriaux et mZthodes expZrimentales

Dans ce chapitre, nous avons introduit les trois polymeres ZtudiZs dans ce travail,
le PLA, le poly (butylene adipateo-tZrZphtalate) (PBAT) etie copolyamide (PA). La
morphologie ciblZe a ZtZ dZfimieecle PLA comme matricele PBAT etle PA comme
des phases dispersZes les inclusions dePA sont encapsulZeslans lePBAT. Les
appareils utilisZs pour prZparer les mZlanges de polymeres emZéisales de
caractZrisation sont dZcrits.

IV Mesure de tensions interfaciales et Ztude de mZlanges ternaires non
compatibilisZs

Dans ce chapitre, la caractZrisation des tensions interfacialesleemta\, le
PBAT etle PA a ZtZ effectuZavec deux mZthodes (modsle de Paliernedeactionde
goutte). Les valeurs déensiors interfaciales sont donnZes-tlessous:

Palierne model (mN/m) RZractionde goutte (mN/m

PBAT/PLA 3.8 3+04
PA/PLA 5.2 5.6+0.3
PA/PBAT 2 3.3+04

ConsidZrantes larges erreurde nos mesures avec le modsle de Paliessles
les valeurs de tension interfaciale issues des essaigZaction de gouttesnt ZtZ
utilisZes SRXU FDOFXOHU OHV FR HbuL BrZ¢ir® & morBHpoyisBsO HP HQ W K
mZlangs ternaires:

QBAT/ paplA  beaTipia  PapeaT  bapia SmN/m
QA/PBAT/PLA Fupin  Feaveia  bapear 0.5 rimN/m
QA/ PLA/ PBAT ‘éA/ PBAT ‘;BAT/PLA ‘1ZA/ PLA 5SmN/m
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Sur la basale ces coefficients d'Ztalement, la morphologie pourrait etre soit une
morphologie F ° X#eauavec des inclusionde PA encapsulZesusinclusiong dansle
PBAT ou partiellementencapsul@s dans le PBAT (inclusions deA localisZes™ la
frontiere entre lePBAT etle PLA). En prZparant un mZlange ternaire 60PLA / 20PBAT /
20PA en mZlangeur interne, il a ZtZ confirmZ que la morphologie est bien une
morphologie seméncapsulZe. Le modele est donc validZ (F®).

V Compatibili sation de mZlanges ternaires

Meme si la morphologie du mZlange ternaire a ZtZ pZuiec succes, oire
objectif (morphologie coeupea) nZtait pas atteintPour pousser la morphologie
Zvoluerdans la direction visZe (Fig3), les coefficients d'Ztalement, et donc les tensions
interfaciales devaientstre modifiZs.Les coefficients d'Ztalemefitatteindresont donnZs
ci-dessous:

QBAT/ PA/PLA ‘1ZBAT/PLA ‘1ZAIPBAT ‘1ZAIPLA OmN/m
QAIPBAT/PLA *Z’A/PLA ‘1lBAT/PLA “IZ'AIPBAT 'OmN/m
QAI pLaPBAT  barpear  Peamipia  apia OmN/m

Par rapport aux rZsultats du chapitre 4, 1 g xr p ©0it stre augmentgpour
devenirpositif. Il y a deux options pour atteindre cet objectif, soit augmenter la \@deur
@¢g 1p©U rZduire la valeur d@r e xrp et @k TFEx

DIX®RLQW GH YXH SUDWLTXH FHWWH GHUQLgUH RSWLF

car la tension interfacialpeut etre rZduite en ajoutant un agenmpatibilisantdans le

mZlange ldZalementun agent compatibitiant sZlectif rZdusant seulement la tesion

interfacialedes couple*BAT/PLA et PA/PBAT,et non dans leouple PA/PLA, est

prZfZrable Sur la base deette approche, un premier essai a ZtZ rZalisZ avec un
conpatibilisant commercial (Lotadgrmais il a ZtZ constatZ que ce compsdilinon

sZlectif nepermettaitpas GFEWHQLU OD P RPeal RaD RZHahit les X bis

tensions interfaciales da le mZlange ternaismeme temps.

~

La ocompatibilisation avec des copolymeres blocs sZlectié Ztait donc
indispensableSRXU REWHQLU OD #&ksh¢rRNIEaux-copdiyiises
blocs, PLAb-PBAT et PBATb-PA, ont ZtZ synthZtisZs etaractZrisZs. Apres avoir
vZrifiZ leur effet de compatibilisation, une stratZgie pour parvenir ~ la morphologie
coeurdpeaua ZtZ mise au poiet rZalisZe pour obtenir la morphologie ciblZe.
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Les performances mZcaniques des mZlanges ternairesussit ZtZvaluZes et
comparZe$ celles desmZlanges binaires PLA / PBAT puisque le but de ce tratait
de voir si la morphologie F ° X#¢au des mZlanges ternairpsuvait permettre
G 1 D X J PIdt@naciidbar rapport aux mZlanges binaires. Cepeddastle as prZsent,
les mZlanges ternaires ne prZsentent aucun avantage par rapport aux mZlangesnbinaires
termes deigiditZ et la tZnacitZela est ppbablementlZ aufait que le module desous
inclusions (phase PA)'est pas assez ZlevZ pour avoir l'effet de multicavitation trouvZ
dansle polystyrenechoc.

VI Conclusiors et perspectives

Ce travail visait ~ obtenir des morphologigs L W H \beBuidéns des mZlanges
de mlymeres ternaires PLA/PBAPA parvoie fondue. Les tensions interfaciales ont ZtZ
dZterminZes et les trois coefficients d'Ztalement calculZs. Les mZlanges prZpaigs par
fondue ont montrZ une encapsulation partielle de la phase PA " l'interface entre le PLA et
le PBAT en accord avec lmodele. Deux copolymeres” blocs ont ZtZ synthZtisZs afin
d'avoir une compatibilisation sZlective. Ces copolymeres ont perdss modifier
I'Zquilibre des tensiors interfaciales et dela localisationdes sousnclusions de PA dans
les gouttesie PBAT. Des mZlanges afe X QH P R U S K Ro@aR dit A tFcbrebus par
voie mZlangeEn raison du faible module de la phase PA par rapport aux autres phases,
la morphologieF ° X#éaudu mZlange ternaire n'a pas conduitenforcemenescomptZ
par rapport” un mZlange binaireou ~ la non perfection de la mohplogie obtenue
(prZsence dgouttelettesGH 3$ j OTLQWHUIDFH HQWUH OH 3%$7 HW OH
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Il Literature survey

In this chapter, the firgboint 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
toughnesswhich can be improved by blending it with an elastomeric pHdseever a
morphology witha coreshell structure can improveven further the toughness (i.e.
HIPS), butsucha morphology has never been created with PLA.

Conventionally, a corsshell morphology is created by chemical synthesis, but
this is not easily feasible with PLAThe Iterature shows that ghould bepossble to
achieve this morphology by polymer blending. Thus, in the following part the principle
usedto control the morphology of immiscible polymer bleiglintroducedfrom binary
to ternary blends. It was found that interfacial tension plays the most important role in
controlling the morphology of ternary blendsarious methods$or the measurement of
interfacial tension arthusdescribed.

[I.1 PLA -based polymer blends

[1.1.1 PLA as a bioplastic

$V HDUO\ DV LQ WKH WHUP SUHQHZDEOH UHVRXUF
‘HLVV >:HLVV @ DV 3\ WKH WRWDO UDQJH RI OLYLQJ RU:
ILEHUV GUXJ HWF«  :LWK §¢Llevdived ihKivy diBdrent @ayd/ LR Q K
renewable energy and renewable materials, which are regarded as alternatives to the
diverse environmeat and energy issues caused by the use of traditional-fussad fuel
and materials.

The present work deals with @exific type of renewable material, bioplastics,
which refers to plastics derived from living substangeshas plant oil, sugar or starch,
etc. It is often confused with another concepELRGHJUD G D Evihidh S(DVWLFV”
indicates that a certain typef plastic is biodegradable. Many bioplastics are
biodegradable, with some exceptions like -based polyamide (PA) Rilsan”, some
cellulose derivatives or bibased polyethylene (PE). On the contrary, not all
biodegradable plastics are Hiased, such asofycaprolactone (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 Hig.
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Fig. 1.1 Global production capacity of bioplastifguropean Bioplastics, 2017

According to the predictits of European Bioplasticgshe annual bioplastic
production capacityn the year 2022will be larger by 19% thanthat of 20¥Z. Among
those plastics, the one making the major contribution is polylactide (Pl#jich
accounted forl0.3% of the total bioplastiproduction in 2017 [European Bioplastics,
2017.

The main reason for the success of PLA is itsbda@ieed characteristics associated
with a good Life Cycle Assessment. In addition, it has good, but not outstanding,
mechanical propertieshe <RXQJTV PRGXOXV RI SXUH aBd$ GPHLQJ EHWZ
[Shen et al.,, 2009], showing a brittle rupture at around d@tormation 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 disadvantagesitignine further application of PLA

are its weak chemical/environmental resistance and its poor ductility, which limit the use
of PLA to packaging applicatiawhere large mechanical properties and durability are
not needed.

II.1.2 Mechanical improvement 6 PLA by polymer blending

Blending with an elastomer phase is a traditional way to improve the ductility of
brittle polymers[Wu, 1989. As a matter of fact, a lot of work has been devoted to
studyng 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
terephbalate) (PBAT) [Jiang et al., 2006] [Zhang et al., 2008jich are ductile at room
temperature, in order to achiewaebetter toughness. These soft inclusions are often bio
based and/obiodegradable in order tpreservethe ecologicdy friendly properties for
the whole blend.

This enhancement of ductility by preparing a binary blesagbe obtained by two
correlated mechanisms, (1) cavitation of the dispersed phase and (2) redistribution of the
stress in the matrix{alary et al., 2008]JUnder an externatmin, for example a uniaxial
traction, stress will concentrate around the hetereges 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 béeesed in the form of creating a new surface: a
cavity is formed inside the inclusion. After the appanceof cavities, the normal stress
around the inclusioneducesand leads to a redistribution of strefg stress around the
inclusions changes fromidxial to plane. Triaxial stress favaugraze 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 gplied to enhance thdoughness 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 (P&gwhe first generation of
enhancenent. Nowadays, instead of preparing binary blends, further mechanical
improvements can be achieved by replacing homogeneous elastomeric inclusions by
complex inclusions composed an elastomer shell and a rigid colggso FDOOH& 3SFRUH
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thatwas createdn 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 mechanstahin a multicavitation is created instead of the
monao-cavitation in the case of a homogeneous inclusion. Hence, even more energy is
consumediuring deformatiorby this effect, as illustrated in Figj.2:

A
v

Fig. 1.2 Cavitation mechanisms in a pure elastomer inclusion and in asshed
inclusion[Schirrer et al., 1996]

Cavitation Rigid core

Fig. 1.2 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 mud larger than that of the elastomer shell, little stress is transmitted to the core via
the shell. During thestrain the rigid core barely deforms. Hence the elastomer in the
polar location is being stretched andstfinally leads to the creation of midte small
cavities. Supposing that the cavity volume is identical for both cases, there is obviously
more area created in the case of racdivitation. As a consequence, more energy is
consumed in this case and this mechanism of cavitation leads to er bigighness
[Schirrer et al., 1996]

In ternary blends, using a rigid core as-sutiusion can also lead to an increase
of the <RXQJTV PRGXOXV LQ FRPSDULVRQ ZLWXheELQDU\
structure can achieve both better rigidness dnctility 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 ob&gnby insitu chemicalsynthesis
[Halary et al., 2008]. Although these two common plastics have been industrialized for a
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long time, improvement aiming at simpler and more economical synthesis is still under
developmenfDesbois et al., 2006].

Outside the chemical synthesis method, recent results on multiphase polymer
blends have shown the possibiliy obtairing such coreshell structures [Reignier and
Favis, 2003] by classical mechanical blendibgt these studies were mostly limited to
somefossitbased polymers and they only focusedtmmorphology. The present work
aimed at expanding such multiphase blendipgroache using biebased polymers and
measuring the associated mechanical properties.

[l .2 Immiscible ternary polymer blends

II.2.1Polymer 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 inclusiainspswell, with the
purposeof obtairing synergetic properties, i.e. beti@opertiesthan the sum othoseof
individual polymers. In the case of thermoplastics which are in a solid state at room
temperature, the mixing process is realized in their enolstate. This process is
conducted in an apparattisat isable to provide enough thermal and mechanical power
to overcome the high viscosity ofoltenpolymer.

Fora more comprehensive understanding of the blending process, some principles
for the blendhg of two immiscible liquids will b@resentedhere considering two aspects:
thelocal behaviour of a single drop aaglobal view on the whole polymer blend.

[1.2.1.1 Drop deformation and breaking

When discussing the behaviour of a drop in the blend, two phenomena should be
taken into consideration, first the mechanical stresghich 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]:

&DZS

Eqg. 1
$ %
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where R is the radius of the drop and is the interfacial tension. In a simple shear
flow, the shear stress is written &/ K J, K is the viscosity of the matrix andis
the shear raté hus the expression die capillary number can be rewritten as:

&D-=°

Eqg 2

$%

During an increase dfhe shear rate, the shear stress progressivelgsttie
dominat role. There is a critical value @@a above which the drop will be broken by the
flow: this value is the soalled critical capillary numbelCa,, . Taylor [Taylor, 1934]
was the first to interpret the value G&,,, as a function of theiscosityratio p (Eq. 3)
between the viscosities of the dispersed pl@seand the matrix.

S S Eg. 3

K,

Several scientists have extended his work [Gra@82], [Hinch and Acrivos, 1979, 1980]
to both shear and elongational flows as shown inIE&;.

Fig. 1.3 Relationship betwee@a_,, and p in different types of floystegeman et al.,
2002]

As the curve corresponding to the elongational flow is always below thate of
shear flow, it is an indication that an elongational flow has a higher efficiarmgakng
a drop than shear. The explanation is simply that in a shear flow, only pagtsifeéar is
used to deform the dro@nd the other part is only rotating the drop. On the curve
corresponding to simple shear, there is a mininft@y,, existing when the value op is
around 1. Wherp is larger than 4, it is predicted that no drop breakage is possible

matter how large the shear rate is.
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To summarize the behaviour of a drop as a functioa&f 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 floamitent of
its deformation at the initial state should also be taken into consideration, as shown in Fig.
Il.4, which shows the drop behaviour for two initial deformation conditions. IFig.
represergthe deformation rate ratio between the dispersedephiad matrix as a function
of the initial deformation of the drog_(equals the ratio between the lengthad major
axis of the deformed drop and its original radius). The viscositheflispersed phase
and matrix are supposed to be identical in the ¢ases.
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Fig. 1.4 Dependence of the drop deformation in shear on the initial drop deformation
[Stegeman et al., 2002]. represents the ratio of the lengthtb& major axis of the
deformed drop on its original radius

If there is sufficiendeformation at the beginning, the drop can be stretched into a
long filament even with only 0.28a_, , as if the valueCa was larger tharCa_,; for an

initially non-deformed drop.

When the value ofCa reaches the value dta,, in the flow, Meijer et al.

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

distributive mixing, as the shear effect éathe dominat position, the dispersed phase
deforms affinely withthe 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 flouand locallythe interfacial strescompetes with the
shear strgs. 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 effecs fem
important effect, the drop is first stretched into a filament, then brakanto smaller

drops by the growth of instabilities formatithe interface [Rayleigh, 1879].

A significant difference between the distributive and dispersive mixings is the role
of time. During distributivemixing, the exclusive parameter is the maximum value of
Ca. But for dispersive mixing, besid€a, time should also be taken into consideration.
An example is shown in Fidl.5.
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Fig. II.5 Response ad drop under asimilar triangle load of shearAll parameters are
the same: maximum Ca/&ea= 1.3, p = 1.3 but a difference of 8rsthe total duration of
theexperimeniMeijer et al., 2009]

In Fig. 1.5, the maximum ratio betwee@a and Ca_,; is 1.3, and therefore it is

under the case of dispersiwexing. The maximum value ofa is identical in both cases,
the only differencéeingthe duration of shear: 84 s for the top scheme and 92 s for the
bottom. Then, these 8 secondsdidferenceare enough for an instability to form at the
interface which finally leads to the drop breakup.

From the practical point of view, small inclusisizes are often regarded as an
LQGLFDWLRQ RI 3JR Rldwe@L kt&ébting toRIScusswhid igsue. Between
the two mechanismef distributive and dispersive mixings 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 raBoequal to unity,Ca., reachesa

minimumvaluein shear flow, and then the drop size desesaeasily by the shear effect,
giving a distributive mixing mechanism for the breaking of drops. However, in the case
of the stretching o& large drop into a long filament disintegrating into smaller drops by
the interfacial instability effect, small sdlite dropsare formedduring 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 isather the dispersive mixing which can lead to very small drops.
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11.2.1.2Drop coalescence

Contrary to drop breakup which leads to a fine morphology, during coalescence
two drops assemble into one and the morphology will coarsen byndgasanism. 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 mimn 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 tim of the dropsthe thickness of the film decreases until
a critical valueh,,, is reachedwhere an instability begins to grow at the interface of the

film andfinally leads to the coalescence of the drops. There are three existing models to
describe film dainage dependingn 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 beveen two drops and film drainage. In a simple
shear flow,0n average a drop collides with another drop after everyttsimexpressed as
[Meijer et al., 2009]:

S

t — Eq. 4
coll 8 N q
where Jis the shear rate and is the volume fraction of dispersed phase.

The probaility of collision is defined asanexponential of the ratio between the collision
time t.,, and the whole process tintg,. [Meijer et al., 2009]:

t S
Pa  ex( ) exp( )
tproc 8‘]%@:
The probabilityof film drainage occuing 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 timéssumingthat the sizes of the two colliding drops
are identical, the probability can beitten as:

Pain expéi pCa’?) Eq. 6

rit

Eqg. 5

In the equation aboveR refers to the radius of the drop amdindicates the viscosity
ratio between the dispersed phase and the matrix. Therefore, the probability of

-24-



coalescence is expressed as the product of those two probalbiigids6 [Meijer et al.,
2009] illustrates the combination of collision and film drainage.

Fig. 1.6 Combination of collision and drainage probabilities unttez following
conditiors. simple shear rate Q1 s'; viscosities of dispersed phase andtrix equal to

1 Pa.s; U,=102N/mt . 50s; h, 10°m; M 0.1.[Meijer et al., 2009]

From Fig.ll.6, it is obvious that at a similar volume fraction, small drop sizes are
favourable for the coalescence process to occur. However, the lithie 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 tdfiim
drainage tdake place

[1.2.1.3Combination 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 tosizes at the scale of rhithetres which will lead to a large value ¢e capillary
number. As a result, the distributive dispersion takes the dobole in this first step of
blending, decreasing the size of the inclusions. As the morphology becomesitimite
shear effect, the deeasing 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 behaviofirdoops near the dynamical
equilibrium state. In the situation of a single drop, the competition between drop breakup
and coalescence is described in Hig. with different models for coalescence, supposing
thatthe viscosityratio is equal to unity andhe time is long enough for coalescence to
take place [Meijer et al., 2009]. This idea was first introduced by Elonpriilmendorp,
1986].

Fig. 1.7 Competition between breakage and coalescence under dheger et al., 2009]

The solid line correspals to equilibrium breakup and indicates the limit for
shearinduced breaking. As discussed before, small drops are favourable for coalescence
and breakage happens with large drops. The region between the equilibrium breakup line
andthe 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 madel of
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
and ethylene propylene rubber (EPR) blends with different polymer viscositiesa an
fixed volume fraction of dispersed phase equal to 15%. By studying the relationship
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( CaZ’ ) was introduced. The purpose of this new number is to simplify the
breakup/cokescence (noting that breakup includes distributive and dispersive dispersion)
competition into a simple shebreaking model. 1iCa>CaZ’, drops are breaking up

otherwise they are coalescinghd relationship betwee@aZ’ and the viscosity ratio is
shown in thefollowing empirical equation:

o™ 4(%) Eq. 7

Theexponent of the power law dependetalees 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. Hpae\@vious

drawback of this model ihat 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
ODWHU 6HUSH >6HUSH HW DO @ SURSRVHG D FRUUHFW
linked tothefractionof dispersed phase:

4(&) r0.84
cgw Eq. 8
act [1 (4 M/mO.S] q
where M and M refer to the volume fractien of matrix and dispersed phase
respectively.

Although this equationis empirical, it is often used to estimate the average size of the
included phase in the binary polynigend.

[I.2.2 Immiscible ternary polymer blends

Adding a third polymer gives a huge amount of morphological possibilities and
the focal point othe study oternary blends is quite different from that of binary blends.
The theories predicting the morgbgy of immiscible ternary polymer blends were
developed only 20 years ago, and it is still a 4msn domain in polymer compounding,
with few industrial applications. In the following discussion, the control of the
morphology of ternary systems will besdeibed.
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[1.2.2.1 Macroscopic and microscopic considerations

Macroscopic view

As for all systemsn 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 expressiofthis parameter is written as:

G 1A |nF Eqg. 9
The first term refers to the interfacial contribution on the free energy, whestands

for the interfacial area between phasgsfor their interfacial tension. The second term is

for the partial molar free engy which depends on the number of moles and on the
chemical potential of each componeihen discussing the possibility of obtaining
different morphologies, it is not necessary to consider the tel‘rrn P as the
components of the blend do not vary. Only theerfacial contribution should biaken

into account for the free energ@uo 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 tern:1 A o 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 favarable state.

For instance, for two phaselispersing in a third one as matrix, three possible

morphologies are drafted out as in HigB:

..‘.a ‘b ‘c

Fig. 11.8 Possible morphologies for a ternary blend

The interfacial contributions to the free energy for morphologiesamds; in Fig.
11.8 can bewritten as:
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where G,, G, and G, are the interfacial free energies of morphologies a, b and c,

respectively. Subscriptg, b and w refer to the respective colour of the phase on the
figure: grey, black and white\ is the number of drops/ is the volume fractiony is the

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

, Q *XRTV[G®& Hl.U1997]a roughapproximation is used, stating thil, ,

N, and N are the samewhich is obviously a suspicious hypothes&his 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 suthexdurface area of millionsf drops in

the blends! One way to solve this question concerning theintéafacial area is to first

XVH : X RU 6HUSHYV HTXDWLRQ (T RU WR tHeY WLPDWH
different dispersion phasgthen to use it to calculate the average volunthedrops. As

the total volume of the dispersed phase immawkn factor when preparing the polymer
blend, the number of drops can be deduced. Aftersyaradbnly need to be combined

with the average surface area of every drop to get the total value in the blend. Although
this is a path tomakethe estimation, its 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 semtencapsulation, ijust becomesinapplicable because theressll no theorythat

predics the inclusion size of the serancapsulation situation. It is thus necessary to take

a second approach into account.

Microscopic view

In this approach, the object of the study is no lonigerwhole blend but the local
situation at the three polymer interfaces. A ternary polymer blend can be simply
considered as a tphase deformable system, the interfacial preference determining what
NLQG RI VWUXFWXUH ZLOO EHQRHKPHG GHRWVDUWLEH G KELVWISH H
force balancgthe first study on this phenomenon was on thedgpsd ssolid system as
shown in Figll.9:
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Fig. 11.9 Spreading of a liquid drop i on the substrate j in the air

The condition for thdiquid drop to cover the whole surface is that the spreading
coefficient( @) GHILQHG LQ +DUNLQVIV HTXDWLRQ >+DUNLQV

Q J J J'0 Eq. 11

where J and J are the surface tension of liquidand substratg, J 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
@ J 4 J!'0,itwilleadto J ! J . If surface tension/is large, indicating

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

By extending the situationrdm gastiquid ssolid 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 ph&isephase in the matrix
of kis that the spreadingpefficient is positive

© J 4 J'0 Eq. 12

where { and J, are the interfacial tensions instead @and J. A schematised

situation is shown in Figl.10:

j

Fig. 11.10 Tendency of encapsulation of phase j by phase i in the matrix k
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Le Corroller and FavigLe Corroller and Favis, 20094eveloped this theory
further by considering all the three spreading coefficients of the three phases:

‘gAm '%c '%B %c
Q/B/C ‘]AC ‘]AB “éc Eq. 13
QZC/B °£B ~£c “éc

With different combinations of these three spreading coefficients, there are four @ossibl
morphologiesas shown in Figll.11:

Fig. 11.11 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 morphologyit has been used successfully to predict the
morphology of ternary blendBET/PS/PEG [Kolahchi et al., 2014], HDPE#BAVOH
[Rastin et al., 2014]. And this this methodhatwill 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 sssbaly predicted the morphologies in
ternary blends in most situations [Wilkinson et al., 2004] [Jaznial., 2010]
[Tchomakov, 2004] where therqperty of the interface with large values of spreading
coefficients or high contrast of free energy is thain factor that determines the type of
morphology. However, if the interfacial effect is weakes#h 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/liqud crystalline polymer (LCP)/polycarbonate (PC) blend [Nemirovski
et al., 1995], the calculation of the spreading coefficiethePC relativéy to the LCP
gives @ pc/cp =0.16. This means that in the PP matrix, the PC phase should form a

shell around subinclusions of LCR and the low value of@, .., implies that the

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

[1.2.2.2Parameters controlling the microstructure

Parameters controlling the number of simglusions

Ternary blends made of high density polyethylene (HDPE), polystyrene (PS) and
poly(methyl methacrylate) (PMMA) can have a c#eell morphology with an
encapsulation of PMMA by PS ima&dDPE matrix as shown by [Reignier and Favis,
2000]. In their work, tB volume fraction (PS+PMMA)/HDPE was fixed at 20/80. A
variation ofthe morphology of subnclusions was observed by changing the PS/PMMA
volume ratio(Fig. 11.12).

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

PS/PMMA=60/40
/) —

YT '
Dispersed particlesas subinclusions Core shell structure with inverted phases

— _/

Fig. 11.12 Evolution of microstructure of composite drops in ternary (PS/PMMA)/HDPE
blends on varying the PS/PMMA volume rg&eignier and Favis, 2000].

As shown in Fig.Il.12, at the point of phase inversion (PS/PMMA=60/40), a
significant structural change occurs in the droplets: PMMAisalusions (represented in
black) change from dispersed spheres to a continuous,plalePS becoming sub
inclusions. It can be notdtat a layer of PS remains around the PMMA phase after phase
inversion (last scheme in Fig.12). This is due to the large differencetbé spreading
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coefficient of the PS/PMMA blend. Similar phenomematbe phase inversion between
inclusion and suinclusion were also found in PS/styremagtadiene rubber (SBR)/PE
blends [Luzinov et al., 1999].

Parameters controlling the size of dispersed phase

The size of dispersed phase in binary blends was welkestadid 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 stal structure ternary blend
considering the complex inclusion to be a homogeneous dritip the viscosity being
the weight average of the two dispersed phasel 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 andiDPE/PS, HDPE/PMMA binary blends gave a different
picture. In all these three blends, HDPE served as matrixlIFi§. shows the variation
of the drop size versus the volume fraction of dispersed phase. The authors compared the
droplet size in the ternarglend 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), he 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 PMMAIERb), the droplet
size curve in the ternary blend superimposes with the PS/HDPE blend curve when the
dispersed phase imrger than 20%. This fact shows that the evolutiothefdispersed
phase size does not obey the composite viscosity effect in the entire composition range.
The authors explained this superimposition with the influence of the thiekhess on
the rheological behaviour of the composite dreimce 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 theackigions
anymore and the apparent rheological behaviour of the composite drop becomes
identical to that of a pure PS drop. So the major factominating the droplet size of the
dispersed phas@enot only the composite effect of viscosity but alsoittiience of the
shell thickness on the rheological behaviour of the composite drop.
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9ROXPH DYHUDJH Gl
9ROXPH DYHUDJH Gl

a Dispersed phase content (Vol.%) b Dispersed phase content (Vol.%)

Fig. 11.13 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/IPMMA=1/6; b PS/IPMMA=1[Reignier and Favis, 2000]

This explanation is validated when plottifgetdroplet size versus the PS content
relative to the droplet phase volume instead of the total dispersed phase volume fraction
(Fig. 1.14). These measurements were performed at a fixed fraction of dispersed phase
on the matrix((PS+ PMMA)/HDPE=20/80). kreasing the PS volume fraction in the
dispersed phase results in a decrease of the droplet size, as also showh.¥BFRicgand
b. Fig. 1l.14 shows that the composite drop behaves as a pure PS drop after the PS
volume fraction in the dispersed phaseexads 50%. Correlating Figl.13b and Fig.

I1.14 provides further proof supporting the observation that when the thicknédssR$
shellexceedsa certain value, an identical behaviour of pure PS and PS/PMMA complex
inclusion takes plac& he authorsoncluded that the critical shell thickness of PS is 0.2

P UHODW LPY H D/GRaxcymposite drop. This explains also wiy Fig. 11.13a,
this phenomenon does not take plasethe thickness tfie PS shell is never sufficient to
erase the rheologal contribution of PMMA subnclusions, 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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Volume average diameter P

PS content in the dispersed phase (Vol.%

Fig. 11.14 Dispersed phase size as a function of PS content relative to the dispersed
phase for a (PS+ PMMA)/HDPE=20/80 compositiéteignier 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 initheaect
thermodynamic interpretation, there will he further evolution othe morphology once
the thermodynamically stable state is reached.

- Mixing order:

Huang [Huang et al., 2006] reported that the order of mixing (simultaneous
introduction of compoants or premixed batch) does not haeesignificant influence on
the type of morphology and the microstructure in PP/EORAGEOM®H blends. The
same result was also found in HDPE/PS/PMMA [Tchomakov et al., 2004]. This can also
be explained by the thermodymic 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 ming 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 islairto binary blends. Wita
higher shear rate, the size tbk dispersed phase becosrmmaller [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 contribiatithe viscosities
(main parameter) and interfacial tensions. However, the factthieatlegradation of
polymer is accelerated with higher temperature should not be neglected [Jazani et al.,
2010].

Il .3 Measurement of interfacial tensions between polymers

As discussed in the previous section, the interfacial tension plays a ebnulea
for controlling the morphology of ternary blends. Unlike paramdikesthe mechanical
and rheological propertiethat have been studied extensivdty a long time now the
modernmethods ofcharactering interfacial tensiorsuchas thread breaking and drop
retraction were developazhly around 20 years ago [Luciani et al., IPElemans 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 polymersniist 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 fromtheintrinsic 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.

II.3.1 Calculation of interfacial tension fromintrinsic 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 straifimivard way to estimate the interfacial tension
between two polymers, as illustrated in the following equation:

J 7 J Eq. 14
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4 and J are the surface tension of two polymet,is their interfacial tension.

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

J rJ Eq. 15

This expressiomwas employed in the harmonic average by Wu [Wu, 1982] to calculate
the interfacial tension:

J° I
¢t

This is the mostommonlyusedmethod to estimate the interfacial tensittvanks
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 thesvalues 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, evavhenusing a temperature correlation to extrapolate the
surfacetension above the melting point, the influencéhefphase 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
modelraisesome doubtsboutit [Gaines 1972].

) Eq. 16

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

G ¢ G ¢ Eq. 17

G, G and G refer to the contribution of dispersion, polarity and hydrogen bond,
respectively.

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

R 1¢ @ (¢ @ (¢ @7 Eq. 18

A smaller value ofR’ refers to a better compatibility between the two polymers. Luciani
et al. [Luciani et al., 1996] used this parameter and an empirical equation giesn b
(Eqg. 19) to predict the interfacial tension between two polymeursd;:

J 0881(G GF (G G (§ @1 Eqio
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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 reljalilit
can only give a rough estimation of interfacial tensions [Biresaw et al., 2002].

Il .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 tensi@ince thenseveral models have been develgped
suchas those of Choi et al. [Choi et &975], Palierne [Palierne, 1998nd Bousmina
[Bousmina, 1999]to determine thenterfacial tension from the rheological properties of
a polymer blend. Thereforthe interfacial tension can be deduced from theasurement
of the rheological properties of the blend aofieach componenknowing the size of
inclusions and the volume fraction of dispersed phase.nfdia idea of this method is
that the rheological response of a polymer blend is compaosethe rhedogical
contributions ofthe two components and of their interface. Here, the Palierne model is
used as an example to illustrate this method.

The Palierne modeivas firstpublished in 1990 [Palierne, 1990], it is a model
derived by analogy with electric formalism aimed for predicting the rheological
behaviour of a binary emulsiofio apply the Palierne model, the followilgpotheses
should be satisfied: The components leé blend should be incompressible viscoelastic
fluids; the viscosity of thecomponents should be high enoughneglect the effecbf
gravity and inertiathe morphology of the blend is globulaheological measurements
are performed in the linear viscastic domain where the stress is proportional to the
strain which indicates that the deformation of the drops under oscillatoaynis small
With all the aforementioned conditions iséied, the Palierne model predictdhat the
complex moduluof the emulsion blends a functionof the complex modulus othe
dispersed phase arttie matrix, the interfacial tensionbetween the two phasethe
volume fraction andhe particle size of the dispersed phase. In the original version of
Palierne modelthe interfacial tension was considered in a sophisticated way: Besides of
the intrinsic interfaciatension between the dispersed phase and malknx effect of
change of local interfacial area and sheaduluswas also taken into consideration.
When theres no compatilizer present between the matrix twedlispersed phaséhese
effects oflocal conditions are almost impossible to measure experimentalited
parametersare often set to zergGraebling et a). 1993]. However in the presence of
compdibilizer at the interfacethe interfacial properties become dependent on the
deformation(Marangoni effectandthe nonisotropic contribution to the interfacial stress
also needs to be considered [Riemann et al., 1997]. In the present tverRalierne
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modelwas onlyused for norcompatibilized blensl By assuming the dispersed phase is
monodispersed and using the volume average diameter to represent the siaetiof the
dispersed phasehe¢ second version of Palierne model was published in [G&&bling

et al., 1993phs shown in Eq.20:

G G:nl 3H
12H Eq. 20
where

ﬂ%% oG 56, ° X%, G165, 19G, (
H oS R Y

20 5 Eq. 21
5. G G _ 2G 3G 16G. 1%G.
‘4 /R/ m d 174 d m m d(

In the equations abov&" is the complex modulusi andm refer to the dispersed phase
and matrix, J; is the interfacial tension/ is thevolume fraction of the dispersed phase.

To usethe monodisperse hypothesis is that the polydisperdityre blend cannot be too
high: R /R, 2, where R, is the number average radiuB, is the volume average

radius. Thanks to the simplicity of this version of Palierne model, it is much more widely
used than the original versidBousmina and Muller, 1993[Carreau et al., 1994]
[Lacroix et al. 1996jwhen dealing with polymer blends in absence of copolymbe
interfacial tension/over the drop size can be determined by fitting the experimental curv
of the storage modulus of the blend by the model. A seo@itiod of using rheological
behaviour of the polymer blend to calculate the interfacial tengias proposedby
Gramespacher and MeissngGramespacher and Meissner, 1P92n this case,
information of * fand * “ is used to plotveightrelaxation spectrumi{ Min function of
relaxation timelog WTschoegl, 1989]. The relaxation spectrum of the blend contains
three peaks: Twof the peaksorrespond to thelend componest the additionalthird

peak usually observed at longer relaxatiomet corresponds to the characteristic tiafe
droplet relaxation in the polymer blend. Then the interfacial tension can be calculated
with this relaxation time, average size of the droplet and rheologicglerties of the
blend componest

From a practical point of view, using this method to characterize interfacial
tension requireshe performance ofthree rheological tests: on the blend and on each of
the two components, armmorphological observatioto measure the average size of the
inclusions. Although many steps are required in this method, all of them are easy to carr
out. The potential risk of this method is that systematic errors in the final result may
become quitesubstantiathroughthe acawmulation 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 tensi@edsbe measuredn the low frequency
region, the sensitivity of the elometer may not be accurate enough to detect the
contribution of the interface. Moreovaf the morphology of the blend is not perfectly
globular, e.g. part of the dispersed phase is in form of riblhsteadof sphericaldrops,

the model is no longeralid. A more detailed discussion of these aspects will be given in
the experimental part.

II.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 corsady one drop or fibre or disk.
The advantagef 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 amerheological propergsof the blend. Three types of observations have
been developed where a given polymer object is submitted to a deformation due to
anothe force, i.e. gravity or flow.

11.3.3.1Equilibrium situatiorfor adrop deformedyy thegravity

Penant drop and sessile drop are classical methods to characterize surface
tensionbetween air and liquid phaseor interfacial tension betwediguids orpolymers.

Pendant drop

In this method, a molten polymer drop is pamidin 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 profilehig tirop can be described by an
equation established by Bashforth and Adams [Bashforth and Adams, W83} was
originally developed for a gakquid system. It canhowever also be applied to two
molten polymers as all hypotheses are valid in thig.dagg.11.15 shows the schema for
this method.
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Fig. I1.15 Pendant drop geometry for an algebraic analysis

A drop of polymer liquid is peraht on a syringe immersed in another polymer.
Bashforth has usditie following equation to describe the profile of this drop:
a asin/ z

B- 2 Eqg. 22
R X a

where

a’g' L
J

B

Eq. 23

In the equation above, is the radius of the curvature at the lowest ageis the gravity
constant, and' Lis the difference of density between the two phasafers to the

interfacial tension. If x, z are the coordinates of a certain point on the profile, the
expressioaof R andsin / are given as below:

CORE

3_5/ gt Eq. 24
dx?
dz

sin/ —dx Eq. 25

dz,,, %
1 ()]

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 routineemainsthe 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 loiwan that of the
drop, its transparency should also be ensufégre are ther inconveniencesuch as
thatthe time to achieve the stable state is usually very long due to the high viscosities of
the molten polymers arttiatthe density of molten polymeican be difficult to measure.

Sessile drop

A drop of polymer liquid is put on the surfaceagpolymer liquid whose density
LV KLJK HQRXJK WR SUHYHQW WKH GURS IURP VLQNLQJ XQ
of the drop is determined by the equilibrium of interfacial force, surface tensions of the
two phase and gravity effect. Unlike the penddmp method, it is difficult to describe
the whole profile of the drop. The interfacial force balaatmngthe horizontalaxis is
shown in Figll.16.

4 T
A
4

Fig. 11.16 Schema for a sessile drop

The surface tensionJ of a floating polymer drop should be balanced by the projection

of Jand J onthehorizontal vector. This relationship can be written as:

J JsinT JsinT Eq. 26

[

As mentioned before, in the peamd drop method the polymer used as matrix
must be transparent to ensuree tffieasibility of observation. Form sessile drop,
transparency ofhe polymers is not a restriction since the despbstrate can be cooled
down to solid state and cut from the middle of the drop to obtain the profile with a
conventional opticabbservation.

By all means, the advantage of this set of methods is that few steps are required
during the characterizatiorHowever, these methods are based on the shape of the
interface at equilibriumA possible complication, often difficult to assess the slow
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process towards the equilibrated statbich can be as long as eight hoarsl thusnay
lead tothe polymer degradatiofDemarquette et al., 2003].

[1.3.3.2Relaxation to equilibrium after a deformation

In this set of methods, the observed object is asupberical piece of dispersed
polymer embedded in another polymer in the formaafrop, fibre or even disk at a
temperature above their melting point and which has beedgfoemed or deformed in a
flow. Then the measurement of the relaxation kinetics from deformed to equilibrium
shapes allows the interfacial tensimnbe deduced the viscosities of the two polymers
are known. This is the mosbmmonlyused experimental method for the characterization
of interfacial tension between two polymers.

Drop retraction

A deformed Newtonian drop will relax to a spherical form with a given kinetics as
illustrated in Figll.17:

L

Fig. 11.17 Retraction of drop in the matrix

During the relaxation, théeformation of the ellipsoid is defined as:

L d

Det ——
L d

Eq. 27
If supposing that the only motor for the drop retraction is the interfacial tension, Taylor
[Taylor, 1932] described the kinetics of decay of deformation by the following equation:
gt.
De Det € — Eqg. 28
f 0 €X o W q
W 2p 319p 16 K R,
40p 1 e

Eqg. 29

In this equation,p is the viscosity ratio between the dispersed phase and the nitrix,

is the radius of the drop at the endtloé relaxation procedurek;, is the viscosity of the
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matrix and J; is the interfacial tensiohis equation is only valid for ightly deformed
droplets.

Thus the interfacial tension can be deduced by measuring the kinetics of the drop
retraction. Although the theory was established in 1932, the first measurement of
interfacial tension using this method was only performed maa 60 years later by
Luciani et al. [Luciani et al., 1997]. As the deformed drop is often obtained by shear,
there is an issue about the orientation of the long axis of the ellipsoid [Verhulst et al.,
2009] which is not always easy to measure becaus@eobptical observation method,
inducing an errorn the measurement of the length of the object. A detailed discussion on
this point will be given in the experimental part.

Fibre retraction

As there is a competition between the interfacial effect tending to restore the drop
to a spherical form and the growth of instability at the interface, there are two possible
behaviours for the relaxation of a liquid fibore embedded in a polymer: retidocgoto a
dumbbell then finally to a spheesin Fig. 11.18, or breakage into droplets with a certain
wave pattern. The parameter determining which behaviour will be active is the aspect
ratio between the length and diameter of the fibre. If the aspigets less than 10, it will
retract to a drop as in Fi$).18. Carriere et al. [Carriere et al., 1989] developed a model
for this situatiorthat isable to describe the kinetics of the retraction process of such short
fibrespassing through the dumbbghape

2R

2R

2R

Fig. 11.18 Retraction of a fibre into a drop
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In this model, the time dependence of the raduef the dumbbell is described
by the following equation:

R R >
f(—) f t—= Eqg. 30
(Ro) (Ro) R K \
f(X) 3In“ X X 3‘/_arctar‘£/—X g % Eq. 31
K L7K
K 7 Eq. 32

R, and R, refer to the radius of the fibre before relaxation and of the sphere at the end of
relaxation. K, and K are the viscosities of the matrix and the dispersed phase.

Thus the interfacial tension/, can be calculated with this equation from the
measurement of the kinetics of the drop retraction.

The problem of this method is that preparing a straight fibre alithmogeneous
diameter and immersing it perfectly horizontally in the matrix polymea delicate
manipulation. The viscosity ratio betwete dispersed phase and matrix should be lower
than 103 to avoid long observation times [Xing et al., 2000].

Thread brealp

As mentioned before, the other possible relaxation behaviour of a fibre is a
breakage into a series of dropleighe case of a long filament through the development
of an instability (Fig. 1.L19) 7KLV SKHQRPHQRQ LV RIWHQ FDOOHG 35I
since Rayleigh [Rayleigh, 1897] was the first to describe the breakageaitastream
in the air. Tomotika [Tomotika, 1935] extended this work to the case of two molten
phases. The first measurement of interfacial tension by this method was realized by
Chappelear [Chappelear, 1964], however with a considerable error in thesiese he
used the viscosity data from a low shear rate region with a capillary viscometer as being
the zereshear rate viscosities. Finally, Elemans et al. [Elemans et al., 1990] developed a
complete protocol which is used nowadays.
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C

Fig. 11.19 Threadbreaking schemahe dotted line is the original form of the thread

Fig. I11.19 illustrates the two states during the relaxatisherethe dotted line is
the original form of the thread; the solid line stands for the development of the wave
pattern instability which wildevelopfurther and lead to the breakage of the filament into
a series of drops. The amplitude of the wave instalditiefined as:

b a
2d,

D

Eq. 33

whereb and a refer to the widest and narrowest diameter of the wave pa#tedd, is
the initial diameter of the thread.

As in the case of drop retraction, the deformation evolves exponentially with time as:

D Re* Eq. 34
L5 (% p)
q f2\%F Eq. 35
K do

where J, refers to the interfacial tensio, LV WKH PDWUL[%VY) ddpedfRk V LW\
on the wave numbex( 2%,/ () and the viscosity ratio betweehe dispersed phase

and matrixp. : (X p) can thus be regarded as a constant in a given test. With this
method, the interfacial tension can be calculated.

Disk retraction

This is similar to the fibre retraction method, but with a flat cyline@bedded in
matrix with the whole system ia moltenstate. During the relaxation, the disk will first
relax into the form of an oblate spheroid, then into a sphere. The relaxation process is
used to deduce the interfacial tension. The retraction process is shownlir2Big.
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Fig. 11.20 Disk retraction:from a flat disk ta sphere

During the retraction, the deformation of the oblate spheroid is defined as:

D D Eq. 36
Df

where D is the length of the short axis of the oblate spheroid Bpds the diameter of

the sphere at the end reftraction.

The kinetics can be described by the following equation

t

f(D f(R) v Eq. 37
x? 1
f0 ISt Eq. 38
0 N q
o O Eq. 39
44,

In Eq. P defining ¢ J, is the interfacial tensionk is the effective viscosity with the

following expression:

(2p 33A9p 16)
40(p 1)

K K Eq. 40
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The hydrodynamic coefficientF takes a universal value of 1.33 [Rundqgvist et al., 1996].
Thus the interfacial tension can be calculated using the equations above.

General comment

A shortcoming of the methods based on the kinetics of relaxation starting from a
solid object in a solignatrix is thatdue to the poor thermal conductivity of polymer, the
thermal distribution will take some time to achieve a homogeneous state during heating.
But during this equilibrium time, part of the fibre/disk may melt first and begin to relax
while the restis still melting. Considering the dependence of the viscosity on temperature,
this partial melting effect may introducesabstantiakrror in the final result. Thus, the
drop retraction method has a clear advantage as the observations can Inecpeafter
the distribution of temperature is stalbenthe deformed drojs obtained byapplying
a shear on the initially molten drop. On the other hand, using relaxation laws applicable
only to Newtonian liquids while using polymers requires elastimsto be neglected,
which is a condition satisfied for the fibre/disk relaxation metlasdduring melting the
elastic effects havenostly been relaxed. Elastic effects can bsoarce oferror for the
drop retraction methodf the observation is penfimed directly after stopping the shear.
Indeed, observations of the relaxation process can be recorded after the polymer
relaxation in order that the drop relaxation is only driven by the interfacial teiaoe.
should be taken that thdrop relaxationtime is large enough compared to the polymer
relaxation time.

In all these methods based on the relaxation kinetics of drops of various initial
shapes, the polymer matrix should be transparent to allow optical observation. In addition,
the different modis are based otihe Newtonian liquid hypothesis. If the tested polymer
is highly crosdinked [Xing et al., 2000] or has some internal structasein the case of a
liquid crystalline polymer [Bousmina, 1999], the model cannot be applied and the
determinéion of the interfacial tension is no longer valils mentioned above, care
should be taken that the drop relaxation time is much larger than the longest relaxation
time of the polymer. This can be tuned by observing very large drops in order to increase
its relaxation time. In this case, attention should be paid to the drop size relatively to the
gap in order to void any effect of confinement.

11.3.3.3Equilibrium between interfacial tension and an imposed flow

In this method, the interfacial tension nseasured from its equilibrium with a
dynamic movement. Spinning drop is the typical experiment of this method.
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A fluid drop is put in another fluid with a higher density in a container of a
horizontally placed transparent tube. As the tube rotates aitsulwhg axis, the drop is
stretched along this axis due to the centrifugal foficgt into an ellipsoid then into a
cylinder. For a given rotation speed, the drop deformation caused by centrifugal force
will be counterbalanced by the contribution of the interfacial tension, as shown in Fig.
1.21:

Fig. 1.21 Spinning drop metid

In the work of Vonnegut [Vonnegut, 1942], he proposed a theory predicting the
interfacial tension as:
' U24?3
4

2 Eq. 41

where ' Lis the difference between the densities of two phasés,the radius of the
cylinder at equilibrium andz corresponds tdhe angular speed at this moment.

Princen et al. [Princen et al., 1967] extended this method to molten polymers and
found that the timeequiredto achieve equilibrium can easily reach hours with high
viscosity polymers A higher rotation speed can reduttes duration and Elmendorp
[ElImendorp, 1986] constructed an apparatus which can rotate at 25000 rpm. However,
such high rotation speeds also introduce great difficultientroling the temperature.

The difficulty of performing observations under thabvations caused by the rotation is
another negative effect of using large rotation speeds.

Il .3.4 Examples of interfacial tension measurements
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The following table is a summary of some valuestloé interfacial tension
between two polymersncluding PLA/PBAT reported inthe literature. An obvious
remark is that even if the same method at the same temperature is used, the value of
interfacial tension can be very different dependingt@authors (eg. PP/PS at 20C,
by thread breakup). Thidifference is even larger when considering results issued from
different measuring method3his is also true in the case of PLA/PBAT withlues
reported between 0.5 andn™/m. We thus decided to measure ourselves the values of
interfacial tension weaeded. Considering the availability of apparatustaedeasibility,
drop retraction andhe rheological method based ¢ime Palierne model were chosen in
this study to measure the interfacial tensions between the polymers we used in our work.

Interfacial
Polymer tension Temperature
pair (mN/m) Method {{®) Reference
Gramespacher and
PMMA/PS 1.92.2 ChoiSchowalter 170 Meissner, 1992
2.083.1 Palierne 190 Friedrich et al., 1995
0.9 Fibre retraction 190 Cohen and Carefe, 1989
0.67-1.4 Fibreretraction 190 Carriere et al., 1989
1 Drop retraction 200 Luciani et al., 1997
1.8 Thread breaking 200 Luciani et al., 1997
2.4 Thread breaking 200 Reignier et al., 2003
2.09 Spinning drop 200 Joseph et al., 1992
1.26 Spinning drop 200 Elmendorp, 1986
0.94 Pendant drop 200 Elmendorp, 1986
1.1 Disk retraction 210 Rundgqvist et al., 1996
1.33 Spinning drop 225 Joseph et al., 1992
0.25 Spinning drop 250 Joseph et al., 1992
0.39 Harmonic equatior 270 Hobbs et al., 1988
PP/PS 5.25 Harmonic equatior 185 Nemirovski et al., 1995
3.33.7 Thread breaking 200 Le Corroller et al., 2011
4.6 200 Ghodgaonkar et al., 199€
7.831£0.57 Thread breaking 200 Demarquette et al., 2003
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6.25+0.87 Palierne 200 Demarquette et al., 2003
7.82+0.43 Fibre retraction 200 Demarquette et al., 2003
5.28+0.26 Pendant drop 200 Demarquette et al., 2003
6.25+0.87 Palierne 200 Macaubas et al., 2001
4 .86 Harmonic equatior 220 Nemirovski et al., 1995
2.26 Harmonic equatior 260 Omonov eal., 2005
3.5+0.2 Thread breaking 200 Virgilio et al., 2010
PAG6/PS 20 Thread breaking 230 Elemans et al., 1990
7.63 Thread breaking 230 Son, 2001
8.4+1.5 Thread breaking 230 Xing et al., 2000
75114 Fibre retraction 230 Xing et al., 2000
7.2+2.0 Palierne 230 Xing et al., 2000
6.8+1.8 Drop retraction 230 Xing et al., 2000
7.210.1 Pendant drop 230 Xing et al., 2000
7.3 Thread breaking 240 Cho et al., 1996
13.72 Harmonic equatior 260 Omonov et al., 2005
PLA/PBAT 0.5 Dropretraction 180 Al-ltry et al., 2015
0.6 Palierne model 180 Jajali Dilet al., 2015
7 Palierne model 180 Nofar et al., 2015

I1.4 Conclusion

In this chapter, we presented the main features of PLA, an important bioplastic
and the main polymer used in our work. The way to use polymer blend to improve its

toughness was also described, as wethaparametershatcontrol the morphology of a

polymer blend. Since the key parameter controlling the morphology of ternary blends is

the interfacial tension, we gave an overvieinthe methodshat areable to measure this
parameterin the following part of this thesis, the methods presented in thideshapl

be used to measure the interfacial tensions between the blend components, then these
interfacial tensions will be used to predict the morphology of ternary blends. If the result

morphology is not the one aimed for, interfacial tensions will beifreddto realize the
target morphology.
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Il Materials and experimental methods

In this chapterwe describe the polymers which were chosen, thedapparatiwes
used for sample preparation atttaracterizationA detailed discussion M be given on the
custombuilt rhecoptical system.

1.1 Polymers

As describedin the literature surveghaptey the purpose of this studyasto realize a
coresshell morphologywhich is potentially able to improve the mechanical properties of
PLA. We chose th€LA 3051Dgradefrom NatureWorks LLC. Although this grade of PLA
is designed fomnjection moulding, its thermeesistancas identicalto PLA 2002D which is
for extrusionuse,but PLA 3051D has a lowetesisance torupture than PLA 2002Dwhich
is a good case for trying emhane ductility.

The second componenhosenwas PBAT Ecoflex” FBX 7011 from BASFPBAT
shows an excellent ductility with rupture deformation highan 700% at room temperature.
Its blend with PLA has shown promising mechanical improvement [Jiang et al., 2006][Jiang
et al., 2009][Zhang et al., 2008herefore the combination of these two polymers has drawn
theattentionnot onlyof numerousacademiaesearchers but algd the polymer industy. For
instance BASF has commercialied a product basd on this blendunder thetrademark
Ecovio”. In addition to the impressive mechanical improvement, another reason for the
popularity of the PLA/PBAT blend is that the biodegradation feature ristained after
blending despitethe fact that PBATIs fossitbased PBAT exhibits a glass temperature
around-30 jC and a melting temperature around 120

Two grades of PBAT were investigated. These grades differ in their molar mass. They
are issued from the same reference PBAT(2007)was stored for 4 years (storage in a
closed bag, with no light and a relative constant temperature) and the secondeorsd,toe
asPBAT(2011) wasused as received. PBAT is very sensitive to photo degradation but in the
present case was also sensitive to degradation during storage. We took advantage of this fact
to evaluate the effect of the viscosity level on the measené of the interfacial tension.
PBAT(2011)refers to the high viscosity polymer recently received: Newtonian viscosity at
180 jC of 3250 Pa.s(see Fig. IIl.1) PBAT(2007)refersto the low viscosity sample, low
viscosity linked to a too long storage: Newian viscosity at 18QC of 150 Pa.qsee Fig.
l11.1). In practice, the PBAT rheology was systematically measured and the viscosity value
used was the one measured at the moment of the experPB[(2007)was only used in
chager IV in interfacial tersion measurements and roompatibilized blends.
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The last componenselectedwas a biebased copolyamide (PA) with trade name
Platamd™ HX 2656 from Arkema. There weax two main reasons for choosing this grade of
PA: first it is derived from castor giwhich guarantees the efoendly featureof the whole
blend; second it possesses a remarkdbW melting temperature around 13, an
obligation in order to compoundit with polyesters whicheasily degrade under high

temperature

The polymers were dsen for their respective immiscibility and to guaranteestize
friendly character of the whole blend.

The rheological behaviour of the thneelymers is depicted in Figfl.1.
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Fig. lll.1 Complex viscositya( D Q Gb)tdrves for the threpolymers at 180;C

PLA, PBAT(2011)and PA have quite close viscosities. As expecRBIAT(2007)
shows a much smaller viscosity.

The three polymers being sensitive to humidity, the different polymers were dried at
80iC in a vacuum oven for at least 4h priorany use of the polymers in the molten state
(compounding, compression miding and rheometry)lhis also true for the blends.

[11.2 Experimental Methods

[11.2.1 Blend preparation

Two compoundrs were used in this study:

I an internal mixerThermoFisher ScientifiRheomix 600p with roller rotors
I a micrecompounderHaake MiniLab micro compound&om ThermoFisher Scientific

There are two main differences between these two compounders

ll!%(!l



The first one is their volume capacityihe availablevolume for mixing in the
chamber of the internal mixer is @8. The filling ratiomust befixed at around70%. The
volume of blend prepared by internal mixer was thbeut48 cm?®. The mixing volume is
only 7 cn® in the micrecompounder.

The second di#irence is themixing structure of the twgieces of equipmeniThe
micro-compounder contains two different zones: a conical section which contains the two
counterrotating screws and a reagular reservoir zone. Figll.2 shows a schematic
represatationof the micrecompounder. fie arrows depict the direction of circulation of the
material. The twin screw zone corresponds to a zone of high shear rate which is efficient for
dispersion. The reservoir zone corresponds to a zone of low shear with tworshug@sa at
the entrancewith a diverging flow giving rise to an elongational flow perpendicular to the
flow direction and a convging zone at the exit which is characterized by a high elongational
flow parallel to the flow direction. A bypass valve albwhe materialto be recirculatel
through both zonem order to fixa chosen mixing time.

Fig. lll. 2 Schema of mic)eompounder

Compared to the microompounder, the structure of the internal mixer is Imsinpler, as
shown in Fig.lll.3. The blendednaterial remains in the same chamber without any exterior
circulation.

Fig. lll. 3 Schema of internal mixer

A calibration of the internal mixer was performed in a previous work [Lertwimolnun,
2006] in order to estimate the mean shear rate and the dtnésg the compounding. The
approach proposed by Bousmina et al. [1999] was used to determine the correspondence
between the shear streséheological measurement) and the tortyiédata from the mixer)
on the one handandbetweerthe shear ratéBrheological data) and the rotation speédn
the other In this approach, the rotors are represented as cylinders and the mixing chamber as
a doubleCouette cell. Data were obtained on a polypropylene atj@8nd a filling rate of
80% for the mixer. It wadetermined that:

"1%?!



(B 0.72N
i=6290M

In this work we only usedthe estimation of the shear ratethe mixer

Since he thermemechanical history in both compoundesery different, it was not
possible tqroperlycompare th@btainedmorphologies.

The use of the microompounder was restricted to preliminary experiments in order
to limit the quantity of materials used. This was important in particular when compatibilized
blends were preparedince the limiting factor was the amount dhe syntlesized block
copolymes.

[11.2.2 Compression moulding

The product prepared in the internal mixer wyasund(Hellweg M50/80grindei for
further forming.

Compression moulding and injection moulding are two widely used forming methods
Since the outcome of rheological/mechanical measurements highly depends on the
microscopic morphology of the sample, it is preferable that the forming method has little or
no influence on the morphology in particular in the case of polymer blends. Sjacgom
moulding implies high shear conditions, compression moulding was preferred to prepare the
samples, even though some coalescence of droplets may happen in the non compatibilized
blends during the annealing of compression moulding.

The mould used tprepare he sample for rheological testas an aluminium platef
dimension200 200 1mm with empty cylindrical shagewith 25mm diameteiThe ground
materialwas filled in themould then the mould was cover by Teflon” sheets on both sides.

The heating plates of the compression machine (Carver-@8&&re preheatedat
190 iCprior introduction ofthefilled mould Themould was lefiat atmospheric pressurar
5minin order to eaure the melting ofhe materiabnd thersubmitted t® tonspressurdor 2
min. The whole system wasextcooled down to room temperature by water circulatiod
disk shape samples were demouldgd.the material was filledin excessin the mould to
avoid bubble formation during compression moulding, the disk sample obtaatdtie end
oftenhadburrs at edge. These burrs were carefully removed by a scalpel.

Samples prepared in the same conditions were characterized in parallel by SEM and
rheometry in order to be sure toope the same morphology of the blend (see paragraph
IV.1.1).
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[11.2.3 Rheometer

Rheological measurements were performed with the AR&fyanced Rheometric
Expansion Systempheometer from TAnstrumens. It consists of an oven whereincane
and plategeometrywith 25 mm diameter and coneangle of 0.04 rads placed The upper
tool is connected to a torque sensor to measure the shear stress when applying a deformation,
the test range of the sensor isl@ to 0.2 N.m.The temperature for all rheolagil
measurements was fixed at 180 8hcebio-basedholyeders like PLA can easilydegradeat
high temperaturén presence of humidityall the sample for rheological study were dried in
a vacuumoven at 80 {C for at least 4 hrs before itggt The ovenof the rheometer was
preheatd at 180 jC until temperaturetabilization. The disk sample was placed on the
bottomplate for Imin to melt.The gapwas setlown to 0.85mm to ensure no air bubbleas
present in the sampkend then set to its operational valdde materiain excesssqueezed
out of thegeometry wa then carefully removed by a scalgdeasurements were performed
at 180;C under a nitrogen environment in order to minimize the polymer degradation.

The lineardomain was determined for the different polymers and blends. 10%, strain
being well in the linear domaimwas chosen fothe frequency sweeps. Frequency sweeps
were run from 10@ownto 0.1 rad/sSince the tesin the low frequencyregiontakes much
longe time than he onein the high frequency, the frequency swesps startecat 100 rad/s
and decreasm order to probe the morphology of interest and dedagipotential evolution
during the duration of the test

[11.2.4 Scanning electronic microscopy(SEM) and image analysis

111.2.4.1 SEM machines and observation modes

Two SEMs were employed in the studhilips XL 30 ESEM LaBGndZeiss Supra
40. The difference between these two SEMs is that the power of the electron beam used by
Philips XL 30 is arand 15eV while Supra 40 can work with a tension as low as\V3to
obtain a clear image. This feature was quite useful wieefornming observationsat high
magnification, as PLAeasily degradesunder the electron beam. A lower working tension
significantly reduesthe degradation effect.

There are two working modes of SEM machines: Secondary electrons (SE) mode and
backscattered electrons (BSE) mode. The SE mode proaidietailed topographgown to
a few tenof nanometersPictures obtained under BSE mode include informatironlyon
topography but also on the surface composition. The image contcasaisdmainly by the
differences inhydrogenatomic density Recording images in theSE mode on a perfectly
flat surface (after polishing of the surface) is a way to obsarviend morphology if the
polymers present differences in atomic numbers. These two modes were applied in the study
for different purposes. During this studpe Philips XL 30 ESEM LaB6 was used in both
modes for blends with a coarse morphologyfdrwith a size larger than 18n), while the
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Zeiss Supra 40 was only used in SE mode for blends with a fine morphology (around the
micron size).

111.2.4.2 Sample preparaticand image analysis

Samples for SEM observations were prepared in two ways: mechanicdlipgland
cryofracture. The choicef method dependedholly on the objective of observatiofor
instance, onefahe SEM observation objectigavas to obtain the average inclusion size of
thepolymer blend. Aghisis a statistial value which requires a considerahlmountof data,
this process could hardly be done manualigilog™ image analysis software was used for
this purposeAfter binaization of the image, the software determines the area of each drop
by counting the number of pixels it occupies. The diameter of edreyis then calculated
from this area assuming a circular shape. This automatic image anahgsigewormed on
imagesobtainedin the BSE mode on polished samples.

The polishing process was performed on the polishing ma¢hies Mecatech 334.
Samples were first embedded in a thermosetting (€s&si cold mounting resin KW and
KM -U blended at room temperature witblume ratio U/V=1/2. Pads were then mounted on
the machineand polished with successive abrasive papeith decreasing grain sizes
(ranging from 125 to 8.4 um grain sizes, 5 min polishing per grain size) and water as
lubricant. In order to maximize themoothness of the sample surface, the last polishing step
was performed using a glossy carpet and an agueous suspension containimg @i@3ond
fragments. The imits of the mechanical polishing are linked to the fact that material
fragments are removeay abrasive friction which can induce a local dedfting and to the
sizeof the abasive grains relative to the characteristic size of the morphology. Therefore the
method should be used with caution tine case of polymers with a glass transition
tempeature close to room temperatuend it is not applicable to samples with too small
inclusions (micron size).

To compensate this shortcoming of polishing, cryofracture was applied to observe
samples with microsize morphologies. Samples were first immersed into liquid nitrogen for
5 min and then brokewith a steel hammer. The creationad$urface bya sudden rupture at
-200iC ensures that athe morphological details wenetainedduring the preparation of the
sample. A platinum layer of 76m was then cast on the fracture surface to ensure its
conductivity for SE mode observations.

Selective dissolution of the different phases would have been a very efficient way to
probe the bled morphology. Howevein this study as both PLA and PBAT are polyesters
and share the same solvent, i.e. acetonegdtnot possible to dissoh@ephase selectively.

We did not use this method
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[11.2.5 Rheo-optical observations

A transparent counteptating shear cell coupled with an optical microscope and a
digital CCD camera was used to record the relaxation process of deformecmitmgaded
in a polymer matw in the molten state. Fidll.4 shows a schematic representation of the
rhecoptical device developed and constructed in CEMEF. The transparent shear cell is
constituted by two glass plates rotating in opposite directions in order to fix the drop location
relative to the laboratory framework. The vel@stof the two glass plates are canited
independently. The relaxation is recoradterthe shear is stopped.

Fig. lll. 4 Schematic front section of the shear cell and the heating parts

Temperature control

The heating and temperature control of the lower glass plate (part B) is enstined by
direct contact with a fixed metallic part (part B) containing a thermal resistance. The shape of
this metalic part is shown irfrig. 111.5. The Ushape hole in this @ular metallic plate allows
the transmissiorof light to the objective of the microscope. The heating and temperature
control of the upper glass plate (part D)Ydsneby radiant heating via an annular chamber
constituted by two halbvens (part E) equipdewith apparent resistances on the inner surface.
Two thin glass plates (part F) ensure a relative confinement of the heat and permit
transmission othe light beam. This open structure allows direct observation of the sample in
the cell (part C). The twheating components are controlled separately by the control panel
(G, H). Particular attention was paid during the conception of the heating parts to ensure a
good temperature control of the glass plates containing the sample but also a good thermal
insulaion of the heating parts relative to other parts of the machine in order to limit heat
transmission by conduction to these parts. For example, the upper glass platged gha
fixed by a thermosetting resin into a metal support. Due to the thernsthrne® of these
resins, the temperature of the heating parts should not exceegC22the temperature
control of the heating parts is based on the feedback from thermocouples fixed directly on
metal parts (A and E). So the set temperature (G, H) of thehime is not the true
temperature of the sample.

To calibrate the correlation between set and sample temperatures,thiour
thermocouplesdiameter 125Jn) were set between two films of PLA with thickness of 0.6

mm. This allows local measurment of the real temperature inside the melt polymer and
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compaison with the set temperaturenposedon the machine. Local temperatures were
measured via the hot junction of thermocouple T thin wires.

Fig. lll. 5Top viewR 1 WKH WKHUP R FdhXhg 0eddtlg fovieRpdrt: sMnitRIQ
position; b Final position after setting the gap

A careful procedure was defined for the preparation of the-thliefmocouplePLA
sandwich in order not to squeeze the welding point and also to keep the thermocouples in the
middle ofthe PLA thickness. The same gap (1 mm) was used as dbhengecoptical tests
in order to mimic the real thermal conditions. The difficulty of this calibration work was that
the location of the thermocouples changed during the setting of the gapttieestpueezing
flow of the molten PLA, as shown in Fifl.4 b. However, he exactthermocouple location
was easily controlletdy looking from above. To establish the calibration, the temperature of
the thermocouples was only noted 10 min after the chahtjee set temperature in order to
ensure that the temperature inside the sample was stable. The relationship between the set
temperatures and thoséthermocoupless shown inTablelll.1.

Set temperatur¢ Annular oven (part E) 200 | 205 |210 |215 |220
(i) Heating part below (part A) 190 (190 | 200 |190 | 188
Measured Thermocouple 1 176 | 177 |186 |179 | 178
temperature (iC) 4y o ocouple 2 186 | 187 |195 |187 | 185
Thermocouple 3 182 | 183 |192 |184 | 183
Thermocouple 4 181 | 182 |192 |183 | 182

Tablelll.1 Correspondencbetween the set temperature and measured temperatures inside
the polymer

It was decided to determine the interfacial tension at {80The temperature of
thermocouple 1 was always lower than the other ones. This is due to the fact that there is no
lower heating part at that location. The influence of the annular oven on the temperature of
the sample is quite limited. No matter how the set temperatusewere fixed, there was
always a distribution of temperature in the sample along the horizontal direction. Hpavever
higher annular chamber temperature tended to limit this temperature difference. An annular
oven temperature set at 220 with 188 jC set for the lower heating part resulted in an
average sample temperature close to &B0These conditions were chosen for the rheo
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optical experiments. The application of a shear during theopg&cal test also decreadthe
temperaturalifferences in the horizontal plane. The temperature gradient along the vertical
axis could not be checked.

Experimental procedure

Samples for the drop retraction experiment were prepared in the following way. The
lower heating part temperature was fisst at 188 jC. A polymer film (matrix component)
was laid on the lower glass plate. 10 min were waited in aodensure the polymer melting
During that time, small fragments of the polymer serving as disppisesk were cut and put
on the mditenpolymea matrix. A second film of matrix was then deposited. 10 min were left
to ensure the full melting dfoth phaseso that theshapeof the dispersed phase chamge
from fragmens droples andthe homogenization of the temperature before setting the gap at
1 mm. Care was taken not to introduce air bubbles around the dispersed Difesent
sequences of shear and relaxation were applied in order to have droplets in the right order of
size. Care was taken to observe isolated drophsiter localization of adrop, shear was
applied until the drop was deformed to @amount below 15%. The flow was then stopped
and the kinetics of the drop deformation relaxation was monitored.

Angle correction

A Newtonian drop suspended in a Newtonian matrix under a constaartfkive (at
low capillary number) deforsinto an ellipsoid oriented at 45j relative to the flow direction
[Taylor, 1932]. Taylor obtained this resddy making a first order calculation and assuming a
viscosity ratio between the dispersed phase and the matrix equal tolaniegent years,
studieson the drop deformation behavior in shear flow revealed thatiltheengle between
shear and drop deformatidirectionvaries from 4% to Oj depending on the Ca valaaed the
viscoelastic character of the blend comporj®tetrhulst et al, 2009[Chung et al., 2007]If
the tilt angle does not seem to be modified during the relaxation step in the case of two
Newtonian components [Assigha@nd Benyahia 2010], this is different when one of the
components presents seoelasticcharactefVerhulst et al., 2009]in the present workoth
extremities of the tilt angle (0 and 45j) were consideredupon calculatingthe drop
deformation the interfacial tensiancalculatedfrom these two deformations weldso
compared.

The relationship betweedrop deformatiorat 45; andOj are deduced as following:
Suppose the tilt angle is 4%s illustratedin Fig. IIl.5, the present setip only allows us to
measure the dimensions of the projection of the deformed drop. Assuming that the ellipsoid is
an ellipsoid of revolution, the minor axis determined from the projection of the drop should
correspond to the real minor axis tife ellipsoid b axis marked in bluan Fig. 111.6).
However this is not the case for the major axig)erethere is an obvious difference between
the true lengthg represented in red) and the projected lengtiefgresented in green).
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a. b.

Fig. lll. 6 Drop orientation under sheaa. Drop dimensions measured in the vortiditw
plane,b. Drop dimensions in the gradiefiow plane.

The next question turned out to be how to use the observed length of the mirpardithe
projection lengthc to determine the major axis leng#éh An ellipse is described by the
following equation:

2 2
= e 1

a® b’
wherea andb are the long and short axes of the ellipse when this is oriented along the x axis.

Considering the case of Figll.6 where theellipse is tiltedby 45 relative to the X, y
reference, the equatiaa describeéhe ellipse becomes:

(cos45ix  sin45iy)®  (cos45iy sin45jx)?

a’ b? 1

The coordinates of the red pointihé point whoseprojection corresponds to the long aris
the projected ellipgein Fig. Il1.6 also satisfythe equation abovéhe xcoordinate of this
point corresponds tec :

X
The y-coordinate of the red point thus satisfies the following equation:
(@ b?)y* 2c® a’)y (a® b’)c* 2ah® 0
which can be simplified by setting=a?+b?, n=2c(*-a?) andp=(a%+b?)c?-2ah?
my> ny p O
The condition to ensure the uniqueness of the red point is that

2

n~ 4mp O

Replacing the coefficients), n, andp by theircorrelation witha, b andc finally leads to the
following relationship:

a J2c® b?

a can then be calculated from the measured parametenslc and used to determirtbe
drop deformatiorat 45j tilt angle.
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When the tilt angle is 0j the length of long axis from the observation is the true length of the
ellipsoid, no further correction is neededihe influence of the drop rotation angle correction
on the result of the interfacial tension will be discussed in the next chapter.

[11.2.6 Tensile and impact test

Similar as samples for rheological characterizatiames for both tensile and impact
tess were prepared by compression moulding Daaver38530 manual pressBut since the
sample for mechanical evaluation is substantially thicker than the sample for rheological test,
a differentprotocolwas used foforming:

Preheat the mould at 205 C for 15 min;

Put polymer pellets in the mould and heat for anothenitbwithout pressure;
Apply two tons pressure for 1 min;

Apply four tons pressure for 2 min;

Water cooling to room temperature and opening of the anoul

X X X X X

Tensile testwere performean aZwicky tensile machine with RN force sensor and
equipped withan extensometeat room temperaturd he thickness of the sample is 2.5 mm,
andother detailedlimensions of the sample akown in Figlll.7 (Unit of the dimensions is
mm):

Fig. lll.7 Dimensions of tensile test sample

With the hypothesis thatluringthetensile test, theeformation is localized in the ceapart

(15 mm), the traction speed of the machine isaa€d mm/min to have deformation speed of
10?s?. Strain measuremestn order to check the volume evolution inside the sample during
tensionwere carried out using VIC3D.
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The impact testvas performed in a Ceast 90504tpy test machine. The shape of the
sample follows I® 179 8&10x4 mm, and they were notched.

[11.2.7 DSC

To performdifferential scanning calorimetry (DSC) measurements, a Perkin Elmer
DSC 8500wasemployed in this work. The sample mass is in the range of 5 to 8 mipend
material to be testedasplacedin aluminium capsukefor testing. The testing protocelas
heating the samplep to 200 jCat a heating rate of 1{/min, isothermalstayfor 5 min,
then coahg down to-40 jCat thecooling rateof 10 jC/min.

[11.2.8 X -ray diffraction

X-ray diffractionwas performed ora PANalytical X'Pert Pro diffractometer. The- X
ub\ JHQHUDWRU LV D .. PRQRFKURPDWLF FRSSHU DQWLFD
sensor is a ScanPixcel ulfast detector.

[11.2.9 Molecular analysis

All the moleculaanalysesvere performed by Marion Rollet at the Institut de Chimie
Radicalaire of AixMarseille University.

'H NMR analyses were performed on a Bruker Advance 400 spectrometer in. CDCI
Polymer molecular weights and dispersities were determined by sizéusiex
chromatography (SECT.he systenusedwas an ECOSEC (Tosoh, Japan) equipped with a PL
Resipore Precolumn (4.6 x 50 mm, Agilent) and two linear M columns (4.6 x 250 mm,
$JLOHQW ZLWK D JHO SDUWLFOH GLDPHWHU R40;C.P 7KHV]|
Detection wasdone usingDQ 89 YLVLEOH GHWHFWRU RSHUDWHG DW
differential refractive index detector, both from Tosoh, and a viscometer ETA2010 from PSS.
Measurements were performed in THF at a flow rate of 0.3 mtl.ndalibration was based
on polystyrene standar@ianging from 370 g/mol to 371 100 g/mol).

Liquid Chromatography at Limiting Conditions of Desorption {LCD) wasused in
order to characterize the block copolymer PiABAT. This was performed on a system
equipped with a Waters 600E pump and a controller, a Waters 717 autosampler, a 7725i
rheodyne valve, a Croedl column oven at 25 jC and a 1100 ELS detector (nebulization
temp.: 30 {C; evaporation temp.: 70 jC; nitrogen flow rate: 1.2 mL YnirThe
chromatographic conditions for the separation of PLA, PBAFLA and PBAT were
developed by D. Berek innaumpublished work. The stationary phase was a column
(300x7.5mm) packed by D. Berek with Kromasil bulk silica 6Gt40 Fn. The eluent was a
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mixture of THF, toluene and methylene chloride (28 / 12 / 60 wt%), filtered through Alltech
PTFE membranes (0.Bn). The flowrate was 1 mlmin™. The barriers 1 and 2 are mixtures

of THF, toluene and methylene chloride in the following ratios: 7 / 3 / 90 wt% foreB4r,

and 14 / 46 / 40 wt% for Barrier 2. These solvents were chosen because THF is a desorli for
PBAT and PLA, while toluene is a strong adsorli for PBAT and PLA but it is not a good
solvent this is why methylene chloride, a weak adsorli but a goodesolfor PBAT and

PLA, was added.

The barriers were injected manually by using the 7725i rheodyne valve, equipped
with a 1000 R injection loop. The samples were solubilized in the eluent mixture at 0.25 wt%
and filtered through a Sodipro PTFE syringeefil(0.2 Bn). Samples were injected by the
autosampler with an injection volume of 3. Injection delays were &3 %5, which means
Barrier 1 was injected at 0 minutes, Barrier 2 was injected at 3 minutes and the sample was
injected at 5 minutes. Datacording started with the sample injection.
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Chapter IV

Measurement of interfacial tension
and morphologies of norcompatibilized

ternary blends

|l!<#!l



1<%



IV Measurement of interfacial tension and morphologies of non

compatibilized ternary blends

Once the studied polymers weliged as PLA, PBAT and PAthe objective of this
work became tgreparea coresshell morphology with PA encapsulated by PBAT in PLA
matrix. As introduced in the literature survey, the most important parameter controlling the
morphology of ternary blersds the interfacial tension between the compegabmpponents.
Thus, this chapteexplairs in detail the characterization tifie interfacial tension between
PLA, PBAT amd PA with two methods, one based rheological measurements and the
Palierne model andhé otheronthekinetics of drop retraction.

Afterwards, the measured interfacial temsiowere used in the models based
interfacial force balance and thermodynamics to predict the morphology of ternary blends.
The validity ofthe theoretical predictionvas checkedby observation othe morphology of
several blends witlan alternated matriYPA and PBAT instead of PLA)The effect of
various blendig conditions on the morphology walso investigated

IV.1 Measurement of interfacid tension by Palierne model

The theoretical bas of interfacial tension characterization based the Palierne
modelwas presenteth the literature survey. Ithe presenthapter more attentions paidto
the experimentabspectsof this method, introduced in two partsa working flow chart
including detailed manipulation ste@sd an examplef measurement

IV.1.1 Working flow chart of characterization of interfacial tension by the Palierne

model

All the experimental steps needed to measure the interfacial tension by the Palierne
modelare listed in FiglV.1. Since most of these steps follow the protocols introduced in
Chapter Ill, only some specific explanatsomill be given here.

The Palierne modelusesthe rheological data of pure polymers to calculate the
rheological curve othe polymer blend These calculated data are then compared with the
experimentadatameasured on the polymer blend. This blend was prepareah yernal
mixer. There is aisk that degradation dhe polymers(with a decrease of molecular weight
and viscosity) may take place during thenixing time. In order to overcome this difficulty
pure polymers serving as dispersed phase and madrix also subjected tbe samanixing
procedureand compression moulding operatiasthe polymer blend in order to mimithe
thermomechanad conditiors arising during blending and thus to use the correct viscosities.
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Another precautiorthat wastaken is that during the preaéion of polymer blend
samples for rheological testesides the samples neededtli@rheological characterization,
more disks were prepared under the same conditiontdanorphological observatienThe
reason for not directly using the blend protto observe its morphology is thaturing
compressiommoulding the morphology o& polymer blendwith no compatibilizer (which is
the case here) mayarsen due to coalescenBg.preparing the samples fdneological test
and SEM observatiamat thesame timeit was ensured that the observed morphologthef
polymer blendvas identicalto the oneprobed duringhe rheological test.

Fig. IV.1 Working flow chart usinghe Palierne model to characterize the interfacial
tension

The blend apparatus ed wasthe internal mixer. The polymers were liatluced
simultaneously and mixetbr 12 min at 50 rpm and 180 jC. Three binary blends were
prepared: 20PBAT/80PLA, 20PBAT/80PA and 20PA/80PBAT, wlikeenumbers indicate
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the weight fraction in percentage oindividual components. In the following part, the
PLA/PBAT couple isusedas an example to illustrate threethodlogy we followed

IV.1.2 PBAT/PLA as an exanple

When using the Palieme model to model the rheologicaurves of the two
components and the polymer bledinckier et al. [Vinckier et al, 1996] reported that the
interfacial contribution isnearly invisible on the curveof loss modulusand thus only the
storage modulugrasused

As illustrated in FiglV.2, at high fequencies, thef fcurve of the blend is situated
between those of PLA and PBAT, which is in good agreement with the blending law
proposed by Kerner [Kerner, 1956]. At lower frequencies, where dsdmet time to relax,

a shoulder shoswp linked to the elaxation time of the droplet$he plotted frequency range
is from 1 to 100 rad/s becae the* fsignalfor PBAT was too lowfrom 0.1 to 1 rad/sThe
Paliernemodel enablesus to calculate the)g(")g('jérs@fgwe blend(Eqg. 20)from discrete
rheological data measured on ttispersed phase artle matrix, the volume fraction of

dispersed phase amoh assumed/;/R,. Then the experimentalataof the polymer blend

are fitted bythe calculatednesby a least squaemethod using the Microsoft Excel solver,
where the fitting parameter isj;/R,. A value of J;/R, is obtainedensuring a minimum

value of : (Gb'e”dG IG caleated) 2 hy the least squaemethod From the graph, itan be seen
| blend

that these two curves supmapose perfectly in all the regions of pulsation, allowing the
determinatiorof J;/R,, being 280 N/m?.
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Fig. IV.2 *fcurves of pure PLA, PBAT, blend 20PBAT/80PLA, blending law and result of
Palierne fit
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The next task was to measuhe average inclusion size of the blend. From the SEM
photos on the morphology dhe cryofractured sample, it is observed thhésides the
inclusionsize a lot of information on the topographytbe surface is also included, asthe
example shown in FigV.3.a:

b C

Fig. IV.3 a SEM photo of blend 20PBAT/80PLAis a zoom of cropped squarean
cis a binarized result of photo

Influenced by the geometry on the surface randomly created during the fracture, the
presenceof inclusions in the photas revealed by empty holes and spheres under
unidirectional light with both high light and low light partSince sme of these low ligh
parts are actually darker théme matrix, it is not possible to separate the dispersed phase and
the matrix by a simple binarization over the image. For instance, in\ig.c, the matrix at
the geometric edge part is highlighted, so it @ppearssa 3ZKLWH" SDUW ZKLFK LV
as inclusions during the binarization of the image. This famtley of course lead tothe
failure oftheimage analysigrocess

To overcomehis difficulty, the use ophotcs issued fromthe BSE mode to perform
the image analyis was consideed, snce as mentioned, the SEM observation conducted
"IA&!



under BSE mode not only revealhe geometric information of the surface but also
distinguistes zones with different densities of hydrogen asormspired by this feature of
BSE mode observation, polishing sveonsidereésa possibleway to preparéhe sample for
the image analysis treatmemtince it producesplane surface without any topographical
characteristis As shown in Fig.IV.4.a, geometric informatiorsuchasa SEDYLQ" RU
SKLIJIKODQG ™ R Quadeknhnated,UddvirgHthe inclusions withcolour significantly
different from that of the matrixin this way, the binanzation treatment became quite
convincing as shown in FiglV.4.b usingVisilog™ software It should be noticed that there
is a lossof informationresulting fromthe poliskedimage treatmerprocessconcerningsmall
inclusions During the polishing, the surface is created bytifrsit to take away the materials.
Although the final step of palhing isperformedwith micron scale rugosity abrasive papers,
it is still a destructive way to obtain the flat surface. @havbackof this process ialoss of
information on morphology details like small inclusioMdoreover, the image treatment
softwae is notableto retainall the information after the binarizationrém the comparison
of Fig. IV.4.a and b, it is obviouthat drops witta small size disappeed after the numerical
treatment

250 q
200 -
150 1

100 +

Inclusion number

50

C 0-0.5 05-1 1-15 15-2 2-25 25-3 3-35 35-4 4-45 > 4.5

Inclusion diametefum)

Fig. IV.4 a Polished sample of 20PBAT/80PLAT reated mage after binarizationg Size
distribution of inclusions.
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However, since the volume average radius is defined&as} R*/ : R®, the
contribution of the droplets with a small radibecomes quite limited after the quartic and
cubic calculations. For this reasdhge influence of the lost informationnothe small size
fraction is negligible. Using the size distribution shown in Fig. I§/.4he value oRy was
calculated to be 1.82 pandRn is 1.32 pm. The polydispersity index conditidR/R<2) to

apply the Palierne model was satisfied.

With the results above, the interfacial tension for PLA and PBAT is calculated as
being 3.8 mN/m. The same measurements were performed o0B0BRAT/B80PA and
20PA/80PLAblends WKH * FXUYHV Rlawiepbiadh WZR.EEOHQGYV

a b

Fig.Iv.5a*1 FXUYHV RI 3% 3/$ EOHQG RI 3% 3/$ DQG ILW UFE
* FXUYHV RI 3%%$7 3% EOHQG 3%$7 3% DQG ILW UHYV

As observed in Fig. IV.5, the fit curves of Paliene model almost snpese with the
experimental data except for the low frequency range of 20PA/80PBAT. WVith this
blend alculated as 1.26M, the Palierne model curve is already the most optimal algebraic
solution to fit to the experimental curdeading to the result of interfacial tension between
PA and PLA being 5.2 mN/m. Using the same method, the interfacial tensvoeemePBAT
and PA is calculated as 2 mN/m.

Theseresults will becompared with thosebtained by the drop retraction method at
the end of this chapter.

IV.2 Measurement of interfacial tension by drop retraction

In this part, the manipulation stefsr performing thedrop retraction method are
drafted in a work flow chartAn example othe use othis method to measure the interfacial
tension between PLA and PBAWill alsobepresentedWe alsanvestigatedhe influence of
polymer molecular weighton the interfacial tensionThe different deformation direction
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versts shear direction of PA drejm PBAT, andthe influence of drop tilt angle correction on
the result of intrfacial tension will also be discussed.

IVV.2.1 Working flow chart of drop retraction

The second method employed to charactetieeinterfacial tension is based the
kinetics of the retraction of a slightly deformed drop. The principle of the method has also
been introduceth Chapter Il. The experimental steps to apply thithrod are shown in Fig.
IV.6.

Fig. IV.6 Working flowchart fordrop retraction

Sinceknowledge of theheological propeires of the polymerss also mandatory to
implement this method to characterize the interfacial tensiovasialso neessaryto assess
the potential decrease of polymeviscosities during the testUnlike the severe
thermomechanical conditions in the neix the observation conditisnn rheeoptics arequite
gentle Thereforethe polymers were used as received, considering ttiey do not suffer
degradatiorduring the rheeaptical test

As for the samples for rheaptical observations, the matrix siahaped as a flat disk
with thickness 0.6 mmanddiameter 25 mm. The size ahfjmerts serving as dispersed phase
was10 to100um. Thenthe observation was conducted following the protocol introduced in
Chapter IIl.

IV.2.2 Retraction of PBAT drop in PLA as example

The retraction of a PBAT drop in the matrix of PLA after stopping shear is taken as an
example in FiglV.7:
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Fig. IV.7 Retraction of PBAT drop in PL&fter shear cessation

The evolution of the drop deformation versus time during relaxation is plottad in
semtlogarithmic scalan Fig. IV.8. Using the equatiogivenby Taylor[Taylor, 1934](Eg.
28) to fit the data a value of interfacial tension of BIN/m is obtained in the case of
PLA/PBAT. Measurements were systematically performedivendroplets in order to have
an average value. The measurement results by thisochate summarized ifablelV.2.

Fig. IV.8 Deformation versus time during the retraction of PBAT drop in PI

IV.2.3 Influence of molecular weight and inversed matrix on interfacial tensions on
PLA/PBAT

We took advantage of the degradation of PBAT with time (see paragraph 1ll.1) to
study the effect of the PBAT molecular weight on interfacial tensiorexamine tls effect
four series ofdrop retractiortests wereeonducted on the paiPLA/PBAT: PBAT 2.1 and
PBAT 2007 respectively dispersed in PLA, and PLA dispersed in twdaesPBAT 2011
and PBAT 2007. The results of interfacial tensions are shown in T\alile

"A@



PBAT 2007 in PLA 3+ 0.4 mN/m
PBAT 2011 in PLA | 3.3+ 0.7 mN/m

PLA in PBAT 2007 | 3.6+ 0.8 mN/m

PLA in PBAT 2011 | 3.4+ 0.8 mN/m

TablelV.1 Interfacial tensions between PLA atiek batchs of PBAT

Although some literature [Anastasiadis et al., 1988] clairthed lower molecular
weight leads to a lower interfacial tension, the result3ahble IV.1 indicate that there is
almost no effect from this parameter on the value of interfacial tensions

To avoid any possible confusionin this chapter 33 % $méntioned wihout an
indication of batch refers to PBAT 2007.

IV.2.4 Drop deformation along the vorticity axis of PA in PBAT

During the characterization of interfacial tension between PA and PBAT tiige
drop retraction test was conductedth a PA drop inthe PBAT matrix, an unexpected
phenomenonvasobserved while imposinthe defamationof PA drops: In Fig. IV.Qunder
a shear in horizontal direction awlicatedin the figure the direction of drop deformation
was observed to bperpendiculato the direction of shear.

t=0s t=38 s t=60 s t=122 s

Fig. IV.9 Drop retraction ofa PAdropin PBAT, drop deformed along the vorticity axis. The
arrow indicates the shear direction

Mighri et al. [Mighri et al., 2002, 2005] conducted an extensive study on the
phenomena and concluded that this vagticieformationtakes place wherhé elasticity of
the disgrsed phase is wtimeslarger tharthat ofthe matrix at high shear rates witly@ast
Newtonianrheological behaviour of the matrix. From the rheologicavesirof PBAT(2007)
and PA (Fig.lll.1), it is found trat both conditions are satisfisthce theelastic modulusf
PA is higher tharthat of PBAT over a large frequency rangend the viscosityf PBAT is
constant and around 200 Pa.s aherwhole frequency range

"IAH#!



IV.2.5 Influence of angle correction on he result of interfacial tension

As mentioned in the experimental part, during the characterization of interfacial
tensionusingthedrop retractiorafter asheay the direction of the major ax@f the drophasa
45; deviation from the shear directiobnder thiscircumstance, the observézhgth ofthe
major axis is not thérue long axis Then it is interestingo know how large the difference
betweenthe observed length antdhe true lengthis, since it can affecthe calculated
interfacial tensior(see Fig. 111.6) The measurement of retraction of PBAT dropthe PLA
matrix wastaken as an example here to show the difference with and without correction in
the following table:

Interfacial tension without angle Interfacialtension with angle
correction (mN/m) correction (mN/m)
Drop 1 2.7 2.6
Drop 2 2.8 2.6
Drop 3 3.3 3
Drop 4 3.2 3.1
Drop 5 3.7 34
Average value 3.1 3

TablelV.2 Interfacial tensions between PLA and PBAT with and without the angle
correction

From TablelV.2, the interfacial tension obtained with correction is alwslghtly
smaller than the case without correnf although the difference between them is not very
significant. It is understandable that both measurements give close results since the drop
deformation is very small.

IV.3 Summary of interfacial tension measurement

The interfacial tensions between PLA, PBAT and Wére measured byhe two methods
The resultof these two measurements gireenin the following table:
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Palierne modelmN/m) | Drop retraction (mN/m

PBAT/PLA 3.8 3.3+04
PA/PLA 5.2 5.6 +0.3
PA/PBAT 2 3+04

TablelV.3 Interfacial tensions measured by Palierne model and drop retraction

The difference between the results issued ftoetwo methodss most probablylue
to the large distribution of drop siobtained by mixing the two polymevghen applyinghe
Palierne modelThe comparison of the working flow charof the two methods (FigV.1
and Fig.IV.5) showsthat there are more experimental steps in thénatebf Paliernewhich
indicates that the accumulation of systematic error could be significant in this case. Moreover,
sincetheresults of at least five dropletgeretaken into account in the method basedtan
drop retraction, the values obtained histmethod should be more reliable.the following
part,only thevaluesfrom the drop retraction wengsed to predict the morphology of ternary
blends.

IV.4 Prediction and validation of ternary blend morphology
I\VV.4.1 Prediction of the morphology ba®d on interfacial force balance

Two theories predicting the morphology of ternary blends weseribed in Chapter
Il. One is based othe interfacial force balancandthe other on calculation of blend free
energy. Both approaches will be dised$n the dllowing part.

First, the theory of interfacial force balance is used to predict the morphology of
ternary blend PLA/PBAT/PA. The interfacial force balance éxpressedy the spreading
coefficients calculated below:

Ghatpapia  beampia  barear  Dapia SmN/m
Gureatipia  bapia  Peamria Dapsar 0.5 rimN/m
Gupiapear  barear  bearia bapia SmN/m

Qv reatpa IS @bout zero, while the other two spreading coefficie@g,papa @nd
Qvrurear @re negative. According to the model, there are two possible mogx®las

illustrated in Fig. IV10.a: PA could either beneapsulated by PBAT olocatedat the
interface betweethe PLA and PBATphases. To cheakhich morphologyis really obtained

a ternary blend witlthe composition 60PLA/20PBAT/20PA was prepared and examined by
SEM. The blend was prepared by introducing the three components at the same time in the
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internal mixer at 180 jC and then rmg for 12 min at 50 rpmThe morphology is shown in

Fig. IV.10.b. The black phase standing for the phase PA is mostly encapsulatbd ggyt
phase (PBAT), sharing part of the interface with the white PLA phase, which is exactly in the
middle of the situatiomishownin the two schemas in Fig. IV.1

| — | ()0 A7 |

Fig. IV.10.a Two possible mgrhologies according to the theoretical predictidn;
Experimental morphology of blend 60PLA/20PBAT/20PA in internal mixef@880 rpm
for 12min

To further confirm the morphology dhe theoretical predictios) blendswhere the
polymer matrix was changed wepeeparedin the same conditionand their morphologies
were compared with the theoreticprediction, shown in FiglV.11: The situations of Fig.
IV.11.d and f are viceversa. Hence in Fig. IV.1fl since PA is thematrix, PLA should
mostly be embedled in the PBAT phase to minimize its interfaseith PA; whie in Fig.
IV.11.e, when PBAT is the continuous phase, due to the poor affinity between PA and PLA,
they shouldnot form any kind of encapsulation.

To check thevalidity of those predictionsthree blends withPA, PBAT and PLA
matriceswith composition 60/20/2@vere prepared in the internal mixefFheir morphology
demonstrates thawvhatever was the polymenatrix, the experimental results correspond
perfectly wih the theoreticgbrediction as shown in Fig. IV.11



Fig. IV.11 Morphologies of the three blends60PLA/20PBAT2011)20PA;b
60PBAT(2011)/20PA/20PLA amdb0PA/20PLA/20PBARO11)as seen by SEM and their
respective model predictiond to f). Experimental blends were prepared in the internal
mixer at 18G;C, 80 rpm for 12 min.

We observe a parti@ncapsulation morphologyhich has also been reported by Le
Corroller et al. (Le Cormller et al.,, 2011) in a HDPE/PP/PC &%, where the volume
fraction was 45HDPE/45PP/10PC. Similar to PA situateithe interface of PLA and PBAT,
PCwas located ahe border of PP and PEterestinglythe interfacial blance condition for
HDPE/PP/PC waslightly different from the PLA/PBAT/PAlends

Q- porope 1.9 rL7mN/m
@Qocippe 193 rL7mN/m
@ iopepe L3 rL7mN/m

For PLA/PBAT/PA two spreading coefficients are striyignegative while for
HDPE/PP/PC only one of them is strongegative. The explanation for the similaritytbé
morphology is that despithe differencan the exactvalues ofthe spreading coefficients/la
of them are negative or zero.eAKy or strondy negativespreading coefficients daot have
asignificant impact on the final morphologyhey all lead to the same morphology.

IV.4.2 Interpretation of morphology from thermodynamic aspect

As introduced in the literature survey, the morphology of ternary blead also be
predicted by the calculation of the free energy of all the possible morphologies, the
morphology with the lowest free energy being the favourableframe this thermodynamic
approach. The difficultyn applying this methods that during the calculation @fee energy,
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information onthe size othedifferent phasgis nee@d which isverydifficult in the case of
bi-continuous morphology. Howevethis method isespecially efficient when used to
examne similar morphologies. In  the morphology of the ternary blend
60PLA/20PBAT/20PA(Fig. IV.9.b), a stidBAT-PA complex inclusion is selected as the
study object as shown in the small red circle. The reason to select this particle is that it is
relatively spherical so that it can be schematize#igsIV.12.a, wherePA forms spherical
dropletslocated athe interface betweethe PLA and PBAT. Howeverone can wonder why
partial encapsulation is obtained instead of the full encapsulation as shown in ERbPV.
Calculation ofthe free energy oboth morphologies in FigV.12 was carried out to try to
answer this question

PBAT

PLA b PLA

Fig. IV.12 Schematic drawings representiragPartial encapsulation morphology Full
encapsulation morphology

8VLQJ WKH PHWKRG SUHVHQWHG LKk exymRssMnZ & el erergfyR HW D
of themorphologies in FiglV.12.a and b are calculated as below:

k 2. 1 21
Ea 4‘R§BAT((T)3 Liarpeat Zk3n3(2"&A/PBAT 23npin  biapear))

Es 4Rl duranr (K D° Fapia)

whereRegaT is the radius of PBAT in both cases refers tothe interfacial tensionn is the
number of PBAT drops in FidV.12.a,andk is the volume ratio betwed¢he PA and PBAT.

According to the observation dhe red square ifrig. IV.10.b, around a spherical PBAT
dropthen valueis approximately10, thereforethe relative valugof Ea andEs aregiven as

(s T Bzog7

~

(9% I @357

This result indicatethat the free energy of morphology A is lower than that of B, thus
from the thermodynamic point of view, A is the more favourable morphology.
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From the interpretation above,etlspreading theory was first applied to predict the
morphology in general. Then the calculation of free energy provided a diarction
between the twagpossible morphologies.t lalso shows its advantage comparetb the
spreadingnodelby examining the locatlifference ofthese two similar morpologies, since
in this casethe influence othe size and number of drops of PA was not necessary for the
calculation.

IV.4.3 Mechanism to form this morphology

In this partwe tried to understanttow the partial encapsulation morphologsy/
formed during the blendingperation. For this purpose, @PLA/20PBAT(2011)/20PA
blendwas prepared in the micammpounder a180 jC, 80 rpm, 12 mirFig. 1V.13 shows
two photcs of the sample taken &he entrane ofthe reservoir in the mini extrudeAt this
point, the shear rate decreasemdicantly since the materiarrivesfrom the high sheanate
region of the twin screwnto the low shearatereservoir. The treéke patternat the entrance
of thereservoir corresponds tihe PBAT/PA inclusions elongated along the flow direction. A
close look at this morphologghowsthat PBAT and PA threads compose evaanieh of this
treelike pattern. This can be interpreteconsideringthe affinity between the plss In the
complexflow in these regionsonce a PA inclusioapproaches PBAT inclusion, they are
not likely to separate agaias (. ¢ & ds higher than(t. ¢, i, which means that the affinity
between PA and PBAT igreaer than that between PLA and PRhen the kinetics to form
this semiencapsulad morphology can benderstood as coming througluo stepsin the
high shear rate flow, dispersed phases are sheared and stietoHedg thread. Then in the
low shear par due to thdargeinterfacial tension with botthe other phases, the PA thread
breaks faster by the instability of interface. That is the reason why PA drepattached
around thé®BAT phase as shown in Fig. IV.18

Fig. IV.13 a Treelike morphology at the entrance of reservdiDetail of the high shear
part
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IV.5 Influence of blend condition on the morphology of the ternary blend

After having studiedthe development ofthe morphology, theeffect of mixing
conditions on thenorphology wasnvestigatedy varying the otation speedhetemperature
andthe duration ofmixing. The composition vafixed at 60PLA/20PBAT(2011)/20PA.hE
standard blend conditiomas 180;C, 12 min, 80 rpmin the micro-compounder

Rotation speed

The two compoundsshown in Fig. IV.14were prepared under differembtation
speeddutatthe same temperature and duration. Tormgarisorclearlyshowsthat a higher
rotation speedor shear rateleads to a finedispersion of both PA and PBAT(2011)).the
morphology is formed through the formation and rupture of long attached threads of PA and
PBAT, the application of a higher rotation speed should lead to a smaller diameter of both
phase threads resultingsmaller droplets after rupture.

D E
Fig. IV.14 Morphology otthe compound 60PLA/20PBAA011)20PA at 18QC, 12min: a
50rpm, b 100rpm

Temperature
The effect of temperature on the blendrphology is shown in Fig. V.15

E

Fig. IV.15 Morphology ofthe compound 60PLA/20PBAT(2011)/20PA atgh,
12min:a170iC, b 190iC
Mg



The size othe PA inclusionssignificantly increaseat a higher temperatureh@& size
of the PBAT inclusionsbecomes smaller aritiey areattacted to the surface othe PA. The
PBAT and PA phass stick to each other andredispersed in the matrixrhe difference is
that in Fig IV.15.a, broken PA drofets are at the interface betweéime PLA and PBAT
phasesand vice versan Fig. IV.15.b, PBAT droplets are at the interface betwéssnPLA
and PA phasesThe explanation for this phenomenon lies in the change of rheological
propertes during the rise of temperature.

Jordhamo et al[Jordhamo et al 1986]reported that ira binary blend, the fact that
one phaseas dispersedn anothe or vice versa depends on the viscosity ratio andmelu
fraction ratio between the two phases

% 3

|f %

O s then hase A is dispersed in phase B

% s

%

If

P s then hase B is dispersed in phase A

As the composition of this compound is PLA/PBAT/PA=60/20/20, the volume ratio
betweerthe PBAT and PA is alwgs 1:1, hence the PRBAT structureonly depends on the
viscosity ratio At 170 jC, above 1 rad/sthe viscosity ratio betweetne PA and PBAT
deaeasedar below 1(Fig. IV.16), indicatingthat the PA hasa greatetendency to form the
continuous phaséhe viscosity ratio is even lowarhenthe temperature is increasedig is
the reason why the coalescence of PA is moreewibleat high tempeature.

&;:0 &é»oi

1.3 1
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—170ic
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0.1 1 10 100
Pulsation (rad/s)

Fig. IV.16 Viscosity ratio between PA and PBAT(2011) at different temperature
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Duration

Fig. IV.17 shows thatomplex inclusion®f PA/PBAT seem to becomslightly finer
after a 20 min compounding compared @12 min one The possible explanation for this
outcome is that 1nin is not enough for the bldrto reach its thermodynamstable state.
This muld be confirmed by checking thertue curve from the machine. Mtas, however
not possibleto measure it withthe micrecompounder. In this apparatike piston is
manually force to introduce the pellets the hoppeand thetorque varies with the force to
maintain the pistarso the torque value is not reliable.

D E

Fig. IV.17 The morphology of compound 60PLA/20PBAT(2011)/20PA gir@80180;C: a
12 min,b 20 min

V.6 Conclusion

After measuring the interfacial tension between PLA/PBAT/P Ahlypaliernemodel
and drop retraction, thenorphology ofthe ternary blend was predicted and confirmed
experimentally orthe blends.The influenceof mixing conditionson the morphologywas
also investigated. Howevethe morphologyobtainedwas different from th@ne aimedfor:
partial encapsulation relative to full encapsulatidio change the morphology of ternary
blends, the values ofinterfacial tensiommustbe changed. The most common way to modify
the interfacial tension is by addimgcompatibilizer. Tis work will be presented in the next
chapter.
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Chapter V

Compatibilized ternary blends
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V Compatibilized ternary blends

In the previouschapter, it was found that in the ternary blend PLA/PBAT/thA,
PA phase is locat at theinterfaceof PLA and PBAT phase (Figv.1a) due to the
interfacial condition in the ternary blend

QBAT/ PA/PLA ‘TZBAT/ PLA ‘1lA/ PBAT ~1ZA/ PLA SmN/m
QA/PBAT/PLA ~1ZA/PLA ‘1ZBAT/PLA ‘1ZA/PBAT 0.5 rimN/m
QA/ PLA/ PBAT ‘;A/ PBAT ‘lBAT/PLA ‘gA/ PLA SmN/m

PBAT PLA PBAT I PLA

Fig. V.1 a. Morphology of uncompatibilized ternary blend PLA/PBAT/BAAimedfor
coresshell morphology when PA is fully encapsulated in PBAT.

According to the model proposed by Le Corroller and Favis [Le Corroller and
Favis, 2011], the interfacial condition to achieve the esinell morphology shown in Fig
V.l.ashould be:

QBAT/ PA/PLA “;BAT/ PLA “gA/ PBAT ";A/ PLA omN/ m

QA/PBAT/PLA ‘&A/PLA ‘gBAT/PLA ‘1ZA/PBAT 'OmN/m
OmN/m

QA/ PLA/ PBAT "1ZA/ PBAT “ZBAT/ PLA "gA/ PLA

To increase @, -sarp4 TOM Negative to positive, there are two options:

1 E£To increase the value of3/$ 38
2. To reduce the valisof 3%6$7 ﬁgd 3% 30687

From the practical point of view, the latter option is easier to implement, as the
interfacial tension can be reduced by adding a compatibilizer ipitlaey blend Ideally,
the compatibilizershould be a selective one whiakould only reduce the interfaal
tensionof the PBAT/PLA and PA/PBATblends but notthat of the PA/PLA blend
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Based on this approach, a firsést was carried out with a commercial
compatibilizer Lotader. Although not successful, this solution is describtbe finst part
of this chapter In the second parthe possibility of having aelective compatibilization
using block copolymes was investigated.PBAT-b-PLA and PA-b-PBAT block
copolymes were synthesized and characterized. Aftkeckingtheir compatibilization
effect, a strategy to achieve the cdgieell morphology was designed and realized. The
mechanical performance of ternary blends was also evaluated.

V.1 Compatibilization with a commercial compatibilizer

Lotader AX8900 is a tercopolymer from Arkerpailt with ethylene, acrylic ester
and glycidyl methacrylateblocks Zhang et al. [Zhang et al., 2008] showed its
compatibilization effect between PLA and PBAT. Howevecan also compatibilize PA
with the otker polymers since its functional group is able to react wighdifferent
functional groups of the blend components PLA, PBAT and PA (Fig). It is thus a
potential choice to decrease the interfacial tension and hence to modify the interfacial
condition in order to achieve thargetedcoresshell morphology.

PLA

Lotader AX8900 PBAT

PA

Fig. V.2 Molecular structure of Lotader AX8900, PLA, PBAT and P#e red
circles indicae the functional groupghat can reactogether

A preliminary operation was to check the compatibilization effect of Lotader
between PLA and PBAT. Several binary blends of PLA/IPBAT were prepared with
different concentrations of LotadéFheir morphology(polished surface of compression
moulded samplg@svas observelly SEM as shown in Bi V.3.
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Fig. V.3 Composition of thelbndsincluding the Lotader as compatibilizea.
PLA/PBAT=65/35h. PLA/PBAT/Lotader=63.4/34.2/2.4,
PLA/PBAT/Lotader=61.9/33.3/4.8, PLA/PBAT/Lotader=61.9/33.3/4184t with a twe
step orderof introduction of componentst first introduction ofPLAandPBATand 3
min before the end of mixingddition ofLotader. All blends were prepared in the miero
compoundeat 50 rpm,180 ¥%C for 12 min

An effective compatibilizeshoulddecrease the piicle sizesinceit decreases the
interfacial tensiorand prevents the coalescefiG@amespacher et al., 1992][ Serpe et al.,
1990]. This is not the case with PLA/PBAT compatibilized by Lotader AX8900. The
presence of 2.4% Lotader in the blend dot induce any decrease of particle size (Fig.
V.3. a and b)When the quantity of Lotader is doubled (F3.c), a lot of small black
dots appeainsidethe PLA matrix andalsoat the PLA/PBATInterface This may imply
that the Lotader is not a good compatibilizer or that the amouobisarge The case
where the Lotader was added 3 min before the end of mixing \(B3gd) is interesting.
The picture shows thdhe Lotadertendsto stay at the interée betweenthe PLA and
PBAT. Howevey this does not mean that it is an efficient compatibilizence it is
forming particles at the interface instead of covering the surface of PBAT paiticle
homogeneous way.
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To further investigate the compatibdizon effect of Lotader ithe PLA/PBAT
blend, samples were also prepared by cryofractareSEM obsenation The SEM
pictures revealh more complete picture of the influence of this compatibilizdre
comparisorbetweenFig. V.4.a and b confirmshat trere isno decrease of the particle
size inthe presence of Lotadel.he presence of neat holasthe surface othe fracture
(Fig. V.4.a) indicates a poor adhesion betweeatPLA and PBAT.In Fig.V.3.b, in the
presence of Lotadesome of the holes dhe fractured surface contain part of the broken
PBAT particles. This tends to show that theffinity between the matrix anthe dispersd
phasewill be strongerin the presencef Lotader A closer look(redinsert in Fig. V.4.b)
indicates that Lotader indeed located at the surfacd the PBAT particles This
conclusion is deduced from the rough surfacéhefPBAT particles. When the quantity
of PBAT is doubled (FigV.4.c), a better adhesion between PBAT and PLA is obsgerved
since almost alhe PBAT particlesare brokerwithin the matrix.In Fig.V.4.d, a bimodal
distribution is observedwhere large particlesorrespondhg to the PBAT phaseare
surrounded by small particles$ Lotader.

Fig. V.4 Same samples as in Fig.3 prepared by cryofraare and observed by
SEM:a. PLA/PBAT=65/35h. PLA/PBAT/Lotader=63.4/34.2/2.4,
PLA/PBAT/Lotader=61.9/33.3/4.8, PLA/PBAT/Lotader=63.4/34.2/2.4ith a twastep
introduction- at first, introduction ofPLA and PBAT,and 3 min before the end of mixing
addition of2.4wt% Lotader
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Rheaooptical observations were performed on Lotader fragments embedtied in
PLA matrix. The Lotadelookedas if it was still in the solid staiaside theflowing PLA.
This might be due tthe experimental procedure of tHeecoptical observatiosn After
positioning the sample in the solid state in the heated chamber, at least 15 min of
conditioning is needed to make sure that tbmperature is homogeneous ati
polymersarefully moltenbeforeclosing the chamber and perfomg observations. Since
Lotader is able to crosslink at high temperature, 15 min of heating C18@ybe long
enough for this phenomenon to occlinis couldalsoexplainwhy the Lotader appears as
a separate phase betwébaPLA and PBATIn the blends after 12 min of mixing

The next test was to usd.otader asa compatibilizer for the ternary blend
PLA/PBAT/PA. It is obvious that if Lotader is addsithultaneouslywith the other blend
components, it may not modify the interaccondition &:o g,0j g gomay remain
negative evenif it may decrease all the interfacial tensions. For this purpadiferent
introduction sequences of Lotader were considered \F).

Fig. V.5 Ternary bendsincluding Lotader phase. Ablendspreparedin the micro
compoundeat 50 rpm, 180 ¥4C for 12 man PLA/PBAT/PA=60/27/13. first blending
of PLA/PBAT/Lotader=63.4/24.2/2 @nd introduction ol3% PA 3 min before the end of
mixing; c. first blending 0660%PLA, 24%PBAT and 2% Lotademtroduction 0f13%
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PA after 6 mirof mixingandaddition ofanother 1% Lotader 3 min before the edd;
Blending 024% PBAT, 13%PA and 1% Lotadelintroduction 0f60% PLA after 6 min
andaddition ofanother 2% Lotader 3 min beforeet end of blending

Since the purpose of investigating different introduction sequeneesto
compatibilizeonly two polymers(in the present caseLA and PBAT),the strategy was
to first introduce PLA and PBAT and Lotader, wait until all the Lotader molecules have
reacted and then add the third polymBut this strategywas not able toproducethe
morphologywhich was aimedat since thePA phasevisualized as laick in Fig. V.5) was
always located at the interface thle PLA and PBAT. Henceto achievea coreshell
morphology in PLA/PBAT/PA, selective compatibilizers are reekd

V.2 Synthesis and characterization ofPBAT-b-PLA and PA-b-PBAT

block copolymers

Compared to commercial compatibilisexhich are often novery selective, the
advantage oftailored block copolymes is that the compatibilization effect is well
targeted on the pair of polynsetomposing the diblockPBAT-b-PLA andPA-b-PBAT
diblock copdymers were synthesizeduring theinternshipof Elena Dolci at the Institut
de Chimie Radicalaire of Atkarseille University under the supervision of Trang Phan
and Didier Gigmes.

V.2.1 Synthesis of block copolymersBPAT -b-PLA and PA-b-PBAT

V.2.1.1 PBATb-PLA

The synthesis of the PLA block @neby ring-opening polymerization (ROP) of
lactide, catalyzed by tin octanoate and initiated by the hydroxyl functions of PBAT. This
function enal®s us to initiate the polymerization of thPLA block. The PLA blak
grows directly on the PBAT block. The polymerizatgohemas illustrated in FigV.6:
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Fig. V.6 Polymerization of diblock copolymeBRT-b-PLA

Tin octanoate has the advantage of being widely studied in the literature, and
proved to be very effective for the ROP of lactide. It is useah industrial scale for the
synthesis of PLAy Cargill company Its structuras givenin Fig. V.7.

Fig. V.7 Chemical structure of tin octanoate

The ROP of PLA can be initiated by angahol function, in particular by water.
Therefore the lactide should be handled carefully under clean and anhydrous conditions.

During the operation, the glassware used was washed with THF and then with
acetone, andried in an oven for at least 8 houfhie PBAT was dried under vacuum at
180 jC for 5 h with stirring. Blactide was vacuurdried at 40 iC for 3 h. SnOgtthe
catalyst was dried under vacuum for 2 h at room temperature. The stoichiometric ratios
were the following

PBAT D-lactide SnOct
Stoichiometry 1 275 2

ThePBAT and Dlactide were put at 150 jC under an argon stream. Their mixture
was well homogenized before adding the catalyst. Since thectide degrades very
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quickly, SnOct was addeddropwise using a syringe previously purged with argo

the reactiorwasleft to occurfor 2 h at 150 jGvhile stirring the mediumvell. During the
course of the reaction, the molten lactide reduced the viscosity of the medium. By
incorporating it intothe phase of molten PBAT, decreased the viscosity of the whole
medium, and the diffusion of the reactam@simproved.

It is considered thahe majority of PBAT chains hze reacted and been extended
with a PLA block. Purification focused on the separation of chains of {Rimdoand
copolymers. Methanol is a naolvent of PBAT and PLA. Acetone is a nsalvent of
PBAT and a solvent of PLA. In acetortbe synthesizeBBAT-b-PLA is slightly soluble.
Therefore a mixture of these two solvents was used to reach a compromise between the
dissolution of the hom®LA, and precipitation of PBAD-PLA. The separation was
realized by selective precipitatioy dissolving the synthesizegoroduct in asmall
amountof chloroform, and precipitatg PBAT-b-PLA at 0 jC in an acetone/methanol
mixture 2/1.25. Th residuevas filtered and driedndervacuum.

V.2.1.2 FA-b-PBAT

A first strategy was to prepare the BABAT diblock copolymer by coupling
reaction betweethe two extremities othe PA block and PBAT blockbut this was not
possible because the PA copolymer was not miscible with PBAhaeomnon solvent
was found.

A two-step strategy was thus chosen. Since PBAT is a random aliphatic
copolyester of polybutylene terephthalate (PBT) and polybutylene adipate (PBA), a first
step was to synthesize the PBT oligomers. Tthe®BT oligomers were mixed together
with adipic aid (AcAd) and 1,4butanediol (condensatioaf which results in PBA
oligomers) and PA chains leading to the polycondensation of PBT oligomers with AcAd
and 1,4butanediol from the chaiands ofthe PA.

The synthesis of the PBT oligomer was realized dyqomdensation of dimethyl
terephthalate (DMT) with the 1-Hutanediol using titanium (IV) isopropoxide (TIP) as
catalyst(Fig. V.8).

M&T "



Fig. V.8 Synthesis ahe PBToligomer

DMT and 1,4butanediol were placed in a 50 mL rodnoktoned flask. The
mixture was purged with an argon stream (needle directly immersed in the reagents) for
30 min at 180 jC with mechanical stirring. Then TIP was added dropwise by the syringe.
The reaction lasted for 4 h at 195 jC under argon stream. The stoehio ratios were
the following:

DMT 1,4-butanediol TIP
Stoichiometry 1.0 2.2 0.013

During the reaction, to promote the consumption of DMT [Le Hellaye, 2006]
butanediol was first put in excess, TIP being added at 0.2 wt%uiadediol was then
extracted at half the complete reaction time in order to prevent the equilibrium of the
reaction fornmng PBT oligomers. The boiling temperature of DMT being 230 giC
atmospheric pressure, after an initial phase of esterification, the mixer was heated at
230 iC under reduced pressure to remove the excegsutdediol and to allow the
formation of longer oligomers.

All the reactionsof the second step leading tlee formation of the PA-PBAT
block copolymerare esterification reactions catalyzed by iRl are presented in Fig.
V.9.
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Fig. V.9 Synthesis of PA-PBAT

Then, PBT oligomer, AcAd, 1;8utanediol and PA were put at 200 jC under
argon andhe mixturewashomogenizd. TIP was added up to 0Wt% using a syringe
previously purged with argomhe whole system was held at 230 jC under vacuum for 3
h. The stoichiometric ratiowere the following

PBT PA 1,4-butanediol  AcAd TIP
Stoichiometry 1 0.070 1.4 2.4 0.05

The final product was insoluble in the usual solvents: acetone, chloroform, THF,
DMSO, ether, ethanol ... This pasgreat difficulies for the characterization and
purification of the product.

V.2.2 Characterization ofthe PBAT -b-PL A and PA-b-PBAT block copolymers

V.2.2.1 Molecular analysis

As the synthesized produeA-b-PBAT was not soluble irtheusual solverg this
prevented amolecular analysi®f this copolymersinceit requires the produdo be
soluble.We will thus onlyfocus onthe characterization ¢1BAT-b-PLA.

Bulk polymerization of lactide in the conditionwe usedreacheda high
conversion within 2h (>95%, determined ¥y NMR). Fig.V.10 shows'H NMR spectra
in CDCBk of the synthesized copolymer, and thie pure PBAT and PLAused to prepare
it for comparison.
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Fig. V.10 PBAT structure andH NMR spectra in CDGlof (1) synthesized PBAFPLA
block copolymer, (2) PBAdnd (3) PLA

The analysis othe PBAT spectrum indicagethat the signals occurring at 4.21
4.09, 2.33, 1.69, and 1.66 ppm can be assigned to the methylene protons H1, H2, H4, and
H3 respectively. The ratio dfhe integrated peak area of H1:H2:(H4+H3) is 1:1:2,
corresponding to those of butyleadipate (BA) unit in equimolar ratio. The chemical
shifts at 4.43+4.38 ppm for OCH, *+(H2), and 8.10 ppm for protsradjacent to
aromatic carbon (H5) are attributed to those of butytenephhalate (BT) unit. No
COOH resonance signal could be detected dukemstrumental detection limit. These
data indicate that linear PBA chains are terminated by hydroxyl functional end groups.
The ratio of the integrategeak intensities of H2 protons and H5 protons is 1.08:1,
indicating that the content of BA unit is 51.9 mol%. Th#dé\NMR data indicate thahe
molecular structure of the PBAT mbstconsists of hydroxyl functional end groups,
which wereused to initiate the lactide polymerization. Armhg the *H NMR spectrum
of synthesized copolymer, we note that the characteristic signals of PBAT and PLA are
present. Outsidéhe PBAT signals as shown above, we idgntivo signals of PLA at
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5.16 and 1.57 ppm corresponding@H-O- and CH respectivelyThe nolar and weight
compositions of copolymeraneasilybe calculated from the ratio of the integraeelak
intensities of H5 aromatic protons of PBAT a@H-O- protons of PLA. The synthesized
copolymer consistof 40 wt% of PLA, this datheingcalculated with the molar mass of
BAT unit of 420 g/mol and the molar mass of lactide unit of 72 g/mol.

One ofthe mostcommonly employed techniqueto characterizehe polymer
molar mass and molar mass distribution is Size Exclusion Chromatography (SEC).
PBAT-b-PLA synthesized block copolymer and its magntiator (PBAT) were first
analyzed by SEC using tetralmgfuran as eluent; the obtained chromatograneshown
in Fig. V.11. To our surprise, the chromatogram of the synthesized copolymer was
identical to that of the starting PBAT. For a composition of 40 wt% of PLA in the
copolymer, we expectea chromatogranshifted toa lower elution volume (high molar
mass). Other chromatographic conditions were applied by changing either the mobile
phase or the stationary phase. For example, withstitenedivinylbenzene columns,
THF+0.2%TFA, CHCJ or DMF+0.01MLIiBr wereused as the mobile phase; for the PSS
PFG columns, CHG| CHCk+10%TFE or TFE + 10 g:L of potassium trifluoroacetate
were used as the mobile pha3ée same results were obtained with all these SEC
conditions. PBAT and PBADB-PLA were eluted at the sansdution volume, with the
same peak shape as shown in Mig.1.

Fig. V.11 SEC chromatograms of PBAT (black line) and PBARLA (red line).
Columns: PL Resipore 250x4n@m + guard column 50x4®@m at 40,C; Eluent: THF at
0.3 mL.min'; RI detector

It is well known that SEC doa®ot have asufficient resolution to separate a block
copolymer from itsparent homopolymersPprk et al.,, 2004]Most of the block
copolymers chromatograms obtained by SEC show smdtial distributios because of
the presence ofgsent homopolymers or secondary produced block copolymers. This is
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not the case her&he PBAT-b-PLA chromatogram is almost identical tbe PBAT
chromatogram. Indeed, we were expecting a shift in elution volume from the PBAT to
the PBAT-b-PLA block copolyner because of the increase in molar mass due to the PLA
block. To explainthese SEC results we can assume that the block copolymer was
retained on the stationary phase (synergy of interactivity) and only PBAT and/or PLA
parent homopolymers were (geluted.

Recently, D. Berek introduced a new liquid chromatography technique named
Liquid Chromatography at the Limitingconditions (LCLC) [Berek, 2008]. This
separation technique is based on the differenceth&f elution rate between
macromolecules and organ molecules like solvent. According to the retention
mechanism, different techniques can be distinguished. For example:

Liquid Chromatography at Limiting Conditions of Enthalpic Interaction (LC
LCA);

" Liquid Chromatography at Limiting Conditions of Unp#ain (LC-LCU);

" Liquid Chromatography at Limiting Conditions of Desorption ({LCD), which
shows very good sample recovery.

According to Berek, Liquid Chromatography at Limiting Conditions of
Desorption (LGLCD) is the most promising technique becausisafobustness, the high
sample recovery and the high sample capdBigrek, 2008] Moreover it is atechnique
that iseasyto setup and tause [Berek2008].

LC-LCD has already been used to separate numerous block copolymers from
their parent homopolymers [Berek, 2010]. Recenglgly(ethylene terephthalate) (PET),
PBT, PLA and PBA were separated by-LCD [Siskova et al., 2012]. Moreover, Berek
separated PBATRPBAT-b-PLA and PLA by LGLCD in an unpublished work. LLLCD
was applied with the same chromatographic conditions developed by Berek for those
polymers. The separation of PBA¥PLA from its parent homopolymers evidencedn
Fig. V.12.
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Fig. V.12LC-LCD chromatograms of PBAT (black line), PLA (red line)
and PBATb-PLA (blue line). See experimental part for the chromatographic conditions.

PLA is not retained by any of the barriers and it is eluted in SEC at about 6 min.
PBAT is retained by Barrier 2 (B2) and it is accumulated against B2. It is eluted just after
B2 as a narrow focused peak at about 10 mins. RBATA is not retained by B2u1 it
is retained by Barrier 1 (B1), which is more efficient than B2. PBRAHLA is
accumulated against B1 and it is eluted as a narrow focused peak at about 7.8 min.

This chromatogram confirmed the presence of block copolymer in the sample but
also showd the presence of homopolymers of PLA and PBAT. The synthesis procedure
allowed us to produce PBAB-PLA, but it would need to be optimized to decrease the
amount of PBAT and PLA homopolymers.

It is interesting to point out the reproducibility and theustiness of L&.CD.
Indeed, by applying the same chromatographic conditiong8trak did, we obtained the
same efficiency for the separation.

V.2.2.2 DSC

The PBAT-b-PLA block copolymer was also characterized by DSC. The result of
the DSC test is shown ifrig. V.13. The T of PLA and PBAT,and Ts of PBAT can be
found on the red curve representing the synthesized product, this phenomenoimgndicat
the presence of PLA and PBAT blocks. However, a simple blend of PLA and PBAT
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could give a similar result. Moower, in the introduction dhe protocolof synthesisit is
mentioned that water can also initiate the polymerization of lactide, thus separate PLA
oligomess could be formed. As a result, the information supplied by DSC camtiogate
whether the PLA and PBAT blocksvebeen successfully branched together.

PLA

PBAT

Normalized endo heat up

-40 0 40 80 120
Temperature (jC)
Fig. V.13 Results of DSC test on the synthesized product, PLA and PBAT

Thesynthesized P4-PBAT was alsaneasuredy DSC Theresult did not show
any similarity withthe DSC curveof PBAT and PA respectively.

V.2.2.3 XRD

The result of Xray diffraction is shown in FigV.14. From the illustration, the
signal ofthe copolymer is almost identicéb thatof PBAT. This can be explained by the
fact that PLA does not easily crystallise and that we b@gble only to measure the
response of the PBAT homopolymers.
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Fig. V.14 XRD result of PLA, PBAT and copolymer PB&PLA

V.2.2.4 Rheology

Exceptfor the LGCLD, none ofthe other characterizations abo\ae any proof
that the PLA and PBAT blockswere linked together.In this part, rheological
characterization was used totelet when PLA and PBAT blocks are successfully
connected:Assumng that tle PLA and PBAT blocks failed to connect during the
synthesis there should be a macrophase separation in the synthesized plottustis
the case, ptestingthe sampleby rheolay, a plateau should be observedtba * fcurve
due to the contribution dhe interface according tthe Palierne modein the case foa
globular morphology[Palierne,1990]. Based on this approactheological tests are
conducted on two sampleane is the synthesized product, the othex idend of the two
isolated polymers witlthe same 40PLA/60PBAGomposition The reason to use a mass
ratio of 40PLA/60PBAT is becausaccording to the result of NMRthis is the
composition of the synthesized tesal. The blend was prepared in the cnot
compoundeat 180 {C, 100 rpm for 12 min. The result is shown in Wid5:
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Fig.V.15*1 FXUYHV RI| &ebynthesi&d product blend 40PLA/60PBAT

Fig. V.15 illustrats thatthere is a change of slemf * F X UA0RLAR60PBAT
blendat 1rad/s In the frequency range lower thamald/sthe curveshows a plateau, it is
a clear signature of the elasticity linked to the interface between the two polgneise
contrary, thee is no sudden change sibpe oncurve of the syntrsized productit is an
evidence that nmacrophase separatierissts in the synthesized prodyaonfirming that
it is most probably a block copolymer.

V.2.3 Verification of compatibilization effect of diblock copolymer

Severd characterizations were conducted on the structutieesfynthesized block
copolymes, with a good indication th&BAT-b-PLA is indeed a block copolymer. What
had to be checked next was that the prepared block copolymers are modifying the
interfacial texsion in such a wayas to change the morphology obtained without
compatibilizer towards theoresshell morphologyshown in Fig. V.1 Therefore in the
following part the compatibilization effect of these block copolymers wasstigated
using different m#hods.
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V.2.3.1 Influence on interfacial tension

The most direct indication that the synthesized products are compatibilizing
agents is thathey should decreasthe interfacial tension [Macosko et al., 1996]. The
drop retraction method was used again to measure the interfacial tension, but an
alternative protocol was devised: a blend of copolymer and neat polymer was used as
dispersed phas€&or instance, to measuitge interfaciatensionbetween PLA and PBAT
in the presence of block copolymer, a preblend of PLA and 5% block copolymer PBAT
b-PLA was used as dispersed phaséhe drop retraction method. After this phase, the
protocol was the same as the one present€dhapter 1V.

Based on retraction observatipmswas found that the PBAI-PLA copolymer
can reduce the interfacial tension between PLA and PBAT frodm43mNm to 1.8r0.2
mN/m, while PAb-PBAT had almost no influence on the interfacial tension betirfe
and PBAT: Before adding the copolymer, it was 8.3 mN/m, andafter adding 5% PA
b-PBAT in the dispersed PBAT phase, it wasB.Z mNm.

V.2.3.2 Influence on the size of inclusion in binary blends

Another way to verify the decrease of interfacial tensian beby observing the
size ofthe particles in binary blends, since an effective compatibilteuldreduce the
interfacial tension. Smaller interfacial tenssoshould lead tesmaller particlesizes in
binary blend under the condition that all the other parameters remain the same. From the
comparison othemorphology in FigV.16, after the addition of 2% PBAID-PLA in the
80PLA/20PBATblend a clear decrease of particle size was observed ekfthis is
not the case fahe PBAT/PAblend the article size in this binary blend the presence
of the PADb-PBAT copolymer remainsiearlythe same as the one without copolymer.
However, there wasne indication that the PA-PBAT copolymercould kehave as a
compatbilizer. When PA/PBAT blends without compatibilizer were observed by SEM
after cryofracture,the PA inclusions showed complete PA inclusiamshin the PBAT.
After the addition of the copolymer, the PA particles break together with the PBAT
matrix. This phenomenotan be seen asproof ofa better adhesion between the matrix
and dispersed phasgue to a compatibilizing action of the block copolymer
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Fig. V.16 Morphology of binary blers a.80PLA/20PBATh.80PLA/18PBAT/PBAT-b-
PLA c.80PBAT/20PAQ.80PBAT/18PA/2R-b-PBAT

V.2.3.3 Influence on the hierarchy of ternary blend

After the modification of interfacial tension between the three polymers, a change

in the morphology was expected: PA particles should move fromntitidacebetween

PLA and PBAT iside the PBAT phase. SEM photos dhe ternary blend
60PLA/27PBAT/13PAwith respectivelythe copolymes PBAT-b-PLA and FA-b-PBAT

are shownn Fig. V.17 The amount of block copolymeasaddedat an excess level to
make sure that interfacial tension conditiovere modified to influence the morphology.

A larger quantity oPA-b-PBAT (6wt%) wasaddedcompared td®BAT-b-PLA (4 wt%)

in order to compensate the less efficiency of Ri#eb-PBAT copolymer following the
results on binary blend&rom the observation on SEM phototearly the PA phase is
moving toward the aimedocation after the addition adny of thetwo blockcopolymers.
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Fig. V.17 Morphology of ternary blends. 60PLA/27PBAT/13PAb.
60PLA/27PBAT/13PA + 4% PBAGF-PLA; c. 60PLA/27PBAT/13PA + 6% PB-PBAT

V.3 Compatibilized ternary blends
V.3.1 Strategy to better control the morphology ofa ternary blend

Satisfying thespreading coefficient conditiodoes not imply that a cosshell
morphology isautbmatically achievedin the ternary blend For instance, all thehree
morphologis in Fig. V.18 satisfy the interfacial condition of full encapsulatioat not
all of themcorrespond to theargetmorphologes.

PA
PBAT
Fig. V.18 Possible morphologies with full encapsulation
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Among the three scherm@adrawings, the first one is the lealsiableas not all
the PBATdroples containa PA core. To solve this probleamd control the morphology

of theternary blendwvell, a blending strategwassetup by simplifyingthe ternary blend
into two binary onegFig. V.19):

First blend:To preparea blend by dispersingA dropletsinto the PBAT matrix;
Secondblend To disperse theA/PBAT ascomplex inclusiosin the PLA matrix

To avoid the first morphology in Fig/.18, the size of tle PA dropletsin the

PBAT need to be smaller thanhat of the complex droplets ithe second blenth
Fig. V.19

PBAT  PA /

Fig. V.19 First simplification of the ternary blendto two binary blends

However,the size of theomplexPA/PBAT dropletsin the PLA matrix is quite
complicated tgoredict. Afurther simplificationwas neededSince theinterfacebetween
the complex PBAT/PAdropletsand thePLA matrix onthe one hand(Fig. V.20.a)or
betweenthe PBAT and PLA (Fig. V.20.b) on the otheris the samgthe rheological
behaviar of the PBAT alore and the PBAT/PA blenevas compared in order to see if
thecomplex PBAT/PA droplets could be simplifiedPBAT droplets

Fig. V.20 Simplification oftheternary blend PLA/PBAT/P#£a.) into thebinary blend
PLA/PBAT(b.)
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Fig. V.21 shows the comparison between the viscosityvesof the neat PBAT
and the 70PBAT/30PA blendwhere PA droplets are dispersed in the PBAT matrix
Obviously, the viscosity curvesare qute close to each other, even in the high frequency
partwherethe largest differenceis detected. fie difference isdssthan 15%. Therefore
the complex PBAT/PAdropletscan roughly be regarded as neat PB&®pletsas they
have the same interfacial propeasPLA and similar rheological properties
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Fig. V.21 Comparison of viscositgurvesof PBAT and binary blend 70PBAT/30PA

Now the taskis to find the mixing conditions in order to prepdweo binary
blends: PBATdropletsdispersed in PLA and PAropletsdispersed in PBATwith the
aim of having PA droplets vith a size smaller than d@hof the PBAT dropletsas shown

in Fig. V.22

Fig. V.22 Simplificationinto two binary blends
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To minimize the particle size of PA in PBAT, wensidereere TV HTXEgW LR Q
8, recalled here). This empirical equat@ines an estimation of the particle sinébinary
blends:

$% G P
& &5

The viscosity ratio exponent is positivepi 1, and negative b < 1.

Accordingto this equation, several options are available to olatamall particlesize:

1. To use a lgh mixing speed during blending in order to applitigh shear rate6
and increase the applied shear stré&s

2. Toreduce theoncentration ofhedispersed phase
3. To have a iscosityratio betweerthedispersed phase atfte matrix closeto 1

The first two @tions are very easy to realizeorRhe last onethe viscosity ratio
can be influenced by changing the temperature as shown.¥.2&)

Fig. V.23 Viscosity ratio of PA/PBAT at different temperatures
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From thisfigure, a high shear ratand a low temperature give &iscosiy ratio
between PBAT and PLA clode unity which is favarrable to decrease tltopletsize
Moreover,a low temperature will also lead @higher viscosity of the matriand thus
shear streswhich will also help to reduce ttaropletsize.

Since we are looking for larger PBAT droplets in the PLA matrix compared to PA
droplets, the choice for the blending condition for the PLA/PBAT blend is in oppaosition
a high temperature and a low shear rate.

The following schemasummarizes the strategyo obtain the coreshell
morphology ternary blend.He wholestrategy can be divided into threeps(Fig. V.24):

Fig. V.24 Strategy to prepartheternary blend PLA/PBAT/PA witihe core sshell
morphology

In the first step two binary compatibilizedblends are prepared@lend 1, PA
droplets inPBAT matrix at low temperatur¢140 jC) and high shear ra®200 rpm in
internal mixerfor 12 min) as the purpose here is to obtaismalldropletsize Blend 2,
with PBAT dropletsdispersed in PLAnatrix (180 jC, 100 rpm in internal mixefor 12
min). Both blends wex prepared with various concentrations of dispersed phase.
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In the seond step, theropletsizes of Blendsl and 2 are compared and the cases
where the prticle size in Blend 1 is smaller thanBlend 2 areselected

In the third stepthe selectedBlends 1 are used as dispersed phas¢haneat
PLA as matwx, while using the condition ddlend 2 to prepartheternaryblendk.

V.3.2 Morphology of compatibilized ternary blends

Based on this strategy,@mpatbilized binary blends were prepared time first
step The compositiomof the compatibilized binary blends are shown in Table Wor
the sake of simplicity, the blen89PBAT/10PA/PA-b-PBAT is noted as compatibilized
90PBAT/10PLA blend. The weight fraction of compatibilizer was chosen as 10 wt% of
the minor phase.

Composition Notation
89PBAT/10PA/PA-b-PBAT Compatibilized 90PBAT/10PA
78PBAT/20PA/2PAb-PBAT Compatibilized 8OPBAT/20PA

78PLA/20PBAT/2PLAb-PBAT Compatibilized 80PLA/20PBAT
68PLA/30PBAT/3PLAb-PBAT Compatibilized 70PLA/30PBAT

Table V1 Compositionsand notation®f the compatibilized binary blends

The morphologies of the compatibilized binary blendsde@ctedin Fig. V.25.
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Fig. V.25 Morphologies of ompatibilizedPBAT/PAblends
a. 90PBAT/10PA;b. BOPBAT20PA/
and compatibilized PLA/PBAGlends
c. SOPLA20PBAT d. 70PLA/30PBAT

The droplet size of the compatibilized70PLA/30PBAT blend (Fig.V.25.d) is
obviously larger thanthose of both the compatiblized 80PBAT/20PA and
90PBAT/10PAblends(Fig. V.25.a andb). Hence using 3@t% of (B0PBAT/20PA or
90PBAT/10PA as inclusios in 70 wt% PLA as matrix should leadta coreshell
morphology. Since theompatibilized 80PLA/20PBAT blend showsa similar droplet
sizeto that ofthe compatibilizedBOPBAT/20PAblend it is likely that using 8@vt% of
PLA as matrixand20 wt% of compatibilizedB0PBAT/20P Ablendasdroplets shoulehot
lead to a coreshell morphology. To verify thisassumption four ternary blends
(compositions presented in Table V\#gre preparedirfternal mixer,180 jC, 100 rpm
for 12 min) according to the strategy presented in Mig@4
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Composition Notation

78PLA/20(89PBAT/10PA Compatibilized 80PLA/20(90PBAT/10PA
[1PA-b-PBAT)/2PBAT-b-PLA

78PLA/20(78PBAT/20PA Compatibilized 80OPLA/20(80PBAT/20PA
[2PA-b-PBAT)/2PBAT-b-PLA

67PLA/30(89PBAT/10PA Compatibilized 70PLA/30(90PBAT/10PA
[1PA-b-PBAT)/3PBAT-b-PLA

67PLA/30(78PBAT/20PA Compatibilized 70PLA/30(80PBAT/20PA
[2PA-b-PBAT)/3PBAT-b-PLA

Table V2 Compositionsand notation®f the compatibilizeternaryblends

The morphologies are depictedrig. V.26.

Fig. V.26 Morphologies of the compatibilized ternary blends
a. CompatibilizedBOPLA/20(90PBAT/10PA) blend
b. Compatibilized 80PLA/20(80PBAT/20PilEnd
c. Compatibilized 70PLA/30(90PBAT/10P#{end
d. Compatibilized 70PLA/30(80PBAT/20PBend
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WhenPLA occupis 80% of the totainassin the blendthe PA phaseappears to
be notfully encapsulated byhe PBAT phase (Fig. \26.a and b)as markedy the red
square in the SEM photoBhe partial encapsulatiomasexpectedo bedueto the similar
size ofthe droplets obtained ithe binary blendsPBAT/PA and 80PLA/20PBAT (see
commants on Fig. V.25.a, b and c)This partially encapsulatechorphologymay also
have an effect othe mechanical performargef the blend. Th€A phase is padilly in
contact withthe PLA matrix possiblydue to a lack of compatibilizethe affinity between
these two phases is very pddigh interfacial tension and big gags can be observed
betweenthe complexdroplets and the matrix.his could lead tdhe deterioration othe
mechanical performanse

In Fig. V.26.c and d where th€LA matrix occupies 70% of the total mass,
although some PA drops are locatddhe border othe PBAT phasemost of them are
fully encapsulated in PBAT. Acoreshell morphology isobservedin these two
illustrations This is because the particle s2aa Fig.V.25.a, b and d fully comply with
the strategydefined in Fig.V.24. Also, asonly a small fractiornof the surface of PA
dropletsis in contact with PLAthe compabilization betweenthe matrix and complex
inclusionsis ensured No large gapbetween PLA and PBAT phasesobserved in Fig.
V.26.c and d.

In all the blendsthe sizes of the PA subclusiors areless thanone micron.
Although there is a large distribution of drop sizes of PBAT, they amndhe scalef a
few microns. This mler of magnitude of drop sizeight to be beneficidbr the impact
performancs. In the next stepthe mechanical evaluation was carried out.

V.3.3 Mechanical properties of ternary and binary blends

As the aimedat coresshell morphology othe ternaryblend has been achieved
the next interesting and logical step of the study wasnvestigate whether this
morphologycould bring further mechanical property improvemesertraditional binary
blends.

As the composition of ternary blem@ quite complicated, the following coding
systemwas used to refeto thedifferent sampleg¢Table V.3).
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Composition First notation Short coding
78PLA/20PBAT Compatibilized 82
Binary [2PBAT-b-PLA 80PLA/20PBAT
blends 67PLA/30PBAT Compatibilized 23
I3PBAT-b-PLA 70PLA/30PBAT
78PLA/2PBAT-b-PLA Compatibilized
[20(89PBAT/10PA 80PLA/20(90PBAT/10PA) 8291
[1PA-b-PBAT)
78PLA/2PBAT-b-PLA Compatibilized
/20(78PBAT/20PA 80PLA/20(80PBAT/20PA) 8282
blencs 67PLA/3PBAT-b-PLA Compatibilized
/30(89PBAT/10PA 70PLA/30(90PBAT/10PA) 7391
[1PA-b-PBAT)
67PLA/3PBAT-b-PLA Compatibilized
/30(78PBAT/20PA 70PLA/30(80PBAT/20PA) 7382
[2PA-b-PBAT)

Table V.3 Sample coding of binary and temyablends

The samples for mechanicaiaracterizatiowan be divided into 3 categories

1. Pure PLA as reference;
Binary blends PLA/PBAT;
3. Ternary blend PLA/PBAT/PA to compare with binary blend samples

no

The mechanical properies of the blads were investigated in tensdad Charpy
tess.

V.3.3.1Tensile test

Up to four tensile tests were performed for each formulatanexample ofthe
stresssstrain curvefor eachneat polyme(PLA, PBAT and PAis shownin Fig. V.27 to
explain how the tensile ressilivereinterpreted.
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Fig. V.27 Stresssstrain curve for PLA, PBAT and PA

From Fig.V.27, it is clear that PBAT and PA have more tenacity than PAsA
both PA and PBAT can be stretched to more than 600% wfdhginal length without
breakng. To gain more insight fronthe tensile measuremest three mechanical
parametersverecharacterized

1. <R X Qfidulus This parameter is determined using the slope of thefiust
points in the stresstrain curve to ensutbe deformation is in the elastic region;

2. Yield strength During the course of a tensile test, tieture of deformation will
change from elastito plastic. The starting sign of plastic deformation is the
change of slope in a stres$rain curve The stress at this pui is the yield

strength;
3. Deformation abreak The maximum strain before the sample breaks.

7TKH UHVXOWYV RI <arRX@skfitéd RiktGetr@ah\Walue and an error bar
linked to the different measurement§he results are reported iRig. V.28 The
reproducibility of these measurements wa®d. Compared to pure PLA, binary blends
VKRZHG D ORZHU <RXQJYV PRGXOXV 7KH DGGLWLRQ RI DV

slight decrease.
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Fig. V.28 <R X QJTV PR G Xayh¥ersRina¢y Bid tarnary blends

A simple mixing law (only considering the contribution of each component
weighted by its volume fractionyas considered in order to estiméte modulus ok
polymerblend[Voigt, 1889. It can be expressek

o » 1, L Go)o EO,), E 0y),
whereG VWD QGV IRU <RXQad%WheR/Bliene Gaxtionbi@a&h component.

This equation allows us testimatethe modulus of ternary and binary blends by
calculation based on the modulus of each component. The comparison between the
experimental datandthe calculated modulus shownbelow (TableV.4).

Sample Experimental Yound Modulus Calculated modulussing theblending law

(MPa) (MPa)

82 605.2 607.4
8291 571 608.6
8282 579.5 609.8
73 517.8 535.6
7391 489 537.4
7382 506.5 539.2

Table V.4 Comparison betweesxperimental data of Yourfgviodulus anatalculated
values usinghe simple mixing law
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The comparisoshows thathe Young { Modulus measured on binary blengsin
line with theestimations via the simpimixing law. However there is a clear difference
between theneasurednd calculatednodulisin the case ofernary blendsAccording to
the mixinglaw, the <R X QJ TV PR terkady¥legndsshould be slightlylarger than
those of binary blend. The measurements show tkentrary with lower <RXQJTV
modulusfor ternaryblendsrelative tobinary blendsBased on the good estimation of the
model in the case of binary blendsd also on thgood efficiency of the PBAb-PLA
block copolymer the lower <RXQJ TV PfarGikeQetnary blendscould be an
indicationof a weakeinterface between PA and PBAT

The resul of yield strengthare shown in Fig.V.30. Again, little deviation is
observed with all sampleg;hich confirms again the reproducibility of the tektis very
comparable with the resalfor <R X @ thfidulusPLA shows the highest yield strength
of all the sampleshinary blends show lower valueget ternary blenslwith PA depict
even lowemwvaluesthan binary blends.

Fig. V.29 Yield strengthof neatpolymersbinary andternary blends

The deformation at break of PLA and all the bleisdshown in FigV.30. PA and
PBAT are not plotted in this diagram as their deformation at break is higher than 6. In Fig.
V.30 significant error bars are presduot all the bends. Considering theeproducibility
confirmed bythe <RXQJTV P RG X O3¢rgh,Qle readarOfGr ¢éhinstability of
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theseresuls is not the poor sample quality.The reason actually lies in the necking
observed with alllie blend samples durirntye tensile testas the initiation d necking

takes place at heterogeneous parthe samplesuch as small flagor local variations of
dimensionsThese heterogeneous parts only need to be at infinitesimal scale to provoke a
fluctuation in stress anstrain to initiate the necking [Considere, 188%herefore even

for two samples with the same composition, dowmioroscopic level they cannot be
100% identical and so the initiation and the development of necking will be influenced by
this factor, leding to the fact that the failure strain of necking is also different.

Fig. V.30 Deformation at breakf neatpolymerspinary andternary blends

V.3.3.2Charpy testtlmpact resistance

In the case dflIPS, the core shell morphology improveemendously the imga
performance of PS. This not the case for thmesenfPLA/PBAT/PA system As seenin
Fig. V.31, the addition of the third componeR®A brings adeterioration bthe impact
performance comparei the binary blend. Once again, e reason coulde the poor
interface betweethe PA phase and the other phases
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Fig. V.31 Impact performance d?LA, binary andernary blends

Different reasons can be seen for the weaker interface when adding the third
phase. One reason could be that the length of the blocks of the copolymer is not large
enough to resist the stress transmission. This is surely the case for the block copolymer
PA-b-PBAT used in this study. Attempts were made to synthesize longer bimakihe
synthesis resulted in ndosible copolymers. A second reason could be linked to the
morphology obtained It is clear from Fig. V.26.d that some PA droplets are fully
encapulated, whereas sonmhersare located at thPLA/PBAT interface,leading to
large gaps witlthe PLA phase. This coulde a sign that no PBAIb-PA copolymer is
present at this interfac@ thatthe PA patrticle size is not smalhough The reason could
be that the quantity of this copolymer was not large enough. There was no time within the
PhD thesis to optimize the amount of block copolymer.

V.3.3.3Understandinghe impact performancedeformationanalysisduring tensile test

Compared to traditionalubber reinforcementthe advantage of the catshell
morphology in HIPS is that it creates a nuglivitation process instead a single
cavitation during the impact (Figl.2). The volume of cavitation generated duriag
tensile test in the case okagledroplet(Fig. I1.2.a) or of a coresshell inclusion (Figll.

2.b) should be very differentn order to determine the volume variation of the blends
under tension, aisual analysis system (VIBD) was combined witta tensile test to
follow the locd horizontal and verticalleformation othe sample during the tensile test.
Fig. V.33 shows sixpicturesshowng the vertical deformation during the tensile test.
When the colar becomes warmer it indicates tratarger deformations happeimg at
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this location The deformation concentratios obviouslyin the centralpartof the sample
where thedimensionis narrower (FigV.33.1).

Fig. V.33 Evolution of thaso-deformationalong thetensile testising VIC3D

To identify the volume change, lalock area waselectedshown as the resijuare
in Fig. V.33.a. The information a vertical and horizontal deformation is extracted from
the deformation of this small bloclR hypothesis of isotropideformationis usedfor the
third direction

Based on the deformati@nd the hypothesis of isotropic deformation in the other
direction the volume variation alongthe tensile testould be determinedChis analysis
was restricted to deformation within the window of asayFig. V.33 shows the volume
variation up to 10% of strain for the different sampl8gce these measurements are
quite sensitive, three cursare preseat for each sample
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Fig. V.33 Relationship between volume increase and vertical strain

We can see that there is a larggriation between measurements on the same
blend The reproducibilitywas not optimal.

The general conclusion fromdabe measuremenisthatthe cavitationn ternary
blends developedn almost the same manner iasinary blends. So the multicavtation
mechanisnprobably did not take plade the presentase by contrast withHIPS.

Different reasons (linked to defects in the morphologyld explain the large
variations between different measuremdatshe same blenddowever the main reason
for the multicavitation process not to happeray be linked to the moduldsvel of PA
relative to tlat of the otherpolymers To achievecavitationas suchthe stiffness of the
core phase should tb&rge enouglio avoid any deformation during the impact. However,
in the case othe PLA/PBAT/PA system, the modulus of PA is 100 MPa, whiclieisy
comparablewith the modulus of PBAT which is 30 MP®e assume thaduring the
impact,the PA phase deforstogether wih PBAT and nanulti-cavitationoccurs

&Y



V.3.3.4Fracture surface

From the resudtof the impactand tensildess, it was clear that PLA breaks in a
fragile way while the blends with PBAT are ductile. To investigate precessof
breakagdurther, SEM observatios were performed fothe fracturesurfaceafter impact
for the neat PLA, the compatibilized 70PLA/30PBAT binary blend and the
compatibilized70PLA/20PBAT/10P Aernary blend

PLA fractureshowed different topographies thefracturesurface(Fig. V.34). In
zonei just behind the notchthe surface was created by pure stretctang a wave
pattern is observed together with a lot of fibrils along each wiaey This wave pattern
is atypical sign of a glassy polymer fractureas itcan befound with PMMA [Kusy and
Turner, 1977] However, in zoreii and iii whee the fracturesurface was aopressed
before stretchindijbril s couldno longer be observed.

Fig. V.34 Fracture topography of PLAfter impact test
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Regarding the topography oie fracture surface ofthe compatibilizedbinary
blend, most othe PBAT patrticles remaied in a spherical shap@-ig. V.35.a). In the
ternary bled (Fig. V.35.b), most of tlese particleswere broken. This indicateshe
different propertie®f the interface quality. Also, no wavy pattern ibgerved in this case.
Hence both the compatibilized binary and temablendsbroke in a ductile way(as
evidenced in thé&ensile andmpact performance ressjt

Fig. V.35 Fracturetopographes of the compatibilizedbinary blend 73a) and of the
compatibilizedof ternary blend 7391b)

V.4 Conclusion

In this chapter, weintroduced the way to symesize two specific block
copolymes designedto be localized at theA/PBAT and PBAT/PLAiInterfaces If the
synthesis of the PBADB-PLA copolymer was straightforwardhd one of the PAD-

PBAT was more delicatéhe analysis of the PBAB-PLA showed that it was really a
block copylmer. It was not possible to confirm the block copolymer structure cat®e

of the PAb-PBAT. The compébilization effectof the copolymersvas verified.The PA
b-PBAT appeared to be less efficient. Howethar block copolymes indeedcontributel

to the surface property modificatiomo achieve an encapsuldtmorphology. Aterwards,

a strategy to achieva coreshell morphologywas developednd implementedThe
strategy was based on a two step blending allowing to use binary blend models to define
the drop size Micron size PBAT drops with encapsulated PA subinclusions were
obtained. Morphologies were detected to be imperfect with the presence of some PA
drops at the interface between PLA and PBREgardingmechanical performance, the
ternary blend did not show any advantage compatedhe binary blend in terms of

either stiffnessor toughnessTwo possiblereasondor these poor mechanical properties

of the compatibilizedternary blendsvere identified the weakinterface betweethe PA
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and PBAT (poor efficiency of the PA-PBAT, the lack of efficient PA-b-PBAT

copolymermoleculesandor thetoo low value of thenodulus ofthe PA (the core phase
in our system relative to the values of the other polymers in ordehave the muki

cavitation effect as in HIPS.
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