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RESUME

/H SRO\pWK\OgQH WpUpSKWDODWH 3(7 F&s&iH tSRO\PqUH
PQRUPpPpPHESMOLEHPWLRQY GDQV OfLQGXVWULH GHV HPEDOO
applications comme celles des boissons gazeuses et des bieres, diminuer sa perméabilité au gaz
autrement dit augmenter ses propriétés bartfigeed PHXUH XQ GplL FR QanGe UDEOH
feuillets de nanargile de silicate en tant que phase imperméable dans la matriceépmlym
GHYLHQW DLQVL XQH DOWHUQDWLYH LQWpUHVVD®@WttH /H PpcC
sont des techniques généralement utilisées pour prodesenanecomposites de PET. La

premiere méthode reste cependant préférable car elle présente des avantages économiques et
HQYLURQQHPHQWDX[ SXLVTXYHOOH QH QpFHVVLWH SDV OD S

Dans la premiére phase de la présente étedenanecomposites de PET (NCPs) ont été
préparés en utilisant différentes argiles organiquement modifiées. La compatibilité avec la
matrice DLQVL TXH OD VWDELOLWp jolektHu RUE ¥rdpodiBrar® f§&hQ VHP E
OfpYROXWLRQ PRUBKRORJIJLTXH GHV 1&

Dans la deuxieme phase, des films minces de NCP ont été produits avec succes par extrusion
VXLYL GITXQ pWLUDJH /THIIHW GH OYLQFRUSRUDWLRQ GHV DI
thermiques et optiques des produits finaux a été étudiéVAus OfLPSRUWDQFH GH OD F
GH OD VROLGLILFDWLRQ HQ VRUWLH GYfH[WUXVLRQ HW OfLQI

cristallinité en conditions isothermes comme 4®othermes ont été investiguées.



ABSTRACT

Polyethylene terephéttate (PET), as a semi crystalline engineering polymer, is used extensively
in packaging applications. However, gas permeability is a challenge in some applications such as
soft drinks and beers. The introduction lafyered silicatenanalay, as an impernmable
nanoparticle phase in a polymer matrig an attractive approach tenhancegas barrier
properties Melt compounding and in situ polymerization are the main techniqgues employed to
produce PET nanocompositékhe formeris the preferred method for maration of polymer
nanocomposites, which si@nvironmental and cost advantagdse to the absence of solvents
and monomers.

In the first phase of this work, PET clay nanocompes{feCN) were prepared using
different type of organemodified clay includng ammonium, phosphonium and imidazolium
surfactants Both compatibility and thermal stability play an important role in morphological
development of PCNs.

In the second and main part of this project, RGIN films were prepareduccessfully, using
castfilm extrusion The effect of incorporated clay on mechanical, barrier, thermal and optical
properties of the products was studibttorporating 3 wt% Cloisite30B into PET matrix, led to
23% reduction in oxygen permeability and 20% improvement in temsdulus. The effect of
processing conditions, including screw profile, screw speed and feeding rate, on properties of
PCN films were also studied. It was found that screw speedaandrdingly applied shear has
stronger effect on barrier and mechanicabperties of the final products than feeding rate
(residence time). At the highest screw spe&&t® and 30% improvement in barrier properties
and tensile modulus were achieved, respectively.

The evolution of crystallinity during processing and the infleenaf clay on the



Vi
crystallization behavior have an important effect on the mechanical, optical and barrier properties
of the nanocomposites. Thumth norrisothermal andsothermalcrystallization kinetics oPCN
were investigatedt was found that, ovellaisothermal crystallization of PET was faster in the
PCNs than in the neat PET. However, the presence of clay leads to less perfect crystalline
structures. The calculated effectimgystallizationactivation energy for the PCNs was higher than
for the FET, which suggests smaller crystalline structure for the PCNs duringsaothrermal

crystallization.



Vii
CONDENSE EN FRANCAIS

Des problemes de stabilité thermiqgdes nanecompositesVRQW VRXYHQW UHQFRQW L
procede a haute température au meélange du PET avec desrgée® organiquesCette

dégradation thermique touche autant le PET, les argiles organiquement modifegdsa
compatibilité entre le PET eOIDJHQW GH PRGLILFDWLRQ FKLPLTXH (C
différentesargiles modifiecepar GHV DJHQWYVY GH VXUIDFH j EDVH GY{DPPRQ
GILPLGD]ROL X Rs.RGQ¥Vavph¥ roWdqudiigile comnmHUFLDOH j EDVH GYDPP
la Cloisite 30B (C30B)donnait le meilleur degré de séparation des feMleGYDUJLOH HW
conséquence la meilleure morpholodte. effet, B microscopie a balayage électronique (SEM)

révélé une bonne distribution degileset la microscopie électronique par transmisgieM) a

F R QI L sentefie tactoidesainsi que de feuillets individuel€ependant, la C30B/ THV W
avére étre la moins stable thermiqguement des argieslifiéestesées En effet, méme sieb
deuxgroupements hydroxylesxistant au sein de la C3@®uvent accfiore la compatibilité entre

les chénes @& PET et Ifrgile organiqueils sontnéanmoinssuspectés de causer dégradation
WKHUPLTXH dé surfact @ Jaltempérature de mélangs amasde tactoidesobservés

dans le cas de la C30B sont probableméhtH U pV X OWwlange iGsfifksant &tu de
OYDIIDLVVHPHQW EUXVT Xl &HD/ Gig XUD GEHW VREHWHKKDWIFDWHH G H
a la température deélange En revanche, la T& a bienmontrégue la stabilité thermique dans

OH FDV GHV DUJLOHV j EDVH G1LP b@ilkuf@uexcelleHdd/laGCHOES \U L G L (
cependanteurs températures a 5 % de réduction masgifigg sont proches de la température

de procédgles liensvinyles et C=C FRQWULEXHQW VLPLODLUHPHQW |j OD
modifiant. Le manque de compatibilité entre lesicba de PET et le surfactant a base

GY{LPLGD]ROLXP SRXUUDLW H[SOLTXHU OD SUpVHQFH GHV
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O 1D RagsionLdre la stabilité thermiqude faible GHJUp GH GLVSHUVLRQ GHV IH
FRQVWLWXH XQH JUDQGH h eomparhisbiRaX&CB0B W\SH GYDUJLOH

'‘DQV XQ VRXFL GYDPpOLRUDWL RduelguéssufartautsVd Base© deN p WK
phosplonium (P00408, P0O0308 and P002@3) également été examiméCes composes ainsi
que leurs argiles organiquesrrespondantesnt montrécertes unameélioration de la résistance a
la dégradationthermique a la température aetlangedu PET, mais la comphtlité entre eux et
le PET reste une limite critiquédinsi, les nanecomposites en résultant contenaient plus de
WDFWRwGHYV HWs sdBicifs[PlusieudsiacteOrbtpirkaient expliquer da, entre autres
la faible diffusivité dUPET G D Q Va2 £bhlire entre les feuillets de silicate et possiblement le
EHVRLQ GIXWLOLVHU XQ PpODQJH SOXV LQWHQVLI $SSDUF
groupement rigide phénytians les PO0308 et P00408 respectivement, produisent une compacité
plus élevéiH GH OYDJHQW PRGLILDQW HQWWDD LA HWMBQYEWO QHMPH G
FRQILQp HW ODWpUDO GH OYDJHQW PRGLILDQW SRiXedUDLW F
polymégeV GDQV @Midthuténid-lels feuillets de silicatees chénes de PEDntdu mal a
pénétrer dans les galeriedd | OD VDWXUDWLRQ GH OYHVSDFH SDU OD
surfactant. En comparaison aux deux prenserfactantsa base de phosphonium, le P00208 a
une longue queue aliphatique qui fournit plessitesGfLQWHUDFW LR Qaa¥ifaceO H SRO)\
GH O 7 Dhds yé&sOltidts statistigues montrent que le parcours ke des nanaomposites
avec le P00208 est 5.8%, ce geprésentd % de moinsque celui demanacomposites avec la
C30B.

Pourproduiredes nanecompositepar H{TWUXVLRQ | OYpWMD)WDI\RQ Ge§ DOOANVOH
tactoidesdoivent étre réduits en dimensiobes cha@nes de polyméresod/ent par la suite
SpPQpWUHU GDQV OfHVSDFH GHV JDOHULHVch8@s®RréeeY PROpF

contribuent a urisaillementplus intenseGXUDQW OH PpODQJH WDQGLV TXTXQ
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et de courtes cliaes polymériquegacilitent OHXU SpQpWUDWLRQ GDQV OHV JD
deuxieme phase de cette étude adetécconsDFUpH j OfDPpOBRVB WIR QXEHHOGF
nanaecomposites. Pour ce faire, unageexpérimental de PEd@e haute viscosité et un autte
plus faible viscosité etGTXVDJH anp @tp Urglengés selon le radid (faible: haute
viscosité). Puisqueparmi les autres argiles organiquement modifiées, la C30B a montré la
meilleure morphologie, des filmmincesde PET contenant 3% massique de C30B ont été
préparés parH[ WU XV LRQ V XL XaanGriigellep BtudesDméiphologiques incluant
O TR E VM dirgdieWadr REM ela diffraction des rayons X a angle large en deux dimensions
(2D-WAXD) ont révélé que les feuillets de silicate ont été orientés dans la direction de
OfpFRXOMHBMéEMON du WDX[ GpWLU® B \Q ID WRH.RE GUfrHiegieW V XU
GTRULHQWDWLRQ

Les résultats de DSC ont montré une basse température de cristalligatides films é
nanecomposites, indiquarainsique les argiles agissent comdessites de nucléatiodurant la
cristallisation.Ainsi la présence de plusiewsi#es de nucléation conduit a une cristallisation plus
rapide etj OfDXJPH QW DPristdllRi@ LAHG XLWH G XU DR @ 1 BEBRBHKL R Q
incorporant 3% massique de C3Q@Rr exemple Le degré de cristallinité a également été
DXJPHQWpPp BAMNQGHOFWRUYV GX UHFXLW GHV ILOPWtjeur f& /D
exfoliation incompléteédusen, comme attendua clarté des films et augmentdeur opacité.
Comme les valeunsiesuréesG H O 1 R SdPI& Llsvtg pblMes narcompositesgtdent moins
de 6% et plus de 85% respectivement, la transparerscirde selon la norme ASTM D1003,
peut étre considérée comme acceptable.

/IHV YDOHXUV GH SHUPpPDELOLWpP j OfR[\JgQH RQW PRQWU
signifiant sur les proprtés barriéres des films produits.|l&concentration de 3% massique de

& % XQH UpGXFWLRQ GH SHUPpPDELOLWYp lia PefrRdaailitgQH G H
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OTR[VJgQH SRXU GX 3(7 SXU -ddiipogadsrécults @eerdit de H10 @D4BR
respecivP HQW &HOD LQGLTXH TXTHQn SleviaN p@rdreCed civhigte W X R V |
O L P P Rdes s2griémts de Ghas polynéres due a un environnement confin&prés recuit,
OHV ODPHOOHV FULVWDOOLQHV LQGXLsvad Gavi d& QaxXadricéH FRQI|
conduisant ainsa une mobilitétmoindre des chines et a une perméabilité plus rédulm
GIDXWUHVWM OWHUPHWLWUH TXH OfYHIIHW GHV IHXLOOHWYV GH
phase cristalline comparée a la phase amopplerait costituerune approche complémentaire
pourréduire la perméabilité au gaz.

La C30B contient 30% de surfactant organique, ce qui veut dirdeguganecomposites
ayantune concentration massique nominale de 3% de C30B ddvcantenir 2.1% massique en
tenaur en cendresHors la teneuren cendregéelle mesurée a été 1.8%kette différence est
probablementge ] OD SHUWH G{XQH FHUWDRYHODX WQWR W) GMDWLIR
O TH[ W UGeBeHteneutorrespond a la fraction volumique de feuilts silicate de /~0.009
dans les nanocompositesEn se basant sur la perméabilité seuil de percolagiportée et sur la
valeur prédite par des modéles de normalisation, le rapport de foyrdeq feuilles de silicate
est 150. Les prédictionrdes modelesle Nielson &ralytique et de Gusev (numériquent été
proches de nos valeurs expérimental@s.doit mentionner icfjue ces modéles assument que la
structure est entierement dispersée et orieft@mme la morphologie des films naoomposites
a bienmontré une struate partiellement intercalé¢&a différence existant entre la prédiction de
ces modeéles et la perméabilité relatie=Q.77) mesurée expérimentalement est acceptable.
Concermnt OHV YDOHXUV SUpGLWHV SDU FHV PRGqQOHVuUuNRRQ SHXW
exfoliation complétela perméabilité devrait au mieda moitié de lavaleurdu PET pur a ce

niveau de chargezafigile (£0.009).Les micrographes de TEM ont été utilisés pour estimer le
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rapport de forme moyen TXL QTHVW DXWUH allohpguer{ BIINVS 6 R SN \QWHXH) C
SDUWLFXOHWVKGY Y RIUDHW PH G 1dbgsP k209 raifid dabuldd a donné un
rapport de forme moyen des particules de silicktd?7. En tenantcomptede la perméabilité
relative expérimentaleKE0.77) dans le calcul par les modeles de Nielson (analytique) et de
Gusev (numérique), on trouve que les rapports de forme sont 63 et 55 respectivement, ce qui est
encohérenceDYHF OD YDOHXU GRQQmH SDU OfDQDO\VH GTLPDJH

(Q SUpVHQF H @sistabce L déchi@iredécroit dans ladirection de la machine
(MD) etla directiontransversal€TD). Quant a4 propagation de la déchiryedle estlégerement
plus importantedans TDque dansMD, cela pourrait étre di a une orientation partielle des
chdanes de 3(7 GDQV OD GLUHFWLR@r rgagortOdup Riknx @&l PETQ MWIr,
IfLQFRUSRUDWLRQ GHV DUJLOHV PqQH j XQH DXJPH&QWDWLRQ
fragilité.Eneffet,a PDVVLTXH GH & % OH PRGXOH G W& DAAVHIOMM MW (
20%. Commela morphologie ds naon-compositesLQGLTXDLW OD FRtHIftulWHQFH
intercalée et de tactoides dispersé) V DY q ldHin EBifey Bigdi@adt sule renforcement
mécanique 8QH SLOH GH |HcmhDaedahldy ¥irf&thbt brgaribe ou les éhas de
SRO\PqUH HQWUH OHV F RORSdEe@MPung peutipBuiticdld/ ayant Wit
plus faiblerapport de forme effectif et une fraction volumique plus élevée.

3RXU pWXGLHU OfHIIHW G HMed RD@GIEMNeE BrapVitsGikbus UK p Gp V
géométriegde vis avec des éléments de mélange différents tournant a différentes ykgsstes
GLIIpUHQWYV W D X Q)G Bte utitddpbdubpiépdRe®des films de rammposites de
PET/argile (PCN)contenant3% massique de C30B. Les patrons de X& indiqué que la
distanceintercalaire HQWUH OHV IHXLOOHWY GYDUJL O Hitilz&Pdaw LQ G p S

contrela caractérisation macroscopique incluant les propriétés barrieres et méecanicjies
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montré que le niveau de délamination des feuilledttaffecte.

En se basant SuOUTREVHUYDWLRQ GLUHFWH DX 7(0 RQdI&SHXW FF
rotationdelavis (haute déformation RX j IDLEOH WDX[ G{DOLPHQWZ®EWLRQ W|
une morphologie partiellement exfoliée/intercalée peut @btenue Pour mettreen évidence
O 1 H ld thWedmetrie de l&y LV VXU OH GHJUp GH GLVSHUVLRQ GHV IHX
parcours libreentre particulesa été utiliséepour estiner le degré de dispersion dans des
échantillons préparés a hes vitesses de vis ,O0 VHPEOHUDLW TXH OYXWLOLVI
PDOD[DJH ODUJHV VXLYLV G 1 p@pdfaid qe/rveil@lie Bgaonin@ididstp WU RL W
ERQ GH PHQWLR®& @Y HauteF\lite§sX fi¢ rotation de \Ws=Z50 rpm) le couple
mesuré pourd 2°™géomeétriede vis était 10% plus important que poaiti™

/IHV PHVXUHV GH '6& RQW PRQWUp TXIDX[ PrPHVY FRQGLWLER
une température de criflitsation plus bassé&., (~ 9 °C) que les filmgle PET pur.Quelque soit
la géométriede visla T, des échantillons préparés a la plus basse vitdssEbQ rpm) était un
peu plus élevée que celle des échantillons préparés a plus haute \We856 (pm).La
différence était cependant plus ne#ta utilisantune vitessede vis constante etun taux
GIDOLPHQWDW L RLQecOdtilIsr3 Xnt ep eftdtyhpontré wdduction deTl, de 2-3 °C.

On peut concluredans ce cagjue ces échantillons ont plus siees de nucléation que les autres.

Il est aussi probable qua dégradation du PET gmmésence de la C30&it plus importante et la

réduction du poids moléculaire contribue a la réductiof d€eci dit, une faible valeur d&.

pourrait étre reliece aud PHLOOHXUH GpODPLQDWLRQ GHV IHXLOOHWYV
matrice et par conséquencda présence de courtes aies de polymérdue autemps de séjour

long j IDLEOH WDX[ G D @taiPéyQamentai ebQrordaht€ lavec lgsopridés
meécaniqus.

Les valeurs mesurées @gperméad OLWp j OTR[\JgQH RQW PRQWUp TXTHO
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la géométriede vis utilis€ A une certaine vitesse de rotation de vis et un certain taux
GI{DOLPHQWDWLRQ GH O 1K ¢taldnigssdz Xrddtes Codpendadt@ouXun Vhéahél
pFKDQWLOORQ OD YLWHVVH GH YLV VHPEOH DYRLU XQ HIIHW
OTH[WUXGHXVH

Par rapport aux films de PET puf LQFR U SR U D W m&® aGihe dangniebtadtiod d
PRGXOH fgn@a&ciovPloir ltoutes les conditions de procédé, les films de PCN préparés
avec le 3™ géométriede vis ont montré une légére augmentation (3 GX PRGXOH G{pODV'
en tractoncHFL SRXUUDLW rWUH DWWULEXp | XQ#&hsRaHmha@riceH XUH G
comme discuté plus happar OYREVHUYDWLRQ GLUHFWH SDU 7(0DHW HQ VH
Pour ure géométrie de vis, une augmentation plus importadte modulea été obtenue a la
vitesse maximale de vi26 et 30% pour ledchantillons M4 et W4 respectivementlalgré cette
augmentationiO VHPEOHUD[L \@ 1DXONIPH QM X W L RiQte@ps d Géjour piDs. E O H
long) provoquerait une dégradation plus importante de la maktggour XQ WD X[ GIDOLPHQW
constant, le modii G p O DV W L F kamhpleadl@mantedbad VelleRént avec la vitesse de
vis.

En se basant suffiH | | Htk&ite@&nt thermique (recuisur les propriétés barriéres des films
GH 3&1 HW OfHIIHW GH OYDUJLOH VXU ODdéd tristaINgdliad O L Q L W
LVRWKHUPH HW QRQ LVRWKHUPH D pWp pJDOHPHQW pWXC
cristallisation, nous nous sommes concentrés uniquement sur les échantillons contenant 1%
massique se C30B.a théorie de Avrammontre que la cristallisation isotherme des nano
composites prend place plus rapidemdite analyse plus poussée utilisant le traitement de
Lauritzen +RIIPDQ D UpYpOp TXH OD SUpVHQFH GH OYDUJLOH Pq
SDUIDLWH (Q G H& XapporHaPEV Hw,HHY SRLQW GH IXVLRQ j OfpTXL

apparait a plus haute températurelestravail nécessaire awepli des chies polyneresen
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SUpVHQFH @dt |egeiidmignt lpddHélevea DSC modulée (MDSC) a été utilisée pour
mettre plus de lumiersur les multiples endothermes de fusion obssngrs du chauffage des
échantillons cristalliséssothermiquement. Il apparait qule troisiemepic endothermeobserve
soit attribué a la recristallisation &tlafusion des cristaux organisés durant le chauffage, tandis
que les premier et deuxieme pics sont associés a la fusion des cristaux primaires et secondaires
respecLYHPHQW /9 pTXD WudQ et @ethdde Honthfiee de Avra@zawa ont
également ét@ppliquées pour décrire le processus de cristallisation non isothéfemergie
barriereeffective calculée pour les nagomposites était plus importante que le PET pur, ce qui
indique une structure cristalline moins parfgataur les nane@omposites Is de la cristallisation

non isotherme.
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CHAPTER 1

INTRODUCTION

Poly(ethyene terephthalate) (PET® semi crystalline engineering polymesxhibits many
properties that are desirable for barrier applications. These properties incladty phigh chain
stiffness, and close chain packing via symmetry, intermolecular bondgiyg,glass transition
temperature and crystallinitidiowever, gas permeability to G@nd oxygerhas been a challenge

in some applicationsuch as soft drink and begeaickagingDispersing layered silicate clay as an
impermeable nanoparticle phase in ayp@r matrix is an attractive approachdnhancegas

barrier properties. The impermeable silicate layers create a tortuous path within the polymer
matrix. As a result, gas moleculdgfuse throughthe material with more difficulty. Moreover,
because gasaorier properties are improved at low concentrations of layered silicate this
approactshould be iexpensive and efficient.

Two techniquesare widely usedfor preparation of PE/Elay nanocomposite$PCN) melt
compounding and in situ polymerizatioMelt compounding is the preferred method for
preparation of polymer nanocomposites, which have environmental and cost advahtages
the absence of solvents and monomers. Furthermore, the high deformation rates employed in
melt extrusion compoundingre usail for dispersion of nanoparticles the molten polymer
matrix.

The main objective of this project is to produce polymer/clay nanocomposites by melt
compounding to improve the barrier properties of extruded PET films. To achieve this goal,

different typeof surfactants were incorporated into the PET matrix. Morphological studies show



that PCNs incorporating Cloisite30B (C30B) exhibit better dispersion and intercalation than
phosphonium and imidazolium modified clays. On the other hand, the thermal ystabilit
phosphonium modified clays is significantly higher than of C30B systems. After selecting the
proper modified clay, PCN films were prepared via cast extrusion at the Industrial Materials
Institute (IMI), and the mechanical, optical and barrier progexf the products were studied

Chapter 2 provides a literature review covering the following subjects: the methods used to
improve barrier properties of PET, the studies on preparation of PET nanocomposites, reports
regarding characterization of nanocarsjtesas final productand the effect of clay particles on
the crystallization behavior of PET. The materials used and the methodology chosen to achieve
the objectives are presented in Chapter 3. Chapter 4 briefly explains the organization of the
papersreported in the thesis. In Chapter 5, the effect of compatibility and thermal stability of
surfactants on the morphology of PCNs was investigated ushngy Xdiffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
thermogravimetric analysis (TGAYhe morphological, mechanical, thermal, optical and barrier
properties of PCN films prepared by cast extrusion are discussed in Chapter 6. The study reported
in Chapter 7 deals with the effects of processing conditionkidimg screw speed, feeding rate
and screw configuration on properties of PCN fill@hapter 8, general discussion, includes a
full review regarding the most important factors affecting the preparation and properties of PCNs.
Finally, Chapter 9 summarizése most important conclusions of this thesis and outlines some
recommendations for future work in this argaview of the important effect of crystallinity on
the final properties of PCNs, Appendix A summarizes the results of a study carried out to

evduate the isothermal and nasothermal crystallization kinetics of PCN.



CHAPTER 2

LITERATURE REVIEW

2.1 Reduction of permeability in PET

Several techniques were suggested to improve barrier properties of PET, including surface
modification, crystallizabn and orientation, blending and incorporation of nanoparticleanas
impermeable phase

Various coating techniques, such as plasma enhanced chemical vapor deposition (PECVD)
and reactive evaporation can be used for surface modification of polymer selstamploying
plasma source ion implantation, amorphous carbon layers were deposited on PET films and
oxygen transmission rate (OTR) decreased dramatidgllypurface modification of PET with an
organic solution of silane and dip coating of the modifT film in a lithium metasilicate
solution led tomore than 90%eductionin OTR [2]. While OTR of the coated PET decrease
substantially gas barrier loss of coated PET under uniaxial stretching was also reported [3]
which is due to the brittl@atureof the coatedfilms. However, higher microwave power input
and oxygen flow rate during the PECVD coating technique led to better barrier properties, but
barrier propertieoonly remaired nearly unchangedup to a critical strainof 1% [4]. Cracks
appeared 0 the surface oé strained coated filmperpendicular to the strain directiaesuling
in increase gas permeabilityn fact, surface modification methods are expensive and not
appropriate for food packaging. Furthermore, crack formation at the sdadeaog stretching of
the coated products causes barrier properties to deteriorate.

A commonly used alternative approach involves increasingatteosity of the diffusion



path by geometrical hindranceCrystallization per seis considered gracticalmethod to affect
the permeability of PET matrixAround 35% reduction of oxygen permeability was reported
when annealing temperature varied in the range of2Z4@OC [5]. In the annealing process,
crystal thickness increasesrystal defects are remove@nd the boundary between the
amorphous and crystalline regions sharpéxs a consguence, permeability decreases. It was
discussed that crystallization improves the barrier properties due to two fac#@rsJl the one
hand, crystallites act as impermeaplease andower theportion of amorphougphase through
which the permeant diffuses. This factor affects the solubility of gas or liquid molecules in the
matrix. On the other handyystallitesincrease the tortuosity of the diffusion path and act as
geomdrical hindrance. This factor affects the diffusion coefficient of the perméfhile
crystallinity improves the barrier properties of PET, tafd similar volume contendecrease
permeability twice as much as crystallinity and ysdbetter mechanicalrpperties [6].Although
annealingaisescrystal thicknessind remoescrystal defectswhich consequentljower the gas
permeation,it has some disadvantage-or instancejt reduces the transparency and causes
brittleness otheproduct.

Orientationof polymeric chainsmay also affect the gas permeability of PET by causing
reduction in both diffusion and solubility coefficients [7]. Comparison between barrier properties
of amorphous and biaxially oriented PET showed that in oriented saraplebility cefficient
in a mixture composed of oxygamtrogen and carbon dioxidkecreased around 50% [8]

Other methods employ reduction aflgbility anddiffusion coefficiens of the permeanby
blending and/or orientation to reduocsygen permeability Thus, aPETthermotropic liquid
crystallineblend shows more than 50% gas permeability reduction [9]. While alignment of liquid
crystalline moleculeded to low permeability, the binary blend showed poor mechanical

propertiesdue to lack of adhesion and compatiiil Upon biaxial orientatiorof PET/aromatic



polyamide or polyester blends, the dispdrdemainsare altered toform parallel and extended
layers(Figure 2.1), thuscausing improvement ibarrier propertie$10-11]. Notwithstandingthe
positive effects bbiaxial orientation on barrier properties, the need tonpatibilization andhe

possibility of transesterificatiopresent critical issues.

Air out T PEN ? Air out
. \ p—
)
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Figure 21: Schematic of barrier mechanism of PET/PEN blerajs:before andb) after biaxial

deformation [11]

Inclusion of nanopatrticles ia practical method to improve barrier properties of polymeric
materials[12-28]. Adding a smectite organoclay in an olefinic system, including paraffinic wax
and polyethylene, showed a 30% reduciimioxygen transmission rate (OTR) when organoclay
content increased up to 10 wt%. However, high loading of clay led to embrittlemietfidin .

An inaementin molecular weight of the waxed to a decrease iparrier performance of the
nanocompositedecause its accompanied by an increase in the recrystalization temperature and
as a resultphase separation of organockapk placeduring cooling of the polymer melt. This
indicated that the melting points of the organoclay and polymer phase muktsbea each
other, toavoid phase separatiai the organoclayand polymef{12]. Gas barrier propertiesf a

blend of PP/EPDM (50/50nanocomposite werenproved about twdold, by adding 1.5v01%
organoclay. The PP/EPDM blend without organoclay showdédogphase morphology, with

EPDM asadispersed phase in irregulagiaped domains. The EPDM domains became smaller



in the presence of nanocld$3]. In a study on he effect of compatibilizer on gas barrier
properties ofmetallocene polyethyleneanocompsites alow density oxidized waxused as
compatibilizer yielding to a better dispersion level tfie organomodified clay,n comparison
with PEg-MA. Accordingly, oxygen permeability of the former nanocomposite, containing 20
wt% low density oxidized warand 5 wt% organomodified clay, was 10% lower than the latter
nanocomposite, at the same level of?EA and clay [14].UsingPRg-MA as a compatibilizer
resulted in a better distribution and smaller cluster size of fumed silisatactic polypropylene
A 25% improvement on oxygen permeability was obtained by adding 5 wt% nanoparticles [15].

A study on barrier properties atrylonitrile-butadiene copolymer nanocompositerepared
by a Banbury internal mixershowed that adding natural montmorillonitdMT) was less
effecive in reducing gas permeation than organomodified adag, to the absence of interaction
between the rubber and natural clay20 and 40% reduction iair permeability was obtained for
MMT and organomodified nanocomposites, respetyiv(at 1.5 vol%) [16]. Since the
compatibility between a matrix and nanoclay dictates the morphology and properties of the
nanocomposite, using natural clages not necessariljpad to a lower performance of the
nanocomposite.Based on a study orbiodegadable thermoplastic starch (TPS)/clay
nanocompositeghe dispersion of the clay in the TPS matrix depended on the hydrophilicity of
the clay and especially on the polar interaction between the silicate layers anthiBSMMT
showed a better dispersionn the TPS matrixand lower water vapor permeability than
organomodifiectlay [17].

An investigation on plyesteramide nanocompostereparedvia melt compounding
displayed thatdue to the high shear rategppliedin the injection molding proces®arrier
properties of injection molded materials were better than extruded and extruded/compression

molded material$18]. Improvement of barrier properties in extruded and extruded/compression



molded samples was modest. Because of void content, paths faiafifthrough the film and
clay layers were not uniformly distributed in the samples. Barrier propeiftiagction molded
samples were bettdrvecause of higher crystallinity, lower void content and greater degree of clay
layer orientatiorj19].

A solution blending method used tprepare acrylonitrile butadiene rubber (NBR)
nanocomposite The mechanical and thermal properties of NBR were enhanced by incorporating
less than ten parts per hundred (phr) of organosilicdtesaddition, the relative vapor
pemeabilities of the NBR nanocomposites for water and methanol vapors were 85% and 42%
lower, respectively, than that of pure NBEO]. Melt intercalation of NBR nanocomposite with
organoclay and silan@s a coupling agenin an internal mixefed to a 786 reduction invapor
permeability by loading 10 phr of orgadMT. The coupling agent enhanced the clay
dispersion and the int@hain attraction, leading to lower permeability for water vdpay.

Not only the content of clay, but also the state of d&pa of the inorganic platelets in the
polymer phase is important for improving the barrier properties of the RGdgasi et al[22]
prepared different composites of polycaprolact€L) and MMT, including microcomposites
of PCL with NaMMT by melt dending, exfoliated nanocomposites by in sitoig opening
SR O\PHUL ] 2agrolRan& With organoclay, intercalated nanocomposites by melt blending
Rl 3&/ DQG RUJDQRFOD\ DQG LQWHUFDODWHG QDQ@RFRPSR
caprolactone with NMMT. Barrier properties of these compes were measured for water
vapor and dichloromethane as an organic solvent. The microcomposites and intercalated
nanocomposites had diffusion parameters close to that of PCL. However, exfoliated
nanocomposites showed much lower valuesanother studyPCL/MMT nanocomposite at 3
wt% clay contentvere prepared ithree ways: melt blending of MMT or organoclay with PCL,

LQ VLWX SRO\PHAUOLYDRQRBWRIQE ZLWK RUJDQRF@DdnNe DQG L (



polymerization from the silicate layer with organoclay and activator. In the last method, polymer
chains wee grafted to the silicate layerfhe gas permeability and the diffusion coefficient
decreasedor the intercalated nanocompositmmpared to the microcomposit€he highest
barrier properties were obtained with an exfoliated structure and the highféeggtansity[23].

Using organoclay to preparbiodegradable PCLnanocompositeded to more than 30%
improvement inhie barrier performance of PCL nanocompodiged0 wt% clay contepf24].

A decrease in oxygen permeability for organoclay content b8law% was reported for
polyvinyl alcohol copolymer EVOH) and kaolinite nanocomposites prepared by melt
compounding in an internal mixeThe authors claimed that the oxygen permeability of the
prepared nanocomposites were below experimental error afigstrament [25].By loading 35
wt % organonodified clay the moisture permeability coefficient of styresmylate copolymer
nanocomposites decreased 1.6 time$-ZZ4. PET nanocomposites prepared by in situ
polymerization showed more than 30% reductioroxygen permeability at 3 wt% clay content
[28].

Apparently exfoliation of nanoclay in molten polymers is somehow idealistic. Even though
PA6 nanocomposite is a wédhown commercial exfoliated product, a recent stughortsonly a
30% redudbn of gaspermeability at 8 véto clay loading [2].

Obviously dispersion of layered silicate claganimpermeable phase in a polymer matrix
leadsto an enhancment in gas barrier properties. The impermeable silicate layers create a
tortuous path in the polymer mnx, and, as a consequence, gas molecdiffgse with more
difficulty (Figure2.2). In general, it has been shown that a low content of nanoclay can improve
barrier properties. The magnitude of basal spacing of the clay layers in the nanocomposite is
influenced by processing conditions, and in the majority of studies, mixed intercalated/exfoliated

morphology has been obtained via melt compounding. Howaweaximum barrier performance



is expected for aligned exfoliated structures of nanocomposites.

Gas / liquid

|

Figure 22: Pictorial effect of silicate layers on permeation of small molecules

As mentioned, among the methods applied to improve barrier properties of PET,
incorporation of clay particles represents a pragmatic approach to dawgrermeation through
the matrix. However, sometimes the effect of clay on barrier properties is exaggerated and
unrealistic values have been reported. For example, it was claimed that addingntycliay
into PET led to more than 90% reduction in gesmeation 30-31], whereas based on the
simplest model in the literatureqB the maximum reduction corresponding to this clay content is

ca. 25%.

2.2 Preparation of PET nanocomposites

In situ polymerization and melt compounding are used widely to peef@ET clay
nanocomposites (PCN). Despite reported works on using solution techniques to prepare PCN
[33-35], this method is not as common as the above two proceB&s. nanocomposites
prepared bymixing PET and organomodified clay in a 3:1 (wt/wt) phértdbroform solvent
showeda high level of dispersion without agglomeratianlow organoclay contenfoelow 5

wit%). [33-34]. Mixing PET and MMT ina 50/50phenol/tetrachloroethansolvent with the

assistance of ultrasonic power led to an intercalatediatdd morphology at 1 wt% MMT [35].
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The conventional method for synthesis of PET comprises-pgsgnerization,
polycondensationand solid state polymerizatid36]. Prepolymerization can take place with
direct esterification between monomers, ethylelyeay and terephthalic acid, at 22&0°C or
transesterification of dimethyl terephthalate at-270°C. In the polycondensation step, -pre
polymerized BHET, Bis(iydroxyethyl) terephthalate, undergoes further transestrification at
280°C. Finally, the PEThipscan beheld at temperatures log/ the melting points Owing to
increasing segmental motiois solid state polymerizatigrfunctional groups at the end of the
chains can react with each other, and molecular weight and chain length in€reasemma
procedures to modify clay and prepare PET nanocomposites by the direct polymerization method

are shown in Figure.2

Figure 23: Common procedure for preparing PET nanocomp®dite in situ polymerization:a)

modification d clay andb) intercalation by polymerization

In situ polymerization leads to partially intercalated/exfoliated morphology, whether the
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dispersing phase ia nanoparticleas SiQ/TiO, [37-44], expandable fluorine mica $447],
nanoclay as montmorillonitf48-51] or natural fibrous silicate clay $563]. To improve the
quality of dispersion and achieve more delamination of clay layers, different methods including
ring opening polymerization g, using anchor monomers § and intercalation of catalyst
between the gallery spacin@®(] were also studied.

Using solvents, remnant monomers and removal girbguct are the typical disadvantages
of in situ polymerization, fronanindustrial point of view.Therefore, melt compounding is the
preferred method for pparation ofPCNs.Despite the attempts on using twisller [56] or solid
state shear millingg7], torque Haake rheometebd-61] and twinscrew extruder [B-67] are
used vastly to prepare PCN3he high deformation rates employed melt extrusion
compounding brings aboudispersion of nanoparticles the molten polymer matrixHowever,
various issues arise in the processing of PET at high temperature to pP@hed hese include
the compatibility between PET and the organic modjfikxermal stabilityof the organcally
modified clayandthe thermal stability of PET.

Maleic anhydride and pentaerythritolieabeen used as coupling agemd improve the
dispersion of clay particles in PE®&70]. However,while Young Y Modulus increased with the
incorpaation of the nanoclay, the effect of coupling agent on the mechanical properties was
negligible [/0]. An alternative approach consists of PET chain modification to enhance
interactions between the matrix and clay. The random incorporation of sulfoneteraiities
along the polymer backbone led to electrostatic interactions between the sulfonateagidups
platelets of clayandfacilitated chain segment penetration of the clay gallerigls Few attempts
considered the effect of clay structure on tispeérsion level by substitution of layered double
hydroxide (LDH) called anionic clay for conventional cationic cld8, 72]. Further

investigation showed that both interlamellar population density and interlayer packing density are
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important to obtain anocomposites. Whilgéhe organophilicity of the clay increased with
interlayer density of surfactant, it was not adequate to assure the formation of nanocen#osite
very high organic content could make the galleries so packed that the polymer chachsietoul
be able to enter between them. In other words, the surface of the clays with lower organic content
could leave more sites exposed to interact with the polymer chains entering into the galleries
[73]. On the other hand, if the entropic gain due todatwwn of organic modifier under
processing condition exceeds the interaction energy between modifier and clay layers, organic
modifiers would exit from the clay interlayer and gallery distance would deci&Hse [

At the high processing temperatures regghifor melt compounding ¢1CN, the degradation
of conventional organic modifiers presents a major probMadification of the clay surface
with imidazolium [&], quinolinium [74], zirconium phosphorous $f and phosphonium (]
surfactants yieldedighe degradation temperature fgartially intercalatednanocomposites
Thermal stability of organic modifier plays an important role in PCN preparation. To exclude the
organic componentPET and organoclay were dissolved dn organic solvent followed by
elimination ofthe extramodifier in a norsolvent [/7]. This methodled to better opticaand
thermal propertiesand less mechanical degradation of RCIRhe dependence afegradation
level on the clay structure and surfactant chemiséyealed thahydroxyl groupson the edge of
clay plateletsacted as Brgnsted acidic sites to accelerate polymer degrafi@@omoreover,
volatile degradation compoundw&ere detected before the onset of thermal decomposition

measured by TGA7R], emphasizing the effect dtfiermal stability on preparation of PCNs

2.3 Characterization of PCN asa final product

Few reports are available in the literature regarding ¢haracterization ofPET clay
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nanocompositePCNs)asfinal products

The ultimate tensile strength of PCNdils with incorporated phosphonium modified clay
increased with clay contentQB The nodulus of the prepared fibers laycapillary rheometer
increased by about ca. 2 folds that of neat PET fibers. Ansthdyon the effects of nanoclay
on modulus and tecity of PET fibers showed thitte addition of nanoclaled toanincrease of
drawability in hot air[81]. BRWK <RXQJfV PR G XinhirvvaDda) G wikbHoQdng bW \
clay, but at higrer concentrationthe presence of large aggregates prohibited ffieiemt
orientation along the fiber axis.

The efect of biaxial stretching on the dispersion level and tactoid concentrati®CN
sheetswvas studied recently [82]. A type s¥nthetic claySomasif MAE) was incorporated into
PET matrix (2 wt%) usin@ twin-screw extruder. The PCN sheets were biaxially stretelhed
ratio of 3 TEM images displayed théhe platelets slid alonthe tactoids, leading to ca. 20%
reduction of oxygenpermeability [&]. Another study showed that foantactcomplying
modified clay, Nanotél® 2000, was incorporated with PET in an internal batch mixer and
oxygen permeability reduction ca0% was reported at 5 %t clay [8]. Compounding a dittle
grade PET withammonium modified clayCloisite 15A) led to an increase ofthe tengle
modulus by 20% for partially intercalated PCNgl|][8However ca.20% oxygen permeability

reductionwas reported, but the permeabiliyecimensvere prepared bgompression moldg.

2 4 Effect of nanoclay on crystallization behavior of PCN

The intensie study carried out on crystallization behavior of PBds shown that isothermal
crystallization of PET proceeds intwo steps[85-87]. The primary stage includes the

heterogeneous nucleation and thd@mensional spherical growiind the secondary stepooics
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when onedimensional growth between the primary lamellae takes plelcereaghe former has
stronger temperature dependence than the latter. It was also found that transesterification between
lamellar crystals promote the formation of extended chaiystals B7] and longchain
hyperbranched structure also increases the crystallizatierB8]. Both shear and extension rate
in melt and solid state influence the crystallization behavi®EF [89-90]. A constant shear rate
applied to the molten PETbrings about the orientation of molecular chaiAs a result,
homogenous molten PET changes to a suspension of dispersed crystallites in the amorphous
matrix whichleads to an increase loth storage modulus astieawviscositywith the time [89].
Applying tensile strain on injected molded PET specimens (allgvehows that amorphous
regions subjected to strain extension act as oriented nuclei and consequently crystallization
growth takes place under constant strain [90].

Generally speakingthe half time of crystallizationty;, which is a characteristic of the
reciprocal overall rate of crystallizatiodecreases by adding nanoparticles into Rafrix [91-
96] and it is usually attributed to the role of nanoparticles as nucleating aBecently, tie
investigation on the effect of surfactant on crystallization of PET revealed that regardless of
crystallization rate increment, the surface shielding effect of organic surfactant caffexdstne
crystallizationrate[97-98].

In summarythermal stabity of organomodified clay and its compatibility with PET matrix
are major challenges in preparation of PET nanocomposites (PCNs) by melt compounding and
most of the efforthave beerdedicated tdhe preparation and morphological studies of PCNs.
Therefae, only a few reports are available on the characterization of PCNs as final products.
Furthermore, the effect of processing conditions on mscate characterization of PCNs
products yet remains unexplored. In view of the reported effects of clay staltration

behavior of PCNs, there is still a relative lack of research into isothermal andotioermal
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crystallization kinetic parameters of PCNs.

2.5 Objectives

The main objective of this work was to improve barrier properties of PET by using melt
compounding to prepare PET clay nanocomposites. To meet this goal, different types of
organomodified clay were used and their level of dispersion was examined. Then, PET
nanocomposite films were prepared via cast extrusion. Optical, thermal, barrier drahivelc
properties of the final product were studied. The effect of processing conditions on barrier and
mechanical properties of PET nanocomposite films were studied, as well. A secondary objective

was to shed more light on the effect of incorporated afathe crystallization kinetics of PGN
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CHAPTER 3

METHODOLOGY

To meet the objective of this thesis, the experiments were divided in two steps. The first phase of
the project involves initial material preparation, including production and charactenz#tPET
nanocomposites and the second part includes final processing, comprising film extrusion and

characterization (Figure 3.1).

Figure 31: Experimental strategy

3.1 Materials

3.1.1 PET

In this study, two grades of PET inding an &perimental high viscosity gradand a low
viscosity general purpose grade have been uBeel.former PETunder he trade name Selar
PTX295 was generously supplied by DuPont Canada and the latter PET referred to by the trade
name, PET9921 was pirased from Eastman Chemical Tbe melting point of high viscosity,

PTX, and low viscosity, PET9921, PET were 248 and 242°C, respectively.
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3.2.2. Organomodified Clays

In the first phase of the projecthree different types of organomodified clay werged
commercial ammoniurmodified silicate clayspecially preparethermally stable phosphonium
and imidazoliummodified montmorillonite(MMT). The ammoniurrmodified clay under the
trade name Cloisite30B was purchased f@outhern Clay Colr'he other claysvere prepared by
modification of MMT with phosphonium[99], imidazolium pyridinium surfactantd100] in
laboratoy. Chemical structures, 5 wt% mass reduction related temperdigge,and basal

spacingdoo1, of the surfactants are summarized in T&ble

Table 31: The characteristics of the organicafhodified clays

Tsee  d-spacing

Code Modifier
°C) (R)

C30B guaternaryammonium 233 18.4
P00208 tributyl tetradecyphosphonium 320 21.3
P00308 tetrabutylphosphonium 365 16.2
P00408  4-carboxybutyl triphenyphosphonium 313 18.5
Cl6Im 1-vinyl hexadecyimidazolium 287 17.8
2C16Im dihexadecyimidazolium 271 220
Cl6-Py hexadecypyridinium 288 17.6

As seen, phosphoniumgidazolium and pyridinium-modified clays exhibit lgher thermal
stability, as indicatedsy, in TGA experiments, than Cloisite30B (C30B).
After characterizing the prepared PCNs in the first step, C30B and P00208 were detected

the second part of the experiments to produce PCN films.



18

3.2 Process

In the first step, preliminary tests were done in a batch internal mixer Brabender at 50rpm,
temperature range 26290 °C and residence time-B) min. After finding the processing
parameters, gt compounding was carried out in a-robating twin screw extruder (B3
(Leistritz ZSE 18HP) available in the chemical engineering department of Ecole Polytechnique
(Figure 32). The TSE screvdiametemwas 18 mm andthe length/diametei (D) ratio was40. A
circular dieof 2 mm diametewas mounted on the barrel exahda waterice bath was employed

to cool the extrudate

Figure 32: Screw configuration: a)*1lmixing zone with 30, 60 and 90° elliptical elements; B)ngixing

zone with 30° elliptical elements; cf #ixing zone with 60° elftical elements

In order to obtain a uniform feeding mixtuRET pelletswere groundnto a powder and
dry-mixed with clay before feeding into the TSE hopge€Ns were prepared at 175 r@nd
temperature profile of 240, 275, 270, 265, 265, 265, 265260dC. Organoclay content waa
wt% (nominal value)for the cases ofC30B and phosphoniurmodified MMT. In the
imidazolium and pyridinium-modified MMT cass, the organelay content was 1.25 wt%

(nominal value).The nanocompositeextrudatesvere granulaté and compression molded at
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270°C for9 min, under a purge of nitrogetg obtain 25mm disks. The obtained samples were
used for XRay and morphological analysis. Since PET is sensitivedigture which has strong
influence on its processing and perfamoe properties, PET pellets and PET pelletized
extrudats were dried in a vacuum oven at 110°C fort2Befae mixing and molding. 80B and

the other modified clays werdsodried at 50 and 110°C under vacuum, respectively.

KB 45/5/28 (c)
KB90/5/28
KB 45/5/28

KB 45/5/20
KB45/5/28
KB45/5/28 LH
KB45/5/14

- 2xKB45/5/14

Figure 33: Screw configuration: a)*1mixing zone composed of both 45° right and left hand kneading

blocks; b) 2* mixing zone with 45° right hand kneading blocks; and"t)rxing zone including 45°
and 90° kneading blocks. KB and LH denote kneadingkodnd left hand, respectively. The first two

numbers indicate the staggering angle and number of blocks, respectively and the third one represents

the length in mm.

In the second part of project which involves producing PCN filmedf stompounding was
caried out in a cerotating twin screw extruder (TSE) (Werner & Pfleiderer Z8K availableat
IMI (I ndustrial Materal Institute BouchervilleQC) (Figure 3.3).The TSE had 30 mm screw
diameter andL/D of 40. A slit die 1.9 mm thick and 20 cm wide was utegrepare films and an

air knife was mounted on both sides of the die to supply air on the surface of the film, at a rate of
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6.3 m/s, right at the exit of the die. The chill rolls were employed to stretch the extrudate. Draw
ratios of 25, 40, 50 and 65ene applied. The extrusion wesnducted at 265C and 175 rpm.

To study the effect of processing conditions on barrier and mechanical properties of PCN
films, melt compoundingwas carried out in an intermeshing-rmating twin screw extruder
(TSE) (eistritz, Germany, availableat IMI. The clay was premixed with the groed®ET and
then fed to the extruder hopper. The TSE &84 mm screw diameter andD of 42. Two

different screw profiles were used to prepare PCN f{lrigures 3.4 and 3.5).

KS'5/7.5/(+60)
KS'15/7.5/(+60) KS'5/7.5/(—60)

ZME8/5/30 (L)
ZME 8/5/30 (R)

Figure 3.4: First screw profile: a) *Lmixing zone composed of 10 kneading elements with both positive
(right hand) and negative (left hand) 60° staggering angle™bhiRing zone with two left and right
hand ZME elements; arg) 3 mixing zone including kneading elements with positive 60° staggering

angle.

A 20 cm wide slit diewvith the die gap of 300 pwas used to prepare films, and an air knife was
mounted on both sides of the die to supply air on the surface of thé\fimedum air flow rate
(40% of maximum flow ratg corresponding to an air velocity 62 m/s was chosen. The chill

rolls (20 °C)were enployed to stretch the extrudas@dthe distance between the die and chill
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roles was calO cm. Under these conditions, theerage necking was cal%, which means the

width of films was 16 cm and the thickness of the films was in the rangé&0s8

P 7KH

extrusion was conducted @ifferent screw speeadqN) and feeding rate(Q) in the range of 150

250 rpm and 18 kg/h, respectively

KS 3/15/(90)
KS 5/7.5/(+60)
KS 5/7.5/(+30)

KS 3/15/(90)
KB 60/5/30
KB30/5/30

KS3/7.5/0)
KS 4/7.5/(+60)
KS 4/7.5/(-60)

Figure 35: Second screw profile: af'Imixing zone composed of three wide kneadiements with 90°

staggering angle followed by two narrow kneading blocks with 30° and 60° staggeringkgnjfe;

mixing zone with three kneading elements (0°) followed by 8 kneading elements with both positive

(right hand) and negative (left hand) &@aggering angle; and cf Bnixing zone including three wide

kneading elements with 90° followed by 10 kneading elements with 30° and 60° staggering angle.

3.3. Characterization

3.3.1 Morphology

X-ray diffraction: To estimate basal spacingyi, betweensilicate layersof PCNs prepared in

the first experimental step,isde angle XUD\ GLIIUDFWLRQ

:$;

3KLOLSV

UDGLDWLR QA), availableat Ecole Polytechniquayas usedThe generator was operated

at 50kV and 40mA. The samplewere scanned from-10° at 0.01°/s.

SH
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To anayzethe PCN filmsand obtain some information about the orientation of clay layers
in final product XRD measurements were carried out using a Bruker AXi&yXgoniometer
equipped with a HETAR twodimensional eea detectqravailableat IMI. The generator was set
up at 40 kV and 40 mA and the copper Cu Ka radiatieri.642 A) was selected using a
graphite crystamonochromator. The sample to detector distance was fixed at 12 cm for wide
angle Xray diffraction. To get the maximum diffraction intensity, several film layers were
stacked together to obtain a total thieks of about 2 mm.

Scanning electron microscopy (SEM):To investigate the distributiotevel of clay in the
prepared PChit the first experimental step, SEMitachi S4700 with a cold field emission gun,
FEG-SEM), availableat IMI, was used. The specimemgere prepared using an Ultracut FC
microtome (Leica) with a diamond knife and then coated with Pt vapor.

Transmission electron microscopy (TEM):The quality of clay dispersion was evaluated using
TEM (JEOL JEM2100F, operating at 20KV), availableat Ecde PolytechniqueThe samples
were microtomed into approximately-80 nm thick slices, using the above microtome system at
room temperature.

Image analysis:TEM micrographs were used to measurefte-path spacing distance between
clay layers(the 1% experimental stepandthe average aspect ratio of dispersed s(dye 2™
experimental step)The micrographs were manually digitized using a digitizing table from

Wacom and SigmaScan v.5 softwaaeailableat Ecole Polytechnique

3.3.2 Thermal Properties

Thermogravimetric analysis (TGA): To evaluate the thermal stability of the organoclays and
PCNs TGA (TGAQ500 TA instruments)availableat Ecole Polytechniquayas conducted under

nitrogen by sanning at 10C/min up to 60CC.
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Differential thermal analysis (DTA): The thermal behavioof PET and the PCNm the first
phase of the projectwas studiedat Ecole Polytechniqueusing DTA (DSCQ1000 TA
instruments) under helium atmospherdoy scanning at 10°C/min, following successive
heating/cooling/heatingycles.

In the second experimental patigtcrystallization and melting behavior of tREN films
was studiedy scanning at 10C/min from 50 to 280C. The samples were also annealed at 150
°C for 1520 min, and the same procedure was applied to thesded specimens.

Nonrisothermal crystallization behavior of PCN films was also investigateter helium
atmosphere The instrument was calibrated by sapphire. The specimens encapsulated in
aluminum pans were heated $ganningat 50 °C/min to above meihg point and held for 5 min
to erasethe thermal history. Thethe samples were cooled at cooling rates ranging frol3@.5
°C/min.

Differential scanning calorimetry (DSC) The isothermalcrystallization behavior ofhe PCN

films was studiedin the chental engineering department dcGill university, using DSC
(Pyrisl, Perkin EImey equipped with Intracooler 1Rindernitrogen atmospherdndium was

used as a high purity material to calibrate the instrument. Isothermal crystallization was studied
in the temperature range of 1985 C. The samplegnclosed in aluminum pangere heated
from 50 to 300C by scanningat 50°C/min and kept for 5 min above the melting point to erase
the thermal history. Thenthe specimens were quenched at “G3thin for isotherma
crystallization, which was performed for 15 min. After isothermal crystallization, the samples
were heated to above melting pointdmanningat 10 °C/min.

Temperature modulated DSC (MDSC): Both DSC and DTA have someell-known
limitations. Sincetemper#ure ranges for transitions in the different materials often oveithay

only measure the sum or averapeat flow ratevalues of overlapping processedn a
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conventional DSC/DTAa linear heat flow rate is applied and the heat flow is measimed
MDSC, the materialis subjected to a linear heat flow rate superimposed by a small amplitude
sinusoidal temperature profile

T bt A;sin(A) (1)
whereb is the linear or underlying heat flow rate equal to the chosen ramp INCOBCA; is

the temperature modulation amplitude ahd (E&is the temperature modulation periothe

basic governing heat transfer equatioth@rmoanalyticatechniquean be expressed as:

dH CdT

. SPar f(T,t) 2
After Fourier transform and deconvolution of the results, the MDSC signals can be abfamed
left side of tlis equatiorrepresents the total heat flow measured by the instrument and pertains to
the linear or average heating rate. The first term omigine handsideis related to the reversing
heat flow or heat capacity signal and the second term which is calculated based on the
discrepancy of the other signals pertains to kinetic signal and calleceversing heat flow.
Reversingand nonreversingare not related to the thermodynamic concept of reversibility. The
reversing signal measures the thermal transition related to the heat capacity changes of the
sample like glass transition temperature and meliiigile the nonreversing signal represents
the kinetic process including crystallization, degasition and chemical reaction.

To understand the melting endotherms appeared after isothermal crystallization, MDSC

(DSCQ1000 TA instrumentsvas employed and calibrated with sapphire. A liner heatitegda

°C/min, modulation period 40 sec and temperature amplitude £C.4%as selected.

3.3.3 Optical Properties

Appearance: According to ASTM D1003, haze and clarity of the PCN films, as appearance


http://en.wikipedia.org/wiki/Thermal_analysis
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criteria, were measured Iblazegard plusapparatus avaitde at IMI.

Polarized optical microscope (POM):For visual observation of isothermal and asothermal
crystallization behavior of PCN, POM (Olympus BX50) and Linkam-dtage (Scientific
instruments, CSS450), availaldeMcGill university,were usedThe same thermal sequence and

protocol to DSC and DTA experimemere applied in this technique

3.3.4 Barrier Properties

Oxygen transmission: Oxygen transmission rates (OTRs) were determined using afrddix
Model 2/21 oxygen permeability MD Module from klan (USA) at 23 °C. 100% dry oxygen
was used and all the tests were done uadmessureof 93.3 kPa 700 mmHg. To obtain the
permeability coefficientall measured OTR values have been normalized (multiplied) by the
films thicknessFor each sample, thmeasurement was repeatbdee timesBasically, wherthe
oxygen sensor cell (Coulox), which is a fuel cell, is exposed to oxygen, it generates an electrical
current that is proportional to the amount of oxygen entering the sensor. The Coulox sensor has a
graphite cathode and a cadmium anode, wtiereathodic and anodic reactions are:

1

EOZ H,O 2e o 20H
Cd 20H 2e o Cd(OH),

®3)

The electrical current created by electramsised to calculate the amount of oxygen entering the

Sensor.

3.3.5 Mechanical Properties

Tensile Modulus: Instron 5548 micro testerlavailableat IMI, was used to measure tensile
properties. The rectangular samples, 13 mm wide and 35 mm long were dtat@demm/min

using a 2 kN load celgt ambient temperature
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Tear resistance Resistance to tear propagatiointhe PCN films was measured in both MD and

TD, according to ASTM D1922. A rectangular sample, 3 inemgthby 2.5 in. inwidth, were

cut andplainly marked to denote the intended direction of tear. The required work for tearing is
measured based on the angular position of the pendulum during the tearing operation.

Puncture resistance: Puncture tests were performed using a 100 N load cell dhstnon

5500R. The samples were pierced by a needle with 0.5 mm radius and 25 mm/min speed. The
displacement of the film was recorded against the force (N) and the maximum force was reported

as the puncture strength.
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CHAPTER 4

ORGANIZATION OF ARTICLES

The results of the first experimental step of this study are presented in chapter 5. The effect of
compatibility and thermal stability of surfactants on the morphology of PCN was investigated
using Xray diffraction (XRD), scanning electron microscopy (SEMyansmission electron
microscopy (TEM) and thermogravimetric analysis (TGA) obtain quantitative evaluation of

the dispersion level in nanocomposite, statistical analysis of TEM micrographs was carried out. It
yielded the dispersion paramet®yg i, based on fre@ath spacing measurements. The results
showed that the ammonium surfactant yielded the best intercalation results in nanocomposites.
However, PCN witlphosphoniunsurfactant exhibits better thermal stability.

In the second part of the projed®CN films were prepared by cast extrusiomhe
morphology optical, thermal, barrier and mechanical properties of the products are discussed in
details, in chapter 6lransmission electron microscopy (TEM) and wide angleydiffraction
(WAXD) showed tlat the clay layers were aligned in the machine direction (MD) in the PET/clay
nanocomposite (PCN) films. Differential scanning calorimetry (DSC) showed that PCN films
have higher crystallinity than the neat PET films, possibly due to the nucleating rtie of
silicate layers. The PCN films became hazier as the clay content increased, but the film
transparency remained in the acceptable range. Oxygen permeability of the PCN films decreased
by 23% compared to the neat PET film. This is comparable to pmwotf models proposed in
the literature. Silicate incorporation brought about 20% increase in the tensile modulus, while the
puncture and tear propagation resistance were reduced, due to brittleness of the PCN films. The

measured modulus (1.7 GPa) was swimat smaller than the values predicted using the
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Pseudoinclusion model (2.1 GPa).

In chapter 7, the effect of prosgng conditions on properties of PCN films are presented.
Polyethylene terephthalate (PET) nanocomposite f(lwith 3 wt% Cloisite30B)were prepared
by cast extrusion followed by uniaxial stretching, using chill rolleio screw profiles with
different mixing elements under different screw spddp and feeding rateq) were used to
preparePET/clay nanocomposite (PCN) film$ransmission ectron microscopy (TEM) and
wide angle Xray diffraction (WAXD) showed that the clay layers were aligned in the machine
direction (MD) XRD patterns depicted that the interlayer distance of clay platelets in the state of
intercalation is somehow indepentleaf the processing conditions, but the mascale
characterization, including barrier and mechanical properties showed that the level of clay layer
delamination was affected by processing conditions. The results reveal that the applied shear has
strongereffect than residence time on the barrier and mechanical properties. At the highest screw
speed =250 rpm), 27% reduction in oxygen permeability and 30% improvement in tensile
modulus were obtained for the more severe screw profile.

According to the effet of clay on crystallinity of polymer, isothermal and rsathermal
crystallization kinetics of PCN was also studied Appendix A To evaluate the kinetic
parameters of crystallization, our efforts in this part is focused on the PCN incorporatedlyvith on
1 wt.% C30B. However, Avrami theory shows that overall, isothermal crystallization of PCN
takes place faster, but further analysis using Laurkteffiman treatment revealed that the
presence of clay leads to less perfect crystalline structure. Invedings, the equilibrium melting
point of PCN appears at higher temperature and the required work for chain folding in the
presence of clay is a bit higher than neat PET. Temperature modulated DSC (MDSC) was
employed to shed more light on the multiple nmgjtendotherms phenomenon observed during

the heating of isothermally crystallized samples. It revealed that the third endotherm attributes to
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the recrystalization and melting of the crystals reorganized during heatimgyeas the first and
second one arassociated with melting of secondary and primary crystals, respectively. The
modified Avrami equation and the combined Avre@r@awa method were also applied to
describe the neirsothermal crystallization process. The calculated effective barrier energy for
PCN was higher than PET, which indicates less perfect crystalline structure for PCN during non
isothermal crystallization. Polarized optical microscope (POM) was also used for qualitative

direct observation of PCN crystallization.
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CHAPTER 5

Preparation and characterization of PET/Clay nanocompositeby

melt compounding'

Ghasemi HesamCarreau Pierre’) Kamal Musa R, Calderon Jorge). 2

1) CREPEC, Chemical Engineering Department, Ecole Polytechnique
2500 Chemin Polytechnique, H3T 1J4, Montreal, QuelBanada

2) CREPEC, Department of Chemical Engineering, McGill University
3610 University Street, H3A 2B2, Montreal, Quebec, Canada

Abstract

Poly(ethylene terephthalate) (PET) nanocomposites were prepared via melt compounding using a
twin-screw extruder ta265 °C. Three different types of organomodified clay were -melt
compounded with PET: a commercial ammonionodified silicate clay (Cloisite 30B) and
specially prepared thermally stable phosphonium and imidazetiodified montmorillonites.

X-ray diffraction, scanning electron microscopy (SEM), transmission electron microscopy (TEM)
and thermogravimetric analysis (TGA) were used to characterize and evaluate the quality of the
nanocomposites. To obtain quantitative evaluation of the dispersion level inonguasites,
statistical analysis of TEM micrographs was carried out, using a dispersion par&@wmegtbgsed

on freepath spacing measurements. The results showed that the ammonium surfactant yielded

the best intercalation results in nanocomposites.

1. Accepted irfPolymer Engineering and Science
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5.1 Introduction

Poly(ethylene terephthalate) (PET), a senystalline engineering polymer, exhibits many
properties that are desirable for barrier applications. These properties include polarity, high chain
stiffness, close chain packing via symmetry, intdeooglar bonding, high glass transition
temperature and crystallinity. However, gas permeability tg &1 oxygen has been a challenge
in some applications, such as soft drink and beer packaging. Despite the significant improvement
of barrier properties bgurface modification via various coating techniques, including plasma
enhanced chemical vapor deposition and reactive evaporation, the brittleness and high cost of the
coated films have limited the commercial use of coating techniqu8 [A commonly usd
alternative approach involves increasing the tortuosity of the diffusion path by geometrical
hindrance. Typical methods involve increasing crystal thickness, removal of crystal defects and
sharpening the boundary between the amorphous and crystaflinasd®y annealing [4]. Other
methods employ reduction of solubility and diffusion coefficients of the permeant by blending
and/or orientation [5]. Thus, a PET/thermotropic liquid crystalline blend shows more than 50%
gas permeability reduction. Howevdrgetbinary blend has poor mechanical properties due to lack
of adhesion and compatibility [6]. Upon biaxial orientation of PET/aromatic polyamide or
polyester blends, the dispersed domains are altered to form parallel and extended layers, thus
causing imprgement in barrier properties-g]. Notwithstanding the positive effects of biaxial
orientation on barrier properties, the need for compatibilization and the possibility of
transesterification present critical issues.

The introduction of layered silicateanoclays, as an impermeable nanoparticle phase in a
polymer matrix, is an attractive approach to enhance gas barrier properties [9]. The impermeable

silicate layers create a tortuous path within the polymer matrix. As a result, gas molecules
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penetrate thematerial with more difficulty. The planar shape and high aspect ratio of clay
particles should lead to improved gas barrier properties at low concentration of clay. This
approach is less expensive and more efficient than other methods. Melt compoundmgitand
polymerization are the main techniques employed to produce PET nanocomposites. Melt
compounding is the preferred method for preparation of polymer nanocomposites, which has
environmental and cost advantages, due to the absence of solvents antersoRoirthermore,

the high deformation rates employed in melt extrusion compounding are useful for dispersion of
nanoparticles in the molten polymer matrix.

Various issues arise in the processing of PET at high temperature to produce polymer/clay
nanocompsites (PCNs). These include thermal stability of the organically modified clay,
thermal stability of PET and compatibility between PET and the organic modifier. Maleic
anhydride and pentaerythritol have been used as coupling agents to improve theodiggersi
clay particles in PET [2Q1]. However, while the Young modulus increased with the
incorporation of the nanoclay, the effect of the coupling agent on the mechanical properties was
negligible [11]. An alternative approach consists of PET chain matidit to enhance
interactions between the matrix and clay. The random incorporation of sulfonate functionalities
along the polymer backbone led to electrostatic interactions between the sulfonate groups and
platelets of clay and facilitated chain segmesngiration into the clay galleries [12]. At the high
processing temperatures required for melt compounding of PET nanocomposites, the degradation
of conventional organic modifiers presents a major problem. Modification of the clay surface
with hexadecyl indazolium [13] and hexadecguinolinium bromide [14] improved clay
dispersion. Moreover, TGA results showed a higher degradation temperature for the mostly
delaminated nanocomposites. Organarganic hybrid layered zirconium phenylphosphonate

yielded anintercalated structure, and corresponding nanocomposites exhibited improved thermal
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stability, according to TGA results [15]. The exclusion of organic modifiers based on solvent
nonsolvent systems led to better optical and thermal properties and lesmita&ctiegradation

of PET PCNs. In the above, PET and organoclay were dissolved in the mixture of chloroform and
trifluoroacetic acid. Then the modifier was eliminated by using cold methanol assoivent

[16].

Recent studies have shown that phosphonaumd imidazolium surfactants significantly
improved the thermal stability and dispersion quality of polystyrene PCNs [17] and polyolefin
PCNs [18]. Moreover, Cloisite 30Bhowed the best dispersion among a group of ammenium
modified montmorillonite (MMT) tays [19]. In this work, we evaluate the characteristics and
performance of PET PCNSs, prepared by melt compounding with Cloisite 30B and phosphonium
and imidazoliuramodified MMTs. Our efforts are focused on the morphological studies and the
effect of diffeent surfactants on the dispersion level of silicate layers. Mechanical, barrier and

optical properties of PET/clay hanocomposite films will be presented elsewhere.

5.2 Experimental

5.2.1 Materials

An experimental grade high viscosity PET, Selar PTX295P@nt), was used in this study. The
following organoclays were also used: Cloisite 30B (Southern Clay Co.), and MMTs modified in
our laboratories with phosphonium [20], imidazolium and pyridinium surfactants [21]. The
characteristics of the materials anekchcal structure of the surfactants are summarized in Table
5.1 and Figire 51, respectively. As shown in Tab%l, the phosphonium, imidazolium and
pyridinium-modified clays exhibit higher thermal stability, as indicated by 5 wt% mass reduction

related émperatureTsy) in TGA experiments, than Cloisite 30B (C30B). For a more reliable
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comparison, the neat PET pellets underwent the same melt processing conditions.

5.2.2 Melt Compounding

Melt compounding was carried out in adating twin screw extruddi SE) (Leistritz ZSE 18
HP). The organoclay content was 2 wt% (nominal value) for the cases of C30B and
phosphoniurmaodified MMT. Owing to limited available quantitiesn the imidazolium and
pyridinium-modified MMT cases, the organoclay content was 1.2 \fnominal value). The

TSE screw diameter was 18 mm and the length/diameter (L/D) ratio was 40.

Table 51: Characteristics of the neat polymer and organiealbdified clays

PET
Code Ty (°C) Tm (°C)
PTX295 83 248
Modified Clay

Code Modifier Tew  drspacing

°C) (nm)
C30B guaternary ammonium 233 1.84
Cl6Im 1-vinyl hexadecyl imidazolium 287 1.78
2C161Im dihexadecyl imidazolium 271 2.20
Cl6-Py hexadecyl pyridinium 288 1.76
P00208 tributyl tetradecyl phosphonium 320 2.13
PO(BO8 tetrabutyl phosphonium 365 1.62
P00408 4-carboxybutyl triphenyl phosphoniun 313 1.85

Figure 52 depicts thecrew configurationAfter the conveying and pressuring elements, the first
mixing zones with 30, 60 and 90° elliptical elements are locataddicated in Figre 52a.The

second (Figre 52b) and third (Figre 52c) mixing zones have 30 and 60° elliptical elements,
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respectively. A circular die of 2 mm diameter was mounted on the barrel exit, and acevater

bath was employed to cool the exdate. In order to obtain a uniform feeding mixture, PET
pellets were ground into a powder and-drixed with clay before feeding into the TSE hopper.

PET PCNs were prepared at 175 rpm Hredtemperature profile of 240, 275, 270, 265, 265, 265,

265 and 26 °C. The nanocomposites extrudates were granulated and compression molded at 270
°C, under a purge of nitrogen, to obtain 25 mm disks. The obtained samples were us&ajor X

and morphological analysis. Since PET is sensitive to moisture, which hag isftaance on its
processing and performance properties, PET pellets and PET pelletized extrudates were dried in a
vacuum oven at 110 °C for 24 h before mixing and molding. The C30B and the other modified

clays were also dried at 50 and 110 °C under vacuespectively.

P00208 | P00308 P00408
1 1
(CHpCH, ;o (CHCH, vl € )
1 1
CH3(CH,);3 — P —(CH,);CH; : CH,(CH,); —P —(CH,);CH; : (C¢Hg) — P — (CH,),COOH
| 1 | | \
(CH,);CH;, : (CH,);CH;, : (CgHs)
CleIm |  2Cl6Im | Cl6-Py | Cloisite30B
1 | I
CH|CH2 | (CH,),sCH, I CH :
+ : I, ! /N i/ (CH,),OH
CH CH ! ! \ I ' |CH.—N—T
N | CH CH | CH_CH o
AN | CH-N_ N 1 (cn,),0H
(CHy);sCH; ! CH,),.CH, ' | !
2150 H; E (CH,),sCH; | (CH,),sCH, :

Figure 51. Chemical structure of the surfactanthe negatively charged countens are chlorine or

bromine
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Figure 52: Screw configurationa) 1% mixing zone with 30, 60 an@i0° elliptical elementsb) 2™ mixing

zone with 30° elliptical elements) 3 mixing zone with 60° elliptical elements

5.2.3 Characterization

Wide angle Xray GLITUDFWLRQ :$;' 3KLOLSV ; SHUW ZRAWws&X.. UD
used to estimate basal spacidg{) between silicate layers. The generator was operatedkt 50
and 40mA. The samples were scanned frorhQF at 0.01°/s.

Thermogravimetric angsis (TGA) (TGAQ500 TA instruments) was conducted under
nitrogen by scanning at 10C/min up to 600°C, to evaluate the thermal stability of the
organoclays and PET PCNs.

Scanning electron microscopy (SEM) (Hitachi S4700 with a cold field emission gun, FEG
SEM) was used to investigate the distribution of clay in the PET matrix. The specimens were
prepared using an Ultracut FC microtome (Leica) with a diamond knife and then coated with Pt
vapor.

The quality of clay dispersion was evaluated using transmigdectron microscopy (TEM)
(JEOL JEM2100F, operating at 2040/). The samples were microtomed into approximately 50

80 nm thick slices, using the above microtome system at room temperature.
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TEM micrographs were used to measurefthe-path spacing distae between clay layers
The micrographs were manually digitized using a digitizing table from Wacom and SigmaScan
v.5 software.

The thermal behaviorof PET and the PCNs was studied, using differential scanning
calorimetry (DSC) (DSCQ1000 TA instrumentsphder helium atmosphere, by scanning at 10

°C/min, following successive heating/cooling/heating cycles.

5.3 Results and discussion

5.3.1 Ammonium surfactant

The presence of two hydroxyl groups in C30B could bring about good compatibility between
PET chainsand the organoclay. On the other hand, they are suspicious of thermal degradation of
the modifier at the processing temperature of Pkd,.of C30B occurs at around 30 °C below

the processing temperature (Tabl&). Moreover,Tsy, of PCN containing C30B itower than

that of neat PET extrudate (Tale). Incorporation of a larger amount of C30B causes further
reduction in the thermal stability of the resulting PCN. At 4 wt% nominal content of O3B,

of the PCN is 368 °C, which is 9 °C lower th&gy, for the PCN containing 2 wt% C30B (Table
5.2). XRD shows that thel-spacing for C30B is around 1.8 nm (Tal#el). The PCN
incorporating C30B exhibits two distinct peaks. The firskspacing~3.5 nm) reflects
intercalation of the clay layers and the secalidgacing~1.6 nm) implies the degradation or the
exuding of the modifier or could be related to a reflection of the first peak. As a result of various
factors, including the random orientation of silicate layers, the inhomogeneous distribution of
surfactam in the interlayer space, and the distribution of interlayer spacing, it is not possible to

obtain a complete and detailed evaluation of the state of delamination of clay layers on the basis
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of XRD analysis alone [22]. Thus, the XRD results should beledupith direct observation by

SEM and TEM analysis.

In SEM images (Figre 53), the quality of the distributive mixing of the tactoids appears to

be good. Clay aggregates in C30B PCN are probably due to poor mixing and, in part, to the

collapse of silica layers as a result of degradation of the modifier at the processing temperature.

Table 52: TGA and XRD results of PCNs

Tsee  Gallery opening

(°C) ooz (NM)
Neat PET-- Extrudate 385
PCN-- 2% C30B 379 1.7
PCN-- 1.25% C16Im 382 15
PCN-- 1.25% 2C16m 384 1.1
PCN-- 1.25% C16Py 380 1.6
PCN-- 2% P00208 388 0.60
PCN-- 2% P00308 387 0.20
PCN-- 2% P00408 388 0.05

Figure 53: SEM images othe PCN with 2wt% C30B
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Figure 54: TEM images othe PCN with 2wt% C30B (All scale bars represest nm)

The results of the TEM analysis (kg 54, ad) are in agreement with the XRIxtperns.
Both individual platelets and tactoid aggregates are seen in the micrographs. The marked
distances in Figre 54a (I1~21.3, 11~6.91, 11I~17.9, IV~6.01 and V~2.62 nm) represent partially
an exfoliated and intercalated structure of PCNs with C30Bsé& mesults could not be obtained
using XRD alone. Moreover, thispacings indicated in Rige 54d (1~5.96, I1~2.15, 11I~1.73,
IV~2.28 nm) reveal partial intercalation and collapse of silicate layers. The expansion of the
gallery spacing may be assocthte@ith the compatibility between the organoclay and the PET
chains, while the collapse or reduction of basal spacing may be attributed to degradation of the
modifier. Figure 55 illustrates the brealip and peeling mechanisms that take place during melt

compounding. The former involves overcoming the cohesive forces between clay layers by the
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compounding stresses [23], while the latter is due to exerted shear stress by the penetrating

polymer matrix [24].

Figure 55: Various irtercalation mechanisms for the PNC containing 2 % C30B. The main micrograph

shows the brealdp and inset depicts peeling.

Recently, a technique based on fpag¢h spacing distancBy 1, was introduced to provide a
guantitative estimate of the degree ofdadispersion in PCNs [286]. In this method, a random
line (usually vertical or horizontal) is drawn to intercept the clay layers in a TEM micrograph.
The freepath distancey, between the platelets is measured. After constructing a histogram from
calculated data (more than 100 measuremebBtg),is defined as the probability of the frpath

distance distribution in the range &fr0.1 [25]:

D,, 11539U0° 7.5933u0%(x/s) 6.6838u0*(x/s)’
1.9169uU10 *(x/s)® 3.9201uL0 °(x/s)*

1)
where X ands are the mean and standard deviation values of a set gbdteedata. Values of
Do1 over 8 % indicate an exfoliated structure, and values between 4 aftl i@dicate

intercalation, while values lower than 4 % suggest an immiscible mlagph [26]. The

histogram and statistical results of fig&h spacing for the PCN with C30B is displayed in



41

Figure 56a. The appearance of a sharp peak at low spacing and the value of 6.8% obtained for
Do provide further quantitative evidence of intdateon. The results of Figre 56b are

discussed below in the section gmsphoniunsurfactants
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Figure 56: Layer spacing histogram of: a) the PCN withvt26C30B; and b) the PCN with2t%P00208

5.32 Imidazolium surfactants

Imidazolium and pyridiniummodified clays (see Tablé.l and Figire 51) were mek
compounded with PET. XRD patterns reveal two distinct peaks for these nanocomposites (Table
5.2), which imply partial intercalatiord{spacing~3.3 nm) and also reductidrbasal spacingd
spacing~1.6 nm) due to degradation or exudatiothefmodifier from the silicate galleries.
These observations are in harmony with the thermal stability results summarized irbTIable

However TGA shows better thermal stability for dazolium and pyridiniuamodified clays
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than for C30B, buflse is close to the processing temperaturee C=C and vinyl bonds are

likely contributors to thermal degradation of modifiers.

Figure 57: Morphology of the PCN conitaing 1.25% 2C18m a) SEM; and b) TEMAIl scale barsn

TEM micrographs represent 50 nm)

SEM micrographs of the PCNs containing 246 which has the highest gallery spacing
amongthe surfactants under considerati@mow that the distribution of silita layers in the
matrix is acceptable (Fige 57a). Although the amounts of these clays were lower than C30B,
some small aggregates could be observed. TEM micrographs also display partially intercalated
structure and dispersed clay tactoids (Fega7b). The SEM and TEM micrographs of the PCNs
with C16Im and C16éPy exhibited the same results. Regarding the chemical structure of the
modifiers (Figire 51), lack of compatibility between PET chains and imidazolium and
pyridinium surfactants could be an eapation for presence of tactoids in the system, instead of
individual silicate layers. Regardless of improvement in thermal stability, compared to C30B, the

poor dispersion level of clay layers is an important issue. Besides, these modified clays were lab
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made and only small quantities of them were availdertheless, it allows for a qualitative
comparison of the dispersion levels of these clays with other types of modified clay used in this

work, hence providing helpful information for further invgstions.

5.33 Phosphonium surfactants

In view of the low thermal stability of ammonium surfactants, a number of phosphonium
surfactants were included in this study. These compounds and corresponding organoclays have
shown improved resistance to thermafjidelation at the processing temperature of PET (Table
5.1). The characteristics of these compounds are given in Babland Figire 51. P00408,

which contains carboxylic groups, was expected to provide better compatibility with PET.
However,the XRD resuts of Table5.2 indicate no change in the positiontbe nanocomposite

peak andhe SEM micrograph®f Figure 58 showan importaniquantity of large aggregates in

the nanocomposite.

Figure 58: SEM images othe PCN containng 2% P00408

In the second phosphoniumodified clay, PO0308, the carboxyl functionality is removed
and the butyl groups are substituted for the rigid phenyl groups of P00408. While P0O0308
exhibited good thermal stability, XRD results of the correspondargpcomposite showed little
change in the position of the peak that was observed for the organoclay §PabMoreover,

the SEM micrographsof Figure 59 showthe presence of large agglomerates in the system.
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Apparently, the small pendant alkyl andidigghenyl groups in PO0308 and P00408, respectively,
produce higher packing density of the modifier between the silicate layers. The aligned, confined
and lateral arrangement of the modifier could bring about impediment to diffusion of polymer
chains intothe silicate interlayer space. Considering the interdigitated layer structure of
organomodified clays2[7] and effect of molecular length of surfactant on gallery operi2&y [

form factors for the phosphonium modified clays are calculated and preseftaole’.3. The

number of surfactant molecules per unit surface area was estimated from the specific surface area
of the pristine clay (758 ffg) [29]. Assuming that the clay thickness is equal to 1 nm, the gallery

opening can be obtained from XRD res|able5.1).

Figure 59: SEM images othe PCN containing2% P00308

Table 53: Form factors of phosphoniumodified clays

Ash content Moleculesin® Molecular length Gallery height Tilt

(%) (10™) (nm) nm Angle

(°)
P00408 72 8.5 0.95 0.85 63.5
P0O0308 82 6.7 0.53 0.62 39.2
P00208 72 7.7 1.86 1.3 38.2

As seen in Tabl&.3, the tilt angle of PO0408 with rigid pendant phenyl groups is more than
that of PO0308. It also has more molecules per unitserbf clay. Therefore, thegee less

available site for PET chains to reach the surface of the clay. However, the gallery height of
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P00308 is a littleanorethan the molecular length of the modifier, but the number of molecules is
of the same order of mgaitude as for P00408. It means that the packing density of the surfactant
leads to saturation of the clay surface and prevents polymer chains to diffuse into the gallery.
Phosphonium surfactant P0O0208 incorporates a long alkyl chain as a substitueedbtren
butyl group of PO0308. However, as indicated Tay, (Table 5.1), its thermal stability at the
processing temperature remains satisfactory. XRD shows that the peak has been shifted to a
lower angle. Thus, basal spaciisgncreased (Tabl®&.2). Moreover,the SEM imagesf Figure
5.10suggest that the distribution of silicate layers in the systeamdsptableThe TEM images
of PCN incorporating P00208 depict partially intercalated structure and the presence of
agglomerates in the form of tactoidsidure 511, a-d). The specified distances in big 51la
(1~9.35, 1I~4.71, 11I~2.28 and IV~1.85nm) indicate partially intercalated arrangemetiteof
silicate layers in the system. big 511d is in agreement with XRD patterns (1~3.21, 11~2.69,
lI~2.64 and IV~2.04 nm). Also, this figure provides some information regarding the

mechanism(s) of silicate layer delamination.

Figure 510: SEM images othe PCN containing2% P00208
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Figure 511 TEM images othe PCN with 2% P00208 (All scale bars represent 50 nm)

The statisticatesults of Figre 56b showthat the fregpath spacing distanc®g, of PCN
with P00208 is 5.8%, which is 1% lower than the value obtained for PCN with C30B. In the case
of the PCN with P00208, the histogram thie free-path spacingeveat a higher peak atlower
spacing thathe PCN with C30B. This indicates thtte corresponding hanocompoditas more
tactoids andh clustered structure. Various factors might explainlénger quantityof tactoids in
the phosphonium based nanocomposites. These include lower diffusiAyTointo the gallery
spacingof the glicate layers and possibly the need for employangore intensive mixing for the
case of phosphonium systenmiBhe Hamaker constantgalculatedfor these phosphonium
modified claysat the processing temperature daeger than the value for C30B (. The

interlayer population density influences the degree of intercalation in the system. Alttiwaigh,
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organophilicity @ the clay is enhanceoly ahigher interlayer population density, tRET chains
would penetrag¢ with difficulty the galleriesdue tosaturationby surfactant molecules or high
organic contentCompared to the first two phosphonium surfactants, P00208madong
aliphatic tail, which can provide more sites at the surface of the clay for interaction with the
polymeric chains.

Figure 512 displays thecomparison between DSC resultsRENs with C30Band P00208
The first heating cycle was conducted to erdgethermal history of the sample. In the second
cycle, the melted sample was cooled. The peak of the crystallization temperature appears at
higher temperatures (Rige 512a) and the rate of crystallization increases Fghl2b) with
incorporation ofclay (Table5.4). The relative degree of crystallinity (kige 512b) is obtained
by calculating the area under the exothermic crystallization peak in the cooling cyales(Fig

5.12a), i.e.

OédHc(t)dt

- (2)
3 dH, (t) dt

where Hc(t) is the heat flow at timé andt- is the end of crystallization. The degree of

crystallinity was calculated according to the following equation:

.. H
Crystallinity(%) ——&— 3
y y(%0) Ha % 3

where x indicates the percentage olay, C LQGH[ UHSUHVHQWV WKH HROG FU\

refers to the heat of fusion of 100% crystalline PET, which is 118Jfg [
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Figure 512 DSC results othe PCNs with C30B prepared by TSE, &°C/min a) Cooling cycle (2nd

cycle) andb) Relative crystallinity vs. time

Table 4 shows that the value df, decreasesn the presence of clayt means that the
overall rate ofquiescentcrystallizationincreaseswhich is proportional to the,,, reciprocaly.
This behavior is usuallgxplained by the nucleating role of silicate layers in the syss233].
According to the state of delamination (seeulfégg56) and also TEM micrographs (kige 54

and Figire 511), the higher cold crystallizatidcemperature and lowey,, of PCNs with C30B
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could be attributed to a better intercalation. Since themlabtle thermally stable phosphonium
modified clay was washed with distilled water several times and titrated with silver nitrate to
detect any trace afhloride [20], the increase of the crystallization rate pertains to the nucleating
effect of silicate layers. On the other hand, degradation of PET in the presence of C30B is
plausible [34] suggesting that a reduction of molecular weight may contribtite tacrement in

the overall crystallization rate [35]. However, in this study, PCNs with C30B exhibited a better
intercalated structure than the phosphonium modified clay and its crystallization started sooner.
More research efforts are required to shgttlon the role of either clay or molecular weight

reduction on the crystallization behavior of PCNs.

Table 54: DSC results of PCNs with C30B

Te t12 Crystallinity
(°C) (s) (%)
Neat Polymer 182.1 1215 34.7
PCN-- 2% C30B 197.9 84.2 36.9
PCN-- 2% P00208 1935 107.9 35.7

5.4 Conclusion

PET PCNs were preparagsing atwin-screw extruder by melt compounding of PET with
different types of clay, including a commercial ammonibased surfactant (C30B),
experimental thermally able phosphonium surfactants (P&ries) and experimental thermally
stable imidazolium surfactants. The properties of the PCNs containing these new modifiers were

compared in terms of thermal stability and various factors contributing to the quality of
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dispersion. The phosphonium based nanocomposites exhibited better thermal stability, but they
showed a lower degree of intercalation than the ammonium and imidazmdised
nanocomposites. Nanocomposites incorporating P00208 exhibitetler dispersion tmathose
incorporating the other phosphonium compourdsigher dispersion parametd&yg 1, for PCNs

with C30Bwas obtained compared RCNs incorporating P00208.

From a omparison between the different modified clays, prepared in this study under the
sameextrusion conditioa the PCNs with C30B exhibied a better dispersion and intercalation
thanthe phosphonium and imidazolium modified clays. On the other hand, the thermal stability
of the phosphonium modified claywas significantlybetterthanthe C30B systems.Since our
efforts in this step were only concentrated on morphological effects of different types of modified
clay, further investigations are required to optimize the chemical structure of the surfactants and
the processing conditions (includiagplied shear), inrder to achieve both improved dispersion

and thermal stability of PET nanocomposites.
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Abstract

Polyethylene terephthalate (PET) nanocomposite films were prepared by cast extrusion followed
by uniaxial stretching, using chill rolls. Transmission electron microscopy (TEM) and wide angle
X-ray diffraction (WAXD) showed that the clay layers wergméd in the machine direction

(MD) in the PET/clay nanocomposite (PCN) films. Differential scanning calorimetry (DSC)
showed that PCN films have higher crystallinity than the neat PET films, possibly due to the
nucleating role of the silicate layers. TREN films became hazier as the clay content increased,
but the film transparency remained in the acceptable range. Oxygen permeability of the PCN
films decreased by 23% compared to the neat PET film. This is comparable to predictions of
models proposed ithe literature. Silicate incorporation brought about 20% increase in the tensile
modulus, while the puncture and tear propagation resistance were reduced, due to brittleness of
the PCN films. The measured modulus (1.7 GPa) was somewhat smaller thanud® val

predicted using the Pseudtlusion model (2.1 GPa).

1. Submitted td?olymer Engineering and Science
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6.1 Introduction

Polarity, high chain stiffness, close chain packing via symmetry, intermolecular bonding, and
high levels of glass transition temperature, crystallinity or orientation are desataiideites in
polymer films used in barrier applications. Polyethylene terephthalate (PET) is-argstailine
engineering polymer that fulfils the above features to varying degrees. However, gas
permeability to oxygen has been a challenge in someécapphs, such as soft drinks and beer.
Surface modification improves the barrier properties, but the brittleness and high cost of the
coated films are common shortcomings of the coating techniqe®s [1

The incorporation of layered silicate clay as amp@émmeable nanoparticle phase in a PET
matrix is an attractive approach to enhance gas barrier properties [3]. The relatively impermeable
silicate layers create a tortuous path within the polymer matrix, thus reducing gas permeability.
Melt compounding anth situ polymerization are the main techniques employed to produce PET
nanocomposites. Melt compounding is the preferred method for preparation of polymer
nanocomposites, due to the absence of solvents and monomers, which have environmental and
cost disadantages. Furthermore, the high deformation rates employed in extrusion compounding
enhance the dispersion of nanoparticles in the molten polymer matrix.

Few reports are available in the literature regarding the properties of PET/clay
nanocomposite (PCN) pducts. A study showed that the ultimate tensile strength of PCN fibers
incorporating phosphonitimodified clay increased with clay content [4]. The modulus of the
prepared fibers using a capillary rheometer was approximately twice that of the neatd®?ET fib
Another study showed that the addition of nanoclay led to increase of drawability of PET fibers
in hot air [5]. The modulus and tenacity improved at 1 wt% loading of clay, but at higher

concentration, the presence of large aggregates prohibiteditheng¢forientation along the fiber
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axis. Biaxial stretching (by a factor of 3) of PCN sheets, containing 2 wt% synthetic clay, led to
an increase in the tactoid length, thus causing a ca. 20% reduction of oxygen permeability [6].
Another study showed thatcorporation of 5 wt% NanoterTM 2000 clay in PET, using a batch
internal mixer caused approximately 30% reduction in oxygen permeability [7]. Compounding a
bottle grade PET with ammonium modified clay led to an increase in the tensile modulus by 20%
for partially intercalated PCNs [8]. A reduction of about 20% in oxygen permeability was
reported for specimens prepared by compression molding.

In this work, PCN thin films (25 P ZHUH SUHSDUHG E\ FDVW H[WU X
stretching, using chill rollsThermal, optical, barrier and mechanical properties of the final film

products were studied.

6.2 Experimental

6.2.1 Materials

Experimental grade high viscosity PET Selar PTX 295 (DuPont) and low viscosity general
purpose PET 9921 (Eastman Chemical Co.)eweased in this study. The complex viscosity
behavior of both resins is presented inure6.1. PTX295 is more viscous and exhibits more
sheatthinning than PET 9921. In order to improve the processability, the two PET resins were
blended at a ratio of 4:(low: high viscosity). The results of a study relating to the compounding

of different organomodified clays and PET have been reported elsewhere [9]. Based on that
study, a commercial ammonium modified clay (Cloisite 30B, Southern Clay Co.) was
compoundeawith the PET blend (in powder form) at two different nominal levels of clay (1 and

3 wit%).
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Figure 61: Complex viscosity of the neat polymers measured with a CSM rheometer at a stress amplitude

of 200 Pa and 280 °C

6.2.2 Melt Compounding

Melt compounding was carried out in an intermeshingatating twin screw extruder (TSE)
(Werner & Pfleiderer ZSK30). The clay was premixed with the ground PET and then fed to the
extruder hopper. The TSE had 30 mm screw diameteL/&ndf 40. Figire 62 depicts the screw
configuration. After the conveying and pressuring elements, the first mixing zones with 45° right
and left hand (LH) kneading blocks (KB) are located as indicated wrd-i§2a. The second
mixing zone (Figre 62b) include a short 45° kneading block and the third mixing zonesi(€ig
6.2c) consists of 45° and 90° kneading blodkslit die 1.9 mm thick and 20 cm wide was used
to prepare films, and an air knife was mounted on both sides of the die to supply air on the
surface of the film. At low air flow rates, necking was significant and at high air flow rates, the
films wrinkled and creased. Therefore, a medium air flow rate (45%), corresponding to an air
velocity of 6.3 m/s was chosen. The chill rolls were employed ricst the extrudate. The

applied draw ratios varied in the range of6Zand the distance between the die and chill roles
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was cal0 cm. Under these conditions, the average necking was ca. 26% which means the width
of films is 15 cm, and the thicknesstbg films was in therange of 25 P 7KH H[WUXVLRQ .
conducted at 175 rpm and temperature profile of 240, 275, 265 and 265 °&feétting rate of

2 kg/h. Since PET is sensitive to humidity, which has strong influence on the processing and
performarce properties of the products, PET and clays were dried in a vacuum oven for 24 h

before processing, at 110 and 60 °C, respectively.

KB 45/5/28 (c)
KB90/5/28
KB 45/5/28

-
— - -
- -
- -
-

KB45/5/20 --~ o
(a)
KB45/5/28 2x KB 45/5/14
KB45/5/28 LH
KB45/5/14

Figure 62: Screw configuration: a)*1mixing zone composed of both 45° right and left hiandading
blocks; b) 2 mixing zone with 45° right hand kneading blocks; and"tj@xing zone including 45°
and 90° kneading blocks. KB and LH denote kneading block and left hand, respectively. The first two
numbers indicate the staggering angle and raurobblocks, respectively and the third one represents

the length in mm.

6.2.3 Characterization

The quality of the clay dispersion was evaluated using transmission electron microscopy (TEM)
(JEOL JEM2100F, Japan, operating at 200 kV). In order to sthdyotientation of platelets and

tactoids, microtoming was done along the machine direction. To cut the specimens into
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approximately 580 nm thick slices, they were embedded in epoxy resin and microtomed using
an Ultracut FC microtome (Leica, Germany) watlliamond knife at room temperature.

XRD measurements were carried out using a Bruker AX®&yX goniometer (USA)
equipped with a HETAR two-dimensional area detector. The generator was set at 40 kV and 40
mA and copper Cu Ka radiation =1.542 A) was sedcted, using a graphite
crystalmonochromator. The sample to detector distance was fixed at 12 cm for wide -aagle X
diffraction. To get the maximum diffraction intensity, several cast film layers were stacked
together to obtain a total thickness of ab®dutm.

TEM micrographs were used to measure the average aspect ratio of dispersed clays. The
micrographs were manually digitized using SigmaScan v.5 software (SPSS Inc., USA) and a
digitizing tablet (Wacom, Japan).

The crystallization and the melting bel@v of the PCN films were studied, using
differential scanning calorimetry (DSC) (DSCQ1000 TA instruments, USA) under helium
atmosphere, by scanning at 10 °C/min from 50 to 280 °C. The samples were also annealed in a
vacuum oven, at 150 °C for 28 min, ad the same DSC procedure was applied to the annealed
specimens. Hazgard plus (Qualitest International Inc., Canada) was used to measure haze and
clarity of the produced films.

An Instron 5548 micro tester (USA) was used to measure tensile propertaandrear
samples, 13 mm wide and 35 mm long, were stretched at 25 mm/min at room temperature. The
tear resistance of the films was measured in both machine (MD) and transverse (TD) directions
according to ASTM D1922. Rectangular samples, 7.6 cm (3 ifength by 6.4 cm (2.5 in.) in
width, were cut and plainly marked to denote the intended direction of tear. The required work
for tearing was measured based on the angular position of the pendulum during the tearing

operation. Puncture tests were perfornnsthg a 100 N load cell of an Instron 5500R (USA).
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The samples were pierced by a needle with 0.5 mm radius and 25 mm/min speed. The
displacement of the film was recorded against the force (N) and the maximum force was reported
as the puncture strength.

Oxygen transmission rates (OTRs) were determined using afr@xModel 2/21 oxygen
permeability MD Module from Mocon (USA) at 23 °C. The 100% dry oxygen test gas
concentration was used as the driving force and all the tests were done under barometré pressu
700 mmHg. According to the definition, to obtain the permeability coefficient, all measured OTR

values have been normalized (multiplied) by the films thickness.

6.3 Results and discussion

6.3.1Morphology

TEM micrographs of PCN films containing 3 wt%d@ite 30B (C30B) prepared at the largest
draw ratio (65) show a partially exfoliated/intercalated structure with dispersed tactoidise (Fig
6.3). The individual delaminated silicate layers, observed at higher magnification, reflect the
compatibility and srface interactions between PET chains and the hydroxyl groups of C30B,
which facilitate the separation of the silicate layers. At the same time, thermal stability of
surfactant is a concern in PCNs processing. This degradation might contribute to ¢éneguds

the dispersed tactoids, seen at lower magnificationVf@IXD patterns (MN plane, Figre 64a)

of PCN films reveal that the silicate layers are laid in the flow direction, which is in agreement
with direct observation by TEMIhe incident beam, wbih strikes the surface of the film (MT
plane, Figire 64b), is parallel to the normal vector of the silicate layers and accordingly no
pattern is observed. It can be better shown when the intensity is plotted as a function of the

azimuthal angle (Figre 65a).
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i,

Figure 63: TEM micrographs of PCN films containing 3% C30B at the largest draw ratio (65) MD and
ND denote machine and normal direction, respectively. The scale bars represent a) 0.2 um; b) 100 nm;

and c¢) 20 nm.

Figure6.4: 2-D WAXD patterns of PCN films containing 1% C30B at the largest draw ratio (65) in: a)

MN; and b) MT plane The insert depicts the observed planes.

The azimuthal angle3 is 0 or 180° along the equator and 90 or 270° caltve meridian.
The noticeable peak at the azimuthal angle of 0° is another proof that the silicate layers are
oriented in the flow direction. The diffraction intensity profiles (g 65b) of PCN films with
C30B show two distinct diffractions correspamgito the delamination state of silicate layers [9].

The first peakd-spacing~3.5 nm) is related to the intercalated morphology. The secondipeak (
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spacing~1.6 nm), which appears at lower @uld be related to the degradation of the modifier.
Figure6.6 compares the azimuthal intensity profiles of PCN films at the lowest and largest draw
ratios. The full width at half maximum (FWHM) is a criterion for the orientation level. FWHM of
the PCNfilms at a draw ratio of 65 is slightly lower than that at a draw ratio of 25. It
demonstrates that in cast film extrusion owing to the stretching at the exit of the slit die, most of
the silicate layers are in MD and increasing the draw ratio has niceigheffect on the state of

orientation of the clays

Intensity

-100 -50 0 50 100
Azimuthal angle (%)

(b)

Intensity

Figure 65: a) Azimuthal intensity profile; and b) Diffraction spectrum of PCN films with 1% C30B at the

largest draw ratio (65) in MN plane
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a) PCN--1%C30B--DR25
b) PCN--1%C30B--DR65

Intensity

60 40 20 0 20 40 60
Azimuthal angle (%)

Figure 66: Azimuthal intensity profiles of PCN films containing 1% C30B at a) the smallest (25); and b)

largest (65) draw ratios in MN plane

6.3.2 Crystallization Behavior

DSC measurements were carried out at 10 °C/min from 50 to 280°C. Samples warsmadded

at 150 °C for 180 min, and the same procedure was applied to the annealed specimens. The
results are presented in Figs&. At a given draw ratio, the cold crystallization temperature
(determined at the peakl)¢, decreases by ca. 5°C when0B3s incorporated into the neat PET,
indicating that the clay acts as a nucleating agent during cold crystallizatiome(l6iga). WWhen
crystallization takes place further below the melting region, it is controlled by growth from a
kinetic point of view[10]. Thus, the presence of more nuclei in the system leads to faster rate of
crystallization [1112]. After annealing at 150 °C for 20 min, the cold crystallization peak
disappears and a small endothermic peak is observed -26 2C above the annean
temperature (Figre 67b). The first endothermic peak (between 118D °C) is due to the melting

of the less perfect secondary crystals between lamellae stacks [13]. This peak shifts to higher
temperature with clay content (kg 67c). The second end@rmic peak pertains to the melting

of the primary crystals formed in the first step of the crystallization (lamella formation and three
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dimensional crystal growth) [14]. The position of the second melting point shifts by only 2 °C

with clay content. Theesults illustrated in Figre 67c¢ are almost independent of draw ratio (the

difference is less than 0.5°C).

(a) —O— PCN--0%C30B--DR65 (b) —0— PCN--0%C30B--DR65
—&— PCN--1%C30B--DR65 —&— PCN--1%C30B--DR65
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Figure 67: DSC results of PCN films with C30B. a) DSC traces during cold crystallization; b) DSC of

annealed films; xmelting points of annealed samples vs. clay content; d) crystallinity before and after

annealing

The crystallinity of the PCN films was calculated according to the following equation:

Crystallinty(%) “Hn He
'H,Q@ X)

(1)
where x indicates the percentage of C30#, and cc subscripts represent melting and cold
FU\WWDOOL]DWLRQ HgrefarStd Fhe/ heatHdd fusidh @fGa 100% crystalline PET,

which is 115 J/d15]. As shown in Figuré.7d, the crystallinity at a given draw ratio increases
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by a factor larger than 2 for the PCN incorporating 3 wt% C30B. The above equation was also
used to measure the crystallinity of the annealed samples. In this case, theystalitization
enthalpy was omitted from the numerator and the melting enthalpy was considered as the sum of
areas under the endothermic peaks. Annealing had a substantial influence on the degree of
crystallinity, as shown in Figuré.7d. The degree of csyallinity is enhanced by ca. 7, 5 and 4
times for the PCN without and with 1 and 3 wt% C30B, respectively. The presence of silicate
layers enhances the crystallinity in both annealed aneanogealed samples. The crystallinity of
nonrannealed samples r&gents the amount of crystallinity induced during the cast extrusion
process.

WAXD patterns of PCN films with 3% C30B before and after annealing are seen in Figure
6.8. The rings that appear after annealing are related to the crystalline reflections. ofFHRET
diffraction spectra confirm the DSC results. The increase of area under the pealdren@dig

shows that the silicate layers provide more sites for crystallization.

Figure 68: 2-D WAXD patterns of PCN films with 3%C308t the largest draw ratio (65). a) before; and

b) after annealing
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Figure 69: Diffraction spectrum of PCN films after annealing: a) neat PET; and b) PCN with 3% C30B

6.3.30ptical Properties

Haze is defined as the fraction tohnsmitted light, which scatters and deviates more than 2.5°

from the axis of the incident light [16]:

Ig 1259
ls Ir

Haze(%) 0o (2)

where |, and Is represent the regular transmitted and scattered transmitted light intensity,
respectively. High haze values indicate that an object will appear milky or cloudy, when viewed
through the film. Clarity or transparency is the fraction of incident lighhat scatters by less

than 0.1° while passing through a filnmb]1

019

Clarity (%) Ir | uL00 (3)

High clarity values are associated with a cleat slmarp image of an object viewed through
the film. If the clarity decreases, an object seen through the film appears out of focus and fuzzy.

Figure 610 shows, for PCN films obtained at a draw ratio of 65, that the presence of silicate
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layers reduces thearity and increases haze, as expected for the case of incomplete exfoliation.
At the highest draw ratio, the thinnest sample, the haze increased by a factor of 9 for the PCN
with 3 wt% C30B, and clarity decreased by 15%. These effects are reinforckd imgrteased
crystallinity of the polymer and the samples became completely opaque and white after
annealing. Since the haze and clarity values for the PCNs are less than 6% and more than 85%,
respectively, the transparency of the PCN films could be cerexidacceptable (ASTM D1003).
Similar behavior was observed for other draw ratios (results not shown). Needless to say, the
optical properties of a film depend on thickness and the haze values slightly decrease at higher

draw ratio (reduction in thicknes®r both neat PET and PCN films.
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Figure 610 Haze and clarity of PCN films with C30B at the largest draw ratio (65)

6.34 OxygenPermeability

In the steadyV WDWH FRQGLWLRQV WKH SHUPHDE Uunk W\vap&HIILFLH
passing per unit time through unit area of a polymer film having unit thickness with a unit
SUHVVXUH GLIITHUHQFH DFURVV WKH VDPSOH™ > @P)B8DWKHPD

the product of the diffusivityl§) and the solubilitycoefficient §), i.e.:
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P DS 4)
By ignoring the effect of filler on the surrounding polymer mattitg composite solubility

coefficient can be described as [18]:

S s@ 5 ©))

where & is the solubility coefficien of the neat polymer and is the volume fraction of the
dispersed patrticles. In fact, the impermeable silicate layers create a tortuous path in the polymer
matrix and, as a consequence, gas molecules penetrate with more difficulty. Hence, according to

the above equations, theatVe permeability can be obtained as a function of volume fraction of

silicate layers and tortuosity(

K P al where W& (6)
P, 74 D

where 0 subscript indicateshe neat polymer. Several attempts, including analytical and
numerical modeling, have been made to predict the tortuosity parameter and permeability of
filled systems [1983]. The main models are summarized in T&hle

The measured oxygen permeability wed of the PCN films at different draw ratios are
shown in Figire 611a. As seen, the draw ratio does not have a significant effect on the barrier
properties of the products. At a 3 nominal wt% C30B, 23 % reduction in oxygen permeability
was obtained, whit is to be expected, according to the morphology studies (saecFd).
Figure 611b shows that after 20 min annealing at 150 °C, the oxygen permeability of the neat
PET and the PCN films at the same draw ratio (65) decrease by ca. 40 and 46%, efgpectiv
Besides the tortuosity, chain segment immobility due to confined environmental geometry should
be taken into account [B4

After annealing (see Fige 67d), crystal lamellas introduce more confinement and entropic

penalty into the matrix, which leadis less chain mobility and reduction of permeation. In other
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words, along with the effect of silicate layers, the low permeability of the crystalline phase
compared to the amorphous phase indicates a complementary approach for reducing gas

permeation thragh matrix.The volume fraction of the clay in the PCNs can be calculated as:

wt%clay 4 100
105 " where  en Wighoiay 100 widhciay )

(C(ay (l{atrix

/

ay

where ! represents the density. The reported density of Cloisite(hNgural montmorillonite)

(2.86 g/mL [35]) and the measured density of the neat PET (1.27 g/mL) were used in this study.
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Figure 611 a) Oxygen permeability of PCHlms vs. draw ratio; and b) Effect of crystallization on

barrier properties of PCN films with C30B at the largest draw ratio (65)
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The density of neat PET was determined using a HAAKE PVT100. The specific volume was
measured at high pressures and extetpd| to the atmospheric pressure. The measured ash
content is a reliable representative of the silicate layer content in the system. A known amount of
sample (few grams) was put in the furnace and the organic material was burned at high
temperature (~800C), overnight. The difference between the weight of the sample before and
after burning depicts the inorganic content. C30B per se has 30% organic surfactant, which
means for the PCN with 3 (nominal) wt% C30B, the expected ash content should be 2.1%.
Howe\er, the measured ash content was 1.83%, probably due to loss of clay during feeding in the
extruder hopper. This corresponds to a volume fraction of the silicate layer®.609 in the
PCN. Based on the experimental reported percolation threshold for permeability of PENs [36
37], and predicted value obtained by renormalization group model [38], the aspect)ratithé
silicate layers was assumed to be 150. The prebikative permeability values obtained by
various models are summarized in TaBle. As seen, the relative permeability decreases as the
geometric factou of the Cusslermodel [26] increases. The predictions of the Nielson [21]
(analytical) and the Gusd32] (numerical) model are close to our experimental value. In our
PNC films, the silicate layers are oriented in MD (seaufggh4). Thus, the order parameté)(
in the Bharadwaj model [33] can be taken as 1. It has to be mentioned that fully dispedse
oriented structure is the common asgtion of the indicated models.

Since the morphology of the PCN films (see ufegy 63) shows a partially intercalated
structure, the difference between the values reported in Tableand the experimentally
measuwed relative permeabilityK=0.77) is reasonable. Regarding the predicted values by the
models of Tablé.1, one can conclude that even in the assumption of a completely exfoliated

structure, the barrier properties would be at most lowered to half oathe for neat PET at this
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level of clay (£0.009). TEM micrographs were used to estimate the average aspect ratio,

which is the ratio of the length) to the thickness) of clay particles as shown in fige 612.

Figure 612 Measuring the aspect ratio of the silicate layers by image analysis. Silicate layers are laid in

MD

Figure 612a shows the case of an exfoliated particle, while the average thickness and final length
were used for overlapped tactoids (g 612b)and, for the curved tactoids (kige 612c), the
endto-end vector s considered to be the lengkigure 613 shows the histogram of the image
analysis results of ca. 200 calculated rafidsese results indicate that the average aspect ratio of
the silicate particles is 47. Entering the experimental relative permealili#®.77) in the
Nielson [21] (analytical) and the Gusev [32] (numerical) model yields aspect ratios of 63 and 55,

respectively, which are in fair agreement with the value obtained lgeiuaalysis.
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Table 61: Predicted relative permeability values for different modeis. (

tortuosity Relative
Model Geometrical Assumption
parameter 2 Permeability (K)
. D/ . . e
Nielson [21] 1 7 Aligned ribbons with infinite length 0.59
$OLIJQHG ULEERQV ZLAWR7DQ 0.68
Ribbons with infinite length and equi
pa p/? © | probability of alignment and misalignmel 0.81
Cussler [26] 1 —«—>
4 1 /1 > @
Hexagonal flakes with random orientation
0.96
> @
sD/ 2 Monodisperse rectangular flakes withfinite
Cussler [30] i 0.47
©3 1 length and random planar distribution
&
4L x 0125¢ 7 Monodisperse oriented disks placed in
Fredrickson [31] ¢ 2% 0.66
wherex ~21Hh 52" nematic structure
2 @i
a§ D 071 o
Gusev [32] exp « Randomly dispersed disks without overlappin 0.59
8471
Aligned ribbons with infinite length@=1) 0.59
. D/ . 1.
Bharadwaj [33° 1 > g ig) 51 Randomly oriented ribbons with infinite leng
0.81
(0=0)

a LV DIJHRPHWULF IDFWRU ZKLFK GHSHQGY RQ WKH VKDSH RI WKH GLVS
b) O is an orientation function, which depends on the angle between the normal unit vector of silicate layers and the

direction of the preferred orientation.
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Figure 613. Histogram of calculated aspect ratio for PCN films with 3%C30B

6.35 Mechanical Properties

The values of the tear resistance of the PCN films at the highest draw ratio, in both MD and TD,
are presented in Rige 614. The tear rediance decreases with clay content, in both directions.
The same trend was also observed foexwudate multilayer nanocomposite films [39]. The
resistance to tear propagation in TD is slightly higher than in MD. This might be due to the
partial orientaton of the PET chains in the flow direction. Tearing samples with the highest clay
content obtained at low draw ratios (thicker samples) occurred along a zigzag path, leading to
variable tear resistance values. Thus, the results are not reported here.

Tensle modulus in the machine direction and puncture strength of the PCN films at the
highest draw ratio are shown in bBrg 615. Clay incorporation leads to an increase of the tensile
modulus and more brittleness, in comparison with the neat PET films. w63 C30B, the
tensile modulus increases by around 20%, with a small increase in yield strength (data not

shown). Puncture resistance is reduced by ca. 60% in comparison with the neat polymer.
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Figure 614: Tear resistance of RCfilms in the machine (MD) and transverse (TD) directions at the

largest draw ratio (65)
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Figure 615: Tensile modulus in MD and puncture resistance of PCN films at the largest draw ratio (65)

It was discussed earlier that tRENs exhibited a mix of intercalated structure and dispersed
tactoids. This morphology has a significant effect on the reinforcement efficiency. A stack of
platelets including organomodifier or polymer chains between clay layers can be considered as a

psaidoparticle, which has a lower effective aspect ratio and higher volume fraction. Thus, a
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modification of the HalpirTsai model [40] to account for the partially intercalated morphology
leads to the Pseudoclusion model [41] as presented in Tal@e€. The d-spacing was

determined by WAXD to be 3.5 nm (see g 65b).

Table 62: Halpin-Tsai and Pseudmclusion models

Model Predicted Modulus

1 2D0Mm
En———
1 MK
E 1
E, 2D
Eclay

EMatrix

Halpin-Tsai [40]

E

N @ NS L3
to 1 1o

Pseudeinclusion [41]* b 1 % 13
© ,\p31t©s 1
D E 10D
N b/ ’ T
2w ! S Th

a) N and gt represent the number of intercalated tactoids and gallery spacing, respectivélysaad auxiliary

SDUDPHWHU WR FDOFXODW } vilikne frRdRdB, L4 ldnH @dizetiStoEFNVE)) Thése Rarameters

VKRXOG EH VXEXawlE\vi Kaphi-Gsai Rnodel.

Based on the image analysis of TEM micrographs used in ¢doegling section, the average
number of clay layers in intercalated tactoidl, is 5. The modulus of the matrix in the
longitudinal direction, measured in tensile tests fféga15), is 1.5 GPa, and the modulus of clay
is 170 GPa [39]. Assuming an aspeatio of 150, the Pseudaclusion model (see Tabkg?2)
predicts a modulus of 2.1 GPa. On the other hand, the image analysis employed in the former

section gave an average aspect ratio for the silicate layers of 47. Considering the Walie of
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the Pseudinclusion model becomes the classical Halpgai model (see Tabk2), and predicts
a modulus of 2.2 GPa. Both predictions are larger than the experimental modulus, 1.7 GPa.
According to the Pseudaclusion model, a stack of plateletd=5) with aspectatio of 150
would have smaller equivalent volume fractiorg)(and lower aspect ratio.f than the

individual layers with estimated aspect ratio of 47, which explains the discrepancy.

6.4 Conclusion

PCN films were prepared by cast extrusion followed by stretching, using chill rolls. TEM and
WAXD were used to stydthe morphology and the state of delamination. The PCNs with C30B
showed a partially exfoliated/intercalated structure. WAXD patterns showed that the silicate
layers were oriented in MD (machine direction), which is in agreement with TEM analysis. DSC
studies showed that cold crystallization of PCN films with C30B occurred at a lower temperature
due to the nucleation effect of clay. The presence of clay resulted in more hazy films, but the
products were still in the acceptable range of transparency. bratign of nominal 3 wt%

C30B led to a 23% reduction in oxygen permeability, which is approximately half of the best
predictions of models proposed in the literature. The PNCs exhibited about a 20% increase in
tensile modulus, but the resistance to purectand tear propagation was reduced due to
brittleness of the PCN films. The measured modulus was smaller than the predictions of the

Pseudenclusion model.
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Abstract

Polyethylene terephthalate (PET) nanocomposite filmith 3 wt% Cloisite 30B)were prepared

by cast extrusion followed by uniaxial stretching, using chill rollaio screw profiles with
different mixing elements under different screw spédédapnd feeding rateQ) were used to
preparePET/clay nanocomposite (PCN) film$ransmission electron microscopy (TEM) and

wide angle Xray diffraction (WAXD) showed that the clay layers were alignechenrachine
direction (MD) XRD patterns depicted that the interlayer distance of clay platelets in the state of
intercalation is somehow independent of the processing conditions, but the-staero
characterization, including barrier and mechanical ptasrshowed that the level of clay layer
delamination was affected by processing conditions. The results reveal that the applied strain has
stronger effect than residence time on the barrier and mechanical properties. At the highest screw
speed N=250 rpn), 27% reduction in oxygen permeability and 30% improvement in tensile

modulus were obtained for the more severe screw profile.

1. Accepted ininternational RolymerProcessing
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7.1 Introduction

Polyethylene terephthalate (PEIE)a semicrystalline engineering thermoplastic used widely in
packaging apptiations. The polarityglose chain packing via symmetigtermolecular bonding

and high glass transition temperatureake PET a good candidate for barrier applications.
However, gas permeability toxygenhas been a challender some applicationssuch & soft

drinks and beecontainersSurface modificatiorby coatingimproves the barrier properties, but

the brittleness and high cost of the coated films are common shorgrof the coating
techniques (Barker et al., 1995chmachtenbergt al., 2006) The incorporation oflayered

silicate clay as an impermeable nanoparticle phase in a PET matrix is an attractive approach to
enhance gas barrier propertigée and Yongping 2005) The relatively impermeable silicate
layers create a tortuous path withire tholymer matrix, thus reducing gas permeability. Melt
compounding and in situ polymerization are the main techniques employed to produce PET
nanocomposites. Melt compounding is the preferred method for preparation of polymer
nanocomposites, due to the abse of solvents and monomers, which have environmental and
cost disadvantages. Furthermore, the high deformation rates employed in extrusion compounding
enhance the dispersion of nanopatrticles in the molten polymer niatias shown that a single
screwextruder is not an effective tool to delaminate the clay layers in a polymeric matrix in
comparison with a twin screw extruder (Cho and Paul, 2001).

To form a nanocomposite in melt extrusion, the stacks of clay platelets must be broken into
smaller tactads, first. Then, the polymer chains should penetrate the gallery space (Dennis et al.,
2001). Strain is a key factor in breaking the clay aggregates (Lin et al., 2009), but the affinity of
polymer and organmodified clay and their polar interactions dietahe level of exfoliation

(RamirezVargas et al., 2009). If the compatibility between the polymer and clay is low,
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processing conditions would not influence the intercalation quality of the nanocomposite
(Tarapow et al., 2009).

The state of nanoclay diggsion, intercalation and/or exfoliation, in a polymeric matrix
depends on several parameters, such as polymer properties (Bikiaris et alF-&0@es6;et al.,
2002a; Hotta and Paul, 2004) or the chemical structure of the organomodifier (Barber et al.,
2005; Brando et al., 2006; Chung et al., 2008; Costache et al., 2006; Fornes et al., 2002b; Fornes
et al., 2004; Ghasemi et al., 2010a; Gurmendi et al., 2006; Zhao et al., 2003;). While processing
conditions have no significant effect on interlayer spacimgthe state of intercalation
(LertwimolnunandVergnes 2006), they seem to influence the level of exfoliation (Davis et al.,
2002;LertwimolnunandVergnes 2005; Li et al., 2002Zhu and Xanthgs2004). It was reported
that for a given screw profile, ttetate of delamination of clay layers depends on the screw speed
(Peltola et al., 2006; Tanoue et al., 2006), feeding rate (Kim et al., 2@@8yimolnun and
Vergnes 2007) and temperature profile (Fasulo et al., 2004; Modesti et al., 2005). Higher screw
speed and lower feeding rate lead to better delamination of clay platelets (Fasulo et al., 2004;
Kim et al., 2008LertwimolnunandVergnes 2007). The former indicates the influence of higher
strain rates and the latter implies the influence of longataese time.

Properties of PET/clay nanocomposite (PCN) filmseported earlier and showed that
incorporation of 3 wt% Cloisite 30B (C30B) caused a 23% reduction in oxygen permeability and
20% increase in tensile modulus under a selected set of procesatiigons (Ghasemi et al.,
2010b). In this work, the effects of processing conditions, including screw speed, screw profile

and feeding rate, on barrier and mechanical properties of PCN films were studied.
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7.2 Experimental

7.2.1 Materials

In order to impree the processabilityan experimental grade high viscosity PET Selar PTX 295
(DuPont) and low viscosity general purpose PET 9921 (Eastman Chemical Co.) were blended at
a ratio of 4:1 (low: high viscosity). The complex viscosity behavior of both respresented in

Figure 71. PTX295 is more viscous and exhibits more ski@aning than PET 9921.
Commercial ammonium modified clay (Cloisite30B, Southern ClayProducts Co.) was

compounded with the PET blend (in powder form3 att% nominal level of clay
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107 4 o2 Q% o  Selar PTX 295 - DuPont
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Figure 71: Complex viscosity of the neat polymers measured with a CSM rheometer at a stress amplitude

of 200 Pa and 280 °C

7.22 Melt Compounding

Melt compoundingwas carried out in an intermeshing-r@ating twin screw extrder (TSE)
(Leistritz, Germany. The clay was premixed with the ground PET and then fed to the extruder

hopper. Thaliameter of thd SE screw was34 mm andL/D was42. Two different screw profiles
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were used to prepare PCN films, and each configurationstedsf three mixing zones (Figes

7.2 and 7.3. In the first screw profile (Figre 7.2), dter the conveying and pressuring elements,

the first mixing zonewas composed of 10 kneading elemefisS) with both positive (right
handed) and negative (left maled) 60° staggering angl@-igure 7.2a).In KS notation, the first
number indicates the number of kneading elements, the second number represents the width of
each kneading lobe in mm and the third number implies the staggering @hglpeositive and
negative staggering angle provides forward and backward flow, respectiedysecond mixing

zone (Figire 7.2b) includal two left (L) and right(R) handed gear type mixinglementgyZME).

The first number indicates the number of teeth around the circuméeréree second number
represents the number of gears in each ZME block and the third number shows the length of
ZME block in mm. The third mixing zone (kige 7.2c) had 15 kneading elements with a positive

60° staggering angle

KS'5/7.5/(+60)
KS'15/7.5/(+60) KS'5/7.5/(—60)

ZME8/5/30 (L)
ZME 8/5/30 (R)

Figure 72: First screw profile: a) *lmixing zone composed of 10 kneading elements with both positive
(right hand) and negative (left hand) 60° staggering angle™bhiRing zone with two left and right
hand ZME elements; and c nixing zone incluthg kneading elements with positive 60° staggering

angle.
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Good mixing of solid additives in molten polymers requires both dispersive and distributive
mechanism (McKelvey, 1962). In dispersive mixing, the cohesion forces between solid particles
should be ogrcome and the aggregates should be broken into smaller particetey and
Parfitt, 1985) In distributive mixing, the smaller particles should be distributed uniformly in the
matrix (Spencer and Wiley, 1951). Lengthening the kneading elements enltispesive
mixing (ManasZloczower, 2009). In all three mixing sections of the second screw configuration

(Figure 7.3), wider kneading lobes were placed first, followed by narrower kneading elements

KS 3/15/(90) KS3/15/(90)
KS 5/7.5/(+60) KB 60/5/30
KS 5/7.5/(+30) KB30/5/30

© (2) [

KS3/7.5/0)
KS 4/7.5/(+60)
KS 4/7.5/(-60)

Figure 73: Second screwrofile: a) ' mixing zone composed of three wide kneading elements with 90°
staggering angle followed by two narrow kneading blocks with 30° and 60° staggering andfe; b) 2
mixing zone with three kneading elements (0°) followed by 8 kneading elemehtbath positive
(right hand) and negative (left hand) 60° staggering angle; ar@ira)xéng zone including three wide

kneading elements with 90° followed by 10 kneading elements with 30° and 60° staggering angle.

After the conveying and pressuring elerse three wide kneading elements with 90°
staggering angle followed by two narrow kneading blogkth 30° and 60° staggering angle

formed the first mixing zone (Fuge 7.3a).KB denote a kneading blockThe first two numbers



85

indicate the staggering argand number dbbes, respectivelyand the third one represents the

length in mm.The second mixing zone (Rige 7.3b) hadthree kneading elements (0°) followed

by 8 kneading elementwith both positive and negative 60° staggering angle third mixiry

part (Figure 73c) includedthree wide kneading elements with 90° followed by 10 kneading

elements with 30° and 60° staggering angle

Table 71: Processing conditions and sample identification

Temperature profile from the fedaroat to the die (°C)

230 275 270 265 265 265 260 260 260 260 260 260 260 260 260

First screw profile (Figre 72)

Second screw profile (Fige 7.3)

Code Sample N (rpm) Q (kg/h) Code Sample N (rpm) Q (kg/h)
M1 neat PET 200 3.0 W1 neat PET 200 3.0
M2 3%C30B 150 3.0 W2 3%C30B 150 3.0
M3 3%C30B 200 3.0 W3 3%C30B 200 3.0
M4 3%C30B 250 3.0 w4 3%C30B 250 3.0
M5 3%C30B 200 15 W5 3%C30B 200 1.5
M6 3%C30B 200 4.0 W6 3%C30B 200 4.0

A 20 cm wide slit dievith a 300 um die gawas used to prepare films,daan air knife was

mounted on both sides of the die to supply atodhe surface of the filmA medium air flow

rate (0% of maximum flow rat® corresponding to an air velocity 62 m/s was choserchill

rolls (20 °C)were enployed to stretch the extdate,andthe distance between the die and chill

roles was calO cm. Under these conditions, the averagekin was ca. 2%, which means the

width of the films was 16 cm and the thickness was in the range 60-8

P

7KH H[WUXVLR
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was conducted alifferent screw speedsl] and feeding rate€)). The processing conditions and
temperature profile are summarized in Table Measurement of the ash content indicated that
all PCN samples had only 1.8 wt% silicatentamt. The nominalash content should be 2:%,
since C30B per se has 30 wt% organomodifier, but some quantity of clay could have been lost
duringprocessing

Since PET is sensitive to humidity, which has strong influence on the processing and
performane properties of the productd)e mixture of groundPET and clay were dried in a

vacuum oven &0 °C for 24 h before processing.

7.23 Characterization

The quality of the clay dispersion was evaluated using transmission electron microdebpy
(JEOL JEM2100F, Japan)operating at 200 kV. In order to study the orientation of platelets and
tactoids, microtoming was done along the machine direction. To cut the specimens into
approximately 5680 nm thick slices, they weffe@st embedded in epoxy resin andamitomed

using an Ultracut FC microtome (Leica, Germany) with a diamond knife at room temperature.

Wide angle Xray diffraction :$;' 3KLOLSV ; SHUW ZLWEKILEM56AUDGLDWI
was used to estimathe basal spacingdgoi) between silicate layers. The generator was operated
at 50 kV and 40 mA. The samples were scanned frdf°Jat 0.01 °/s.

X-ray diffraction KRD) measurerants werealso carried out using a Bruker AXS -y
goniometer (USA) equipped with a43iTAR twodimensional area detector. The generator was
set at 40 kV and 40 mA and copper Cu Ka radiatierl 642A) was selected, using a graphite
crystalmonochromatorThe sample to detector distance was fixed at 12 cm for wide anglg X
diffraction. Several cast film layers were stacked together to obtain a total thickness of about 2

mm, in order toobtainthe maximum diffraction intensity
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The crystallization and eiting behavior of the PCN films were studied, using differential
scanning calorimetry (DSC) (DSCQ1000 TA instruments, USA) under helium atmosphere, by
scanning at 10 °C/min from 50 to 280 °C.

An Instron 5548 micro tester (USA) was used to measure teursifgerties. Rectangular
samples, 13 mm wide and 35 mm long, were stretch28 mtm/min at room temperature.

Oxygen transmission rates (OTRs) were determined @sir@x-Tran Model 2/21 oxygen
permeability MD Module from Mocon (USA) at 23 °C. 100% dry oxiygvas used and all the
tests were done undapressuref 93.3 kPaT700 mmHg. To obtain the permeability coefficient
all measured OTR valuagerenormalized (multiplied) by the films thicknedsor each sample,

the measurement was repeated three times.

7.3 Results and discussion

7.3.1 Morphology

XRD results obtained in the reflection mode were employed to investigate the effect of
processing conditions on the state of intercalation of PCN films the results are presented in
Figure 74. Two distinct peakare observed for the PCN filniscorporating C30BThe first @-
spacing~3 nm) reflects intercalation of the clay layers and the secdrgpdcing~1.6 nm)
implies the degradation or the exuding of the modifierall cases (Figre 74a and b), the
intedayer distance of clay platelets appears around 3.6 nm. Intercalation occurs when polymer
chains can diffuse into clay galleries, and it takes place rapidly in the melting zone of the barrel
(Dennis et al., 2001). Thus, the level of intercalation is somehdependent of the processing

conditions and screw profiléértwimolnunandVergnes 2007).
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Figure 74. WAXD spectra of: a) PCN films prepared using the first screw profile (M series); b) PCN
films prepared using the secosdrew configuration (W series); c): samples M2 and M4 (constant
feeding rate, first screw profile); d) samples W2 and (d6hstant feeding rate, second screw profile);
e) samples M5 and M6 (constant screw speed, first screw profile); and f) samples W%6and

(constant screw speed, second screw profile)

The development of morphology depends on how intercalated clay bundles break into
tactoids during the extrusion process. However, for a given screw profile and at a fixed feeding

rate Q = 3 kg/h), the heighof the diffraction peak decreases when screw speed increases
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(Figures 7.4c and e). A slight reduction in the intensity can also be observed by reduction of
feeding rate at constant screw speed (Figures 7.4d and f). The intensity and broadness of a peak
provide information regarding the number and size distribution of scattering domains,
respectively Todorovand Viana 2007). Hence, it can be concluded that at lower feeding rate

and higher screw speed, the degree of delamination is improved, due torésigence time and

applied shear, respectively.

—A— M5
—O— M6
<
2 2
K| =
© @ I
2.0 25 30 35 40 20 25 3.0 35 4.0
20,(%) 20(°)

Figure 75: Top) Typical 2D WAXD patterns of PCN films in a) MN; and b) MT plane; Bottom)
Diffraction spectrum of PCN films prepared using the first screw profile at c) coristding rate;
and d) constant screw spe®iD, TD and ND in the insert, represent machine, transverse and normal

directions, respectively. Accordingly, the MT plane is defined by the MD and TD axes and the MN

plane is specified by the MD and ND axes.
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As reported earlier (Ghasemi et al., 2010b),-MAXD patterns reveal that the silicate
layers lie in the flow direction (Figures 7.5a and b). After integration through the patterns of MN
planes, the diffraction intensity profiles, which pertain to the intgrsi scattered light, are
reported in Figures 7.5¢ and d. The results show that the XRD results in the transmission mode
are in agreement with those of the reflection mode. The same trend was observed for the samples
prepared by the second screw configiora(data not shown).

TEM micrographs osample W4 (corresponding to the highest screw sysemly a partially
exfoliated/intercalated structure with dispersed tact(figure 7.6).The individual delaminated
silicate layers, observed tite higher magrfication, reflect theeffect of the appliedtrainon the

sepration of the silicate layers.

Figure 76: TEM micrographs of sample W4 (second screw profile, the highest screw speed) for two

magnifications (top and bottom) atwlo different positions (left and right).
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TEM results of sample W5, (the lowest feeding rate) presented in Figure 7.7 display a
partially exfoliated/intercalateshorphology. Since in direct observation via electron microscopy,
only a small surface area $soped out and considered as representative of the sample; macro
scale characterization was employed to shed more light on the bulk behavior of PCNs and the

difference between these samples (discussed.la

Figure 77: TEM micrographs of sample W5 (second screw profile, the lowest feeding rate) for two

magnifications (top and bottom) and two different positions (left and right).

As shown in Figure 7.8, a big aggregate of clay can be seen in TEM micrographs of sample
W6 (the hrgest feeding rate).lt suggests that higher feeding rates and accordingly shorter
residence times in the extruder barrel lead to less delamination and separation of stacks of clay

platelets.
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Figure 78: TEM micrographs of sapte W6 (second screw profile, the highest feeding rate) for two

magnifications (top and bottom) and two different positions (left and right).

Regardless of macrecale characterization and based on direct observation by TEM (Figures
7.6 to 7.8), one may oalude that either higher screw speeds (higher applied strains) or lower
feeding rates (longer residence time) prodpasially exfoliated/intercalatechorphology. More
tactoids can be observed in TEM micrographs of Figure 7.9 for sample M4 (first sofde)p
in comparison with sample W4 (second screw configuration), both prepared at the highest screw

speed =250 rpm).
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Figure 79: TEM micrographs of sample M4 (first screw profile, the highest screw speed) for two

magnifications (top and bottom) and two different positions (left and right).

To clarify the effect of screw profile on the dispersion level of silicate layerdrag@ath
spacing distancé_uo and Koo, 2007; Luo and Koo, 200&ps used to provide guantitative
estimateof the degree of layer dispersior samples M4 and W4n this method, a random line
(usually vertical or horizontal) is drawn to intercept the clay layers in a TEM microgkéieh.
measuringhe freepath distancey, between the platele{aore than 100 measurements),; is
defined as the probability of the frpath distance distribution in the range fr0.1 (Luo and

Koo, 2007)

D,;, 1.1539U0® 7.5933ul0?(Xx/s) 6.6838u0“(x/s)

1
1.9169U0 “(x/s)® 3.9201U0 °(X/9)* @)
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where X ands are respectivelythe mean and standard deviation values of a set ofpate
data.Values ofDg 1 over 8% indicate an exfoliated structure, and values between 4 and 8 %
indicate intercalation, while values lower than 4 % suggesnhanriscible morphologyLuo and

Koo, 2008) After ca. 500 measuremerdaser 10 TEM micrographshe value of7.5% and 6.%

were obtained forDg 1 of sample W4 and M4, respectively. It seems that the incorporation of
wider kneading elements followed by namer ones in the mixing sections of the second screw
profile (Figure 7.3) yields a better state of delamination of clay layers, which is supported by the
enhanced mechanical properties discussed later.noteworthy to mention that at the highest
screw peed N=250 rpm), the measured torque value of second screw was about 10% larger than

the first one.

7.3.2 Crystallization Behavior

DSC measurements were carried bytscanningat 10 °C/min from 50 to 280C. At the same
processing conditions (first scrgwofile, N=200 rpm andQ = 3 kg/h), the PCN films exhibit a
lower cold crystallization temperatur@,, (ca. 9°C) than the films obtained from neat resin
(Figure 7.10a)When crystallization takes place further below the melting region, it is controlled
by growth from a kinetic point of vielLauritzen and J.D.Hoffman 1973) Thus,generally
speakingthe pesence of more nuclei in the system leada teduction inT.. As illustrated in
Figure 7.10bT. for M2 is slightly higher than that of M4, which is in agreement with the WAXD
results (see Figure 7.4c). The difference is clearer in the case of comseamtspeed (Figure
7.10c), i.e. M5 exhibits loweF, than M6 (23 °C). One may conclude that M5 (sample obtained
atthe lowest feeding rate) has more nuclei than other samples. On the othetdumadation of
PET in the presence of C30Bhghly probabé (Xu et al., 2009anda reduction of molecular

weight may contribute to @duction inT. (Chen et al., 2007)
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Figure 710 DSC results of PCN films produced using the first screw profile: a) Neat resin and PCN films
prepaed at N=200 rpm and Q = 3 kg/g; b) PCN films prepared at constant feeding rate (Q = 3 kg/h).
M2 and M4 are the samples prepared at 150 and 250 rpm, respectively. ¢) PCN films prepared at
constant screw speed (N=200 rpm). M5 and M6 are the samples pregiaded and 4 kg/h,
respectively. The reported temperatures are the average of two experiments with the error range of +0.2

°C.
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Hence, he lower T could be either related to the better state of delamination of clay
platelets or to degradation of the mataimd, consequently, presence of shorter polymer chains,
due to longer residence time at the lowest feeding rate. As discussedhatenechanical
propertiessupportthe latter explanation The same trend was observed for the W series samples
prepared byhe second screw profile (data not shown) andrthelues were very close to those
reported above.

For both screw profiles (M and W series samples), the average crystallinity of the PCN films
were 1314%, which are ca. two times that of the neat resih @Mdd W1) and are in agreement
with our previous results (Ghasemi et al., 2010b). The haze and clarity values (le Roy, 1993) of
all samples were less than 5% and more than 90%, respectively, which are in the acceptable

range of transparen¢ASTM D1003)

7.3.3 Oxygen Permeability

The measured oxygen permeability values of the PCN films are shownure Figjl. As seen,

the relative permeabilities are somehow independent of the screw profi&. values K=P/Py)
represent the relative permeability of themples wher® and Py are the permeabilities of the
sample with and without clay, respectiveMt.a given screw speed and feeding rate Khalues

are quite close, e.g. M3 and W3 samples show 23 and 24% reduction in oxygen permeability,
respectively, wich are the same as our previous findings (Ghasemi et al., 2010b). For a fixed
screw profile, the lowed{ (0.73) corresponds to 27% improvement of oxygen barrier properties.
This result pertains to the sample prepared at the highest screw speed (M44and W
comparison between thévalues of the samples prepared at constant feeding rate (samples 2 and
4 in both M and W series) and constant screw speed (samples 5 and 6 in both M and W series)

shows that the screw speed has a stronger effect than tingfesge@ on the barrier properties.
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Figure 711 Oxygen permeability of PCN films prepared by: a) first screw profile; and b) second screw

configuration. The K valueKEP/Py) represent the relative permeability of the sampRandP, are

the permeabilities of the sample with and without alagpectively.)

C30B per se has 30% organic surfactant, which means for the PCN with 3 (nominal) wt%

C30B, the expected ash content should be 2.1%. However, the measured ash corité¥%was

probably due to loss of clay during feeding in the extruder hopper. This corresponds to a volume
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fraction of the silicate layers of=0.009 in the PCN. Based on the experimental reported
percolation threshold for permeability of PCNs (Yano et al., 1997; Ray et al., 2003), and
predicted value obtained by renormalization group model (Lu and Mai, 2005), the aspec) ratio (

of the silicaé layers was assumed to be 1B0comparison between the experimental data and

the predictions of models were discussed earlier (Ghasemi et al., 2010b), and it was shown that
the maximum achievable reduction in oxygen permeability for fully exfoliatedretiealigned

silicate layers in the flow direction is ca. 40% (at 1.8 wt% silicate layer content corresponding to

a volume fraction of 0.009).

7.34 Mechanical Properties

Tensile moduls datan the machine direction of the PCN films aeportedin Figure7.12. Clay
incorporation leads to an increase of the tensile modulus, in comp#oiiom neat PET films.
For all processing conditions, PCN films prepared by the second screw profile (W series) exhibit
a slightly larger increase &%) in tensile modulst It might be attributed to a better dispersion of
clay layers in the matrix, which was discussed above by direct observation (Figures 7.6 and 7.9)
and by usingDo 1 values. For a fixed screw profile, the largest increment is observed for the
highest scr& speed (sample 4), which is 26 and 30% for M4 and W4, respectively. It seems that
at the lowest feeding rate (sample 5), despite the fact that the modulus increases, the longer
residence time in the barrel results into more degradation of the matrixofstant feeding rate
(samples 1), the tensile modulus increases gradually with screw speed, e.g. W2, W3 and W4
exhibit 23, 25 and 30% increments in modulus, respectively.

The maximum allowable displacement of the instrument gauge was 110 mm (ca. 200%
tensile strain). The neat resin samples (W1 & M1) could be stretched easily after yielding up to

200%. As mentioned above, W4 shows the best results of the -sadeocharacterization with
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respect to barrier and mechanical properties. Figure 7.13 shovesathes. strain curves for W1l
and W4. As illustrated, the incorporation of 3 wt% C30B leads to a 75% reduction in elongation

at break for sample W4.
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Figure 712 Tensile modulus of PCN films in machine direction, prepareagusi) the first screw profile;

and b) the second screw configuration.
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Figure 713: a) W1 after elongation at 200 %; b) W4 after elongation at break; and c) load vs. tensile strain

for both W1 and W4. Both samples were 68 [icK.

7.4 Conclusion

PET nanocompositBims based on Cloisite 30B clayere prepared by cast extrusion followed
by stretching, using chill rolls. TEM and WAXD were usectharacterizéhe morphologyand
the state of delaminationand dispersion The PCNscontaining C30B showed a partially

exfoliated/intercalated structure. WAXD patterns showed that the silicate layers were oriented in
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the MD (machine direction), which is in agreement witie TEM analysis. DSQlatashowed

that cold crystallization of PCRIms containingC30B occurred at a lower temperatared the
crystallinity increased from-8% for the neat polymer to about-13 % for the PNCsXRD

results showed that the interlayer distance of clay platelets, i.e. the state of intercalation, was
independent of the processing conditions. However, TEM analysis showed that the level of clay
delamination was influenced lay increment of screw speed (higher applied strain at 250 rpm), a
reduction in feeding rate (longer residence time at 1.5 kg/h) aadimgssevere mixing elements

in the screw (second screw configuratioimhe results of morphological studies and barrier
properties suggest that both higher screw speeddoagdr residence times have a beneficial
influence on the level of delaminatiomdh dispersion of the silicate layers. The mechanical
results suggest that PET chains might undergo degradatiche longer residence time. The
results also reveal that the applied strain has a stronger effect than the residence time on the
barrier and rachanical properties. At the highest screw sp&2%0 rpm), 27% reduction in
oxygen permeability and 30% improvement in tensile modulus were obtained upon using the

screw profile designed for more intensive mixing.
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CHAPTER 8

GENERAL DISCUSSION

Various issues arise in the processing of PET at high temperature to produce polymer/clay
nanocomposites (PCNs). These include thermal stability of the organically iedodify,
thermal stability of PET and compatibility between PET and the organic mo@iitarent types
of organomodified claywere used inthe first step ofthis study including ammonium,
phosphonium and imidazolium surfactants. Our findings showat ah ammonium based
commercial clay, Cloisite 30BC30B), displays the best morphology according to delamination
state of clay layers in the PEDirect observation by SEM revealed that the quality of the
distributive mixing of the tactoids appears todmd and both individual platelets and tactoid
aggregates are seen in TEM micrographs. On the other hand, C30B has lower thermal stability
than other types of used organomodified clay. In fdt, gresence of two hydroxyl groups in
C30B could bring abowgood compatibility between PET chains and the organpblatghey are
suspectedof causingthermal degradation of the modifier at the processing temperature of PET.
The observed clay aggregates in C30B PCN are probably due to poor mixing and, in thert, to
collapse of silicate layers as a result of degradation of the modifier at the processing temperature.
Lack of compatibility between PET chains anddazoliumsurfactants could be an explanation
for presence of tactoids in the systeRegardless of inrpvement in thermal stability, compared
to C30B, the poor dispersion level of clay layers is an important issueigntyje of
organomodified clay.

In view of the low thermal stability of ammonium surfactants, a number of phosphonium

surfactants werexamned in this study. These compounds and corresponding organoclays have
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shown improved resistance to thermal degradation at the processing temperature butPET
compatibility between these surfactarind PET still remains as a critical issu€he
correspnding nanocomposiehave more tactoids and a clustered structure. Various factors
might explain the larger quantity of tactoids in the phosphonium based nanocomposites. These
include lower diffusivity of PET into the gallery spacing of the silicate kerd possibly the
need for employing a more intensive mixing for the case of phosphonium systems. The interlayer
population density influences the degree of intercalation in the system. Although, the
organophilicity of the clay is enhanced by a higheeratyer population density, the PET chains
would penetrate with difficultynto the galleries due to saturation by surfactant molecules or high
organic content

To form a nanocomposite in melt extrusion, the stacks of clay platelets must be broken into
smadler tactoids. Then, the polymer chains should penetrate the gallery space. The high molecular
weight and long polymeric chaitan provide more shear viscous forcesh@mixing process
On the other hand, low molecular weight and shorter polymer champenetrate more easily
into the gallery spaes of clay. In he second phase of this thesis and in order to improve the
processability, an experimental grade high viscosity and a low viscosity general purpose grade of
PET were blended at a ratio of 4:low: high viscosity). Since C30B showed the best
morphological results among the used organmodified clay, PET nanocomposite films containing
3 wi% C30B were prepared by cast extrusion followed by stretching, using chill rolls.
Morphological studies includg direct observation by TEM and2 WAXD revealed that the
silicate layersverelaid in the flow directionThe full width at half maximum (FWHM) obtained
from the azimuthal intensity profiles showed that in cast film extrusion, owing to the stretching at
the exit of the slit die, most of the silicate layersre inthe machine direction (MD)Increasing

the draw ratialid not have aignificant effect on the state of orientation of the clays.
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DSC resultshowedower crystallization temperature for PCNhis, indicating that the clay
acts as a nucleating agent during cold crystallization. When crystallization takes gothee f
below the melting region, it is controlled by growth from a kinetic point of view. Thus, the
presence of more nuclei in the systéeads to faster rate of crystallization. The crystallinity
increases by a factor larger than 2 for the PCN incorporating 3 wt%,@80&h represents the
amount of crystallinity induced during the cast extrusion prodesgothe presence of clay. The
degree of crystallinity isalso enhanced by ca. 4 times for the PGNvt% C30B, annealed at
150°C. The presence of silicate layers reduces the clarity and increases haze, as expected for the
case of incomplete exfoliation. Since the haze and clarity vauahe PCNs are less than 6%
and more than 85%, respectively, the transparency of the PCN films could be considered
acceptable, according to ASTM D1003.

The measured oxygen permeability values showed that the draw ratio does not have a
significant effecton the barrier properties of the products. At a 3 nominal wt% C30B, 23 %
reduction in oxygen permeability was obtained. The oxygen permeability of the neat PET and the
PCN films decreaskby ca. 40 and 46%, respectively, for annealed samples. It sughasts t
besides the tortuosity, chain segment immobility due to confined environmental geometry should
be taken into account. After annealing, crystal lamellas introduce more confinement and entropic
penalty into the matrix, which leads to less chain mobdiig reduction of permeation. In other
words, along with the effect of silicate layers, the low permeability of the crystalline phase
compared to the amorphous phase indicates a complementary approach for reducing gas
permeation.

The tear resistance decsea with clay content, in botinachine and transverskrections.

The resistance to tear propagation in TD is sliglafger than in MD. This might be due to the

partial orientation of the PET chains in the flow directiGtay incorporation leads to andrease
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of the tensile modulus and more brittleness, in comparison with the neat PET films. At 3 wt%
C30B, the tensilenodulus increases bout20% SincePCNs exhibited a mix of intercalated
structure and dispersed tactqidsis morphology has a sigigant effect on the reinforcement
efficiency. A stack of platelets includingn organomodifier or polymer chains between clay
layers can be considered as a pseudoparticle, which has a lower effective éigpaxtraigher
volume fraction.

To study the déct of procasingconditions on properties dhe final products,two screw
profiles with different mixing elements under different screw sp€lll and feeding rate(Q)
were used to prepare PET/clay nanocomposite (PCN) filamaining 3 wt% C30BXRD
patternsindicatedthat the interlayer distance of clay platelets in the state of intercalatsn
somehow independent of the processing conditions, but the +®@ale characterization,
including barrier and mechanical properties showed that the leetdyofayer delamination was
affected by processing conditions. The results reveal that the applied shear has stronger effect
than residence time on the barrier and mechanical propertieslonger residence time in the
barrel may result in more degradatiof the matrix.At the highest screw speet£250 rpm),
27% reduction in oxygen permeability and 30% improvement in tensile modulus were obtained
for the more severe screw profile.

In view of our finding about the effect of annealing on barrier propediéd3CN films and
the effect of clay on crystallinity of polymer, isothermal and #fisothermal crystallization
kinetics of PCN was also studi€lb evaluate the kinetic parameters of crystallization, our efforts
in this partwere focused on the PCNontaning only 1 wt.% C30B. Howeverthe Avrami { V
theory shows thatoverall, isothermal crystallization of PGNakes place faster, but further
analysis usinghe LauritzenHoffman treatment revealed that the presence of clay leads to less

perfect crystallinestructure. In other words, the equilibrium melting point of B@Npeaed at
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higher temperature and the required work for chain folding in the presence of clay is a bit higher
than neat PET. Temperature modulated DSC (MDSC) was employed to shed mooe light
multiple melting endotherms phenomenon observed during the heating of isothermally
crystallized samples. It revealed that the third endotmeay beattributed to the recrystalization

and melting of the crystals reorganized during heating, wheheaBrét and secongeaksare
associated with melting of secondary and primary crystals, respectively. The modified Avrami
equation and the combined Avra@zawa method were also applied to describe the non
isothermal crystallization process. The calcudagdfective barrier energy for PGNvas higher
thanfor the neatPET, which indicates less perfect crystalline structure for PE€8Uring non

isothermal crystallization.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

In this dissertation, fat, PCNs were prepar@dthe twinscrew extrudeby melt compounding of
PET with different types of clay, including a commecammoniurdbased surfactant GDB),
experimental thermally stable phosphonium surfactants $e08s) and experimental thernyall
stable imidazolium surfactant§he properties of the PCNs containing these new modifiers were
compared in terms of thermal stability amdrious factors contributing to the quality of
dispersion The phosphonium based nanocomposites exhibited betterahstability, but they
showed a lower degree of intercalation than the ammonium and imidazudisead
nanocompositesStatistical analysis demonstrates higher dispersion paranigterfor PCNs
with C30Bthan PCNs incorporating P00208.

After charactering the prepared PCN in the first step, C30B and P00208 organomodified
clay were selected to produce PCN filMRCN films were prepared successfully, by cast
extrusion followed by stretching, using chill rolls. TEM and WAXD were used to study the
morpholgy and state of delamination. However PCN with C30B «wbvpartially
exfoliated/intercalated structure, but PCN films with P00208 only dsgpitispersed tactoidsnd
stacked platelet§ his canbe explained according to coarser particle size and lowepaiiility
of lab-made phosphonium modified clay. WAXD patterns dispthghe orientation of silicate
layers in MT plane which is in agreement with direct observation by TEM. Thermal studies

demonstrate the effective role of silicate layers on crystaltiva behavior of PCN films. Cold
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crystallization of PCN films with C30Bobk place at lower temperature due to existence of more
potential nuclei in the system. Although adding claydbegore scattering ddtriking light beam
andconsequentiyazierfilms, but the producta/erestill in the acceptable range of transparency.
Adding only 3 nominal wt.% C30B led to 23% oxygen permeability reduction. Comparison
between the proposed models and experimental resultsedioat most of the available models
predid 40-50% improvement of barrier properties. Regarding the imperfect exfoliated
morphology of the obtained PCN films, the difference between the experiments and the models
could be explicable. However silicate layers brought about 20% increment of Yowuyius)

the puncture and tear propagation resistance reduced due to brittleness of PCN films. The
measured modulus was also compared with Halgai and Pseudmclusion models.

To study the effect of processing conditions of performance of the finau@sdPET
nanocompositdilms based on Cloisite 30B clayere prepared by cast extrusion followed by
stretching, using chill rolls. TEM and WAXD were usedharacterizéhe morphologythe state
of delamination and the dispersion The PCNSs containing C30B showed a partially
exfoliated/intercalated structure. WAXD patterns showed that the silicate layers were oriented in
MD (machine direction), which is in agreement witle TEM analysis. DSQlatashowed that
cold crystallization of PCN films with C30B ogred at a lower temperatuaed the crystallinity
increased from -G% for the neat polymer to about-13 % for the PNCsXRD results showed
that the interlayer distance of clay platelets in the state of intercalation is somehow independent
of the procesag conditions. However, from the TEM analysis and the mechanical properties the
level of clay layers delamination was shown to be affected by the processing conditions. The
results of morphological studies and barrier properties suggest that both luigveispeed and
shorter residence time have a beneficial influence on the level of delamination and dispersion of

the silicate layers. The results for the longer residence time suggest that PET chains might be



114

degraded. The results also reveal that theieghshear has stronger effect than residence time on
the barrier and mechanical properties. At the highest screw dge28Q rpm), 27% reduction in
oxygen permeability and 30% improvement in tensile modulus were obtained for the more severe
screw profile.

In order to the importance of crystallinity in pgsbcess solidification and influence of clay
on the crystallinity and consequently final properties of PCN, bothisaithermal and isothermal
crystallization kinetics of PCN were investigatesjng themoanalytical tools DSC and DTA.
To clarify the effect of clay layer on the crystallization kinetic parameters, our investigation was
concentrated othe partially intercalated nanocomposite incorporated with only 1 wt.% C30B.
The multiple melting behavioof isothermally crystallized samples were interpreted by
employing temperature modulated DSC (MDSC). It was shown that the first and second
endothermsvere attributed to the melting of secondary and primary crystals, respectively. The
significant amount o nuclei left during the first two endotherms, lbégeorganization and
recrystalization of PET and PCN which demonstrates at the third meltinghi®akyver, Avrami
theory showd that overall, isothermal crystallization of PCN takes place faster, butefurt
analysis using LauritzeHoffman secondary nucleation theory depitthat the presence of clay
leads to less perfect crystalline structure. In other words, the equilibrium melting point of PCN
appears at higher temperature and the required work &m &biding in the presence of clay is a
bit higher than neat PET. POM micrographs also proved that smaller crgstadgisted in
isothermally crystallized PCN in comparison with PET. The modified Avrami equation and the
combined AvrantOzawa method weralso applied to describe the nmothermal crystallization
process. The calculated effective barrier energy for PCN was higher than PET, which indicates
less perfect crystalline structure for PCN during-iswthermal crystallization which confirmed

qualtatively by POM resultsBoth isothermal and neisothermal kinetic studies showed that



115

incorporated nanoclay acts as nucleating agents and bhbogt the faster overall rate of
crystallization. However, smaller size and imperfect crystal predail nanocomposites, which
concluded by higher equilibrium melting point, more work required for chain folding and higher

activation energy.

9.2 Originality of the work

As mentioned in thehapter 2most of therelevantstudies focused on preparation of PGith
a PET matrix Due to the required high processing temperature, thermal stability of
organomodified claypresentsa major challengeRecently, phosphonium surfactantgere
introduced as thermally stable modifiefa clarify the chemical structure of orgamodifieron
the final morphology of PCNsubstituted groups in phosphonium surfactants were altered from
short and rigid groups to long alkyl chaimMdoreover, a integratedjualitative and quantitative
comparison between phosphonium and ammonium nesslifevealed that the compatibility
between PET chains atite organomodifier has stronger effethan thermal stability, per se.

To our knowledgeno study has been conducted on properties of PET nanocomposite films
To fill this gap, optical, thermal, rachanical and barrier properties of the PET nanocomposite
films were studiedin this dissertation.Macroscale characterizationsmcluding barrier and
mechanical propertigsave beenrarelyreported.Thus, it has beedifficult to assess the influence
of the processing conditions ogispersion quality otlay in the finalproducts.In view of the
experimental results presented in this work, the applied strain has a stronger effect than the
residence time on the barrier and mechanical properties of PCN films

Finally, there is no consensus in the literature about the effect of clay on the crystallization

kinetics of PET. For instance, a reductio@Jjland an increase (2] in the equilibrium melting
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point were reported for PET incorporating nanoparticlesreldeer, the calculated activation
energies wereaeported as either absolute (B] or negative [D4] values. Considering the
importance of crystallinity in pogirocess solidification and influence of clay on the crystallinity
and consequently final propes of PCN, both nofsothermal and isothermal crystallization
kinetics of PCNwere investigated to understand the effect of clay on crystalline structure of
PCNs. Both isothermal and neisothermal kinetic studies showed that nanoclay acts as a
nucleatingagent and yields a faster overall rate of crystallization. However, in the presence of
clay, more work is required for chain folding and the activation energy for crystalline growth is
higher. This suggests that smaller size and imperfect crystals are prewalent in

nanocomposites.

9.3 Recommendations

The following unexplored topics are recommended for future research:

1) As discussed in chapter &ompatibility and thermal stabilityf surfactants arerucial factos

in preparation of PCNsand they shold be satisfied together. Thus, thahemistry of
organomodified clay is one aspedbit need to be exploredto fulfill both compatibility and
thermal stability criteria

2) In order to select melt compounding as the preferred method to prepare PCNs, the
configuration of screw in the extruder atieé geometry of mixng elements should be optimized

This means that the cohesion force between clays particles (electrostatic and van der Waals
forces) should be calculated, first. Then the amount of forcesdee\wy mixing elements
should be estimated, based on the melt characteristic of polymer and shear/elongational fields of

mixing pools between the barrel and screw. Moreover, the geometry of mixing elements
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(staggering angle, forward/backward flow, width lneading blocks should be taken into
account. Modeling and simulation approaches can be used to fulfill these objectives.

3) As pointed out earlier, PCN films were prepared by cast extrusion in this project. Injection
blow molding could also be applied producePCNs with bottle grade PET. Thethe effect of

waterpermeatioron barrier and mechanical propertiegha#final productcould be studied.
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Isothermal and Non-Isothermal crystallization behavior of PET
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Abstract

Isothermal and neisothermal crystallization kinetics of poly(ethylene terephthalate) (PET)/clay
nanocomposites were studied. PET/clay nanocomposites (PCNs) containing 1 wt% Cloisite30B
(C30B) were prepared via melt compounding. Temperature modulated DSC (MDSC) for
isothermally crystallized samples revealed that the third endotherm at the highest temperature
may be attributed to the recrystalization and melting of crystals, reorganizied) theating,
whereas the first and second endotherms are associated with melting of the secondary and
primary crystals, respectively. Application of the Avrami equation to the results showed that the
overall isothermal crystallization rate of the PET inN®Cwas faster than in the neat resin.
However, the Lauritzeiloffman growth kinetics revealed that the presence of clay produced
more defects in the crystalline structure. In other words, the required work for chain folding and
equilibrium melting temperate in the presence of clay were somewhat higher than for the neat
PET. PCNs have higher activation energy than neat PET during isothermal crystallization, due to

the steric hurdles introduced by clay layers, leading to a reduction in the transportP& Tthe

1. Submitted td?olymer Engineering and Science
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chains into crystallites. The effective nmothermal activation energy for the PCNs was higher

than for PET, which could lead to less perfect crystalline structure in the PCNs.

A.1l Introduction

PET is a semcrystalline engineering thermoplastic useidely in packaging applications. The
polarity, close chain packing via symmetmipntermolecular bondingnd high glass transition
temperatureshould make PET a good candidate for barrier applicatibtyvever, gas
permeability tooxygenhas been a chalige in some applicationsuch as soft drinks and beer
containers.

The manipulation of crystallinity has been used as a method to contneétimeability of
PET products[1-4]. The crystalline phase acts as an impermeable componentad¢ing as
geometical hindrance andincreasng the tortuosity of the diffusion patiinnealing increases
crystal thicknessaind repairscrystal defects Consequently, it reduces gas permeability, but it
reduces product transparency and leads to brittleness.

The incorporatin of layered silicate clay as an impermeable nanopatrticle phase in a PET
matrix is anotherapproach to enhance gas barrier propefbe8]. The relatively impermeable
silicate layers creat@tortuous path within the polymer matrix, thus reducing gaseability.

The crystallization behavior of PEAlone [#17] andin the presence of an inorgambase
[18-27] has been studied extensively. These studies have shown that isothermal crystallization of
PET occurs in two steg30-11]. Theprimary stage incldesheterogeneous nucleation and three
dimensionalspherulitic growth, and the secondary step occurs when-dineensional growth
between the primary lamellae takes place. The former exhibits stronger temperature dependence

than the latter.Generally speakig, t1/2, which represents the reciprocal overall rate of
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crystallization decreases by adding nanoparticles ite PET matrix [1825]. This is usually
attributed to the role of nanoparticles as nucleating agents. Hqvileeespposite behavior was
alsoreported [25].

Studies of the effect of clay on the crystallinity of PET/clay nanocomposite (PCN) films
prepared by extrusion casting and the effect of annealing on the barrier properties of PCN films
were reported earligi28]. The results of those studidnighlighted the need to investigate the
kinetics of the isothermal and nasothermal crystallization of PET and PET PCNSs. In earlier
studies,isothermal [2930] andnorrisothermal [3133] crystallizationof PET nanocomposites
were studied separatellyurthermore, there is no consensus in the literature about the effect of
clay onthe crystallization kinetics of PET. For instance, a reduction [18] and an increase [34] in
the equilibrium melting point were reported for PET incorpimrgtihanoparticlesMoreover, the
calculated activation energies wargeithembsolute [20pr negative [29] values.

In this work, we report on both isothermal and +wwthermal crystallization kinetics of PET

nanocomposites incorporating 1 wt% Cloisite 30B (C30B).

A.2 Experimental

A blend of an experimental grade high viscosity PET, Selar PTX295 (DyRot)a low
viscosity general purposeesin, PET9921 (Eastman Chemical Cogt 4:1 ratip was melt
compounded wittCloisite 30B C30B) (Southern Clay Co), bgast film extrusin. The mixing
was carried out in an intermeshingratating twin screw extruder at 175 rpm and 265 °C (die
temperature) [28]The PCN films (25 P) were used to study the crystallization behavior under
isothermal and noisothermal conditions. To studyhd influence of clay on the kinetic

parameters, the PCNs containing 1 wt% C30B were (380dB has 30 wt.% organic content.
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The ash content of the PCNs incorporating 1 wt% C30B was 0.60%.

The isothermalcrystallization behavior ofhe PCN filmswas studiedusing DSC (Pyris],
Perkin EImey equipped with Intracooler 1Rindernitrogen atmospheréndium was used as a
high purity material to calibrate the instrument. Isothermal crystallization was studied in the
temperature range 198.5°C. The samplessnclesed in aluminum pansvere heated from 50 to
300°C by scanningat 50 °C/min and kept for 5 min above the melting point to erase the thermal
history. Then, the specimens were quenched at°C3Min to the desirable temperatures for
isothermal crystallizatin and held for 15 min. After isothermal crystallization, the samples were
heated ai0 °C/minuntil complete melting point was achieved.

The nonisothermal crystallization behavior of the PCN films was investigated using DTA
(DSCQ1000 TA instrumentsunde helium atmosphereThe instrument was calibrated using
sapphire. The specimens, encapsulated in aluminum pans, were hestedriggat 50 °C/min
to 300°C and held for 5 min to erase the thermal history. Then, the samples were cooled at rates
rangingfrom 2.530 °Umin. To understand the melting endotherms that appear upon heating
after isothermal crystallization, a liner heating rate of M/ fi@, modulation period of 40 s, and
temperature amplitude of £0.42 °C were selected.

Both DSC and DTA have sonwell-known limitations[35]. Sincetemperature ranges for
transitions in the different materials often overlégey only measure the sum or averduyeat
flow rate values of the overlapping processeb a conventional DSC/DTAa linear heat flow
rate isapplied and the heat flow is measurbdMDSC, the materiak subjected to a linear heat
flow rate superimposed by small amplitude sinusoidal temperature pi@dijeAfter Fourier
transform and deconvolution of the resy®3], the total heat flonpetaining to the linear or
average heating rat@nd thereversing heat flow or heat capacity sigoah be obtainedThe

difference between thesgnalsis relatedo the kinetic signaj andit is called norreversing heat
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flow. Reversingandnon-reversingare not related to the thermodynamic concept of reversibility.
The reversing signal measures the thermal transitiglated to the heat capacity changes of the
sample like glass transition and melting temperatufbe nonreversing signal represents the
kinetic processs,including crystallization, decoposition and chemical reacti¢®8].

Polarized optical microscope (POM) (Olympus BX50) equipped with a Linkarsthge
(Scientific instruments, CSS450) was used for visual observation of the isothemnab@n
isothermal crystallization behavior of the PCNs in the same thermal sequences and protocols

used in DSC and DTA experiments.

A.3 Results and discussion

A.3.1 Isothermal Crystallization and Melting Characteristics

The isothermal crystallization of th&®ET and PCNs was performed at different
temperatures, and the crystallized samples were heated from the crystallization temperature to the
temperature of the last trace of crystallinity. As showrFigure A.1, during heating, three
endotherms appear, kelled asHlll. On quenching, as a result of supercooling, small domains of
aligned chain segments develop and, during the primary stage of isothermal crystallization,
lamellar stacks are produced in conjunction with these potential nucleitWifrassagef time,

a subsequent secondary crystallization occurs, and the restrained amorphous regions between
primary lamellar stacks start to form secondary crystals. Accordingly, the isothermal
crystallization yields two populations of lamellar thickness.

Different interpretations of these triple melting endotherms have been given. For example,
the second and third endotherms were assigned to the melting of the secondary and primary

crystals, respectively, and the first one was associated with the final stagecaidary



135

crystallization and melting of the small metastable crystals [39].

As mentioned earlier, DSC only measures the sum or average heat flow rate values of the
overlapping processedsing a linear heat flow rate superimposed by small amplitudecsifais
temperature profile in MDSQ@ve can distinguish the thermal transitions related to the heat

capacity from the kinetic processes, including crystallization.
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Figure Al: DSC melting endotherms of isothermally crystallizeBTPand PCNs at two given
temperatures (190 and 210 °C). Samples were heated immediately after isothermal crystallization for

duration of 15 min. Open and close symbols are related to the PET andrB€pdéstively.

MDSC traces of the PET resiafter isotlermal treatmenat an arbitrary temperatu(@00
°C), are illustrated irFigure A.2. While the reversing endotherm signal magnifies the second and
third melting endotherms, the noaversing signal shows a distinct, exotherm corresponding to
the second mehg peak. This means that the molten secondary and especially primary crystals
provide a substantial number of nuclei, which can undergo recrystalization. The melting of these
recrystallized lamellae takes place at a higher temperature, which resiiéslast endotherm.

Thus, the first peak may be attributed to the melting of the less perfect secondary crystals formed
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between primary lamellae stacks. The second peak corresponds to the melting of the primary
crystals shaped during the first step of ails&tation, and the third peak may be associated with
the recrystalization and melting of the crystals reorganized during heatidd [40

Table A.1 shows the triple melting points (identified at the maximum of the endotherms)
obtained by DSC for the PETh@ PCNSs, as a result of isothermal crystallization at different
temperatures. The third melting poiist almost constant, which impligkat it pertains tothe
recrystalization, not crystal dimensgmt the lowest supercooling degree, 215 °C, conventiona
DSC cannot distinguish the second and third melting points. Owing to high chain mobility, the
primary lamellae thickness at this temperature is lower than at the rest of isothermal
temperatures. Thus, the melting and recrystalization peaks are mergedetpgand DSC

resolution is not adequate to distinguish between them.

Heat Flow

————Reversing Heat Flow
—— Non-reversing Heat Flow

Heat Flow [W/g]

200 210 220 230 240 250 260 270

Temperature [°C]

Figure A2: MDSC melting thermograph of the PET after isothermal crystallization at00

According to the HoffmatWeeks equation [42]:

T, i LT )
© 2Ei 2E
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the equilibrium melting pointT;, which indicates the melting of a fully extendeldain stack of

crystals [43],can be deduced from DSC measurements. The second melting endotherms related
to the melting of the primary lamellae were taken as melting polptsand plotted versus

isothermal crystallization temperatur@s,

Table Al: Triple melting points of the PET and PCNs versus isothermal crystallizatjorhtained by

DSC.

T T T T T Tt T T
sample sample
(°C) (6 () (O (°C) (©) (C) (O

PET 190 197.7 231.7 246.6 PCNs 1900 197.3 229.3 2460

195 202.3 2340 2460 1950 202.3 232.3 2460
200 2070 2360 2460 2000 207.3 234.6 246.6
205 2120 238.6 2460 2050 2120 237.3 246.3
210 216.7 2410 246.5 2100 216.7 239.6 246.6
215 221.3 2433 i 2150 221.7 242.3 i

As demonstrated iRigure A.3 the equilibrium melting point of the PET and PCNs are 267.9 and
270.9 °C, respectivelyThese are close to the reported values by Chen et al. [34]. According to

the HoffmanWeeks theory, a large asdeiy of crystals should have an equilibrium degree of
perfection consistent with the minimum free energy a{44]. It seems that the presence of clay
may delay the formation of a perfect structure with minimum free energy; Aénappears at a

higher temperaturelhe lamellar thickening factor,, obtained from Eg. 1, is 1.07 and 0.97 for

the PET and PCNs, respectively. The lower lamellar thickening factor of the PCNs implies that
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the crystalline structure of the nanocomposites is less perfect than that of the PET. In other
words, the mobility opolymer chains in the vicinity of clay layers is restricted and, as a result,

the clay layerempedecrystal perfection.

275

2709 °C
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Figure A3: Application of the HoffmartWeeks approach to the PET and PCNs. Open and close symbols

are réated to the PET and PCNSs, respectively.

A.3.2 Isothermal Crystallization Kinetics

DSC traces for isothermal crystallization of the PET and PCNs at various temperatgumess(
A.d4a and b) show that crystallizatiostartsearlier at lowertemperaturs. In this experimental
window, 190215 °C,crystallizationis controlled by nucleatianThus,more nucleiare formed at
lower temperaturesWhen the temperature increasése characteristic reptation ratef the
polymer chaisincrease. This results in a dease in thelegree of adjacent reentriiainfolding
during hot crystallization.Since clay layers provide more nucgldhe rate of isothermal
crystallization is fastef(Table A2). Assuming that the released heat is linearly proportional to
crystallinity, the relative crystallinity can bebtained from the ratio between the area under the

thermogram, up to timg and the total area under the peak, i.e.:
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3 dH/dt dt

X(t) 22—
® 31 dH/dt dt

)

wherety andt: are the start and end time of crystallization, respectieglgdH/dt represents the
measured rate of heat flolCurves depicting the evolution of relative crystallinity with time

(Figures A.4c and d) showhat slowerisothermalcrystallizationrates ag obtained ahigher

temperature
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Figure A4: DSC exotherms of isothermal crystallization at various temperatures of (a) PET; and (b) PCNs
and relative crystallinity vs. time during isothermal crystallization at various ratpes of (c) PET,;

and (d) PCNs

The segments of the sigmoid curves exhibiting the high rate of crystallization represent the
primary stage of crystallization, including the formation and growth of spherulites. After most of

the crystallization is completl, secondary crystallization takes place. In this stage, the
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crystallization rate decreases due to impingement. Also, fibrillardonensional growth
between primary lamella occur®2OM micrographs(Figure A5) show that more rapid
morphological changesccur in the PCNs, in qualitative agreement with DSC results. It could
also be observed that crystallite size in the PCNs is smaller than in the PET. While crystallite
growth in the PET continues for a longer period of time, larger numbers of smallltestaie

formed in the PCNs.

Table A2: Total released heat and results of the Avrami analysis for isothermal crystallization of the PET

DQG 3&1V $00 WHVWV ZHUH GRQH WZLFH DQG WKH DYHUDJH YDC

T H n k K tio tmax
sampls
(°C) (IGPET) () (min™ (minY)  (min) (min)

PET 190 46.3:0.3 2.18 1.79 131 0.65 0.58

195 46.1+0.2 2.14 0.86 0.93 0.90 0.80

200 47.3:04 215 0.55 0.75 1.12 0.99

205 44°#03 234 0.26 0.56 1.53 1.41

210 455:0.1 242 0.08 0.36 2.39 2.23

215 42905 233 0.02 0.18 4.72 4.34

PCNs 190 50.40.1 221 955 2.77 0.31 0.27

195 46.5+04 2.14 5.83 2.28 0.37 0.33

200 48.3:0.6 2.21 2.69 1.57 0.54 0.49

205 46.1+0.3 264 1.26 1.09 0.80 0.77

210 46.1+05 267 0.39 0.70 1.25 1.20

215 47.a:0.3 256 0.085 0.38 2.27 2.16
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Figure A5: POM micrographs for isothermal crystallization at 210 °C. Time evolution of crystal growth

in left) PET and right) PCN

The total amounts of heat releasgugr gram ofresin at the different isothermal
crystallization temperatures are presentetiable $ 7KH PHDV XU HHGobvahédXdd vV R1 O
the PCNs are slightly larger than for the PET, but they do not show strong or systematic variation
with the crystallizationWHP SHUDW XUH 7 KH HDcéleulaed tonY &ble X Hivt tRel O
PET and PCNs are 45.5 and 47.4J/qg, respectively. Based on the equilibrium melting enthalpy of

PET, 140 X [45], the relative crystallinity values estimated for the PET and PCN rasin82
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and 34%, respectively. Thus, incorporating 0.6 wt% clay layers seems to have a small influence
on the crystallinity of the matrjxbut a significant increase seems to ocatithe highest
temperature (215 °C).

The double dgarithmic form ofthe Avrami equation[46] is widely used to interpret
isothermal crystallization:
log>In1 X(t) @nlogt logk ©)
wherethe Avrami index,n, indicates the nucleatiotype of crystallization andk refers to the

growth function The units ok depend on the value of However, a paramet& equalk™

may
be defined to render the units Kfindependent oh [47]. To construct the plot dbg [-In(1-X)]

versuslog t, only the elative crystallinity data up to 80% (the primary stage of crystallization)

were used. The straight lines at each temperaRire ( DOORZHG WKH HVWLPDWLR
parameters. The Avrami exponent,and Avrami rate constark, were obtained from the slope

and intercept of the Avrami plots, respectively. The results are summariZebl®A.2. The

values ofn for both PETand PCNs were between 2 and 3, which supports-threensional

growth. Theoretically, the@ value should be an integer, but in most of the cdsgs3 yielded

fractional values. This may be related to the simplifying assumptions made in the Avrami model
such as constant radial growth, complete transformation of the sample, uniqueness of nucleation,
constant shape of the growing nuclei and the absence of secondary crystal[48ftiorhe

Avrami exponents are effectively constant and quite similar éoh ’ET and PCNs between

190°C and 200°CHowever,the n values become larger in the temperature range@@3.5°C,

with the PCNs exhibiting significantharger values of than PET. The values & for PCNs are

approximately twice the values ftre PET at the corresponding temperatures (Tahl2). Thus,

while the presence of clay does not make an important contribution to crystallinity, it contributes
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significantly to increasing the rate of crystallizatibnough its roleas a heterogeneous nucleating
agent

The crystallization halfime, ty, is defined as the time at which the crystallinity is half
completetnax corresponds to the point at whidHl/dt becomes effectively zero. Both parameters

can be obtained from the Avrami equation and are repar{€ableA.2:

gn2 "

1/2 (@Ti (4)
;o1

max s (5)
onk 1

The overall crystallization rate is the reciprocat@f As expected, the results TableA.2 show
that the Avrami rate constants,or K, and the overall rate of crystallization deceeas the
isothermal crystallization temperature increases, for both PET and PCNSs.

To determine the activation energy of crystallization, the Avrami rate conktavds fitted

to the Arrhenius equatidd9-51]:

1 'E

Elnk Ink, RT (6)

wherekg is the temperature independent-psgonential factolR LV WKH JDV FR&EQWWDQW I
T are total activation energy and crystallization terapge, respectively. The slope of the

straight line (1M In k vs. 1) yields activation energy values of 140+1.5 and 148+1.8 kJ/mol for

3(7 DQG WKH 3&1V UHVBEeoRrwts dTHhO energy reguirdtl forithe molecules to

pass through the pha$oundaries to the crystallization surface and also the energy needed to

form critical size nuclei. The presence of clay in the matrix provides nucleating sites, thus

FRQWULEXWLQJ WR WK HE. WbWeRef) & tiFeRSRISeRiD¢] Qay ifkoducesis

hurdles and might restrict the incorporation ability of the PET chains in the crystal, as will be
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shown in the Lauritzeioffman analysis later.

Malkin et al. [52] considered that crystallization consists of two stages: emergence of
primary nuclei ad subsequent growth of the nucleated crysflifey proposed the following
equation to describe the whole range of crystallization experimental data:

c, 1

X 1 ——mW———
C, expCt

(7)

where Cp and C; are constantsHis approach leadgo the following relationto describe
isothermal crystallization:

ﬁ?j_)t( BX (8)
Except for the regionat the end of crystallizatiorEq. 8 was used to estimat and B, in
conjunction with our experimental isothermal crystallization date Walkin exponen{Cy =
B/A) and the Malkin crystalliation rate constaC; = A + B) are reported in Tabl&.3. The
pattern exhibited b, is similar to the behavior & andK in the Avrami equation. ecreases
with crystallization temperature, and the valueCpffor the PCNSs is ca. 2 times its valfgg the
PET at the same temperatur€alfle A.3). Apparently the temperature dependency @f C
coefficient does not follow a monotonic pattern with temperature, which observed by other
researchers [585]. The macrokinetic EQq8 is only valid up to 80%elaive crystallinity. Figure
A.6 shows a emparison betweerxperimental data anthe predictions of theAvrami and
Malkin models,at a given temperature. The deviation obseezt 80% relative crystallinity is

attributed to the secondary crystallizatiorawéver, the predictions of the Avrami model for the

primary crystallization region are better than those of the Malkin model.
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Table A3: The results of Malkin analysis for isothermal crystallization of the PET and PCNs

T Co C1 T CO C:1
sample sample

(°C) () (min?) C) () (min?

PET 190 15.17 4.70 PCNs 190 13.92 9.64

195 8.83 2.94 195 10.92 7.50
200 10.47 2.48 200 7.66 4.66
205 9.43 1.83 205 8.85 3.62
210 7.08 1.11 210 6.19 2.15
215 13.95 0.65 215 6.02 1.15

g ﬁ*‘%ﬁﬁﬂ.g*ﬁwwn
-4

Avrami
——— Malkin
# 0%-T200°C
*  1%--T200°C

Relative Crystallinity [%o]

Time [min]

Figure A6: Comparison between the Avrami and Malkin model predictions with the experimental data at

200 °C. Open and close symbols are related to the PET and PCNs, respectively.

The LauritzerHoffman (LH) regimetheory [56] was applied to the experimental data to
obtain thermodynamic parameters related to the isothermal crystallization of the PET and the
PCNs. According to the LH regime theory of crystal growth, the following equation describes the

dependence of crystallineaywth rate G, on crystallization temperatur€,
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_ K
G Goexp§u—,exp§ i,
©RT T, + o©fT'T1

(9)

where Gy is the preexponential factor. The first and second exponential terms represent the
contributions of the growth and nucleation, respectively, to the crystallization pratésshe

transport activation energy for diffusion of a polymer segment aerasgstal(6284 J/mol) and

T is a hypothetical temperature below which viscous flow eedasually taken asy i

[57]. The glass transition temperatuilg, as obtained from the inflection point of the reversing
VLIQDO LQ 0'6& LV IRU WKH 3(7 DIQdénotes th& dégée WKH 3 &
supercoolingly, f T andKy is a nucleatiorparameterf = 2T/(T,* + T) is a correction factor that

takes the variation of the bulk melting enthalpy with temperature into account. The logarithmic

transformatiorof Eq.9 leadsto:

’ K
nG —2 InG, .
RT T, fT'T

(10)

Usually, thereciprocal half time of crystallization, t14, is used in place db. If the left hand
side of theEq. 10is plotted againstf (T @T)*, the nucleation parametéd€g, is obtairedfrom the

slope of the straight line (Tabfe4).

Table A4: Results of Lauritzesidoffman analysis for isothermal crystallization of PET and PCNs

Kg U10®> Gp U10°> 1 u10° q

sample
(K? (min™) @/t  (kd/mol)
PET 2.5 5.5 104 31.7
PCNs 2.9 29.5 120 36.5

To determine the regime of isothermal crystallization, Zh&est p6] is applied to the
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calculatedq in the exgrimental window:

2

yd #103§J—-;exp (11)

wherel and g are the effective lamellar width and the width of the molecular chains in the
crystal, respetively. For PET &g is 0.457 nn{11]. If substitution ofKq for Y leads toZ ~
then regime | crystallization kinetics applies. However, if wifés replaced with By, Z exceeds
1.0, then regime Il kinetics prevails. Using the known valukgdnd the indicated inequalities
for Z, the effective lamellar widthl, can be estnated for bothregimes $8]. If isothermal
crystallization took place in regime I, the effective lamellar width of the PET at 190 °C would be
less than 0.09 nm, which is unrealistic. However, regime Il crystallization kinetics, at the same
temperature, sugstsl greater than 29 nm, which is reasonable. Hence, according tése,
isothermal crystallization occurs in regime Il, for btte PET and PCNSs.

The nucleation parameteKy, referred to as the secondary nucleation kinetics constant,

contains tle surface free energy contribution:

2V T
P 'Hikg

(regimell ) (12)
The thickness of a single layer in the cryshka|, for PET is 653 nm [26]. The bulk meltng
enthalpy per unit volume for a 100% crystalline polym@H;, is 2.1u1C® J/nT [45], andkg is the

Boltzmann constantland 1 are the lateral and free surface energies, respectively. The lateral

surface energy can be estimated fi{d:
V OH, ah, "’ (13)

where is an empirical constant, which is taken as 0.17].[Bccording to Eq. 12, the free

surface energy can be determined. The work of chain folding can alsaldoated agollows
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[57]:

q 2ah, ¥ (14)

The surface free energy and work of chain folding of the PET and PClygsesented irTable
A.4.The higher values oft andq corresponding to the PCNs confirm thaiergry of polymeric
chains into the crystal is more difficult in the presence of clay layer. Thus, as observed earlier,
clay layers act as heterogeneous nucleating agents and facilitate faster crystgllzdtspatial
hindrance induced by the clay layers restricts the crystallization potential and pdssigly

about less crystal perfection

A.3.3 Non-Isothermal Crystallization Kinetics

Non-isothermal crystallization takes place during the solidifizatstage of most polymer
processing operations, such as injection and blow molding and film blowing and casting. Non
isothermal crystallization of the PET and PCNs was performed at different cooling rates. DTA
crystallization exotherms obtained from dynarorystallization experiments at different cooling
ratesare presented iRiguresA.7a andb. These results show that, as the cooling rate is raised,
the crystallization peakccurs atower temperature. When the specimens are cooled fast, the
characterisgc time of reptations relatively longandthe chain mobilitylags behindhe cooling

rate Thus, polymer molecules hava short time to diffusento crystallite structures and adjust
themselves ira suitable conformatianThus,crystallization starts tar, and the small number of
large spherulites yields a broad peak at lower temperatures, compared to behavior at low cooling
rates (FigureA.8). Moreover becausehe time scale of the experiment @naller than the
characteristic time of crystallizationrystals do not form perfecthand flawed crystallite units

are obtainedSince clay layers provide more nuclei in PCNs,-ismthermal crystallization takes

place at higher temperatures and faster rates, as observed in the isothermal studi@sSjTable
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Table A5: Characteristic data of ndeothermal crystallization of the PET and PCNs. All tests were done

WZLFH DQG WKH DYHUDJH YDOXHV RI 0+ DUH UHSRUWHG KHUH

oH To Tp tp Tl/z t1/2
samples
(°C/min)  (J/g) (°C) (°C)  (min)  (°C)  (min)

PET 2 42.40.2 220 2078 6.10 207.1 6.46

5 42.5+0.3 213 1989 2.82 198.2 2.95

10 41.0.0.1 207 1898 1.72 1893 1.77

20 37.404 202 1787 117 1781 1.19

30 36.80.5 200 1741 0.86 172.7 0.91

PCNs 2 45504 222 2123 4.85 2120 4.99

5 43.40.3 216 205.1 2.18 2049 221

10 44°#0.6 212 1998 122 1995 1.25

20 41.40.2 206 190.1 080 189.6 0.8

30 41.#0.5 203 1852 0.59 1845 0.61

The relative crystallinity as a function of temperature can be expressed as:

3 dH/dT dT
X(@) = (15)
3" dH/dT dT

whereT, denotes the initial crystallization temperatufe,is the temperature after completion of
the process andH/dT is related to thdneat flow rate The relationship between crystallization
temperature], and timef, during norisothermal crystallization experiments is given by:

T, T
D

t

(16)
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where . is theconstantooling rate.

Figure A7: a & b) DSC exotherms of neisothermal crystallization of the PET and PCNs at various
cooling rates. ¢ & d) Relative crystallinity of the PET and PCNs versus temperatures, at various
cooling rates. e & f) Relative crystallinity of the PET and PCHNisnation of time, at various cooling

rates
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Figure A8: POM micrographs for neisothermal crystallization. Time evolution of crystal growth: top)
PET at codhg rate 30 °C/min middle) PCNs at cooling rate 30 °C/min bottom) PET at cooling rate 5

°C/min

The evolutionof crystallinity with temperature (Figes A7c and §l andtime (Figures A7e
andf) showsthat, during nonsothermal crystallization, slower @tallization rates are obtained
at lower cooling rate The reverse Shaped curves suggesiat, at slower cooling ratethe
impingement of spherulitesccursat the later stageof crystallization. Characteristic parameters
of nonisothermal crystallizgon for the PET andthe PCNs are summarized in Table.5. The
temperature at the maximum crystallization ratg,the temperature to reach half of the final
crystallinity, T1/2, and their corresponding timegandt;», decrease with increasing coolirage,
indicating that the crystallization starts and ends later at higher cooling rates. Since clay layers

accelerate the nucleation rate, at a chosen coolingTeafg, and Ty, of the PCNs are higher than
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for the PET and the corresponding time valaeslower.

The total heat released during nenthermal crystallization decreases with increasing
FRROLQJ UDWH +RZHYHU MWdbtdinPdH® thX RGNS aré BIgh¥yHafgét than
IRU WKH 3(7 7 KHvaDeésHddlEulhked Grom data reporiedTalde A.5, are40.0 and
43.3 J/g fothe PET andthe PCNs, respectively. Using the equilibrium melting enthalpy of PET,
140 J/g f5, the corresponding noisothermal crystallinity values obtained for the PET and the
PCNs are 29 and 31%, respectively. It dtidee pointed out that the differences at the highest
cooling rates (20 an80°C/min) exceed 10%, in favor of the PCNs.

It has been suggested that the primary stage ofismbhermalcrystallization may be
described by thé&vrami equationby assuming that occurs at a fictitious (equivalent) constant
crystallization temperatuf®9]:

17)
where Z; represerd the Avrami growthrate constantHowever, the physical meaning of the
parameters is not exactly the same as for isothermal crystallization, owing to the variability of
temperature. The dependence of 4sothermal crystallization rate on cooling rate dictates a

correction ofZ; to obtainthe crystallization kinetic rate constarg,[60]:
(18)

Only the relative crystallinity data up to 80¢he primary stage of crystalation)were used to
constructthe Avrami plots and the straight lines at each cooling rate ( DOORZHG WK
estimation ofn, Z; andZ., which are reported iifable A.6. The value®of n for both PET and

PCNs are between 3 and 4, which indicate tdieeensional growth. The nesothermal
crystallization kinetic rate constarZ;, increases sutantially with cooling rate, indicating faster

crystallization. At a given cooling rate, the PCNs have a gr@atealue due to the nucleating
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effect of the clay.
Assuming norsothermal crystallizatiorto consist ofinfinitesimal steps of isothermal
crydallization,Ozawa p1] derivedthefollowing equation:
(19
wherem is the Ozawa exponent associated with the dimensions of crystal growtk(@pas a
crystallization ate related function. Based dmd theory,Eq. 19 at a given temperature should
lead to a series of straight lines. The temperature range used to conduct the Ozawa analysis of
norrisothermal crystallization was 1835 °C (Figure A9). Curvature appears at higher cooling
rates, indicatinghat this theory should be appliedth caution. The variation of the slope,,
with temperature also suggests that Ozawa's approach cannot accurately describe the non

isothermal crystallization ohe PET and PCNSs.

Table A6: Results of the Avrami analysis for nisothermal crystallization of the PET and PCNs

. n AT AT . n z U100  z uo?
sample sample
(°C/min) ) (min™ ) (°C/min) ) (min™ O]
PET 2 3.15 0.2 4.3 PCNs 2 3.69 0.2 4.2
5 3.15 2.1 46.4 5 3.48 4.2 53.1
10 3.11 11.4 80.4 10 3.36 31.4 89.1
20 3.15 38.8 95.4 20 3.79 142.3 101.8
30 3.09 90.6 99.7 30 3.83 4259 104.9

A recent kinetic model combines the Ozawa and Avraquatiors [62]. The following
equation describes the relationship between cooling ratand time,t, at a given degree of

crystallinity:
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(20)

Figure A9: Ozawa analysis foram-isothermal crystallization of the a) PET; and b) PCNs

Table A7: Results of the combined Avrami and Ozawa kinetic models fofisathermal crystallization

of the PET and PCNs

X InF(T) X InF(T)
sample sample
) ) 0 % ) 0
PET 20 272 138 PCNs 20 233 1.32
40 3.07 1.39 40 260 1.0
60 3.32 1.39 60 2.8 1.29

80 3.60 1.38 80 3.02 1.27
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whereF(T) refers to the value dhe cooling rate chosen at a unit crystallization time when the
systemhas a certain eree of crystallinityand is the ratio of Avrami to Ozawa exponsnt
According toEq. 20, at a given degree of crystallinjtye plot of In. versus Irt yields a straight
line (R*§ ). TableA.7 shows thathe values ofF(T) increase with the relae degree of
crystallinity, X, and they are lower in the presence of clay layers, indicating that the PCNs
crystallize at a faster rate than PET.

Several methods have been propose@valuate the effectivactivation energyor non
isothermal crystallizgon, by considering the variation of the peak temperatligewith the

cooling rate,. [63-67]. According to Flynn'quation §7]:

(21)

the corresponding isothermal crystallization temperatiie,is recorded for every individual
cooling rate, .;, at an arbitrary degree of crystallinit¢, Based on this method, a set of effective
activation energies is obtained as a function of relatwestallinity (Figure A.10). The
dependence of the activati@nergy on the magnitude of relative crystallinity indicates that more
energy is required to transport polymer chains to the crystalline surface during the primary stage
of nonrisothermal crystallization. This means that the major energy barrier ocdines start of

crystal formation. Subsequently, crystal growth takes place more easaychosen conversion

level, X, Flynn's model predicts higher activation energy for the PCNs than for PET, thus
indicating the influence of clay on hindering diffusidgtowever, the presence of clay enhances
nucleation and accelerates the overall rate of crystallizafinother factor which needs to be

considered is the role of impingement in the later stages of crystallization.
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Figure A10: Dependence of the effective energy barrier on the degree of crystallinity for the PET and

PCNSs. Open and close symbols are related to the PET and PCNs, respectively.

Table A8: Crystallization rate coefficient, crystallizatisate parameter and crystallization rate index for

the PET and PCNs

R R R
sample
Q) 1 Q) Q)
(min—l) (K )
PET 0.79 0.919 0.03 0.976 1.08 0.994
PCNs 1.02 0.949 0.05 0.981 1.36 0.999

A crystallization ratecoefficient (CRC) 68], a crystallization rate parameter (CRBP[ and

a crystallization rate index (CRI)7D] were used to evaluate the overall rate of-rsmthermal

crystallization The resultsof these different approachese presented in Tabl8&. The higher

values of these parameters indicate a faster crystallization rate for PCN samples compared to

neat PET. StraigHtne fits are better with the CRI data than with CRP and CRC, as indicated by
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correlation coefficientsRP). In fact, CRC and CRP are directly related to cooling rate, V@i
takesinto accountcrystallization rate (1{;) and instantaneous crystallization rate at the peak

temperaturgfor each cooling rate.

A.4 Conclusion

Various techniques were used toderstand and compare the crystallization and melting
characteristics and the isothermal and -rsmthermal crystallization kinetics of the PET and
PET/clay nanocomposites (PCNs). DSC and DTA devices were used to carry out the
investigation. The PCNs werebtained by melt compounding of the PET resin with 1 wt%
Cloisite 30B. The multiple melting behavior of isothermally crystallized samples was evaluated
by employing temperature modulated DSC (MDSC). It was shown that the first and second
endotherms could battributed to the melting of secondary and primary crystals, respectively. A
significant amount of nuclei left during the first two endotherms undergoes reorganization and
recrystalization in both the PET and PCNs, contributing to the presence of thea¢ting peak.

The Avrami analysis showed that, overall, isothermal crystallization of PET was faster in the
PCNs than in the neat PET. However, the analysis based on the Latfittferan secondary
nucleation theory suggestisat the presence of clay tsato less perfect crystalline structures
Thus, the equilibrium melting point of the PCNs appears at higher temperature and the required
work for chain folding in the presence of clay is somewhat higher than in the neat PET. POM
micrographs also showedathsmaller crystallites appear in the isothermally crystallized PCNs, in
comparison with the neat PET.

The modified Avrami equation and the combined Avr@mawa method were used to

investigate the norsothermal crystallization kinetics. The calculatefibetive activation energy
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for the PCNs was higher than for the PEhich suggestsmallercrystalline structure for the
PCNs during nofisothermal crystallization, as confirmed qualitatively by POM results

Both isothermal and neisothermal kinetic studs show that nanoclay acts as a nucleating
agent and yields a faster overall rate of crystallizatidowever,in the presence of claynore
work is required for chain folding anithe activation energyor crystalline growths higher. This

suggests thansaller size and imperfect crystalse more prevalemh nanocomposites.
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