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De nombreux polymères peu coiiteux possèdent d'excellentes propriétés. Cependant. 

leur mise en oeuvre peut parfois s'averer difficile et cet inconvénient limite leur usase. .\fin 

de faciliter la mise en oeuvre. on doit souvent ajouter des additifs comme des 

fluoroélastomères (FE). L'amélioration de la mise en oeuvre lors de I'addition des FE est 

habituellement attribuée à la modification des interactions interfaciales entre le FE et le 

polymère de base. Dans la littérature, on trouve peu d'études quantitatives sur l'influence 

de l'ajout des additifs de type FE et aucun consensus n'existe sur les mécanismes en jeu. 

L'objectif de ce travail est de mettre en évidence de façon quantitative le r6le joué 

par les FE lors de la mise en oeuvre et de proposer une interprétation décrivant les 

mecan ismes impliqués. Ces travaux. basés sur des considérations expérimentales et 

théoriques. permettront d'optimiser Ies procédés de mise en oeuvre de plusieurs polymères 

lors de l'ajout d'additifs de type FE. D'un point de vue fondamental. I'etude vise a definir 

les mécanismes en jeu lors de l'ajout du FE et permettra de relier les interactions 

microscopiques entre les composants au comportement rhéologique (macroscopique). 

Pour atteindre cet objectif. nous allons étudier de façon quantitative les effets d'un FE sur 

le comportement rhéoloeique de différents thermoplastiques et tenter de les relier aux 

interactions entre le polymere et l'additif. 



La première étape vise à mettre en évidence le mécanisme de 1 'action du FE lors de 

la mise en oeuvre et d'étudier directement I'effet du FE à l'interface entre le polyrnere de 

base et ['additif. Un FE a été applique directement sur la paroi d'une filière (capillaire) lors 

de l'extrusion d'un polyéthylène linéaire de basse densité (LLDPE). Une comparaison des 

courbes d'écoulement a été faite pour l'extrusion du LLDPE fondu à travers un capillaire 

métallique propre et un capillaire enduit d'un FE. L'une des principales observations est la 

réduction de la résistance à I'kcoulement. qui varie selon le taux de cisaillement. à cause de 

la présence de FE à la surface du moule. Le FE adhère de façon préférentielle à la surface 

du moule, qui possède une énergie de surface élevée, mais interagit faiblement avec le 

LLDPE fondu. Le FE agit donc comme un lubrifiant à I'interface polymère/additif et 

entraîne le glissement du LLDPE fondu. D'autres résultats montrent que le temps de 

glissement doit atteindre une valeur d'équilibre aux vitesses élevées d'estnision. Les courbes 

d'écoulement pour l'extrusion à travers des moules enduits de FE sont divisees en régions 

distinctes et leurs pentes ont été normalisées à l'aide d'équations qui ont permis de relier des 

concepts de dynamique moléculaire et de décohésion à l'interface comme étant a I'ori-ine 

du phénomène de l'écoulement gl issement/adhesion 

II est important de vérifier la persistance de l'enduit de FE sur la filière pendant 

l'extrusion du LLDPE puisque l'effet interfacial du FE sur l'écoulement a déjà été démontré. 
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L'efficacité de l'enduit de FE a été quantifiée lors de nombreux essais d'extmsion du 

LLDPE. Les essais ont été effectués à différentes températures et vitesses d'extmsion. Une 

relation non-linéaire a été observée entre l'efficacité et le temps de vidange du LLDPE. Des 

températures élevées et des vitesses d-extmsion faibles favorisent le phknoment de purge 

du FE. Deus mecanismes ont ete proposes pour eupliquer I'enle\-ement d u  FE depose sur 

la paroi de la filière par I'extmsion du LLDPE: l'un est la migration du FE dans le courant 

principal et l'autre est l'enlèvement du FE dû au cisaillement généré par l'écoulement du 

polymère de base. Le mécanisme de migration est l'étape limitant la vitesse de purge. 

Les obsewations sur les effets inrerticiaus et les resultats du  temps de purse du FE 

de la surface de la filière ont rendu possible l'étude de l'effet du FE dans les mélanges 

LLDPYFE et du aansfert du FE à l'interface. La présence d'une petite quantité de FE dans 

les mélanges LLDPEIFE peut réduire de façon significative leur résistance à l'écoulement. 

En analysant l'enregistrement detailli des resultats expérimentaux. des effets de lubrification 

externe et interne du FE sur I'icoulement de LLDPE ont ete observes L'effet lubritlant 

interne du FE a un rôle moins important que celui de la lubrification externe. L'effet externe 

s'intensifie avec le temps d'extrusion jusqu'à ce que l'équilibre soit atteint. Le fait que les 

effets externes varient dans le temps confirme que la migration du FE vers la paroi de la 

filière a lieu. La vitesse de migration vers la paroi est aussi dependante du temps. Elle 

diminue avec le temps d'extrusion jusqu'a I'Cquilibre. Les facteurs favorables a la misration 
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vers la paroi sont: les taux de cisaillement élevés. Vincompatibilité entre les polymères et les 

énergies de surface faibles. Le processus de migration a I'interieur du courant principal est 

différent de celui près de la paroi. L'étape qui limite la migration du FE vers la paroi est la 

séparation de phase du FE du courant principal. 

Le FE. qui facilite la mise en oeuvre des polvoléfines. peut aussi intluencer 

l'écoulement d'autres tvpes de polymères Divers polymères ont été choisis selon leur 

caractère acide ou basique. La chromatographie inverse en phase gazeuse (IGC) et des 

méthodes rhéologiques ont été utilisées pour étudier les interactions entre les polymères de 

base (CPE, PS, PC, Surlyn) et la couche de FE enduite sur la surface du moule. II a été 

observé que les interactions acidehase jouent un rôle important. L'enduit de FE peut affecter 

le procédé d'extmsion de ces polymères selon les propriétés acidehase des polymères. Les 

données rhéologiques ont indique que le FE influence la résistance a I'koulement des 

polymères de base et joue un rôle dans le processus de relaxation du courant principal. Cette 

observation a permis de discuter de l'effet de frontière sur l'écoulement en fluage des 

polymères . 



There are a nurnber of polymers that are excellem in end-use properties and cost. but 

are difficult to be processed and shaped. This kind of drawback limits the applications of 

these materials For this reason. the use of additives to modify the processing proprnies of 

polymers has been widely practiced. Adding a tluorocarbon elastomer (FE) or similar 

fluorinated polymer to improve processability of polymers is a particular case in point. The 

effects of this addition are usually attributed to the change in interfacial interaction between 

the host polymer and the stationary phase. Quantitative evaluations of the effects on 

processing due to the presence of FE-type additives are infrequsnr. nor is there broad 

agreement on the mechanism whereby the additive affects processability of polymers. 

The present project intends to present a coherent, quantitative picture of the role 

played by FE in polymer processing and to sugsest possible mechanisrns accountins for the 

effect. This objective is based on both applied and theoretml interests Practically. the 

study on the utility of FE in polyrner processing will allow the effectiveness of FE additives 

to be optirnized and the function of FE in various types of polymer to be son out. From a 

fundamental viewpoint, the study of possible mechanisms for FE as a processing aid will 

benefit understanding the link between the microscopic interaction of components and 

macroscopic rheological behaiior The route taken here is  to study quantitatively the effect 
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of a fluorocarbon elastomer on the rheological behavior of thermoplastics. and relating the 

findings to concept of interaction between host and additive polymers 

The fini step to reveal the mechanics of FE as a processing aid is to study directly 

the effect of FE at the interface between a flowing phase and the stationary phase. FE was 

directly applied to die lands of extrusion. allowing linear low density polyethylene 

(LLDPE) to flow throush the coated die. A cornparison was made of tlow ccurves for the 

extrusion of a LLDPE meit through clean rnetal capillaries and when overcoated by a 

fluoropolymer (FE) processing aid. Characteristic differences between the flow traces 

include a shear rate-dependent reduction in flow resistance due to the presence of FE at the 

die surface. The FE preferentially adheres to high energy die surfaces. but interacts very 

weakly wirh LLDPE melts. thus actinz as a lubricant at the interface of polymeristationary 

phase, and promotrng the slip ot' LLDPE melts. Arguments are presented showing that the 

fractional time of slippage must attain an equilibrium value at high extrusion rates. Flow 

curves for extrusion through FE-coated dies are divided into distinct regions and the slopes 

of these have been rationalized by equations which combine the concepts of moIecular 

dynamics and of adhesive failure at the die wali/polvmer interface as the oririns of slip- 

stick flow. 

Understanding the persistence of FE coatings on the die during extmsion of LLDPE 
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is of obvious importance since the interfacial effect of FE on the host polymer flow has been 

verified. The effectiveness of FE coatings followed repeated runs of LLDPE extrusion 

through an initially FE-coated die. Tests were carried out at various temperatures and 

extrusion rates. Non-linear reiationships were observed between the effectiveness and 

flushinz time or amount of purging L L D P E  Hirh temperatures and low extrusion rates 

promoted the purging process. Two mechanisms have been postulated to account for the 

removal of FE deposited on a die land by the extrusion of LLDPE: One is the migration of 

FE into the mainstream, the other is the shear-dependent stripping of the FE by the flowing 

matrix polymer. Experimental data indicate that purging rates are relativelv high at initial 

stages of the process, but very Ions tlorv times were required before L LDPE purging agent 

completely eliminated the FE effect. Arguments were favoring the purse to be the process 

of random stripping of FE from the die surface. 

Knowledge of interfacial effects and of purgin- the FE from the die surface made 

it possible to use the beha\.ior of LLDPE!FE blends to study the transîèr of FE from 

LLDPEEE bulk to the interface between the tlowing phase and the stationary phase. The 

existence of a small arnount of FE in LLDPEFE blends cm significantly reduce flow 

resistance of the entire material. The detailed record of experirnental results showed the 

existence of external as well as internal lubrication effect of FE on LLDPE flow The 

internal lubrication effect, however. was a minor factor when compared with the external 
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one. The external effect increased with time of extrusion to an equilibrium. The tirne- 

dependence of the external effect contirrns an accurnulation of FE at the die uall The rate 

of mass uanstèr toward the hall is also tinir-drpeiidrnt i t  reduces \i t th  the tiiiie of estnision 

to an equilibrium. The factors favorable to the mass transfer to the wall included strong 

shear field, incompatibility between polymen, and high surface energy of the die wall. The 

process of migration inside the mainstream is different from that leading to accumulation 

at the wall. The controlling step for FE to arrke at the wall is phase sepnration of FE tiom 

the mainstream. 

Besides using FE as a processing aid for polyolefins. it is also possible to use FE to 

influence the flow of other polymen. kcording to their acidityhasicitv. a variety of 

polymers were selected to explore the possibility Inverse yas chrornaiogrriphy ( IGC) and 

rheological methods were used to investigue the interactions between FE coatins layer and 

host polymers: Chlorinated Polyethylene (CPE), Polystyrene (PS), Polycarbonate (PC), an 

ionomer (Surlyn). It has been found that acid/base interactions play an important role. FE 

coating affects the extrusion process in accord with the acidhase properties of the polvmers. 

[GC was shown to be a powertùt tooI to characterize the interactions between polvrners The 

rheological data indicated that FE not only infiuenced tkm reststance ot'host polymers. but 

also played a role in the relaxation process of the mainstream. This observation was used in 

discussion on boundary effects on the creep flow of polymers. 



1. Introduction 

De nombreux polvrnères peu coûteus possedent d'excellenres proprietes Cependant. 

leur mise en oeuvre peut pdois s'averer difficile et cet inconvénient limite leur usage. Afin 

de faciliter la mise en oeuvre, on doit souvent ajouter des additifs comme des 

tluoroélastomères (FE). L'amélioration de la mise en oeuvre lors de ['addition des FE est 

habituellement attribuée a la modification des interactions interfaciales entre le FE et le 

polymère de base. Dans la littérature. on trouve peu d'etudes quantitatives sur 1 '  intluence 

de l'ajout des additifs de type FE et aucun consensus n'existe sur les mécanismes en jeu. 

L'objectif de ce travail est de mettre en évidence de façon quantitative le rôle loué 

par les FE lors de la mise en oeuvre et de proposer une interprétation décrivant les 

mécanismes impliques Ces travaux. bases sur des considérations euperimentales et 

théoriques, permettront d'optimiser les procédés de mise en oeuvre de plusieurs polvrnères 

Ion de l'ajout d'additifs de type FE. D'un point de vue fondamental, l'étude vise à définir 

les mécanismes en jeu lors de l'ajout du FE et permettra de relier les interactions 

microscopiques entre les composants au comportement rhéologique (macroscopique). 
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Pour atteindre cet objectif, nous allons étudier de façon quantitative les effets d'un 

FE sur le comportement rhkologique de différents thermoplastiques et tenter de les relier aus 

interactions entre le polvmrre et 1 'addi tif 

2. Partie expérimentale 

Les polymères de base et les fluoroelastomères utilises dans ce travail sont présentés 

au tableau suivant Les melan- ont ete prepares avec un  melangeur interne Brabender Un 

mélange LLDPEEE contenant 10% de FE a été effctue. Ce melange a ensuite éte dilue 

jusqu'à la concentration de FE désirée en le mélangeant dans le LLDPE vierge. Les 

extrusions ont été faites selon deux méthodes: 

Méthode 1 le polymere de base est r t n i d e  ii t r a w r s  des capillaires propres de 

dimensions connues. 

Méthode 11: 

a) Composants vierges: le polymère de base est extrudé a travers des 

capillaires similaires dont la paroi a ére enduite de FE 

par crxrnision Dans ce procede. les capillaires n'ont 

pas été nettoyés après l'étape d'extmsion du FE. 

des mélanges de composition connue ont été extrudés b) Mélanges: 



de façon répétée a travers un capillaire ayant ete 

nettoyé a la flamme avant le premier essai. 

.Afin de mieux évaluer I'efficacité des enduits de FE comme agent modifiant 

l'écoulement du LLDPE. nous introduisons le coefficient d'eficacité ( 8 ). défini ainsi: 

ou F, est la force exercée sur le piston du rhéomètre lors de l'extrusion par les méthodes 1 

et 11 respectivement. Le paramètre8 a été utilisé pour comparer l'efficacité de FE- 1 et de 

FE-2 à modifier I'écoulement des polvmeres de base choisis. 

Les mesures rhéologiques ont été faites avec un rhéumètre a capillaire Instron, équipé 

de capillaires ayant des angles d'entrée de 90" et 1 80"' de diamètres de 1.27 et 1.75 mm 

respectivement et ayant des rapports LID de 5 .  10. 20 et 40. Le rheornètre est relie a un 

ordinateur et l'acquisition se fait à toutes les demie-secondes. Le rhéometre opere à vitesse 

contrôlée et permet d'étudier le comportement en écoulement sur plus de deux décades de 

taux de cisaillement. Les polymères ont reposé 10 minutes dans le baril du rhéomètre après 

la compaction. L'erreur sur les mesures ne dépasse pas 9%. 



Tableau 1: Polymères utilisés dans ce travaii 

JzchantilIon I 1 vue 

PC 

LLDPE 
PS 

Specitication 1 i-ournisseur 

Surlyn 

I - 1 1 

1 FE-2 1 Viton Freeflow 20 1 1 Dupont [nc. 

DOWLEX 2035 
PS 204-00 

Indice de fusion = 1 1 
\ln=9 1 - 10'. 

Lexan 130-1 1 1  

CPE 
FE- 1 

Les interactions polymere~polyrnere ont été étudiées par chromatographie inverse en 

phase gazeuse. Les polymères ont été préparés en solution sur un chromosorb G (60/50 

mesh, traite avec du AW-DMCS) a 7% environ (massique). La pnase enduite a ensuite éte 

sichie dans un h u r  sous vide à SO'C pendant 24 heures Les coionnes ainsi reiiipl ies ont ete 

placées sous hélium a 120°C pendant au moins 4 heures avant toute utilisation. Les sondes 

mobiles utilisées dans ce travail sont le n-hexane (n-C6), le n-heptane (n-C7), le n-octane 

(n-C8). le n-nonane (n-C9), le diéthyl éther (Ether), le tétrahydrofuranne (THF), l'acétate 

d'éthyle (EtAc). l'acétone et le chloroforme (CHCL,) Tous ces produits. de grade 

analytique, sont utilises sans traitement subsequent. 

Dow Chernicals 
Pol ysar L td. 

Surlyn 9950 

M,=1.9- 10 5 

Bisphénol-X 

Tyrin 12 13 
Dynamar L- 1 12 16 

General 

Indice de fusion 4 . 5 ,  type 
Electric Inc. 
Dupont Inc. 

de cation=Na 
C1%=42?/0 

Yiscosite de \Ioonev=4S 
Dow Chernicals 

3 M  lnc  



3. Résultats et discussions 

Les travaux sont présentés en quatre chapitres ou articles scientifiques majeurs. Dans 

le premier article. intitulé "Fluoropolymères et leurs effets sur la mise en oeuvre du 

polyéthylène linéaire de basse densité". des comparaisons de courbes d'écoulement ont ite 

faites pour ['extrusion d'un LLDPE fondu a travers des capillaires metalliques propres et des 

capillaires enduits de fluoropolyrneres. Une des différences observées au niveau de ces 

courbes est la réduction de la résistance à l'écoulement due à la présence du FE à la surface 

du filière. Le FE favorise le glissement du LLDPE fondu. L'efficacité du FE dépend de 

I'importance du champ de cisaillement et i l  existe un  domaine optimal ou Ir FE est le plus 

performant. Les courbes d'ecoulement pour I'extrusion a travers des capillaires enduits de 

FE sont divisées en régions distinctes et leurs pentes ont été normalisées à I'aide d'équations 

qui ont permis de relier des concepts de dvnamique moléculaire et de décohésion a 

1' interface comme étant à l'origine du phénomène de l'écoulement glissement/'adhésion. 

Les résultats mentionnes ci-haut ont mene a l'article suivant intitule "Purge de 

lubrifiants fluoroélastomères par l'extrusion du LLDPE". L e  processus de purge du 

fluoropolymère de la surface des capillaires par I'extmsion en continu du LLDPE vierge a 

été analysé empiriquement et théoriquement. Les vitesses de purge dépendent de la 

température et des vitesses de cisaillement dans un processus qui semble impliquer la 
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migration de l'additif dans le courant principal et son enlèvement mécanique de la paroi de 

la filière. Ces deux mécanismes ont été proposés afin d'expliquer I'enlèvement du FE déposé 

sur la paroi du capillaire par le LLDPE. 

Le travail suivant, "Influence du FE sur l'écoulement des mélanges LLDPE/FE9', se 

concentre sur les mécanismes par lesquels une petite quantité d'additif affecte fortement la 

résistance à l'écoulement des mélanges LLDPEIFE. Les observations des deux articles 

précédents ont permis de présenter une description d&taiIlee de mécanismes qui  expliquent 

l'efficacité du FE dans le LLDPE, un polymère ne pouvant qu'offrir des interactions de type 

dispersif. Les résultats obtenus montrent que le FE agit comme lubrifiant interne et externe 

lors de la mise en oeuvre du LLDPE. La lubrification externe est plus importante que 

l'interne. Les résultats expérimentaux sont expliqués à I'aide du concept de transfert de 

masse du FE a I'intert'ace entre le courant principal et la phase stationnaire Les différences 

entre le transfert de masse à I'intérieur des mélanges et celui à l'interface sont aussi 

discutées. 

Le  quatrième anicle. intitulé "Utilisation du FE lors de la mise en oeuvre de 

plastiques non-polyoléfiniques". combine une étude rhéologique a celle sur les interactions 

entre des polymères ayant differentes polarités par chromatogaphie inverse en phase 

gazeuse (IGC). Les polymères de base choisis pour ce travail sont: le polystyrène (PS), le 
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polycarbonate (PC). le polyethylene chlore (CPE) et un iooomrre I Surlyi ) I I  a rté observe 

que les enduits de FE peuvent affecter considérablement l'extrusion de ces polymeres et que 

les résultats peuvent être expliqués à l'aide du concept des interactions acide/base entre le 

polymère et le FE. Cette étude porte sur les possibilités d'utilisation du FE en tant qu'additif 

modifiant I'écoulement de polymeres capables d'interagir avec l e  FE via des forces non 

dispersives C r  travail montre que I'lGC peut ëtre un outil trcs utile prrniettant de relier 

certaines micro-propriétés a des phénomènes macroscopiques. II est possible d'utiliser les 

relations établies dans ce travail entre les interactions polymère/polyrnère et les propriétés 

rhéologiques pour la sélection d'un additif approprie. 

En somme, cette étude examine quantitatiwnerit les eftkts du FE sur I ' t i o ~ d ~ n ~ e n t  

de divers polymères ayant différentes polarités. Les applications et limitations du FE en tant 

qu'aide à la mise en oeuvre ont été évaluées en fonction des variations dans la résistance a 

l'écoulement. Des mécanismes qui relient les phénomènes rhéologiques aux interactions 

pol yrnère/polyrnere ont ete proposes. 



4, ConcIusions et recommendations 

1) Conclusions: 

- les enduits de FE appliqués aux filières d'extrusion ont favorise le glissement 

du LLDPE à la paroi du filière, entrainant la réduction de la résistance a 

I 'écoulement. 

- l'efficacité des enduits de FE a réduire la viscosité depend de la vitesse de 

cisaillement. Dans ce travail, l'efficacité optimale se situe dans un domaine 

de vitesses de cisaillement compris entre 100 et 200 s-[. 

- le glissement du LLDPE a lieu à l'interface FELLDPE et devient plus 

important avec la longueur du filière. L'efficacité du FE en tant qu'aide a la 

mise en oeuvre est donc aussi augmentée 

- dans le phénomène de jlissement/adhesion. la fraction du temps pour lequel 

i l  y a glissement augmente avec la vitesse de cisaillement jusqu'a un 

maximum caractéristique, qui n'atteint jamais la limite de 100%. 

- les théories de la dynamique moléculaire et de décohésion. proposées comme 

étant a l'origine de Iëcoulement sporadique dans le LLDPE. ont été reliées 

a l'aide d'équations basées sur ces concepts. 

- la purge du FE, déposé sur la paroi du capillaire, par l'extrusion du LLDPE 
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est contrdée par le phenornene de diffusion 

les résultats expérimentaux et le modèle mathématique proposes indiquent 

que les vitesses de purge sont pius élevées aux stades initiaux du processus. 

Des températures élevées et des vitesses d'extrusion faibles favorisent le 

processus de purge pour une mème quantité de polymère de base. Le modèle 

prévoit que le temps requis pour vider complètement la paroi du  capillaire du 

FE sera minimisé par des vitesses d'extmsion élevées, associées a des 

contraintes de cisaillement importantes. 

en mélangeant une petite quantité de FE avec le polymère de  base. la 

résistance à I'icoulement est réduite et la mise en oeuvre est facilitée. 

le FE entraine la lubrification interne et externe pendant I 'ccoulement de 

mélanges FELLDPE, mais l'effet externe est plus important. La 

lubrification externe augmente avec le temps d'extmsion jusqu'a l'équilibre. 

l'accumulation du FE sur la paroi du capillaire dépend aussi du temps. La 

vitesse d'accumulation diminue avec le temps d'extmsion jusqu 'à I'équil i bre. 

Les facteurs qui fa\-orisent le processus d'accumulation sont les champs de 

cisaillement importants, l'incompatibilité entre le polymère de base et 

l'additif et une faible énergie de surface du FE. Le phénomène de transfert 

de masse à l'intérieur du courant principal est différent de celui 

d'accumulation à la paroi. L'étape limitante dans l'accumulation du FE a la 
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paroi est la séparation de phase du FE du courant principal. 

- dans le cas des polymères non-oléfiniques. le FE peut faciliter la mise en 

oeuvre lorsque les interactions entre le FE et le polymirr de base sont 

faibles. sinon. les fortes interactions entre ['enduit de FE et le polymere de 

base nuisent à la mise en oeuvre. 

2) Recom mendations pour études futures: 

Les objectifs suivants devraient ëtre poursuivis: 

- une relation doit être établie entre les propriétés physiques (structure 

chimique. masse moléculaire. etc.) des FE et leurs effets sur la modification 

du componernenr en ecoulement des polvmeres de base (oiefiniques ou non) .  

Cette enide permettrait d'améliorer la fabrication d'additifs de tvpe FE dans 

le but de maximiser l'efficacité lors de I'écoulement. 

- des polymères non-oléfiniques additionnels devraient être utilisés afin de 

mieux comprendre la relation entre l'efficacité du FE et les concepts 

d' interactions polvmere/pol ymere 

- d'autres méthodes expérimentales devraient ètre mises au point afin de 

déterminer les conditions opératoires optimales requises pour l'utilisation du 
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FE. Parmi celles-ci. des effons devraient ètre faits pour produire des enduits 

permanents de FE sur la surface de filières d'estnision afin d'étiter le 

mélange du FE au polymère de base. De plus. l'efficacité devrait ètre étudiée 

en extrudant des polymères contenant une très faible quantité de FE à travers 

des capillaires enduits. 

des travaux exploratoires devraient étre entrepris afin d'erab l ir quelles sont 

les autres propriétés des polymeres qui sont affectees par la localisation du 

FE en surface. Ces études pourraient porter sur les propriétés diélectriques 

et barrières, les procédés d'impression, l'adhésion des marqueurs et autres 

polymères a ces surfaces, etc. 
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1. INTRODUCTION 

There are a number of polymers that have excellent end-use properties and attractive 

cost but are difficult to be processed and shaped. This kind of drawback limits the 

application of these materials, notable among which is linear low densi ty pol yethy lene 

(LLDPE). For this reason, the use of additives to modify processing properties of polymers 

has been widely practiced. Adding a fluorocarbon elastomer (FE) or sirnilar fluorinated 

polymer to improve processability of polymers is a particular case in point. The effecü of 

this addition are usually attributed to the change in intertàcial interaction between the host 

polymer and the stationary phase ( Blatz. 1964. Shih. 1976. Rumamunhy. 1986. and 

Hatzikiriakos and Dealy, 199 1 ). Quantitative evaluations of the effects on processing due 

to the presence of FE-type additives are infrequent, nor is there broad agreement on the 

mechanism whereb y the additive affects processab ilitv of polymers. 

The present project attempts to present a coherent. quantitative picture of the role 

played by FE in poiymer processing, and to present a mechanism consistent with 

observations. This objective is interesting both to practical and theoretical workers. From 

the practical viewpoint, the study on the utility of FE in polymer processing should allow 

for the effectiveness of FE additives to bc optimized. From the fundamental view. the studv 

of mechanisms for the role of FE as a processing aid will further an understandin3 of the 
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Iink between the microscopie interaction of components in a polvmer system and its 

rnacroscopic rheological behavior The route taken here is to study quantitativel?. the rffrcts 

of a fluorocarbon elastorner on the rheological behavior of thermopiastics. and relating the 

findinys to concepts of interaction between host and additive polymen. The account of 

studies undertaken here is given in 4 major chapten: In the first paper (chapter 4). study is 

focused on interfacial effect of fluoropolvrnen on processing linear low-density 

polyethylene (LLDPE) The followinp chapter investigates the pu-ing process of FE from 

die walls by the extmsion of a matrix polymer, such as LLDPE. In the next chapter. we 

present a detailed consideration of mechanisms accounting for the empirical observations 

of FE effectiveness on melt flow of LLDPE, a polymer able to exert only dispersion-force 

interactions. The last chapter is devoted to a consideration of wider applications for FE 

flow additives. involving matrix polymers able to interacr with the FE through non- 

dispersion forces. 



2.1. Fluoroelastomer as a Proeessing Aids 

.A tluoroelastomer i FE i l i a s  firsr used by Blatz ( 1964 1 as n processing aid 111 

amounts of 100-20.W~ ppni !ri pol\derïi~> aiiû tlitiir. io~cil\iiiei> He obr,iiiwd sitiootlier 

estnidate surfaces at hiaer  rates than in the control S hih ( 19% found that FE and EPDh i 

can mutually improve the flow of each polymer at additive concentration of less rhan 54-0 

FE He funher observed thar the improvement became less evident at shear rates abm-e a 

critical value. as illusrrateci in  tlgure 1 1 HIS  nork na5 soiitlrmed b \  Kanu aiid Si ian 

i 198-1). who also noticrd thar thri-c. \ras iiu c\ iurn i  e r l c r  oi' FE . i d d ~ r ~ \  e O I I  [tir ri ieoiogicai 

propenies of host polvrner when the measurernent was carried out wirh  a plate-plate 
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Improvements in the processability of polyolefins. especially linear low density 

polvethylene (LLDPE).  due to the presence of FE have been extensively rrponed Rudiii 

et al ( 1985) indicated thar miniiiium FE concentrations are needed tu sliiti tlie miset ot'buth 

surface defects and melt fracture to higher shear rates. and thesr requirenients wried iiorn 

one type of LLDPE to another. They found that 30-60 minutes of unintempted extrusion 

of FELLDPE blends was needed to build up a steady-state FE coating on the extrudates. 

Their data ( 1985. I W b )  also showed rhat FE was more effective in delaying the onsrt of 

sharkskin than thar of mrlt fracture .\the?. et al ( 1986 1 reponed thar u i th a piston-di-iven 

capiltary rheometer, i0-10?,0 reductions in shear stress were obtained t'or blends of LLDPE 

(MI=l) with 400 ppm Viton (polyvinylidene fluoride) in the range of 100-700 s", when 

compared with the control. Their data delineated less effect of FE on lower molecular 

weight LLDPE \lare irnponiintly. the!. also noticed tliat the effects of FE i i i  tlir blend are 

time-dependent at the initial stage ot'eutnisiori. and ifiat the indricrion rinie (or equilibriuni 

time) was shoner at higher FE concentration in the blend. The? reponed the reapprarance 

of melt fracture in the blend when processed above 1000 s" of shear rate. Valenza and La 

hlantia (1958) largely confirmed the dependence of effects of FE on the induction time and 

concentration. as shown in figure 2 1. Thev veritied that not more than I O 0  of FE \vas 

needed to reach the greatest possible reduction of estrusion rorque In Iiis ïoiiiprehensive 

studies on the et'tècts of wall material on the rheology of polyoletins. Raman~urthv ( 1986) 

claimed that FE additives eliminated extrudate defects in LLDPE after an induction time 
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during screw estnision operation. but were useless in the rneasuremenr ~ ~ i t h  piston 

rheometer. More recently. Duchesne. Schreiber and Rudin ( 1990) discovered that higher 

levels of FE are needed to eliminate the extrudate defects in blends containing additives 

which acted as Lewis bases. 

nt 1 0  min*' 

Fig. 2.2 Torque transient curves for the LLDPEKiton systern 
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In contrast to the general consistency in the reported improvement in estnision of 

polyolefins by FE additives. studies on the rnechanism of these effects have brou, ~ ~ h t  out 

very different explanarions Shi h i lW3) spsciilated that the sisni ticant rrduction i i i  tlow 

resistance appeared to b r  the result uf sl ippa-e of rlir hust pol\.iiit.r o i  er tlir die \r al I L i r i u  

and Shaw ( 1982) indicated the depression in viscosity of FE-containin= polymers is not an 

inuinsic change of material property but a phenomenon of slippage peculiar to capillaries 

with sharp entrances. The! stated that FE is forced to accumulate in regions of secondan 

tlow near the entrante. follu\\ed bv a spiII o\er of dissrrie FE paniclrs into the sapillary 

along its wall Theu suggested that the "rlipping" iiiiiy be more o t '  a "rollin$' ;mon  ot' the 

melt stream on the accumulated debris near the wall and thus it is not necessary for FE to 

coat the wall to form a solid layer on which the slip occurs. Kanu and Shaw's ideas were 

ctiallenged by Athey et al ( 1986). In the latter's rvork. it was s h o w  thar time dependence 

of FE etfeca does not relv on tlir coi~tigiiration d t h e  die. silice tlie redvcti«n in  \ iscnsit~. 

a-adually reached tquilibriuni w i r h  dies of diffrrent geonirtry Atliev et al a i w  iioticed that - 
the FE was distributed evenly through the extmded LLDPERE film, although FE itself 

acted as a die lubricant. This is in conuast to the work of Duchesne et al ( 1986). These 

authors claimed that the FE concentration is high at the surface of extrudate and low inside 

the bulk. as table 2 i shows 



Tiibie 2, 1. ESCA RESL' LTS 

11 250 pprn PPA 223 1 

II 500 ppm PPA 223 1 

Cross Section 

Il 250 pprn PPA 223 1 

II 500 ppm PP.4 373 1 

II IO00 Dom PPA 123 1 

Approsimate Aromic ?G Compositioii 

Fluorine 

Explanations of the effects of FE on the rnelt flow of polyoletins is an indistinct 

picture. What is certain. however. is that the polymer-wall interaction is critically in\.olved 

in tlow resistance and the extrudate irrsgularitv noted in al1 of the above research reports. 

The main arsurnents put fonh in the publications cire the slippage of the polymer rnrlt. a 

possible misration of additive polvmrr under tlon conditions. and the ad l ies im her\\,ren 

poiyrner melt and die land. It appears worth considering these issues, before turning to the 

objectives of the present work. 



2.2. Origin of the Stick-slip Phenornenon 

The intrinsic understanding of stick-sl ip plienomena is stil l \\.an t mg We u n .  

however. explore the origin duriris ineh ttstriision. aluns \\. i t l i  cfi~tiii 11i~tior1 iind r-elasation 

of polymer melt. 

2.2.1. Theory of kIoleculnr Dynamics (Lin, 1985) 

From a viewpoint of cliain d'namics slip-srick nittlt fracture snn be \ t o i  tid a'; a 

zenerai phenornenon in non-crosslinked polymers. The dynamics are main1 y characterized - 
by  reptational motion and chain tension relaxation. At Iow shear rate. the shear stress is 

mainlv determined by reptational motion. At high shear rate. chain tension contributes to 

the total stress in addition to the inter-sntanglement stress that 1s related t o  reptatiunal 

motion The processes ot' chain tensionlreIasatiori iind of reptational relasatiori becoiiir 

increasingly distinct as the molecular weight increases. If the molecular weight is high 

enough (KI, > I O  Me, Me: average weight between 2 nodes of the entanslement nework) 

chain tension relaxation is faster than reptational processes at a given shear rate. and then 

the polymer melt slips at the \rail as slionn i n  Figure 2 3 

Following a slip event, the melt again adheres to the wall because of the decrease 
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in chain tension and the fluctuation in the flou rare Fluctuations pre~ail n irh \ride XI,, 

distribution. Briefly, high molecular weight and narrow rnolecular weighr distribution 

promote the slip-stick phenornenon. 

Shear Rate x T, 

Figure 2.3. Theoretical flow curves of two ideal monodisperse moleculnr weights: 

>l,, = 8.5 $IV: ami hl,, = 19.3 hlc 
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2.2.2. Theory of Adhesive Failure (Tordella, 1969; Petrie and Denn. 1977) 

.\fier the polymer melt has entered the die land frorn the resen.oir. the tlow at the 

die wall slows toward zero. rndependenr of the s p d  c ~ t '  the iiiainblreaiii Flie greater- the 

difference in speed between the niainstream and the boundary layer. the more intemitee is 

the stress concentration at the tlow boundary. As the shear rate increases, favoring rubber- 

like behavior in the polymer. the shear stresses in the mainstream and at the interface 

between polvmer and the die wall rise. Slippage occurs at a shear stress esceeding the 

adhesive strength at the pal!-nier streaiii. dit. \i;tll  irirei-tiice rlie pol'riitlr ctiiiitis iiou rcliis 

and the higl: stress is reduced. The polprner returns to tluid-iike behavior. adlieres again to 

the wall, and the accumulation of high shear stress is repeated. Thus, a slip-stick cycle is 

created. At even higher shear rates. the melt behavior is doser to the elastomeric state. .At 

this point "plug tlow" becomes dominant. -4s plastic deforniability is dwrnnticall y loiver iri 

the elastic staie than in the tluici state. iit siit'tic~entl!' tiigli ' ; k i r  rares the slie~ii- stress iiiay 

become sufficiently hish to result in a high frequency slip-stick transition. 

22.3. Rheologicnl Aspect (Ramamurthy. 1986: Deal?. 1992; Utracki. 1992). 

There is general acceptarice t h  s 

slippage corresponds to a discontinuity in 

I I  p p a g  ciluses \ iscusit? iii iiiiitia T h e   riset et of 

the slope of the apparent tlow curve. A typical 



example with the discontmuit\. 1s shoum III figure 1 4 

Figure 2.4. Apparent flow curves for LDPE and HDPE resins. 

Cnpillary: 1 mm diameter. and with abrupt entry 
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In the figure, points ( 1 ) and ( 2 )  identify dope changes corresponding to onset of 

surface melt fracture and qoss melt fracrure. respectively Both points were esplained 'as 

due to slippage of the polyner melt on the die land ( Ran~aniunhy. t 9S6 J. altlio~igh proot' 

of slippage was presented for point ( 1 )  onIl. Figure 2 4 aiso shoiis tlie dependenit. of 

slippage on polymer molecular weight and rnolecular weight distribution. High molecular 

weight and narrow molecular weight distribution favor the occurrence of slippage at low 

shear rate. The espianation of these dependencies was given in the theory of molecular 

dynamics of polvmer t l o ~  above 

2.3. Migration of Polymeric Additives under Flow Conditions 

.A position-dependent concentration sradient can occur in polymcr blends due to 

migration of the polymeriç additi\.e Therr are i,aric>us throries lvhich attempt [LI esplain tliis 

phenornenon. Fluid kinetics. ivall-esilusiori iiirchan~srii. ioitiputer siriiu1;iticiiis. nto-tluid 

theory and thermodynarnic analyses are panicularly noteworthy. (.Agmval, et al, 1994). 

Theoretical predictions are often in conflict with each other, even at qualitative levels. and 

thrre are few studies which provide direct experimental support for these theories To date. 

there are no repons claiming ta iustifv the mass transkr of tluoroelastonier additives in host 

polymers under t l o ~ ~ .  The migration cuiicept ntlvenlielrss iiierits discussioii because ut' the 

many factors which point to the existence of the effect. 
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For Poiseuille tlorr . for esiimple. i t is  gent.rall\- sspected tioni k~rierics tliror\ t h  

more viscous components of a niul ti-con1 ponriit s!srciii rciid tu iii igrctrt. tini ;il-& Iw dic.;ir 

regions (Ottinger, 1987; and Ravi Prakash 1992). However, Xia and Callashan ( 199 1 ) 

found that the polymer diffusion coefficient increases by as much as 5 times at the tlow 

boundary (h i rh  shear rezion). modifying the probability rhat effective migration can occur 

in the course of rypical t l o i ~  times 

According to the wall-exclusion mechanism. high viscous components under tlow 

deplete near the wall due to steric effects generated at the wall. (Shidara and Denn. 1993). 

hadequacies of this type of analvsis. however. were noted by Bmnn ( 19Si)  

Application of Mont Carlo siniulations for Puiseuille tluii ut' pul'iiiçr suluiiuria 

indicated a decrease of the thickness of the depletion layer with shear rate. (Dueriny and 

Rabin, 199 i ), but contrary results were reponed by Ausserre and CO-workers ( 1  99 1 ) for 

rigid polymer 

The two-fluid theory (Doi and Onuki. 1992) lias berri used to i i i i i i l~z~ I>uiseuillt: 

flow of polymer solutions in straight channels by Ianniruberto et ai (1994). Their work 

suggests migration of the viscous component from the walls of the channel to the center of 

the tlow Stream Thev also found that effects of the migration phenomenon are manifested 



much sooner close to the walI than within the flow Stream. 

Sclireiber et al t l %i. 1 966 11211 e artri bute({ die iii iprcitiori pliriiuiiiriioii ro 

thermodynarn~c drives. n i ~ m l ~ ~ .  [lie chimges 111 c n r r ~ ) p  ;irisiiig o u t  of  the d e t i ~ i ~ l ; l t ~ ~ ~ i ~  ot- 

macromolecuies. Ausserre et al ( 199 1 ) among others reponed experiments in agreement 

with the above sugestions. 

4 .  .Adhesiori of P~I?~ti iei-  3lelt ori the Die L;irid 

The occurrence of slip corresponds to adhesion breakdown rit the interface of 

polymer and srationq phase (die wall). Unfominately. the adhesive process in the melt and 

the influence on the conformation of the polyrner near the wall has receked limited 

attention (Ki i l ika  arid Deiin. IL)57i \\-r. î a n  uni\ .  r.;plore the intliience cit' cumponent 

properties on the intertacial proprnies in rrrliis o f  currenil! 3uilable ndliesioii illeor!. 

The work of adhesion (W,) between phase 1 and phase 2 is given by (Wu. 19S2) 

wa =Yl +Y2 -Yl2 ( 1 )  

where y , 2  is the ~ntertàcial tension beticetiri phase I and phase 2. y, and y are surface 

tensions of phase 1 and phase 2, respectively The surtàce tension. according to Fowkes 
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( 1987) . is the sum of dispersive and polar contributions The interfacial tension mny br 

established bv man! means For polynier-p<rl!nier interilcrion. rlie Iirirrii~~iiic-iiit':~ri t.qii:iiion 

is preferred (Wu, 1979). Accordingly. 

and 

4v:v: - 4~:<  
Y,, =y, +Y2 - - - 

Y:+Y; Y:+Y: 

where d and p are the dispersion and polar components. respective1 y .  

For the interface bcnczen a pol!mt.r and 3 Iiiyli-erierg!. iiiarei-ial < tiic[;il iiicral o\ide. 

class. etc), a geometric-mean equatron rs better suited (Lee, 1973). - 

Both equarions ( 3 )  and ( 4 )  srare thar y , :  diminislies when the surface tensions and 

polarities match ~vell bet\c.een the t\ io p l i i i ~ t t ~  C'rider r l i t 'sr  ii~rlsidcrr~ioii'; [li t '  I\OI-~-, i ~ t '  

adhesion is maximized, as is the interaction benveen the phases. 

Since data for the surface properties of FE are not yet available, we have to take 



1 6  

another fluorine-containin5 polymer, e.j .  polytetrafluoroethylene (PTFE), as our rnodel to 

predict the interfacial interaction. The surface tension of PTFE lies between 1 1 1 - 1 -i 6 

mJicm' at 180°C. that for PE is 20 4-26 5 niJ  cm (ii 'u. los21 Sinit: PE ;uid PTFE ,ire 

non-polar polynirrs. the ~rrtting-c«ittacr rheorv ut' dliesiori applier ri) rliia souple Tlir 

theory states that it is easy for a rnaterial of low surface tension to ivet one Ir ith higher 

surface tension; the reverse is dificuit Thus, an explanation may be provided for the effects 

of FE on the fiow of polyolefins: namely that FE wets and adheres to the high surface 

energ?; metal of the die wall more r e a d i l ~  rhan dors LLDPE Tlie FE ttius causes slippage 

of the host potymer on irs surfacc and reduces [lie o\.erall t l o i~  resisrance ut' the melt l i  tliis 

inference is correct, then, given that the surface tension of FE is likely to be lowcr than that 

of most host polyrners: FE may be a universal processing aid for non-polar polymers For 

polar polyners. however. the above analyses may not be correct as the wetting theor) onl!. 

takes in account the dispersion force acting henr eeii the t\cn phases 

The discrepancies between expectations oftheory and the tïndings ot'esperinients 

on the effect of FE on polymer processability lead to the formulation of questions which 

remain to be settled by future research. These are listed in the espectation that thev wi l 1 also 

Iielp clarib the objectives and tlir organization ot'this thrsis 



2.5. Remiiining Questions 

Question directly arisins frorn lirerature: 

Are the etTeers of FE on processing properties of polyoletins due to the slip of host 

polymer or not" 

Associated Questions: 

1 )  What are the quantitative effects of FE on the processing property of polymers'' 

2 )  Under rvhat processin- conditions does FE pertom best as a polynier procrssing 

aid" 

3)  How does FE affect the processing in detail? 

4) Where and what are the microscopic sites of FE that affect the macroscopic tlow 

propenies? 

5) 1s FE usefuiil to the processing of polyrners other than polyolrtiiis" 

lt is the above questions that lead us to the goals of this researcti: to investigate 

pol ymer tlow under influence of FE, and to connect rheological observations wi th polymer- 

polymer interaction, and possible mechanisms. 



3. ORGANIZATION OF THE ARTICLES 

In the first paper ~Fluoropolyners and their effects on processing linear low drnsit!. 

polyethylene'. comparisoiis ;ire niade of tlii\\ i i in es for the eurrusroii o t ~  J L L D P E  iiittlt 

t hrough dean metal capi llaries and when overcoated bu tluoropol y t i r r  process aids 

Characteristic differences between the flow traces include a shear rate-dependent reduction 

in flow resistance due to the presence of FE at the die surface. The FE promoted the slip 

of LLDPE melts Flow Cumes for extrusion throuyh FE-coated dies are divided into distinct 

regions and the slopes of thest: I ~ a w  bceii r-mmaltzed h?- rliliiiitiuiis i \ l i i i h  ii~il~biiitt the 

concepts of molecular dynarnics and of adhesiw failure at the dit. \vall;pol>.rner 

intedace as the origins of slip-stick flow. 

The above findings I rd  to the formiilation of the next article rntitled 'Plirgin~ 

Fluororlastomer Lubricarits B \  The Exrnisioii ot' LLDPE. Thcl-t. ii ilrsii.ipi~\ e ;iccoliiir Lins 

ziven of the purging process Two inrchanisms have been postulatrd to iiccouiir for the - 
rsmoval of FE deposited on a die land by the extrusion of LLDPE. Experimental data 

indicate that purging rates are higher at initial stages of the process than at subsequent 

period 

The third article. 'Influence of FE on Melt Flow of LLDPE/FE Blends' focuses on 
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mechanisms whereby small quanrities of tlow modifier stronsly affect the tlow resistance 

of L L D P E E E  blends. Along with obsen*ations t iun i  rhe abow ruo papers. e\rperimental 

findings are rationalized with the concept of FE mass transfer at the tlow boundary. 

The founh paper named l ' s e  of .A Fluoroelastomer Processing .\id witti Non-oIetlnic 

Polyrners'. combines a rheological study with an Inverse Gas Chromatogaphy study of 

interactions between polvrners with various polari ty lt  has been found that FE coatings can 

variously affect extrusion of these polymers, and that the observations may be rationalized 

by concepts of acid/base interaction between host polymer and FE. 

In briet: this work essentiallv esaniines ef ic t  of FE on tlow of various polyners with 

different polarities. but not to consider the origins of estnision t1air.s such as sliark-skin or 

melt fracture. Applications and limitations of FE as a processing aid were observed in terms 

of changes in tlow resistance. Mechanisms were expIored by linking rheoloyical phenornena 

with polymer-pol ?mer interactions. 
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1. Fluoropolymers and Their Effect on Processing Linear Low Density 

Polyethylene 

K C S i n ?  and H P Schreiber 

Department o t' Chein ical Engineering. E d e  Pcii yrechniqrie 

P O. Box 6079, Station Centre I'i lle 

Montreal, H3C 3A7, QC. Canada 

A cornparison is made of flow cuntes for the extrusion of a LLDPE rnelt through 

clean metal capillaries and when overcoated 6'. tluoropolvmer ( FE) prvcess aids. 

Characteristic dittèrences between the tlo~t' traces include a shear rate-dependent reduction 

in fiow resistance due to the presence of FE at the die surface. The FE preferentially 

adheres to high energy die surfaces, but interacts very weakly with LLDPE melts, thus 

acting as a lubricant at the interface of polymer/starionary phase. and promoting the slip of 

LLDPE melts Arynents  are presented shoit iris rhar tlie percent sl ippage tinie must amin 

an equilibrium valüe at h i s h  extrusion rates F l o i ~ .  c u n m  for eutnision throiigti FE-mated 

dies are divided into distinct regions and the slopes of chese have been rationalized by 

equations which combine the concepts of molecular dynamics and of adhesive failure 

at the interface of die wa 

l->o!vm. Er~g. Sei . 36. 3 57 

Vpolymer as the origins of slip-stick flow 

(1996) 



lntrodrrction 

There is wide interest in the use of additives ro improve the procrssing propenirs 

of polyrners. A particular case in point concerns linear low-density polyethylene (LLDPE), 

a widely applied comrnodity polymer but one known for its difficult melt 

processability At shear rates suited for extrusion. tlo\i dctfrcts are obsr rved  ivh  ich sei.erel!. 

limit the economics of processing Thesr are generally idenritied as shark-skin and cyclic 

or slip-stick melt fracture. Remedial measures are required and the use of tluoroelastomer 

(FE) or related fluoropolymer additives has proven to be effective in suppressing both the 

surface defects (shark-skin) and the unstable extrusion (slip-stick) problerns referred to 

above Numerous studies have considered the rols pla'.ed by FE additi\.es in LLDPE 

extrusion \Y hile rnuch progress fias been made towards ~inciersranding that role. a 

complete picture is still wanting. This report is intended to hnher that understanding bu 

presenting some quantitative analyses of the effects on LLDPE processing due to the 

presence of FE flow rnodifiers. In so doing it complements our earlier discussions 

of the topic ( 1.2) The use of FE additives as processing aids for oletinic pol'miers and 

copolymers was reponed by Blatz ( 3 )  soiiie -30 years aso Subsequeiitly. nian- 

authors (4-12) have elaborated on the subject. There is consensus that FE polymers 

blended into LLDPE improve the appearance of extrudates at high output rates and 

reduce the polymer meit viscosity. Athey (5) and Rudin (6), among others. found that 
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the benefits of FE additives are not immediateiy evident but becorne sa after tlnite 

periods of extrusion, the time needed to establish steady-state conditions depending 

on the FE concentration. Implied is a need for the additive to migrate to the die wali in 

order to e'tert its etTect. Ln his extensive srudies. Ramamurthy ( 7 3 )  also noted the existence 

of an induction time for the brnrtïts of FE addition to b r  t l t .  and sug-ested tliat FE 

eftèctiveness depended on the materials used to constmct extrusion dies. -4s a result. the 

suggestion was made that the additive acted as an adhesion promoter between flowing melt 

and die wall. delaving the onset of discontinuities. He also noted that the additive seemed 

more effective in screw extrusion than in extrusion with a piston driven rheoriieter 

The concurrent view on the mechanism for the changes in processirtg due to the 

presence of FE considers the additive to act as a die lubricant. allowing the host polymer 

to slip along the die ivall. This view has been espressed most recentlv bv Hatzikiriakos and 

Dealv ( 10- 11). but also by  b n ~ i  and Sliaw (4  ). S h i h  ( 13 ). and by Denn and cou.orkers 

( 14.15). Since in nomal practicr the FE is tiiiel?. dtspersed in the pol!.rner iliiitri\r. this \.it.\v 

accounts for the obsened time delay in tlow irnprovements, that delay being set by the 

kinetics of the migration needed to accumulate a critical amount of the additive at the 

dieipolymer interface. The evidence presented in references 1 0- II persuasivelv a r g e s  in 

hvor of the melt slip option. shoiving that the FE reduced the critical shear stress for 

slippage from O 09 V P a  for a conirol Iiigh density polyetli\~lrne ro O 02 SIPa Also favoriiig 



the slippage and migration concepts are earlier results from our laboratories ( 6 ). concerned 

with the rtTectiveness of FE processin2 aids III pigrilenteci LL-DPE -4c1d-baw 1ri~er;ic~tons 

betiveen additive and pigment uerr reponed ri, Iead w the d s q x i ~ i l  ut. ilir FE. i i i u ~  

hindering the additive's migration. As a result, excess amounts of FE were required to attain 

expected processing benefits. 

.A starc point for 1ht3 prewnr iii~estigatrliri I S  [lie presuiiied mion of'1fitf F E  addir;\.e 

ar the boundary between die \+al1 and tlowng nir i t .  To tocus un itiis ~ i i t r r f i u .  die tluir 

comparisons made here involve a LLDPE melt rvithout FE additive, extmding through 

uncoated metal dies and through dies with sirnilar dimensions, previously coated by selected 

FE tlow moditlers 

The host polymer in this work was a LLDPE (Dowlex 2045) supplied by Dow 

Chernical Co The polymer had a melt tlow indes of 1 I GPC measurements in trichloro 

benzene solutions gave values of \;ln = >6.1)00 and \Tir = 9 1.000. rrspecri\.el\.. FE-i \vas 

a Dynamar product. supplied by the 3h.l Company, FE-2 was DuPorit's Viton Frtxtlow 20. 

As implied above. two extrusion procedures were followed: 



Type I: Extrusion through clean dies of specified dimensions. 

Type 11: Extrusion of the host polymer through sirnilar dies previously coated bp first 

e'ctmding the pure FE melt. In this procedure. dies were not clraned fol lowin~ the 

FE extrusion step. 

Measurements were made with an tnstron capilla- rheometer. t'itted with 90 

degree-entry dies, 1-27 mm. in diameter and with L/D of 5.0.10.0 and 20.0. Controlled 

piston speeds ailowed scanning the flow behavior of the LLDPE over more than 2 decades 

of shear  The polyethylene 1c.a~ conditioned i n  the rheometer for 10 minures prior to 

determinations and carry an uncertain ty not exceedin- 3 O . 0 .  Type 1 esperirnents were 

perforrned on dies freshiy cieaned by firing at >600 "C. In Type IL mns. the inass of FE 

on coated dies was evaluared by weight cornparisons of initially clean dies and coated dies. 

Gravirnetric analyses of dies at the end of Type II mns indicated the amount of FE retained 

on die walls 

ResuI ts and Discussiori 

FE effectiveness in LLDPE extrusion: 

The effecr of FE at the die wall/polvmer interface is .-vident in a corn parison of 



25 

Type L and Type Il extrusion. as given in Figure 4.1. The LLDPE is processrd at 1 SO T 

through a die with L/D = 20. and FE-I is the tlwropolytier in Type II nins Data for 2 

successive nins are shown for Type I i extrusion - \ t  i Cr!. loi\ z t i c i r  r;ltcs [l~erc 13 110 

meaurable difference benveen Type 1 and Type LI results, but when 7 esceeds about 1 O s" 

therr is an appreciable lowering of the apparent viscosity under Type II conditions. The 

lowering of flow resistance is clearly shear-rate dependent. and appears to reach a 

maximum at shear rates in the IO'S- '  range At higher shrtar rates the trrrid iii Figiirr 4 1 

points to an approach of data Ior the diferrnt estnision iiiudes. ail rrtrapoliiti~iii iiidic;iting 

that near 1000 s" the 80w resistances will again be indistinguishable. Flow data with FE-? 

ar the die wall were analogous to those in Figure 4.1, and both sets are in general a= ureernent 

with earlier reports (5.13) which lirnited improved processability of polyolefins due to the  

presence of FE additives to shrar rates belolr 700 I s -\ t i o t e~ io r t l~~~  feiimre !II the Figure 

is the contrat between the srnootliness of ttie T!pe I tion clin e aiid rlic qqxii-e~ii ~ ! y c r i t e d  

nature of Type II curves. Further discussion of this will follow later in the article. 

The close sirnilaritv between data for successive Type II processing indicates that 

FE is not îùllv renioved from the die rr r i l l  duriiig  nir rial esrnisiun The iiit'erriice is tonard 

the hnction of FE as a truc die lubricant, and one not readil! iriiscible ~ ~ i t l i  the bulk 

polymer. We have already rernarked in an earlier publication (2) on the need for the FE 

additive to be no more than sparingly miscible with the host polymer if it is to function 
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effectively. Present results also arsue against a reduction in the tlow resistance of 

polyolefins containing FE additives as being due, partly, to the viscous properties of the 

additive itself (7.S) .  The data in Figure 4.2 are the source for the statement Stiown is the 

ratio of apparent \%xsities of the tno FE xiditi\es ro iliat die Iiost pol!.riicr. rr ;i \\ ide 

shcar rate range The apparent iscosities ut' the t l w b  additives are alwiys siibstantinlly 

rreater than that of the LLDPE, so that a large reduction of the blend viscositv is unli  kelv - 

In order better to evaluate the et'tèctiveness of FE coatings as tlow modt tiers in 

LLDPE extrusion. we introduce the sffectiwness cort'tlcient (8). detiried as tbllo~vs 

where F is the force eserted on the rheometer piston by the ~nei t in Type I and 1 L estrusiun 

The 0 parameter has bern used to cotnpare the etfectiveness of FE I and FE I I  as tlou 

modifies for the present LLDPE. as shown in Fisure 4.3. Both of the moditiers reduce the 

tlow resistance. and the corresponding 0 values follow analogous paths as shear rate 

varies. That path leads to well defined maxima in the shear rate region of 100 S. ' .  as already 

noted above. Quantitativel'.. in the present case FE-I ts the more effttcti\.e moditier. 

reducing the tlow resistance by about - 1 2 O . o .  as compared with a masimuin 0 of about 2Sab 
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for FE-2. Repeat extrusion through the same coated dies led to similar curves as those in 

Fisure 4.3. with relatively little reduction in the masimum 0 values This again points to 

lirnited loss of the  FE polymer during rhe initial extrusion nin and siipponc; rlitt 11otioi.i ot' 

slippage of the tlowing polymer over the coated die, similar to concepts advanced by 

Hatzlkiriakos and Dealy (10-12). Inferred is very weak bonding at the FELLDPE interface. 

but  signitïcant bond strength at the FEhetai walI boundary The seneral shape of Cumes 

in this figure is the result of differrnces in the sliape of flou. curves for Type I and T!.pe I I  

extmsion. noted durin? consideration of Figure 4 I Tlie slope chimges in rlir segments of 

curves for Type II processing are directly related to the appearance of 0 vs. 7 plots 

End effects and slippage sites in FE-coated dies 

There is w d e  recognition of the ribility ot' FE addi t i \w tn sliriiiiirirtt or reditce the 

severity of fiow defects such as cyclic melt fracture and surface roughness. frequently 

czssociated with the processing of LLDPE melts. Attention is drawn to the initiation sites 

ofthese tlow instabilities. One source o fo r i~ in  for tlow instabilities in capillarv extrusion 

is the die entry region( 16.1 7) .A calculation o t' die entry corrections. and their response to 

the presence of FE on the die wa l l  therefore is appropriate Bas le \ - ' 5  incrhiid ( 1') \\,a': 

applied to data for Type 1 and Type iI extrusion, and an example is given in Figure 1.4 for 

Type 11 extrusion at 200 O C ,  using dies coated with FE-1. While at lower temperatures 
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excellent linear plots were obtained. the curvature displayed here was typicül o t' rrsults ar 

hisher extrusion temperatures. Following the esample of Hatzikiriakos and Dealy ( 1 I ) .who 

have reported sirnilar findings, second order polynomial fittins of these lines led to 

extrapolations to LA3 =O and thus to the detiiiition of end pressure Iossrs (Pei at cnch sliéar 

rate The end pressure los5 is otien t i x d  '1s ;i Jescriptor i)t'  B'iplt.' corrections ro tlo\v data 

( 1 1.18). and we have followed the practice. 

A summary of Pe values for both types of extrusion is siven in the two pans of 

Table 4.1: pan -4. applies to errnision at ZOO OC. and compares resiilts for Type I and Tvpe 

I I  procedures. uith FE-I as the tloii iiioditier Pan B. i.elatirig to I SO 'C e\tnisioii. also 

compares Pe values for Type I I  extrusion in vol vin_^ both FE4  and FE-? C a r 1  the 

presence of FE at the die wall results in greater end pressure losses, more particularly with 

the use of FE-1 This would be inconsistent with concepts that identify the die-enrry region 

as the primar!. source of t h \ \  instabilities k n o w  t« he palliiited by FE pol'.iiirrs 

Consequently the data of Table 4 1 point to the die land aiid the die exit iis loci tiir juriàcc 

defects and cyclic melt fracture in the extrusion of LLDPE. The relationship between the 

FE effectiveness factor 0 and die dimensions, shown in Figure 4.5. supports t his view The 

effectiveness of FE coatings in reducing the flow resistance of LLDPE increases 

systematically \rith increasing die L: O. iust as the i nfliience o f  die entry e\eii ts. iif course. 

decreases with rising die L:D Tlie pressure loss data also are relcv;int to the sporadic slip- 
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stick tlow. ividelb. associated ivith the tlow instabilities of concern here ( 2.7.10.1 1.14.1 5 )  

The signitïcant decrease in the siope of tlotr. cuwes tn Type I I  extrusion. illristrated in 

Figure 4.1, may be associated witli the onset of slippage aion-, the die f and Prrcrderits for 

such an association are found in contemporary lirerature (7,lO. 14.19) It has been noted by 

Nielsen (20) that when polymer slips at the die wall, greater elongational deformation takes 

place in the die cntq re~ion.  ivith the consequence of increased end pressure loss 

Recently Fu-jiyama and Kaicasaki 12 1 ) have reponed a sharp increase in Pt. ivhen slip 

occurred during the extrusion of hish density polyethylene. in contirmation of die concept 

The data in Table 4.1 therefore funher establish the die land as the locus of cyclic tlow 

instabilities, and the role of FE as a lubricant at  that boundary. 

I'he role ot'lubrtcant noted above ma'. of course. be manifested bv the slip of the 

FE polymer over the die land. or by slip of the LLDPE over an adhering FE layer If the 

bond strength of that layer to the die wall is sufficient, then for any stated condition of 

estrusion. the efficiency factor 8 should remain constant. In fact. hoivever. tchen LLDPE 

is continuously extnided. the 0 \.alur decreases along paths illustratrd by tlir esai~iplr 

in Fisure 4 6 An extrapolation of the function sh0~c.s that 0 =O after about 10 hours of 

extrusion. Gravimeuic analyses show that 1 S%I %, of the initiai mass of FE remains on die 

walls following 4 hours of isothermal processing, regardless of the die Lm. Thus. finite 
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amounts of FE are remo\.ed h n i  the die w l i  durrng estmsiuii. tttrlier- b' ri ic iiil,ciit?cr 

diffusing into the polymer rnelt, or by the FE itself flowing alonj the die wall and esiting 

with the extmding rnelt. Increased permanence of FE layer effectiveness would in the one 

case require a greater degree of imrniscibiIitv with the host polyrner In the other case the 

effectiveness le\.el and its durabilitv \tc)~ild van. I r  i t t i  the seltrctron o f  dit' ionstrtizrIori 

material. as was indeed reponed b' Ratiia~nurthy ( 7.S ) 

Further analysis of flow characteristics 

The ettèct of FE tlri t.LDPE tlo\i c.li;ir:icrt.ristiic;s iiiii\. ht. ;miil\ zed 111 i i iort .  &r;lil 

using statistics and principies o t' transport plienoiiiriia .kcrptiiiy the uccui-1-eiiir u l  slip 

during extrusion under appropriate conditions, the total external force (F) for extrusion rnay 

be wrinen 

tvhere F,, is the component of esternal force needed tu break tlie adliesion becneen the 

polyrner Stream and the stationary phase, and F,, is the force component needed to establish 

laminar flow. We now introduce h. . the percent of time during which slip occurs. This is 

equated to the percenta- of total tlow boundary in which slip occurs and is detrrn~ined by 



where t represents the respective rimes for slip and stick flow. F,, can rhen b r  espressed 

as the force (fa,) need to break adhesion per unit area of the stationary phase. 

For a circular die. 

Fd,  = 2 ZR:RL~~,= 

F,, at r = R in turn is given by the local shear stress (z) and time friction( A) from 

FSr=ZzRL(1 -À): 

The tocal extrusion force F over the die land 15 then stated as 

F=2ciRL ta 

where r, is the nominal shear stress corrected for end effects. 

7 =ifad+ 4.): (7) 

Combining equations 2 and 4 - 6,  it follows that equation 3 shows L to be a function 
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of slippaoe time. and thus also of rhe appareni shear rate (y,,) D~fferen[iat~ng ~ i i L ~ ~ i [ i ~ ) r ~  - 

with respect to y, provides an expression for the slope of the tlow curve during slip 

.A requisite for adhesive ràilure is an inequalit!. betwrrn the local adtirsi\-t. bond 

strength and the local shear stress. thus 

Equation S and the above inequality predict that at low shear. whrre no slip occurs. 

t; x,,, and i. = O When wrntuallv T,, eceeds f,,,. À becomes tiiiite. indicati\-r of slip Froni 

equation S it f o l l o ~ ~ s  thar a rsduction in tlir tlmi cun. r  slope \ t i l t  b r  ii c o i i ~ ~ ~ l L l ~ i i i c  01' rlie 

event. Since a finite extemal force is a prerequisite for melt flow, h. cannot attain unit? and 

therefore the polymer cannot slip over the entire die land . Rather, the parameter reaches 

a limiting value at hieh shear rate and remains constant bevond this rate of estnision .At 

this point. the slope of the tlo\i cun-e niiist agaiii inçreasr Thrse conseclLiences tif the 

proposed mode1 ma- be tested L>y aiiiilk~i~ ot'esperiiiienr;il data 

The flow data shown in Figure 4.7 relate to the point. As in Figure 4.1 a comparison 

is made between data for Type 1 and Type [ I  extrusion at ISO "C. two dies being 

represented in each processina niode The c u n a  for Type I estnision are sniootli. \i.i t h  the 
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most evident changes in dope located in the range of 100-1 70 kPa, similar to obsemations 

reported by Ramcmurthy ( 7) The Type I I  cume is distinctty segmentrd iirid c.on~.eiiieritly 

separated inro 3 sections. ;is illustrateci .A sigiiiticri~it reducnwi I I I  [lit: slilpt' 15 tiotd near -!_' 

kPa anc! the slope then increases at about 90 kPa. The pattern in Fig.7 is follolved esactly 

at higher extrusion temperatures, and is in keeping with the predictions stated above. 

Extrusion data of this kind can be represented by a power law statement such as 

Values of the y and x parameters, for estrusion at 180 and 200 "C. are surnmarized 

in Table 1.2.  The exponent quantifies the apparent changes in flow curve slopes. The 

decrease in  siope in the transition from zone 1 to zone 2 is usual. since generally with 

rising shear rate the degree of stiear-tliinnirig also rises. as rn - i j . p r  1 errrusiwi 

Various rationalizations may be offered for the effects of FE on the tlow behavior 

of LLDPE melts. One of these is based on the motion of segmented chain molecules. 

Reptation or segmental creep is proposed at the boundaries of a tlow streani Accordin2 

to Silberzan and Leger (24 )  seg~neiital creep is ta~ured and tlie total flw resistance is 

lowered when the interaction beween polynier and die wall is louered In this coritest. FE 

with a Lower surface enersy than LLDPE, would wet preferentially the high surface energy 

walls of metallic extmsion dies, thereby lowering the adhesion between LLDPE and die 
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walls This would account for the lower slopes and reduced tloti. resistnnce i n  T!.pe II 

extrusion, even at very loiv shear rates. 

The dope changes in zones 7 and 3 of Type I I  extrusion are linked to the slip-stick 

flow of LLDPE melts Ex1 ier literature on the sub iect ei ttirr considers the slip ut' pol!.itirr 

rnelrs to be a general phenomenon of uncross-linkrd tluids ( 2 3 .  or to he the result of n 

sporadic adhesive failure at the meltktationary phase interface( 10.14, l 5.16). In this 

view. the prerequisite for adhesive bond strength. During slip. the melt is separated from 

the is reduced to zero The frequency of occurrence of the event will increase with 

increasing shear rate. calling for a reduction with shrar rate of the f l o ~  sun.r dope As 

already noted. ar higher shear rates. the per-cent rime of .il ip  tliw i À i iissosiiircd ii itli dit. 

extrusion of a ~ i v e n  volume element of melt increases to a constant value but  cannot attain 

1009'0. While A is increasing flow resistance is reduced, and FE effectiveness. as stated by 

8. increases substantially Since for slip to occur. there must be an  accumulation of cliain 

tension at the poIymer!boundar!- interface. the tlow mode iit higli shear rstlects tlir 

fluctuation bet\\.een stress accumulation duriiig the adliesion pliase. iiiid slip during rht. 

failure phase. When the cycle attains a steady-state, represented b y the limiting value of A. 

then further reductions in the flow resistance due to increasing applied stress can only be 

met by chain orientation and disenranglement. Since now the internai friction between 

segments is no loneer dissipated by increased slippage. the tlon- cun-e dope in this shenr 
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rate region will tend to rise. Earlier mention of the peculiarity was made b y Athey ( 5 ) .  and 

more recently by Clan (22) and by Wenza and La klanitia ( 2 3 )  

Equation S of this papa- seems to bridge the opposins view on the origins of cyclic 

nielt fracture, as represented by reference 25 on the one hand, and 2, L O. 14. 15, 16 on the 

other. The stress at the flow boundary (r,,) is proportional to the polymer viscosity during 

laminar tlow. and the factor (c,,,) introduced in the expression correlates an interfacial 

property with the viscosity cliarricterisric c,f rtie pol>mer bulk Tcirriing rie\;[ tci riie \ i l r i l u  

forrns of equation 10. these are rooted in the theory of adhesive îàilure at t he  in tercice as 

the cause of slip-stick flow. However, because melt viscosity is critically dependent on 

polymer molecular weight. weieht - distribution and shear rate. these equations also show the 

dependence of slip-stick tlow on these factors tn this respect the quatioiis iiicorporatr the 

concept of molecular d'narn rcs iis the 0rlgi11 CI t- 5 1 I ppiigt' ;it wi'tic~rri t lv I I I $  rates O t' slieai- 

Conclusion 

The in\.estigation lias led to the fdluwng conclusioris 

* FE coatings on extrusion dies have promoted the slip of LLDPE polyier at rhe die 

boundary , with a resuking reduction in the flow resistance. 



+ The effectiveness of FE coating to reduce process viscosity is a function of the shear rate 

tn this work. optimum effectiveness was associated with a shear rate range of 100-200 s-' 

* Slippage of LLDPE occurs at the FEiLLDPE interface. and its estent 

increasing die length. FE effectiveness as a fio~c ii~oditrzr thi irehrr a 

increasing die length. 

increases \t.ith 

.Ise rises ~ v i t h  

* In slip-stick flow of LLDPE, the percent time during which the melt slips increases with 

shear rate to a characteristic niasimum. but cannot attain the Iimir of 1 00O.0 

* Theories ofniolecular dynamics and of adhesive failure. alternatiid?. proposed as the 

origins of sporadic flow in LLDPE, have been Iinked by equations based on concepts drawn 

tiom both approaclies. 

This work was supponed by research gants  from the Natural Sciences and Engineering 

Research Council. Canada. Our thanks go to staff members of the research department. 3M 

Canada. for useful discussions and for the supply of some research materials 
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Table 4.1. End Pressure Losses in Type I and Type I I  Processing o f  LLDPE 

(sec-') End P Loss (kPa) End P Loss (kPa) 1 Type I Extrusion Type II Extrusion 
L 



Table 4.2. Constants for  Power-L:lw Eqiiation Applying to Flow Ciirve Regions 
in Type l l  Processiiig. (Consrnnts are for T , ~  = ï '(,') 

Y, (sec-') 

* For identification of t lo~v cun.e r e ~ i o i i s .  see Fi: 7 

End P Loss 
P .  T e  1 

Curve 
Region* 

T( O C) 

Y 

X 

End P Loss (kP:i). Type 
II Esti-usiori & FE-1 

End P Loss (IiYa). Type 
If Estr-iisiori & FE-? 

1 

180 

13.3 

O 61 

200 

11.5 

O 60 

- 7 

180 

22.4 

O 3 8  

3 

200 

14.8 

O 43 

180 

11.2 

O 54 

200 

8.9 

O 59 
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Figure 1 1 Shear stress-shear rate relarionships for LLDPE estrusion through clean dies 

(Type 1) and FE-coated dies (Type II) .  die LlrD=IO. T= IS0"C 2 Tvpe 1. Type II.  firsr 

run: V Type IL. second mn. 
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Figure 4 . 3 .  Shear rate dependence of viscosity reduction percentage (81, due to FE 

coating on die surface; T= 1 80°C, die LD=20. 0 FE- 1 ; FE-2. 



Figure 4.4. Plot of Baglev correction relating to LLDPE extrusion: 200°C. various LID 

dies and shear rates 
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Figure 4 5 Shear rate variation of FE coating effectiveness as tlow resistance modifier; 

response to die length changes Modifier is FE- 1. T= I 80°C. Lm=- ( O ) .  L/D= 1 O (a). 

L/D=20 (V) 



Time (seconds) 

Figure 4.6. Efficiency of FE4 flow modifier for LLDPE extmsion as function of 

processing tirne T= 160°C. shear rate= 143 s" 
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Figure 4 7 Cornparison of corrected shear stress/shear rate plots for Type 1 and Type 

II extmsion of LLDPE at 180°C. showing definition of zone 1.2 and 3 in Type I I  extrusion 



5. PURGING FLUOROELASTOMER LUBRiCANTS 

BY THE EXTRUSION OF LLDPE 

K C Sing and H.P Schreiber" 

Ecole Polytechnique, Montreal, Quebec. Canada 

The process of purging tluoropolymer processins aids from esttusion dies bv the 

cont~nuous extrusion of LLDPE has been analvzed quantitntively Pur-ing rates are 

dependent on melt temperature and on shraring rates i n  n process tliat appears to in~.ol\.e 

both the pecetration of processing aid into the melt Stream and its mechanical stripping from 

the die surface. A statistical analysis has been carried out which accounts for the dependence 

of pu-ing rates on temperature. shearing rate and extnision time The procedure should find 

use un desisning purgins operations t'or industrial-scale equipment 

* Mail address. Prof H P Schreiber. Department of Chernical Engineering, Ecole 

Polvtechnique. P O Bou 6079. Stii Centre-\'ilIr. Mntreal. QC H3C 3.47.  Canada 



Fluoroelastorners (FE) have been widely used as polymeric lubricants for processing 

linear, Low-density polyethylene (LLDPE). tt is generally recognized that srna11 amounts of 

FE can siynificantlv reduce the tlow resistance of LLDPE Ii"' Ramamurth- et a!'-'' Iiave 

shown that the etfect 1'; due tu changes in the pr-oprrties rit' die surfiiçes. i is the tluoropol~*rncrr 

additive toms a contiguous coatmg. The coating layer can be formed by the long extrusion 

o f a  LLDPEEE blend ""1, or by directly applying FE ont0 die surfaces14"l In either case a 

subsequent need may arise to purge the die of residual FE. In general, pu-ing one pol ymer 

melt from estrusion dies ~ v i t h  another is an important facet of polymer procsssing 

technolog To date. ho~\rvèr. the topic I~ns receiwd Iimited iitrriitiim I I I  the lirrraturs 

The objective of this paper is to consider purging practices in sufficient detail so as 

to identify factors which affect the process. The pursing of FE from extrusion dies bv the 

pro ces sin^ of LLDPE is  considered from an analytrc vieqminr 

2. Experimental 

The poiymer matrix of this work was a thermally stabilized LLDPE. Dowles 2045. 

supplied by Dow Chernical. with \ , I  , = 9 1.000 as deterniined b'. size esclusion 
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chromatography in trichlorobenzene at 130°C. The fluoroelastomer (FE) was Dynamar L- 

l 12 i 6 supplied bu 3x1 Canada This is a copolvmer of i-inylidene tluoride and 

hexatluoropropy lene. Lvi th a \ loone). i.iscosiry reported b!, t tir supplier ro be 4s 

.An lnstron rheometer was used as extrusion device, with melt temperatures 

controlled in the interval 160 - 200°C. The rheometer was connected with a cornputer to 

record e'rtrusion force at half second inrervals E'cperimental data were procrssed witli the 

"Signaplotsr Graphics Sysrem". \'ersion 5 0- made by Jandel Corporation The die usrd 

ivas 1.75 m m  in diameter and the length/diameter ratio was 40 O The tlar-eiitry die was 

made of miid steel. 

In a rypical rsperimental sequence. pure FE was eutruded tïrst to till  [lie initiaIl'. 

ciean die Thereupon the rheorneter \vas cleaned. but not rhe die The rotal wight of die and 

residual FE w,u measured and recorded (W,,,). after removin- the die frorn the lnsrron 

device. The die was then reinstalled in the device and purged by extruding pure LLDPE 

under controlled conditions of extrusion temperature and extrusion rate. Due to poor 

compatibiliry benceen FE and LLDPE. most of the FE was e-iected as a pluy b v  the tlowing 

LLDPE at the beginning of pu-ing process Because of the weak interaction brtween these 

hvo polymers. there is no effective bondin2 between the FE pluy and esrnided LLDPE At 

room temperature, FE is a soft, grey elastomer, and LLDPE a white rigid plastic. Because 
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of signiticant color and modulus differences benveen FE and L L D PE. i r i\ as cas!. r« identi- 

and separate the ejected FE from the L L D P E  Tlir uriglit ot' the r r i o ~ e r e d  FE plu- is 

recorded as W,,;. The difference between 4, and thus defines the arnount of FE 

remaining in the die. For each pursing run, the rheometer was filled with about 16 grams 

of LLDPE: extrusion was started following a 10 minute allowance for csrablishing thermal 

equilibrium .At the conclusion of a mn. the c\.linder \vas rctilled iiiid the prr>cess repeated 

.k many as 8 repetitions were carried out. with purge timrs tlierrfore ezcerding 130 minutes 

in some cases. We refer to this procedure as Type 11 extrusion. Ln control runs, identified as 

Type I extrusion, unmodified LLDPE was extnided under the same conditions through a 

t'reshly clenned die The persistence of FE in the die was determined froin obseneed 

difierences benveen tlir tlo\i b rha \ . i~~r  i r i  T i p è  1 ;ind T i  p r  I I  c.\rrusiim zeqiicrices 

3. Results and Discussion 

Previous literature suggests tliat a key factor in purging polymer froni a die is that 

the \-iscosit'. of the puryns pol! nier sh~)~t ld t i \ i t d  tliiit of the pi>l\mttr  be~rig i-t.i~ici\-ed ' ' 1  I i i  

practice, of course, this condition cannot always be met. nor was it the case tiere. in  this 

work. the LLDPE used as purging polymer had a lower melt viscosity than the FE to be 

purged from the die. Figure 5.1 compares the melt viscosities of LLDPE and FE over more 

than 2 decades of shear. at 160 - 200°C In this shear rate intenal the viscosi t'. of FE taries 
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tiom more than 3 times that of LLDPE at low shears. to about 1.5 times that of the matris 

polvmer at hi-h shear rate. 

3 1 Analpis of Type II. purging extrusion 

The start point for this section is a view of the flow behavior of LLDPE through a 

reîèrence. clean die A s  shown in Figure 5 2 for extrusion at constant piston speed. the 

extrusion force increased sliarpiy at t h  and then graduail' atrained a nearly constant b rce  

at extrusion times exceeding about IO0 seconds. On repeat extrusion througli the same die, 

the shape of the flow curves closely resembled that of the initial run. but at somewhat lower 

extmsion forces . By mn 3, noted in the figure, there is indication that extnision has attained 

a steady state 

Type 11 extrusion through the FE-coated die produced ver! diftèrent patterns. as 

illustrated in Figure 5 .3 .  Knowing the mass of remained FE, its density (ca. 1 .S-l -cm3 at 

room temperature) and the die size, the initial thickness of the FE coating is estirnated as 

shown in Table 5 1 -4 sharp stress peak at the onset of the tïrst estnision sequrnce is 

followed by a sharp reduction to a stress level well below anv obsewed in the entire series 

of Type 1 runs. .A subsequent slow increase in stress is also obsened. In succeeding 

extrusion r u s ,  the average extrusion force is greater than in the first run. Indeed. the 
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increase in estmsion force is svstematic. but even in mn S the estrusion force \\.as still 

appreciably Iower than the corresponding level in Type 1 runs This signal c) i ' r I i t .  abllit! d 

FE coatings to reduce the flow resistance of LLDPE was still visible weil beyond the 8th 

extrusion. 

Table 5.1. Weight of FE in the Die 

l 

Extrusion Rate (EE)=37 9 mm-/sec Tem p = I 80°C 

160°C lSO°C 200°C E= 14.4 E=56. 7 

Cornparison of Fig~ires 2 and i 3 ako shon.s niarked diftsrences in the tluctuarion 

of extrusion force in Type 1 and Type LI procedures. ln Type 1 extrusion. surne tbrce 

tluctuation is noted at the apparent shear rate of 143 s-l. The difference between peaks and 

val leys of extrusion force was generally less then 5 kg, at a frequency greater than 150 

seconds. In contr~ut. Tvpe I I  processing at the same extrusion rate produced tluctuation 
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amplitudes of 5-10 kg., and more importantiy, at frequencies that were often less than i 50 

seconds. lnstability in extrusion force is usually considered to be an indication of slippage 

of the host polymer mainsrreani o \ w  tlic die surface '"' 'This slippage coiirributes to the 

reduction of estnisron force n h m  LLDPE t lo~ i  s rliro~igh ,t FE-ioitted die 

3 Z Quantitative characterization of purging processes 

\Vith the  on-line coniputer recordin2 svsteni notai in  the esperimental section. [lie 

course of changes in estnision force could be folloived thruutl_liour dit. e\-tnisiciti niii. as 

shown in Figures 5.7 and 5.3. The differences in extnision force under identical processing 

conditions were used to quantitatively study the course of purging processes. 

Prit\,ious studiesl"' Iia\.r \,eritied tliat integral la\crs nt' FE on ilie dit. surtace are 

effective in reduciny the tlow resistance of LLDPE Tlir effecr \.anislies as FE is stripprd 

off from the die surface. Mathematically, this leads to the definition of a parameter (0). 

which expresses the effectiveness of FE as a means of reducing the flow resistance of 

LLDPE Thus. 
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ivhere FI is the extrusion force of L L D P E  01 er a dean dit: surface and F:, 1s [lie hrce  nhen 

flowing over a FE-coated die surfice Obviously. 8 L\ I l l be zero ii tien r he FE Ilris bren riil 1)- 

purged from the die surface. 

The recording system used in this icork registered tluctuations occurring at inten-als 

of O 5 second Hoivever. in order to rninrrnize rhe intluence of randorn \xi;itions cilie ro 

instrumental or sampte purity factors. we have used the a\-eragt: estnision fi~rcrt' c~\ei- ail 

entire run to characterize differences between the two e m s i o n  protocols. The average force 

for each mn was calculated from the value at the initially stable point to the end of the run. 

In turn. the initial stable point. following the initial stress peak. was detined by the point 

hllowing ivhich at least 3 identical. consecut ive force rtiadings ii ere i-ecurdrd Di ftzreiices 

between average force readings for Type I and 11 estrusion w r r  tlirin i ised io 1iitrrprt.i the 

purgng process in the present systern. In the following sections we considrr the deperidence 

of pugins on variables of the extrusion process. 

3 2 i )  Dependence on extrusion rate and tinie of tlulr 

In the following, the experirnental uncertainty in 0 kvas estabiished by repeat 

investigations. to be less than 9 56. The dependence of purjing on extrusion rate is 

indicated in Figure 5 4 At an extrusion rats of 11 S mm'kecond. in  the tïrst run the 
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rtEciency factor 0 \vas more than 34%. Following the extrusion of 90 grams of LLDPE. the 

efficiency factor fell to onlv 1 196. Hence. the mean reduction ei'ectiveness of the FE conting 

was 0 .25  percentage points per gram of L L D P E  In detail. @ decreasrd sliürply ar the 

beginning of estnision. but the decre;~se betxiiit: niuch Iess e l  ida i t  t ; ~ l l t ~ i ~  ing rhe eutrusiun 

of about 24 gram of LLDPE At the extrusion rate of 29 7 mm '.'second. the path tollo~vrd 

by  8 was quite different from that noted above. At the onset of extrusion. the average 

eficiency was less than 3206. After more than 100 grarns of LLDPE had been processed 

through the coatrd die. the 8 value reniained cssentiali y unclianged. near 26' O Tlius. the 

mean loss of rifc3ctiwness of the FE clliitiiig i\ as t i r i i \  (.I i.W O pei- graiil ot- LI-DPE .\'; \ \as 

the case at the lower rate of extrusion. the drop in 8 was most pronounced in the first nin.  

then becarne less marked and roughly constant in following extrusion mns. The same trend 

continued at the extrusion rate OF 59 4 mm3/sec. Here there was a reduction in O from 33 

*'O at the beginning to somewhat niore than 29 * O  the end ott cstnisioii In tliis case. for a 

constant quamit! of LLDPE e~tnirfed. the LI\ c.s;isc los-; r ~ i t e  t' FE t.t.kcrn eritsi; is less tlian 

O 0496 per gram of LLDPE. 

The relationships benveen 8 and the mass (M). in grams of LLDPE extruded under 

isotherrnal conditions through the coated die crin h r  rspressed by regession anal'.ses as 

to l lows 



.At I - i  S mm' second. 

8 ~ 1 4 . 4 7 - 1 . 1 0 ~ - 1 . 2 9 ~ 1 0  2 ~ ' - 5 . 4 4 x 1 0  

.At 39.7 mm3/second. 

8 ~ 3 5 . 2 1  -0.337M -4.51110 3 ~ 2 - ~ . ~ ~ x l ~  'Ad3 

.At 59 4 rnmi!second . 

The rime dependence of 0 at i-arious estnision rates is full!. analogous witli the trends 

s h o ~ v n  in Figure 5 5 Thus. nr I-i S nini  "second extrusion rate. the average efttcienc>. ~ O S S  

tollowin~ 1000 seconds of extrusion is in escess of 12% In the sanie period of estnision. 

the et'riciency loss at 28.9 mmJ/second was about 4 percentage points and decreased funher 

to about 2.6 percentage points at an extrusion rate of 59.1 rnm31second. 

As before. regressiori analyses ofrelationships ben~,een rïtnision rime i t ). in seconds 

and 0 may be formuiated: 



A t  29.7 mm3/second . 

8=35.79-8 .57110 -3t-2.73x10 6 t 2 - 2 . 0 ~ x 1 0  ' l o t 3  

At 59 4 mm'.'second . 

8 =3 2.9 1 -2 .15~10  A3t +4.00x10 - 1.0 1x1 O " O r  ( 7 )  

With equations 2-7. we can calculate the extrusion time and the mass of LLDPE 

needed to reduce the t7ow modifyins effect of FE ro zero Results of the calcularion art: 

eiven in Table 5 2 Clearly. shurter estnision mies but larger rnnsses ot' L L D P E  appear - 
needed to nullify FE effectiveness at higher rates of tlow. -4 more detailed analysis nioditles 

this view Rourhly doubling the flow rate from 14.8 to 27.9 mrn3/s. reduces the time 

requirement by about 38 ?/a, while a nearly 4-fold rise in the extrusioti rate onlv incurs an 

additional estruston time reduction ot'some 7"%. Sirnilari!. lvhile the purging potenriai of 

LLDPE increases with the estrusioii rate. the iiicrcise fiiii'; t c ~  iiiatïli the \ ilriiltioti?; iri t l c n i .  

rate Thus. the m a s  of LLDPE needed at 27.9 rnm'is is only about 3 S 0 b  srrater than nt the 

Lowest extrusion rate (14.Q and about 150 O h  greater when extrusion rate rises by about 400 

96 to 59.4 rnm3/s. This suggests that purgins is an interfacial phenornenon. and one that is 

abened by the migration or penetration of FE into the LLDPE inatris If rhis priietratioii rate 

were onlv temperature-dependeil:- theri the iiiiiouiit ot' LLDPE nceded to coriiplrrrl! strip 

off the FE should be il times greater for extrusion at 59 4 mm% than rhat at 1 - 1 3  rnm'is. an 



espectation not met in f i ~ t  .A possible reason m a l  be a drpcndriice t>f iiiig;irioii kiiirtics 

high extrusion rates, these rates may be expected to accelerate thereby accounting for 

observations. 

T;ible 5.2. Dependence o f  FE Persistence on Extrusion Riite ;it 180°C 

Xotes: R is the relative coefficient of repression Subscripts t and m stand for rime and 
m a s  

EXTRL'SION 
RATE (mm '!s) 

14.8 

27.9 

59.4 

3 2 i i )  Dependence on extrusion temperature 

The effectiveness of purging is a function of melt temperature. as documented in 

Figure 5 6 This shows the purging characteristics iit 160. I So and Ir)O1'C aiid coiisraiit 

rxtnision rate. Higher temperatures iiicreristr tlir t~ine-dependent \ ariatwii o t' 0. i i i  a inanner 

consistent with the speculation noted above. Thus, at 16OUC, 8 decreases from above 3090 

in the first extrusion run, to about 27% after more than 4800 seconds of purse. The 

reduction proceeds at a nearty constant rate. A t  lSOnC. the effectiveness in the same 

extrusion period drops from an initial 3 l 7 to 16 ! * ,O Lloreover. the pntli of the 0 vs time 

TOT.\ L 
TlbLE ( s )  

1.32; lo4 

7.5x103 

7.Ox1O3 

LLDPE \I.-\SS 

(g l  

1.3s 10' 

1 .8x102 

3.2~10'  

R. 

0.98 

0.98 

0.99 

R,,, 

0.9s 

0.97 

0.99 
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curve is quite different. Simple linearity occurs only after several estnision runs. the 

reduction in effectiveness being non-linear earlier in the extrusion process. At 700°C. the 

8 value has its greatest decrease ( in  the presenr contest). falling frorn more than 3 3 to I 6 O0 O 

after 4S00 seconds of purge The werage rate of reducrion therefore is mors tilaii 5 tinies 

creater than the corresponding rate at 160°C. Once again. a more coniples relatiorirliip is - 

evident between 0 and extrusion time. 

The results ayain lead to regession analvses. stated as 

The relationship at 1SO"C is stated in equation 6 .  

Equations 6. S and 9 may be used to calculate the time needed îùlly to remove the 

FE h m  the die. Resuits of the calcularion are given in Table 5 3 The persistence of FE on 

the die wall is highly dependent on the extrusion reniperature. the rttsidence rime being 



reduced by 50°h over the 40°C range involred 

Table 5.3. Dependence of FE Persistence on Extrusion Temperature 

The persistence of FE effèctiveness as a modifier of LLDPE tlom can iilsci bs 

considered from the viewpoint of time-temperature equivalence. The contact time berween 

elements of FE and LLDPE is raised at low extrusion rates and higher temperatures. Both 

factors tend to accelerate the depletion of the FE layer In contrast. t hat deplet ion is rearded 

ar shorter contact tirnes. fat orecf b\-  raisins [tic mrnisloii rate liii p l i r d  111 the 1-;itiunnlizati«ii 

is the dependence of purjing etl'ectiveness on the degee of interpenetration ot' the ~iiolecular 

species in contact at the interface. 

TEMPERATUIE (OC) 

TIME (sec) 

R 

3 .3 .  i )  Purging viewed as a niicroprocess 

Experimental tïndings eiaborated in Table 5.1 indicate that only a very small amount 

of FE is left in a die immediately following a purge experiment. In terrns of residual layer 

thickness. this corresponds to a few tens Pm. Considering that a very much greater amount 

of LLDPE is swept out in a cycle. it follows that the purge is basically a iiiicroprocess i n  

160 

13x10' 

O 9s 

300 

su102 

O CICI 
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which the matenal of the stationary phase is removed by the flowing host material. lmplied 

is a transfer of the stationary material to the mainstream due either to interprnetration at 

contact points andior ro mechanical detachment . due to the Jrag exenrd  bv the i i iobile 

material on the stationar!. phase 

In the above rnechanisms interpenetration would be the result of thermal motion. 

driven bv  concentration differences and promoted by high temperatures in  the extrusion 

esperimrnt The drag process is nlorr coniplru Tlir t l o u ~ r i ~  L L D P E  \ \ , i l 1  cause a gradual 

depletion of the FE la>-er \chen the h r c r  nt the iiiterface between the pol~~niers is greater 

than the cohesive strenyth of the stationary phase, andior the bond strenprli nt the FE:' die 

land interface. In the former case, a gradual depletion of the FE layer is indicated, while a 

mure massive and relatively rapid loss of the FE would be rnanitèsted in the latter case. 

Tiiiis. thrrr microprucess nlrchiinisrns nia'. be posruintea to account h r  tiir rcmw-ai or' FE 

from the die 

a)  FE is removed gradually, layer by layer, from the FELLDPE interface to the 

FEIdie wall boundary. 

b )  FE is swept more rapidly along the die land tioni the die entry ro irs oiitler; 

c) FE is stripped off randomly from the die land. 
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The consequences of these postulates on rhe variation of 8 n-rav be illustrated tor 

convenience. as in Figure 5 7 

There is broad agerment in the Iiterat~re~~'~. that the effect of FE on LLDPE tlow 

follows from a change in the inte~acial properties within the extrusion system. IF  mechanism 

a )  above is accepted. then the effect of FE on LLDPE tlow should reniain constant ttntil  

nearlv ail of the FE had bern ntripped tioiii the dit. Tlir eftiiirricy slio~ild tlirn drop \.rrY 

sharply as the purse process cornes to an end. The 8 vs. time rrlationship should br in  the 

shape of curve (a) of Figure 5.7. Since experimental data do not follow this pattern the 

rnechanism cannot be dominant. 

In terms ofmechanism b cun~erging t lou  i ~ u u l d  Jescribe the heliiii loi- o f  L L D P E  

in the FE channel. Linder these conditions the stationary phase closer to the exit of the 

channel would be subject to greater stress than portions near the die entryj"! Since the 

coliesive strength of the FE is independent of its position in the die. the depletion of the 

polymer would be most pronouiiced nt the die rsit The 0 vs Tinie plot sliould 13e siinilar 

to line b in tigure 5 7 .Again. tliis is coritrnry to txprriiiirntal tiiidirigs 

The third rnechanism, irnplying the random removal of FE into the mainstrearn, is 

consistent with the high moiecular weights of both the FE and the host polymer Assuming 
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that the molecular weight of FE is above the polymer's critical weiyht for chain 

entanglement a nerwork structure may be attributed to the FE layer. Because of this. the FE 

surface is likely to be uneven. panicularly at the beginnins of an estrusion r u n  rvtieii rhc 

coatins is relative1 y thicli The i:iie\.eii or "luni p\," iiirface ~ i o ~ i l d  proiiiorr the r;iiidoiii 

interdigitarion between FE and LLDPE over the entire Iength of ttie coaririy .At the 

interlocked interface, interpenetration and mechanical detachment would tend to occur 

simultaneously The postulate of entanglements would favor the chances of FE beins 

removed directlu from the FEimetal interface. and ar$es againsr the laver-by-laver removal 

of the tlow modifier Firsr ro be retiiw cd ~w~ilci be FE froiii areas iihere ttit. :idliesi\.e bond 

with the metal wall is tlawed The tlaw. originatiny froni nietal impurities. or froni 

cohesively weak boundary layers fomed by low molecular weight chains ["l, etc., ma- be 

assumed to distribute randomly along the die land. Accordingly, random stripping of the FE 

from the die wall ma? be postulated as a consequence The proposed mechanisni nlso 

suspests that the relative contributions of interpenetration and iiieclianical Ioss to the purging 

of FE will chanse in the course of the process The drag effect sliould be duiii iiiant at ttie 

bejinning of purging , because of the coating roughness which will favor the removal of FE 

micro-droplets by the flowing host polymer. As the process goes on. the coating would 

becorne smoother and thinner. reducing the importance of mechanical losses and stiiftinp 

emphasis to the inrerprnetration of FE. thus reducing the rare at nhich FE is introduced into 

the tlowing polymer. The resultinr relationship of @ vs. rime should then be in the shapc of 
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curie (c). Figure 5 7 This sonfornis w t l i  rsperiiiirntal data. i i s  reponed III Figures 5 4 to 

5 6 

Ln summary. experimental evidence favors the combination of interpenetration and 

nieclianical losses. occurring randomlv alon- the entire die land. as the microprocess steps 

involved in the purge of FE into Iiost polymen such as the present L L D P E  The mechnnism 

niust also b r  consistent \sith independent variables of the estnision process. as iioted below 

3 3 i 1 )  Effècts of process variables 

The purgin- process should b r  n hnction of an! i-ariablt: affectin- the cohesive or 

bond strength of the stationai-?. phase or the tlow of the nininstream The degrre of 

thermodynamic interaction between purged and purging materials ma? be foreseen as one 

sucli variable; details of processing conditions represent another. In practical terms. 

processing conditions represent choices of extrusion rate or force. and of melt temperature. 

In the case ofdetined polymen. processed under stated rates and ternperatures. the estrusion 

force becomes a dependent variable Discussion ttierefure tjcuses on the intluence of 

extrusion temperature and rate. 

( a )  Extrusion temperature 
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At given extrusion rate an inverse relationship can be postuiated between melt 

temperature and extrusion force (shear stress). High extrusion force promotes the dras action 

on the deposited FE and therefore the purging rate should be reduced at highrr teniprrarures 

In îàct however. the rew-se is [nie The reiisori is gi\.en in  Figure I . ii Iiich s l i i n i  s tliat at 

higher temperature the melt viscosity rario bet~reen FE and LLDPE is reduad. ii t'rictcir 

Bvoring the puging process"! The effect is more pronounced at shear rates consistent with 

practical extrusion operations. The experimental data in Fig.6 confim the direct link 

between purging rate and melt temperature. A t  160°C 0 decreased from an initiai reading 

near 304'o to about 2S0.0  in a proces pcrriad ot' ~ r l O ( ~  sec . i i ~ r r s p r i l ~ r i  [ci S t.\r tnisiori nins 

This equates to an eff ic irnc~ rrductioii of l rss than 0 75'0 per nin  Tlir redustion iit I S O T  

followed a roughly similar path, but the total drop in 0 (32 to about 26%) was jreater. At 

200°C the reduction of efficiency becarne significantly greater. The principal reduction in 

8. otalrnost Y " o  per mn . occurred in  the initial stase ot'extmsion. white riear the end the 

reduction slowed to about O So O per nin Since [lie e\;tnisiciri rate \i as c~~ristitri[ i r i  [liese tria t 5- 

we cm anribute the obsen-ed etkcts to changes in the loss ut' FE  [O  fie L L D P E  niaiiistrrani 

.At first. this wilI tend to augment the dimension of the interphase between bu1 k LLDPE and 

FE and further promote the mass transfer, panicularly in strongly interdigitated regions. The 

ensuing rapid loss of FE ivill lead to thinner and smoother FE layers. decreasing the 

interc~nnectivit?- betl~esn the FE niid L.LDPE phases O\t.rall niass ri-aiisfer ncross rfie 

intefice will be reduced. and with this also the p u r ~ i n g  rate The rationalization accotints 



for the empirical obsenxions presented herein 

i b )  Extrusion rate 

Since. at constant temperature. a direct functionalitv exists between estrusion rate 

and extrusion force. i t seenx reasonabie to suggest tliat the purge ot' stagiiaii t pol y i ie r  iiirlt 

from the die should proceed niore rap~dly ar incrrasing twnision rates Tiir hcts  of [lie 

nianer are more cornplex. as shown in Fiwre 5 4. At 180°C the purginq rate variation in the 

initial stages of extmsion is anomalous; expectations are followed only in the latter stages 

of extrusion. The seemingly anomalous initial trends invite speculation as to cause In order 

to purge FE from the die. the mass trnnstèr must be initiated and.' or drng 10s'; niust occur 

at points of contact bsti iern tlic FE rind the Iiosr p u l y e r  \ O N .  as iioted i i i  1irt.i-arur-e 

reportsi':-". these polyrners are not miscible. so that linle rapid. spontanmus transîkr can b r  

espected to occur, panicularly when the contact surface between the polymers is irreguiar. 

as postulated. Some minimum time of contact will be required if elements of  the FE are to 

transfer into the tlowing mas  of LLDPE The tinie of contact bet~veen segments of the two 

polyners \varies inversel- Ir i th the e.;trusion rate. so tliat the pattern rstablishrd b!. initial 

purgins rates may be accounted for Only in later stages of estrusion, wtien smoother 

interfaces and a well-developed interphase have been established, will the pursing rate Vary 

with output rate in the expected rnanner. 



4. Conctusions 

Two meclianisms have been postulated to account for the rernoval of FE deposited 

on a die land by the extrusion of LLDPE One is the niass transkr of FE into the 

mainstream. the other is the shear-dependent stripping or' t l ie FE h i  rlw tlou.ing 

matrix polymer. 

Both experiment and the proposed mechanisms indicate that purging rates are higher 

nt initial stages of the process. Higher temperatures and lower rxrrusion rates 

prornote the purgin: process 

This work [\as finaiiced b>- gram froin the kmmtl Sciences aiid Eiigi~irering 

Research Council. Canada. We thank 3M Canada hc. for supplying materials and for useful 

discussion. 
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This paper (chapter) continues the qualitative and quantitative analysis of beneficial 

tlow modifications of processing linear Iow density pol yethylene ( LLDPE), b y the addition 

of a tluoroeIastorner (FE) .  FE additives are well-known for their abilitv to reduce tlow 

defects such as shark-sliin and slip-stick cycling. and ro iniprm e prcicessii~- rates (Blatz. 

1964. Ramamurthy. 1986, Rudin. 1956. and S i n ?  aiid Schreiber. 19%) BIatz ( 19641 \ s a s  

among the fint to use FE for the reduction of surface flaws in polyoletin extrudates. Other 

researchers used polyolefinEE blends to reduce extrusion force and raise extrusion rate 

(Valenza and La Matina. 1987. Rudin. et al. 1956: Johnson. et al. 19SS) .A widrly reponed 

obse~ation in processing these bleiids tvas tlir existence of ;in induction cime bet'ore the 

additive's etyects became significant (Shih. 1976; Kanu and Shaw. 19S2. Athev. et al. 19'36) 

lrnplied was a need for the rninor additive to be redistributed in order to produce the desired 

effect. In other cases, FE was used to directly coât the extrusion die (Valenza and La 

Matina. 1957. Hatzikiriakos. et al 1995. Xing and Schreiber 1995) In these reports. the 

benetits were observed insrantly The obsenatiuns pstify the ndl-knoivri notion rhat FE 

additives improve LLDPE processing by changin- the interficial property between the 

mainstream and the die surface (Valenza and La Matina, 1987; Hatzikiriakos and Deal y, 

1991; Xing and Schreiber, 1995). The most frequent industrial use of FE flow modifiers is 

in the form of well-dispersed minor phases in polymer blends. [t  is thus important. fiom a 
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practical point of view, to understand the factors and rnechanisms which intluence the 

apparent need of FE to accumulate at the die wall. The question of mass transfer during 

~.iscous t'low also has niuch basic interest. It incolves transport phenornena. rheology. 

morpholog. thermodynamics and otlier aspects of basic science. as documerited in [ l i e  

literature (Schreiber et al. 1966; Brunn and Chi. 19SJ. Khan. et al. I9ci-l. and .-\gant-al. et 

al. 1994). Curiously, however, these concepts have not been applied io the L L D P E F E  

system, in spite of its obvious importance to both science and technology, and the implied 

relrvance of transport phenornena to the  tlow effects associated with the presence of FE 

additives The present work is direcred toward this question 

II .  Experi men tal 

The materials used in this work \vere those described previously (S ing  and 

Schreiber. 1995 & I996a) Blendl; \r-ere prttparrd i t i t l i  a Brabctnder Plasti-corder .A 

rn;tsterbatcti of LLDPEl'FE. ~ v i t h  1 0 ° o  \LI FE. ivas tirst i~iadt: by c~~riipwriri~ng ;it I M " C  and 

120 rprn for 5 minutes. The masterbatch was then diluted to the desired FE concentrations 

by blending in pure LLDPE , under the same operating conditions. Compounded blends 

were compression rnolded white still hot and plates were then comminuted to t h e  pellets 

suitable for extrusion 
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Estnision and rheoloi$al rneasurenients were carried out u ith an Instron Rheonieter 

connected to a coinputer for C ) I I - ~ I I I ~  ~ r i ~ l - d ~ l i g  D ~ t i t ~ l ~  i , t '  the tU1~'0r1i~3ter m ~ i  the e\;truwn 

die were given in our recent paper (Xiny and Schreiber. 1996a). AAer carefdly tïlling the 

Rheometer barre1 and allowing 10 minutes for establishing thermal equilibrium. extrusion 

was run under controlled output rates. In "continuous" extrusion. the barrel was refilled 

repeatedly ~vith LLDPEFE blends of ki 

by tire-tlashing prior ro the tirst run. bu 

extruded under the same conditions as 

owri composition In these runs the die \vas cleaned 

rwi therttat'tttr For ii~iiiparisriii. pur-e L L D P E  \i as 

the blends. 

The effects of FE on the flow resistance of the mainstream were quantified by the 

etficiency parameter (8) Following out- rarlirr report ( S i n -  L '  Schreiber. I OLI5 )- tliis was 

calculated h m  

FI1 8=(i --)xiOO% (1) 
FI 

where F stands for the force applied to the polymer melt during extrusion of a blend ( I I )  or 

of the control LLDPE ( 1 )  Again as in previous irork. values «f F wrre iiveraged 0 ~ -  the 

time of the estnision run at yven rate 



III. Resuits and Discussion 

A .  Estrusion Phenornena 

A. i Initial Extrusion Forces 

Shown in Figure 6.1 are extrusion details of the first run of LLDPE. and of 

LLDPL'FE blends at different FE concentrations, at 200°C and 143 s-'. IdenticaI extrusion 

conditions were imposed on each system In line with other reports (Valenza and La hlatina. 

1957: and Harzikiriakos and Dealv. 199 I ). the plot stiows an inverse variation of esriusion 

force and estmsion time. attributable to the noted et'frct of esternal lubrication The data 

also indicate systematic reductions of rnâuirnum extrusion forces with increasino FE 

concentrations in the blends. The maximum force for pure LLDPE was 150. I kg.. while 

corresponding maxima were 14s 9. 140.8 and 136.2 kg for blends at FE levels of O I O.O. 1 

and 1 3 % .  respectively The maxima were reached within 30 secoiids ut' ille stnn of 

extrusion. For discussion of initial effectiveness of FE on the rstnisions. the folloir-in- 

definitions of time intervals are used: 

1 ) initial stase: from start of extrusion to attainment of maximum extrusion force 

reach its peak; 

2) subsequent stage. frorn the maximum force to the end of estmsion 
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For esternal lubrication effect. FE functions onlv when it is at the die surface Its 

effectiveness depends on the nrea of die \\al1 it ccii ers. \ i I i i i h  ii i r i  prciponiciii to the total 

amount of FE accumulated at the die surface This aniount in turn stiould bc i i i  proportion 

to that of the blend flowing over the surface, being a function of the extrusion rate and time. 

The extrusion rate increases with increasing extrusion force. from zero to the full rate at the 

end of initial stage Since the estnision force increased almost 1 inearly di i r inr  tliis period. 

the extrusion rate should inireasr c.i.r[i ràster due ro 11seiic10 pliistici t i  or' pol!.iiiers and 

lubrication effect This means that in the initial stase the a\ e r a g  tlon rate o t' ;i blend o~ rr 

the die wall would be Iess than 50% of the rate dunng the subsequent period. .Assumin= the 

loss due to purge to be negligible, the average rates (ae/at) of the effectiveness increase 

in the initiai stases should thus be less than 50'0 of the rates during t 

i l '  the esternal lubric;itiori effect had becil t l i t .  sole ai~st t  i j t ' t l ~ t t  i i ~ i  

assumption, however. does not apply to the present work. 

he subsequent periods. 

tial etfmii.èiiess This 

Cornparisons of the average rate of the efficiencv change in initial stages of 

extrusion and during the subsequent period are s h o w  in Table I The data indicate that 

none of the initial rates of dt-rcti\.eness incrrase l c  t're Iw tli;iii cOO O ot' die 'il Etrage rates 

duriny the subsequent periods. In îàct. the rates in the initial stases ivere often signitïcantly 

creater than those in subsequent stages. Thus, extemd lubrication is unlikely to be the sole - 
rnechanism for the reduction of flow resistance. 
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Table 1. Effectiveness and Its Rates, 200°C and 143 s-' 

Other plausible reasons may be proposed to account for the high initial reductions 

in extrusion force. Plasticization of the host polymer is one possibility. In these 

investigations. however. this is not the case The FE used for this ivork hnd n Iiighér 

apparent viscosity than the L L  DPE ( S i n -  and Schreiber. 1 q1)6a ) If FE hiid pliisticized rhe 

LLDPE. the tlow resistance ma- have been expected to incrense Funhrr. FE cnn not be 

considered a plasticizer for LLDPE because of the poor miscibility between these 

substances. 

We malr argue that the initial reduction of estnision force resultetl tTorn reduced 

friction beween chains of the major component and chains of the minor. iiiconipatible 

component. This phenomenon may be termed interna1 lubrication. Without interna1 

lubrication, the high viscosity of FE would tend to increase the tlow resistance of the blends 

in the initial stage of estnision This would be increasin~lv evident regardin? to the initial 

effectiveness at various temperatures and extrusion rates 
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.At 160°C. reductions of initial extrusion force were obsen-ed at ditTerent esrrusion 

rates, as shown in Figure 6 2 A t  the shear rate of' 143 I s. the masrni eutnision force \{.as 

234 .7  kg for pure LLDPE. and 2 3 . 9  kg ter the blends uith I" O FE. Tli~s rsduiriori 

converted to an ef'frciency of 2.5% during the first 40 seconds of processing. In the more 

than 550 seconds of subsequent extmsion, the efficiency factor(8). rose by another S.9?6. 

A t  257 Ils. the masimurn force \vas 325 7 kg for LLDPE. and 315 9 kg for the I o *  

FE/LLDPE blend. This translates to ri -?"O reduction of estnision force in rhs  tlrst 3s 

seconds. foilowed bv about 10.29/0 of additional reduction in  the subsequerit : S i )  seconds 

of extmsion. 

Considering that LLDPE is able to purge FE from dies more rapidly at Iiighrr 

temperature ('Ch- and Schreiber. l99bb 1. i t seerns possible t hat the con1 pnti bili t y  bet\\.een 

FE and LLDPE impruves at higher temperature h t e  that the initial rt.ductiori ot' estrusion 

force at I60"C was less than that at 200 "C , the inference is that the internai lubrication of 

LLDPE by FE is lower at the lower temperature. 

A 2  klasimum Eftlciency. Equilibriiini Tirne and Iricreasiiiz Kate c i t '  Eftlciencc 

Reiationships between extemal Iubrication efficiency and extrusion time under the 

influence of FE levei and extrusion rate are illustrated in Figures 6.3 and 6.4, respectively. 
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The maximum efficiency at various circumstances can be fisured out by regressing data in 

these figures. Curve fining leads to the foilowing equation to satisfy the data: 

Here 63, is the initial effectiveness. and t the time irom start of subsrqueiir stage Ttit: 

parameten a and b are listed in Table 2 for blends at various FE levels and processed under 

a variety of conditions. 

Table 2. Parameters o f  Regression foi. Bleiid Esti-usiori 

The above equation is nlsu iissful tbr calcularion of equilibritini riille- \ ~ h i c l i  is 

defined as the moment when the efticiency rraches 9590 of the criling !.alut: 

Figure 6.5 shows calcuiated maximum efficiency and equilibrium time for various 

blends at 200°C Evidently. there are no simple. linear relationships between the FE 

concentration and maximum effectiveness or  equil ibrium time. ~ v h i c h  is i n  l ine with ottier 

literature (Duchesne et al. 1990). 
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Applying equation 2 to extrusion of LLDPE! I o  O FE blend rit 160°C and differsnt 

rates. the caiculated masimum eftlciency is geater at louer ciwusion raies The 0 are 

16.5% at 143 I/s. and 23 79'0 at 287% The rquilibrium time. in contrast. is signiticantly 

creater at the slower rate. beine more than 3900 seconds at 143 Us. but only 17 10 seconds - 
nt 257 lh Doubling the extrusion rate reduced the equilibrium time by  more than 60° 

By differentiatina eqiiation 2. lie cm cnlculate the rate of rftkiency increase in 

subsequent stage. 

The calculated raies are s h o w  in tigure 6 6 The rates increased u. i t t i  FE 

concentration as rspectrd. but  the increases became less pronounced nt longer est nision 

time. Since longer estnision timr resulted in the FE cuverin- a larger arra ot'tlie die. rliis 

follows the inference that the rate of FE accumulation on the die surface ma- be assurned 

to depend on the detailed conditions of the flow boundary. 

Figure 6 6 also indicates rhat teniperature mflurncrs the rate of efticieric~. incrrnse 

In seneral. the et'tlciency increment ivas reduced at high teniperature Ttius, the FE 

accumulates more slowly at the die surface at higher temperatures. This is consistent with 

our previous findings showing that purging rates increased at higher temperatures (Xing 



and Schreiber, l996b). 

Another important trend in figure 6 6 is the stronz et'fect of shear field on dO/dt. 

Doublin- the extrusion rare resulted in the highesr rise in the efticirncv rate obsen-cd i r i  rliis 

study Xpparentlv. extmsion rate h a  a stronger intiurnce OII the accumularioii ot' FE ar the 

wall than does the FE concentration and the process temperature. AS the FE used in this 

work had a higher viscosity than the host LLDPE, and therefore possible a higher rnolecular 

weisht. this result appears at odds with some accounts of polymer misration during tlow 

(Brunn and Chi. 1984. Khan. 1994. and .\ganval. et id. 1 W 4  i In tliose reports. the Iiigh 

rnolecular weight components ot'a polymer blend are stat rd to niigrare ro\w-ds tlie cenrttr 

of a shear fieid where the shear force is minimum. 

.A 3 .\/las Transfer Rate of FE t'rom the Blends to the Die Surtàce 

tt is impossible to directly rneascire the transfer rue  \r i r l i  utrr espei-iiiieiiral s!.srern. 

but the rate can be estimated by applying equation of rnass conservation. The mass balance 

of FE on the die wall is: 

where tr, ac and pg stand for [ranskr. accuniulation and purge 



The evternal efticienc!. of FE is in proportion to tlir arra of the die c.o;itiiiz. 

regardless of the origin of the FE coating Because the die \r-all i s  iniperitierible. t l ir 

accumulation rate of FE on the die surface rnust be in proportion to the rate of efficiency 

increase: 

For the same reason. the purging rate is a function of reducing rfficiency 

For a given LLDPEiTE svstem extruded under stated conditions. 

k value can be found at initial stage of purging process: 

where the rnasirnum value of 8 and m for an- L L D P E  - FE pair can be rstirnated by 

precoatînl the die and extruding pure LLDPE under the saine estrusion conditions (Sin- 

and Schreiber, 1996b). 
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With the above equations, the mass transfer rate of FE to the wall from the but k 

blend is readily obtained, if (dWdt), and (dWdt), are known. Because the tirne axes of tlie 

purging process and the process of the blend extrusion are dissimîlar. we need to calculate 

(dQ/dt),,, and (dQ/dt),, . at the same efticirncy instead of the same time. but under tïsed 

extrusion conditions This can be done by soiiibining rquarioiis 1 md -3 for t d@/dt),,+ and 

using resulrs from pursin- processes under the same estnision conditions for < d@/dt),,, 

Taken into account here is that even in the extrusion of LLDPEEE blends. the purging 

asent is still LLDPE component. as is the case in purging a FE-precoated die with pure 

LLDPE Calculared (d@/dt),  and (de/dt),,, are shown in Figures 6.7 and 6 S. respectivelv 

Shown in Figure 6.9 are the estimated mass transfer rates of FE to the die surface 

from the blends at various situations, by cornbinin~ data fiom Fisures 6.7 and 6.5 dong 

with k values calcutated from equation 8. The plots in Figure 6.9 show some interestins 

feacures. 

For a ~iven blend processed under fised extrusion conditions. the transfer rate seenis 

to be a constant. independent of extrusion time. The plots in this figure indicate. however. 

that the rate graduallv decreases as the external effciencv 8 increases. 

The dara in Figure 6 '1 also rewa l  relarionsliips brtnren tlie inass transfer rate. 
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extrusion conditions and FE concentrations in the blends. [t foiloivs chat high estnision rates 

promote the FE transfer from the mainstrearn to the starionar!- philse -4s expected. rlie 

transfer rate also rises with increasing FE concentration Higher temprrritrirr does riut iippear 

to favor the transfer, but complications arise at longer flow times. The observations parallel 

to those on the rate of effectiveness increase under influence of various factors. Based on 

the findings.  raisin- the extrusion rate is the most effective rvay among tliese factors to 

speed up the FE transtrr In order to accouiir for rlie rrlatioii.;li~ps i i ~  Figure 6 9. an aiialysis 

of the mechanism of mass transfer is called for 

B. Mechanism of FE Transfer to the Die Surface 

Few reports have addresxd the ptieiir,iiiena ot' FE iiim in2  tiiiiii L L D P  E FE biends 

to the die wall rhose ivho have noted the process (i'alenza ec al. 1987. Duchesne et al. 

1990) confinned the existence of an induction period for FE to improve the flow of LLDPE. 

as shown in Figure 2.2 in Section of "Literature Review". One reason for neglecting the 

consideration of processes of trans fer is t he apparent discrepancy bet~veeri e\rperinientaI 

observations and espectations based on tlieories of pol'mer nit= i~rat ion 

Leading theones of polymer migration include thermod ynam ic analyses (Schrei ber 

et al, 1965; Busse, 1967; Metzner, et al 1979; and Aubert and Tirrel. 1980). the 
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consideration on tlow of suspension particles (Briscoe. IWO). theorv of col l ision rates 

(.Lighton. 1987). and the principle of minimum viscous dissipation (Han, 1990). According 

to al1 of these theories. LLDPE but not FE should be located preferentiallv at the die wall. 

because FE is more \.iscous and denser than LLDPE. Along wi th data of other researchers. 

this work reveals that an induction prriod does exist for FE to function as ii processing aid 

in polymer blend during extrusion. Our previously findings (Xing and Schreiber. 1999  also 

indicate that an irnmediate reduction in flow resistance of LLDPE is obtained when the 

polvmer flows through a die precoated bv FE. -411 hcts stronglv suggest the gradual 

accumulation of FE on the die surface ~vhen a LLDPEEE blend is tlo~ving aver i t  The 

blend is the sole source of FE accumulation. Therefore, a niass transfer of FE must wcur 

tiorn the bulk blend to the die surtàce during extrusion. [t is this gradual accuniulation that 

accounts for experimental findings. The experimental observations thus argue in tàvor of 

the mass transfer effect of FE to the die wall. although they are inconsistent with the cited 

theories. 

The contravention, however. is not contined to LLDPE/FE blends. SirniIar 

observations were reponed for a FEEPDM system (Kanu and Shaw, 1982). In that work, 

it was found that Less than 5% of FE additive in the pertinent rnatrix resulted in a reduction 

of up to 40% in the total extrusion force in capillary flow. ayain following an induction 

period. When the measurements for the same systeni were carried out wi th  plate-plate 
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rheorneters. however. no effect of FE additive on the flou; of the btends \vas found 

Al1 of the above tindings cuntimi thiit the m a s  trans fer or' FE  ti-oiii rlir iiininstr-evm 

of a blend to the die wall does e'rist. As the transfer rate changes in the induction stage. the 

transfer is more likety to be driven by differences in surface and interfacial energy. 

At room temperature. the surtice tension of LLDPE ir about 31 m J  III' greater tlian 

that of FE. in the range of 12 niJ. ni' i h'u. 1990 i Tlir dit'krence i i i  ~ u i - t i i ç  terisiun ma\. be 

broader at the extrusion temperature since the temperature coefficients of surface tensions 

of FE is slightly greater than LLDPE (Wu. 1990). On the other side of the flow boundary. 

the surface tension of rnetal or mrtal oxides is rnuch higher than that of polvmer mrlts at 

extrusion temperatures (\lur;irkri. lLI7l ) The t \ \ o  pol~-nier.s Ir i I I  sompete to \ \ c f [  the metal 

surface of the die Since wet abiiity tends to iricrease w t i i  grearer dit't.crciices b e t ~ e i i  

wetting agent and wetted surface, the FE will wet the die surface pretèrentially. Interaction 

between FE/metal walI is relatively strong in cornparison with the Van der Waals force 

between LLDPE/FE. resulting in a separation of FE from the mainstream For the sarne 

reason. there ivill be a tendency for FE to adhere to the \ti111 rather than bt: piirged a\ia'. by 

LLDPE .As more LLDPE/FE is extnided there is a systeitiatic increase tn the die area 

coated by the FE. This of course reduces the surface energy of the die surface dramaticalIy. 

decreasing the drive for the further accumulation of FE. In terms of a mass transfer 
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hypothesis, the transfer rate would consequentl y decrease. The rate ar which FE is purged 

from the die wall. on the other hand, would increase as the coated area grows. Eventually. 

a dynamic equilibrium may be postuiated between accumulation and purge of FE. thus 

accounting for the slight tlatness at tiigh 8 end of sumes in Figure 6 9 

Entropic considerations (Auben 1983, Bmnn and Grisati. 1985, and .\usserre. 19S6) 

also tàvor the seiective accumulation of FE on the die surface: The structure of LLDPE 

rnakes it one of the rnost flexible rnacromotecules. Attachment to the die wall theretore will 

reduce the configurational entropy of LLDPE more than that of the more rigid FE The 

entropy loss and surface energy considerations. clearly show FE to be the preferred 

component to localize at the die wall. On the other hand, the reduction in contigurational 

entropy of FE chains sticking to the wall will counteract the tendency for phase separation 

at this locus. and thus iimit the thickness of the retained layer. This mav explain the 

reduction of mass transfer after Ions estnisian and at hiyh temperature 

The transfer of FE to the die wali can be further analyzed statisticall y .  l i i  a polynier 

blend. each component has some probability to appear at the flow boundary. depending on 

its concentration. When any one of the components appears at the flow boundq.  it ma? 

either remain in the mainstream or become attached to the stationarv phase Given the 

component with low surface tension moving out of the inelt stream due to weak polymer- 
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polymer interaction. the mass transfer rnay be considered a stochastic process iind is 

developed tùrther as such 

For random distribution in a binary blend. the ratio (cp) of a component at the tlow 

boundary can be expressed as: 

where w and ci are weight percentage and density. respectively. and h and B represent the 

nvo components Since the density of FE is roughly double that of LLDPE (Duchesne et al. 

1990). the cp value of FE sliould be about 50°4 of its weight fraction in the blends 

Due to pour cumpatibiii~?. Det~ceen hosr LLDPE and FE. low surtace tension or' FE 

and hi& concentration of LLDPE in the rnainstream, any LLDPE deposited ar the wall wtll 

tend to be pursed away by the rnainstream. If FE and the host polymer are assumed to be 

totally immiscible. the minimum time needed to equilibrate the eftèct of FE on rhe tlow of 

the blend is. 

where is the average residence time for a flowing unit in the die, which is determined by 



Here L and V are the die lengh.  and the average velocity of the melt in the die. 

Applying equati~)iis 9 - I 1 tc, our rxperinirnrai data I r d s  to 1-crscilts listeCf I I I  T;ible 

3 The calculated equilibrium times are not the same as actual ones. but the difkrences are 

well within one order of magnitude. This suggests that the stochastic process is implicated 

in the gradua1 accumulation of FE at the die wall. 

Ancther merestins tinding IS thar in itiost cases the :ictu;il ~ L I I  l I briuiii t i n ~ r  \r as 

longer than the calcuiated. This sugyests that the mass transtèr rate \vas not as fast as it 

should be if phase separation between LLDPE and FE had occurred instantly This hints 

that phase separation 1s the controlling step in the process of FE attaining the die wall. The 

concept is supponed by the obsen*ation rhac rtie niass rranstrr d o \ t e d  do\in as the die ares 

coated by the FE increased 

Table 3. Equilibrium Time ( minutes) of Effect of FE 

Calc: 

: \ ~ t t ~ ; l l  

200°C. 143 Ils i 60°C. l'!O FE 

II I " 4 i  

IH5 i( 

09 5 

1 O " t l  

Ii( 5 

-II X 

.7 .;"u 14.7 1 1 ,  

0 4 

Q I I  

I S  5 

<; 1 

11 2 

24 ; 
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Before ending this section. it is worthwhile to note differences in rnass transfer of 

FE inside the rnainstream of the blends and at the die wall during extrusion Inside the 

rnainstrearn. the transtèr should b r  time-independent for the i o l l o ~ ~  ing rasons Fur a gil-en 

system. the interaction between the polymers is independent of time under tked estrusion 

conditions. The residence time of the melt in the die is short, while polyrner chains move 

very slowly across the fl ow Stream. The processing conditions offers ver! insuftÏcient time 

for signiticant change of distribution of FE inside the tloivin~ melt The drive to tlie nias 

transfer (migration) therefore must also be independent of time 1 f tlie driliiig force is tirne- 

independent, then the migration rate for FE inside the blends should not be a tùnction of 

time. 

For rnass transfer occurring at the die nall. however. the situation is niore conipler. 

. io t  only 1s it affected by factors controlling riiigratioti iriside t l i e  i~iiiiiistreriin. but the 

surface propenies of the die also have a strong bearins on the process The iiiass transfer 

therefore will be time-dependent until surface properties attain a steady stare. Once the 

rquilibrium is reached. the funher transfer is controlled by the rate at which FE is purged 

frorn the wall by the flowing niainstream. 

In view of the above, the mass uansfer rate inside the bulk should be a constant. The 

transfer rate of FE arriving at the die wall, however, decreases during the induction period, 



9 Y 

and eventually becornes a constant squal to the purging rrue over [lie total i c ~ n t d  ;!re;1 of 

the die. This means that the transfer at the wall would be largely independent of the 

misration inside the flowing bulk. This is particularly the case when the residence time of 

the polvmer melt in the die is shon. proïiding insufficient time for the concentration protile 

of the minor coniponent ro bt: [lie dotninarit intlusnce in  a migrarion ~tt'rir 

IV. Conclusions 

1 )  TtiepresenceofasiiiallamountofFEinLLDPE~FEblendscansignificantl~reduce 

tlou resistance of the entire niaterial 

2 )  FE ma? produce both interna1 and sstsrnal lubrication in the tlon ~ ~ t ' t l w  ble~ids 

3 ) The externai effect of FE on flow is dominant. 

4)  The external effect increase with time of e'ctrusron to the attainment ot' an 

equilibrium 

5 )  The rnass transtrr- rare ttiim-d the \\;il I is tirlie-&pciidt'~it l t  reri~icttb li i t l i  the trme 

of estnision to an equilibrium 

6 )  The factors favorable to the transfer of FE to the wall include high FE concentration, 

a strong shear field, incompatibility between polyrners, and the low surface energy 

of FE 

7 )  The process of miyrntiim inside the inainstreiiiii \\ouid be differeiit fro~ii thnr taking 



place at the wall. 

8)  The controiling step tOr FE to arri\.e at the w l l  is phase separation of FE t'roi11 the 

mainstrearn 
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Figure Captions 

Figure 6 1 First Extrusion of control LLDPE and its blends with FE at 143 se '  and 

300°C I pure PE. 2 O 10/o FE. 3 I OO.0 FE. 4 3 3Oo FE 

Figure 6.3 Et'fect of shear rare on tïrst estrusion of LLDPE/ I 0 / o  FE blerid at 160°C 1 

LLDPE. 257 S.'. 1 Blend. 287 s-' .  3 LLDPE. 143 s-'- -1 Blerid. 1-13 s - '  

Fisure 6.3 External eficiency of FE on flow of various blends at 143 s-' and 200°C 0 

0.1 % FE; : I 056 FE, v: 3.3% FE. 

Figure 6 4 Intluence of shear rate on efficiency of I 0 / o  FE additive in the tlow of 

LLDPE at 160°C O 143 s". 237s" 

Figure 6 5 Influence of FE concentrarion on its iiiaxiinum cvrernal efticirnc~ ~ i i d  

anainment of equilibrium extrusion force at 143 s" and 200°C 0 maximum 

0: V- equilibriurn time. 

Figure 6 6 Effect ofextrusion conditions on the rate of efficiency increase of FE I -3 

FE was O 1 .  I O and 3 O. rrspectivelv. at 200°C and 143 s' . 4 and 5 

extrusion at 113 s-' and 257 s-' .  respectively. ail snrnplrs \ b r r r  LLDPE.  i 0  O 

FE blend at 160°C 

Figure 6 7 Relationship of the increasins rate and efficiency. 0 : LLDPE/3 3% FE blend 

at 700°C and 143 2 , LLDPE/lO/o FE blend at XO C and 143 s . v .  

LLDPElO I O o  FE blend at 200°C and 11-3 s ' .  O LLDPE!l0o FE blend at 
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160°C and 143 s-': .:LLDPE/l% FE blend at 700°C and 257 s-' 

Figure 6 S. Relarionship of purginy rate and tlow modification efticieiic!. ut' FE on 

LLDPE at Lxrious ternperm~res and sheiir rate?; O ;it I w!'C' ;inci 143 5.'. + 

at 160°C and 257 ri-';  v: at 200°C and 14; s- '  

Figure 6.9. Estimation of mass transfer rate at various conditions.0: LLDPEI I "'O FE 

blend at 160°C and 143 s-':a: LLDPE/Io4 FE blend at 160°C and 257 s"; V. 

LLDPEi3  3 O . o  FE blend at 200°C and 14-3 s- ' .  V LLDPE. I o o  FE blttiid at 

200°C and 143 S . ' .  Cl LLDPE. 0 I o  O FE blend ;it li)OS'C ;irid 143 5" 



1: pure PE; 2: 0.1% FE 
2: 1.0% FE; 4: 3.3 % FE 

Time (sec) 

Figure 6.1. First Extrusion of control LLDPE and its blends with FE at 143 s" and 

200°C 1 pure PE. 2 O I o  O FE. -3 1 0% FE. 4 3 3 O  O FE 



1 1. PE, 287 l/s 
I 2: Blend, 287 l/s 

2 3. PE, 143 l/s 
4. Blend, 143 l/s 

I 

Time (sec) 

Figure 6 . 2  Effect of shear rate on tirsi estrusion of LLDPE.  I O O FE blend ar 100°C I 

LLDPE. 287 s-'. 2 :  Biend. 287 s-'. 3 .  LLDPE. 143 s-'. 4. Blend. 143 s-' 



Time (sec.) 

Figure 6 . 3 .  Extemal efficiencv of FE on flow of various blends at  143 s-' and 200°C 0 

O I o r $  FE; 1 0O.o FE. v 3 - 3 O i  FE 



Time (sec)  

Figure 6 4 Influence of shear rare on et'ticiencv O!' I O o  FE a d d i t t ~ r  in the f o u  ot' 

LLDPE at 160°C 0 143 se': 287s" 



i 1 L I 1 a 

O max. 8 
r equilib. time 

v 

FE Concentration (wt .  %) 

Figure 6 5 lnfluence of FE concentration on its rnasirnum esternal efficiency and 

arrainment ot' equiIibrium extrusion force nt 1-1-3 3-;  and 200 C 0 maximum 0. V 

equiiibrium time 



time (sec) 

Figure 6 6 Effect of estrusion conditions on the rate ot'efiicienc? increasti 01- FE I -3  

FE was 0.1. 1 .O and 3 30. respectively. at 200°C and 143 s-': 4 and 5: estrusion at 1-13 5.' 

and 287 s'l. respectively. al1 samples were LLDPE/l% FE blend at 160°C. 
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Figure 6 7 Relationship of the increasing rate and efficiencv 0 LLDPE3 390 FE blend 

at 200°C and 14-3 5-' . LLDPE.' l O O FE blend at 20(3' C and 1-13 ;. . v LLDPE O 1 O FE 

blendat300"C and 143 s-'. O LLDPE. I0o FE biena at 160°C and 143 S . ' .  W LLDPE. ' Ioo 

FE biend at 200°C and 2S7 s- '  



Figure 6.8 Relarionship of purging rate and flou modificarion ef f ic ienci  of FE oii 

LLDPE at various temperatures and shear rates 0 : at 1 60°C and 1 43 si; : at 1 60°C and 2s  7 

s". o. at 200°C and 133 S' 



Figure 6.9 Estimation of mass transfer rate at rarious conditions 0 : LLDPE! l O , o  FE 

blend at 160°C and 1-43 j - ' . ~  LLDPE I 0 , n  FE blenci ar 160°C and 287 s". V LLDPE.3 ? O , ,  

FE blend at 200°C and I l 3  's . V LLDPE I ' . ; .  FE b ls~ id  ;Ir Z ~ J ( )  C' alid '1 4;  O 

LLDPE!O 1 O FE blend at 200°C and II-; s- '  
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7. Use of A Fluoroelastomer Processing Aid With Non-Polyolefinic Polyrners 

Department of C h m i c a l  Eng ineer ing ,  Eco le  Polytechnique 

PO Box 6079, Stn. Centre-ville 

Montreal ,  QC. H3C 3A7,  Canada 

.A die coated tvith iluoroelasromeril: pulynirr I FEI lias beeii i w d  i i i  the eutrusioii of 

thermoplastics other than conventional polyolefins. and including chlori nated pol yethy lene. 

pol ystyrene, polycarbonate and an ionorner. Inverse gas chrornatography was the source of 

acidhase interactions between FE and each of these rnatrix polymers FE was found to be 

effective in reducing the apparent melt viscosity when the host polymer \vas açidic. or non- 

interactive U'itfi stron~l!. interactile. the rifi'tfcti\enctss ut '  FE tlott iiiodifÏer oii basic 

polymers was annulled. These polymers may be considered as effective purging agents for 

extrusion equipment containing FE residues. 

Accepted by Polynr Eng. Sci April. 1996 



1. Introduction 

Fluoroelastomers (FE) are among the fluoropolymers which have become widely 

used in processing polyolefins. notab 1 y linear. low-density polyethylene ( LLDPE Their 

presence leads to the suppression of insrabilities known as shnrk-Ain alid sl i p-stick fracture. 

which limit the range of output rates in which the polymer may be processed. Several 

empirical and theoretical accounts of the function of FE and of related additives conclude 

that the additive acts as a die lubricant, modifying the propenies of the interface between 

tlowing polymer and die wa11[1-71. -4s a result. the onset of instabilities is shifted to much 

h ihe r  output rates and the force of extrusion is reduced. signal1 in- a lowered apparent iiirlt 

viscosity. Two previous publications from this source[8.9] have contributed to the current 

state of knowledge. In one[8], it was shown that the effectiveness of FE action. espressed 

as a dirnensionless coefficient (8) could be related to the diffusion of FE through the host 

polvmer matris and to the mechanical strength of die interface betireen FE and the die wall. 

In a subsequent paper [9 ] .  we esamined the problem of purging FE from a coated die b'. the 

extrusion of LLDPE. 

If FE functions as a die lubricant, then it seems logicai to ask whether its usefulness 

is restricted to LLDPE and other polvoletlns. and whether it ma! not also be  useful with 

other thennoplastics So îàr this topic appears not to have been addressed l t  tb rms  the focus 
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for the present study, where FE was used as a potential flow modifier For the extrusion of 

polystvrene (PS). a chlorinated polyethylene (CPE). polycnrbonate PC) aiid Surl'm ionumer 

(SN) .  An attempt is niade to relate t h e  pertorniance ut' FE iri tliest' cases IO [tic 

thermodynamic interaction between the polymers, as evaluated by methods of inverse -,as 

c hromatography (IGC). 

I )  hfater~ds: The polymers involved in this research are specitied in Table 7 1 They were 

selected on the basis of their ability to act as Lewis acids and bases and were used as 

received from the supplier. The CPE of course qualifies as a polyolefin. but the presence of 

specitlcally interacti~me halide linkages differentiares t r  from previo~isly studied LLDPE 

resins. 

ii) IGC: IGC rneasurements were used to specify the surface interaction characteristics of 

the polvmers noted in Table 7.1. Thus. the p o l y e r s  were coated from solution ont0 

Chromosorb G (.AL\'-DhlCS treated. 60/SO mes h ) .-\.ihiiig procedures h o \ \  ed the ~veight of 

supported polymer to be in the 7% range The coared support i tas dried and packed in 

previously washed and degreased stainless steel columns, 6 mm in diameter and about 40 

cm. in length. Packed columns were placed in a Varian 3400 gas çhromatograph equipped 
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with both thermal conductivity and fiame ionization detectors. The columns ivere 

conditioned for at least 4 houn at 120°C in a flow of He, which also served as carrier sas in 

IGC experimenü. These involved probing the polymer surfaces with the following vapors. 

in-iected at estreme dilution n-alkanes from hesane (11-Cb) to nonane ( / i -C%. diethyl ether 

(Etherj. tetrahydrofuran (THF). ethyl acetate (EtAc). acetone and shloroforni (CHCI;) .Al1 

probes were analpical grade. used without funher purification. kleasurement temperatures 

for PC were 80 - 110 OC. and 40 - 70°C for PS, well below the Tg values of these polymers. 

Absorption of probes into the bulk of PC and PS could therefore b e  neglected. and rerention 

characteristics were dominated by surface adsorption For CPE. SY and FE the 

rneaurements were made benveen 30 - 90 T. above the T.: values for the polvmers Since 

under these circumstances retention volumes are the sum of contributions from surface 

adsorption and bulk absorption [IO, 1 I l ,  a separation is required if surface characteristics are 

to be secured. We followed previouslv reported procedures [10] based on increasing carrier 

gas tlow rates. In these cases He gas flow rates ixied from 20-70 rnL;min 
Li 

i i i )  Hu»*  menszrremetifi: The experimental protocols for evaluating the tlow-rnodi-ing 

effectiveness of FE, described previously [8], were followed in this work. They made use 

of an Instron Rheometer connected to an on-line recording cornputer .A flat-ente die. 1.75 

mm in diameter and with L!D = 20. \vas used throu-hout. To quantify the et'tèctiveness of 

FE as a tlow modifier. tlow resistance measurements were made in two types of extrusion: 
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Type 1. In every nin of this tvpe, host polymer was extmded through a freshlv-cleaned die 

Tvpe II: Host polymer was exrruded throu~h the die which had been precoatsd uith FE 

A s  before [SI, the FE effectiveness coefficient (8) was calcuiated from. 

where F is the force on the rheorneter piston. FE benefits the extrusion process by loir-ering the force 

on the rheorneter piston, 8 > O under these circumstances. In contras a reponed neyative 0 indicates 

that the extrusion Force has actually risen, hindering the extrusion process. A t  constant extrusion 

rates. force readings were averaged over the period of stable force readings[S]. Mavimum readinss 

of F were used in comparisons between type I and I I  procedures when estniding at 1-nrying output 

rates. Details of processing conditions for each ot' che polyrners ~s I I I  b s  stated i n  perrinent sections 

of the Results and Discussion section. 

III.  Results and Discussion 

1) fo lmer  sz-fircr properriev: The route fo 

relationship [ 12,131 between the net retention 

dispersive surface energy (yD,): 

llolved was based on the wll estabiished 

volume V, of a probe and its characteristic 



where yDs is the dispersion surface energy of the polyrner phase, N is Avogadro's number. 

c is an integrarion constant relating to a given column. R and T have thrir usual iiicinirig and 

a is the molecular area of the adsorbed probe i~ioleculti l n  tliis w r l ,  die  "Y i rilues ~ i s d  

were those reponed by Schultz and coworkers [l;], as yiven in Table 7 2 .  I s o  given in the 

table are acceptor and donor nurnben AN*, DN, describing the probes' (Lewis) acid and base 

propenies (in kCaI/rnole), respectively. These numben are drawn from Gutmann's theory 

of acids and bases [ I - I ] ,  as modified by RiddIe and Fowkes [ 151 

Equation 2 calls for a straight line to be generated when RTlnVn is plotted i:v L I (  yu,-) 

for the alkane probes. From the slope of that line yDs is readily obtained. An example of this 

is s hown in Fisure 7 1 for PS at 40 O C. Specific interactions behveen polar probes and 

polyner surfaces are cstimated by usine the srraight line as a reference for rl i r t  position of 

the polar probes. also illusrrated in Figure 7 1 Furmall>.. the norniiil disriince t'roii~ the 

placement of each point to the corresponding one on the reference line evaluates AG,,,. the 

contribution of specific, or acid-base, interactions to the free energy of desorption: 
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The AG,, datum is then used to obtain the acid and base interaction constants. K, and K,. for 

the polymer .A requirement is the evaluation of AG,, ovrr a suitable temperature range. 

leading to the computation of the acÏd/basr enthalpy parameter AH.,, This is tlien used. as 

susgested b y Papirer [12], in the expression: 

so that a plot of AK,,irW* vs DNIXN' should yield the desired acid-base parameters Figure 

7.2 itlustrates the expected excellent linearity for PS in the upper portion, and for FE in the 

lower portion. A summary of dispersion surface energies, of typical AG,, values and of the 

K,. K,, parameters for the poIymers of this work is given in Table 7 3 

The surface energ  \dues are in sood agreement ~ v i t h  pre\-iously published data 

[k], but the datum for PC seems surprisingly low. In pan the cause map be the more 

elevated temperature for this reading. Each of the polymers is abte to act as both electron 

donor and acceptor in the temperature ranges pertaining to these determinations. Basicity is 

dominant in al1 but the CPE which is a net acid The de-ree of acid-base interaction between 

polvmer pairs can be quantitled by empirical formulae. as discussed i n  earlier papers 

[ 16.171. The simplest of these, applied in this work, is: 

Itp = Krim&tm + Kbr.Yj.Kcz(FI 
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where I,, is the acid-base pair interaction parameter. X rrpresents :in\ one of the host 

polymen and F the FE flow modifier. Values of 6, are listed in Table 7.4. Also shown. for 

reasons to be clarified later in this section. are values of the parameter normalized to the I,, 

for CPE-FE. 

In a precedins publication 191, it was aryed rhat the efkctiveness of FE in reducing 

extrusion force, and its capability to function over significant tlow times depended on the 

rate of diffusion of FE into the tlowing host polymer, and on the tendency of the host 

polymer to strip the FE from the die wall by mechanical. or frictional forces Both of these 

factors should increase in importance ~ v i t h  a r i s r  in the  degee iiiolrcular contact 

established between matris and FE. and thus on the I,,, value. In other words. ive would 

espect increasing values of Is, to designate interfacial States which are less suited for the 

penormance of FE as a beneficial tlow modifier. The pair interaction parameters classify 

acid/base interactions between FE and the present polyrners in  the following descending 

order SX ; PC PS '- CPE W e  note here piirentiiericall!. i h r  for p»lylrtiiis sucli as 

LLDPE, K,=Kb=O. so that 5, for FULLDPE also = O).  ln terms of the above supposition. 

we would then expect initial values of 0 to decrease in the order LLDPE > CPE > PS > PC 

> SN, and variations of 0 with extrusion time to change in the reverse order. The 

expectations will be e'rarnined in following ponions of the paper 
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i i  ) FE irs modifier of f l c ~ w  hehmior: Quantitative anaivses of the effects on estrusion esrrted 

bv the FE followed the steps outlined rarlier in rhis paper and giwn in detail in  rt.tkrencr[S ] 

The effectiveness coefficient 0 was evaluated according to rquntion 1 .  by sunlparing tlir 

flow resistance generated under identical setting of melt temperature and output rate in runs 

of Type I and Type II. Furthemore, by reloading the rheometer barre! after an initial wn 

~r,ithout cleaning the die. Tvpe 11 (and occasionally Tvpe I )  runs were repeated several times. 

allowing the 0 parameter to be followed over a number of extrusion cycles This procedure 

lead to the evaluation of an average decay rate in 8. thus providing a nieasitre of  the rate at 

which FE was purged from the extrusion die. An example of the results obtained by these 

steps is s h o w  in Fisure 7 .3  for the extrusion of CPE at 160 O C  and a shear rate = 71.1 s' .  

Clrad!. the substaiitial drop in extmsion force in Type II mns confirms the beneticial effects 

eserted by  the FE coating The purging rate is low. since only niinor ciifterences esist 

between the initial and subsequent mns of Type I I .  

A more detailed sumrnary of the extrusion results for al1 of the hosr polymers is 

presented in Table 7 5 Necessarilv. the temperatures and output rates varied somewhat from 

polymer to polymer. as indicated in the table Returning to the CPE matrts. the at.erage 

reduction in 0 of O.jOG per run is indeed low. albeit grearer than the O O 9  "/O prr mn reponed 

earlier [8,9] for LLDPE under sirnilar extrusion conditions. By inference the CPE melt slips 

over the FE layer without massive ditTision across the boundary. nor does this melt cause 
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major losses of FE due to mechanical stripping from the extrusion die .As noted above. the 

degree of specific interaction for this pair of polymers is low. Thus. acid-base coupliny 

appears to provide little driving force for contact at rnolecular levels. 

The system PCdrFE is  more strongly interactive. and the t1»n data iipprar ro retlest 

this. The initial 0 value here is not greatly diffèrent from the préceding case. but die dtica). 

rate of 3 .3  % per mn far exceeds corresponding values fsr CPE and LLDPE. The strongly 

interactive PC therefore may classify as a good purging agent for FE. but little lasting 

benefit from reduction in extrusion force should be expected. Of course. the affect mav not 

be due entirelv to acid-base interaction etyects. since. at the elevated temperature of this case. 

the adhesion of FE to the die wall ma- be seriously at'fècted and the dit'fiision kinetics into 

the tlowing matrix polyrner accelerated. 

Estrusion of PS and Surlyn ionomer w . s  under identical settings of shear rate and 

temperature. The initial et'fect of FE mi the eutrusion ot' PS i s  slight and the d t x q  rare is 

rapid. The PS exerts a strong pursin: effect on the FE deposit. The data for Sb are perliaps 

the most interesting in the set. Here the presence of FE actually raises the flow resistance. 

indicative of a viscosity increase. The loss rate h m  the die is very rapid, and the viscosity 

characteristic cf Tvpe [ mns is soon established. The SN/FE system is the niost strongly 

interactive in the present selection of materials. raising the posstbility that ttiese polyrners 
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mav fom bonds through interspecies entanglements. or via chernical interaction It is to be 

noted. however. thar iio evidence  as found for chernical bonding from DSC iirid irifrared 

spectroscopie data. 

iii) Acid-hase ititeractiot~ and FE effec~iveness: The inferences, above, of possible 

correlations between acid-base pair interactions and the effectiveness of FE as a tlow 

modifier warrant furrher esaininarion This is done by means of Fisures 7 -1 and 7 5 .  the 

former showing the \-ariation of the initial 0 value with the noritializrd l.,, paraineter. the 

latter the average rate of change in 0 per run with that parameter. Earlier reponed data for 

LLDPE are included in the cornparison. The existence of signifiant correlations in both 

cases is indicated. Figure 7.4 documents the decrease in the initial 0 with rising acid-base 

interaction .and suggests that FE cases to be a tlow modi tier tvhen rhe nornial izrd I.,, i.alur 

evceeds about 2 ( correspondmg to an absolure l., o i  about U 6 5  1 H Iietlier a crossmg o t' the 

0 =O boundary displayed by the ionomer is a general occurrence at hish levels of acid-base 

interaction remains a point to be resolved by additional experimentation. The relationship 

in Figure 7 5 is unambi=uous. showing the accentuated loss in FE effectiveness with 

increasing acid-base coup l in  .As stated earlier in  rhis article. the tindings are consisrenr 

with rnechanisrns postulated to account for the tlow modi-ing acrion of [lie FE [ S . 9 ] .  At 

higher levels of acid-base interaction, the diffusion of FE into the polymer matrix wouid be 

enhanced. Under these conditions we may assume the rapid creation of an interphase 
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between matris polymer and FE, and this ivould also enhance the rnndom meclianical 

stripping of FE from the die. 

The inkrred correlations are to be viewed with caution. hotvever. since other factors. 

not taken into consideration. mav also influence the effectiveness of FE t lo i~  additiiyes Yo 

account has been raken of the contribution made by dispersion forces to events ar the 

FUpolymer interface. .h exact calculation of interfacial surface energies under appropriate 

conditions of temperature and shear, currently unavailable, would be needed for this 

purpose. The viscoelastic propenies of the polymers under the defined extmsion conditions 

would also affect diffusion and mechanical stripping. Each of the polvmers in  this study has 

a characteristic dependence of melt viscosity and elasticity on extrusion \,ariables: a M l  

rationalization of the variation in FE effectiveness over the range of extrusion variables 

pertaining to this study would cal1 for a consideration of these dependencies. Finally, 

attention is drawn to the temperature differences behveen IGC measurernents from which 

the interaction paranieters are drawn. and the extrusion measurenients Ttiese differences. 

imposed by enperimental limitations. are si~niticant in ail cases. but panicularl!. so for PC 

Earlier studies by Panzer and Schreiber [16] and ongoing work [18] show that the acid-base 

functionalities of PC and of other polymers are temperature dependent, with a tendency to 

decrease with rising temperature. Consequently. the relationships in Figs.4 and 5 are 

indicative of trends but do not necessarily define quantitative correlations 



IV Conclusions 

* The estnision behavior ot'ttiemoplastics uher than LLDPE i t  as sliou n tc., be riffected by FE 

coatings applied to the extrusion die. The flow modifier was effective in reducing the 

apparent melt viscosity of CPE, but less so in processing PC, PS and Surlyn ionomer. 

* IGC techniques have been applied to determine the acid-base functionalities of FE and the 

matrix polynen of this studr,. showing tliat acid-base pair interactions ~ x r i e d  in decreasing 

order. Surlvn/FE :. PS;FE2 PC.'FE . CPE. FE 

* -4s a consequence of the above statement. FE is considered to be an effective flow modifier 

when the matrk polymer is acidic, but strongly interactive, basic polymers will purge the FE 

rapidly from the die surface. 

* While acid-base interaction is an e\.idt'rit hcwr  in the pert'urniaiics o f  FE iiriti related tlo\v 

modifiers. the presented relationships on/' approsiniate truc correlations. because of 

sipifkant differences in the temperatures at which extrusion and 1GC determinations could 

be carried out. 

We thank the Natural Sciences and Engineering Research Council, Canada for 

financial support of this research throush Operating and Cooperative Research and 



126 

Development gants. The assistance of Drs. D. Duchesne and .A. Sengupta. and of other 

members of 3M Canada research staff, through the supply of flow modifiers and valuable 

discussions, is acknowledged with gratitude. 

VI. References 

BLATZ, P.S., US Patent, 3,125,547 ( 1964). 

SHIH. C.K., Polvm Eng. Sci.. 16 (1 1). 742 (1976). 

R-LMA,LIL'RTHY. A C r .  J Rheol , 30 (2). 337 (1986) 

R~~lrVLtL'RTHY. .-\ \' .\dv Polvm Technol 6. 4SC1 ( I%bi  

KALIKA, D S and DENN. b1.M . ./. / i / lro/iq.  SI. 5 15 ( 1987) 

HATZIKIRIAKOS, S.G., and DEALY, J . M .  J Rheo1 ,35 (4), 497 ( 199 1 ) 

HATZiKIRlAKOS, S.G., and DEALY, LM.. J Rheol , 36 ,  703 (1992) 

XiNG. K C and SCHREIBER. H P . Polvm Enz Sci . 3 6 .  387 ( 1996a) 

XmG. K C and SCHREIBER. H P . Int J Polyni Proc . ln  Press 

P MUKHOPADHYXY and SCHRELBER, H P . ~lacromolecules 26. 639 1 ( 1992) 

P MUKHOPADHYAY and SCHRETBER, H.P..ColIoids and Sudaces .A - 

Phvsicochem. Eng. Aspects, 100, 47 (1995) 

SAWT FLOLU C and P.UIRER, E.  Colloid interface Sci 9 1-63 ( 1983 ) 

[12] SCHULTZ. J and LXC'IELLE. L . ACS S>*mposium Series 391. LL0YD.D R.. 



127 

Amer.Chern.Soc., Washingon, D.C., 1989. 

[II] GLThLXW. V . The Donor-.-\cceptor .-\pproach to Xlolecular Interactions. Plenum 

Press. Nelv York. I q7S 

[ l  51 RIDDLE F L. Jr and Fo~t~kes. F hl.. J Amer Cheni. Soc 1 12.3259 t 1390) 

[ 1 61 PANZER, CI.. and SCHREIBER, H.P., MacromoiecuIes. 25. 3633 ( 1992) 

[17] KLOLJBEK. J. and SCHREIBER, H.P. J. Adhesion. 42, 57 (1993) 

[ I  S] T0VAR.G.. CARREAU. P.J. and SCHREIBER. H.P . To be published. 

Figure Captions: 

Figure 7.1 

Figure 7 2 

Figure 7 3 

Figure 7.4 

Figure 7.5 

Application of equation 1, with retention volume plotted vs. the producr of 

probe dimension and dispersion surface free energy. Substrate is PS at 40 O C .  

Illustrating graphical representation used to determine K., and K,. parameters. 

in accordance 1 ~ 1 t h  giiation 4 I 'pper pnnion i.; for P'î ! t i i ~ t . r  p in ion  for FE 

Extrusion force vs esrnision rime for CI% pol>mer 

Type 1, run 1 

--- Type II, run 1, ------- - -  Type II, run 2 

- - * - S . - - -  Type II. run 3, - - - - - - - * * - - -  Type II.  run 4 

Initial et'fectiveness of FE. defined bv coefficient 0. as function of 

normal ized acid-base pal r I il ter-acr ion paranieter 

Rate of change in FE effectiveness as hnction of iiornialized acid-base pair 

interaction parameter. 



Table 7.1. Polyrneric klriteriiils Lsed in This W'oi-k 

1  ample 

PS 

PC 

Surlyn 

CPE 

1 FE 

Table 7.3. Surface Characteristics for E;icii Polvmer at 70 "C 

TY pe 

PS 204-00 

Lexan I 30- 1 1 1 

SurIyn 9950 

Tvrin 42 13 

Dyamar L- l f 2 16 

Table 7.2. Characteristics of Molecule Probes Used in IGC 

a Y DL DN .~i i  * I 
h4o lecu le Probe A' m.J/m2 kcaVmol kcal/mol 

rr-Hesane 
rl-Heptane 
r7-octane 

PC *: mesurement temperature 1 I O "C 

Specification 

Mn+- lx 104, MW =l.9xlo5 

B isp heno 1-A 

M I  = 5 5. Cation type = Va 

CI=4Z0 O 

hlooney L'iscosi ty = 1S 

Ps 

CPE 
PC* 

Sur1 yn 
FE 

Supplier 1 

Polysar ~ t d .  

General Electric tnc. 

DuPont Inc i 

Do\\ Chetnicals i 

351 Iric O 

ll-C6 

I I - C ~  
II-CS 
WC9 US 9 -1 rl-Nonane --. 7 

yus, mJim2 

24 

29 

8 
38 
19 

5 i .5 
57 0 

6 2 , s  

Tetrahydrofuran 

AG,, I I" .  . Ulm01 

11.0 

5.8 

9.0 

3.6 
17.9 

i 8.4 

20 3 

21 j 

THF 

 AG,,^.^'"" . kJ/rnul 

S 6 

3.4 

S. 1 

I .O 
I 

53 

j 

- 

EthyI ether 
Chloroforrn 

Acetone 

I Eth y l acetate 

45.0 

- 
1 

4 
- q 4 

1 

Ether 

CHC13 
Acetone 

Et4c 

--. 7 3  - 5 
47.0 

44.0 

42.5 

48.0 

20.0 O .  5 

15.0 

25.0 

16.5 

19.3 

O 

17.0 

I .4 

5.4 

2.5 1 
1.5 1 19.6 17.1 



Table 7.4. Specific Components AH,, (kJ/mol) of the Enthnlpy of Adsorption of Solutes 

Table 7.5. S u r n m a l  of FE Effectiveness in Extrusion of Vnrious Polyrners. 

1) CPE: Extrusion at 16OUC, and shear rate = 71.4 s-' 

~ m b e  

L TM; 

-- 

Suri y 
64.0 

2) PC: Extrusion st 2 5 W ,  and shear rate = 143 s" 

- 

FE I 

4 

6-10 j 
PC 

46.4 

1 - 

PS 

23.3 

II 

1 

296 : 
1 7 . 3  

4 

Run type 

Run number 

Average extmsion Force (kg) 

8 "o 

CPE 

52.7 

II 

4 

303 6 

1 5 . 2  l 1 

I 

I 

3% O 

U 

- 3 
296.1 

1 7 . 3  

II 

3 

297 3 

I?.O 



3) PS: Extrusion at 180"C, iind shear rate = 1-13 s ' 

4)  Ionomer : Extrusion at 180°C. ;itid she;ii- rate = 143 s ' 
I 11 11 I L  Run tvpe 

Run number 1 1 2 3 

Averase e.xtrusion Force (kg) 48.5 56.0 49.8 38.1 48.4 

8 % -14.6 -2 .0  O O 



0 EtAc 

0 THF 

Figure 7 1 .Application of equation i .  with retenrion volume ploned v s  tiie producr 01. 

probe dimension and dispersion surface free energ-. Substrate is PS ar 30 O C  



O 1 O 20 30 40 50 

Figure 7 2 I l  lustraring graphical representation used to determine K., and Ki. parameters. 

in accordance \ i ~ t t i  equation 4 C pper ponion ic; t l ir PS Imwr ponton t i v  FE. 



Emusion Force, Kg 

F Tm, sec. 

Estrusion force v s  estrusion t111itt IOr CPE pciivmer 

T;, pe 1 .  I I I ~  ! 

--- Type II. mn I ,  - - - - - - - - '  Type 11. run 2 

- - . - - . - S .  Type II. nin 3. * - - - - * - - . - - -  Type 11. run J 



LLDPE 

CPE 

Figure 7 4 initial effectiveness of FE. defined by coefficient 0. as tùnction of normalized 

acid-base patr interactton paranleter 



CPE 

LLDPE 1 1 

Figure 7 5 Rate o f  change in FE effecti\-mess as function ot'nornialized a d - b a s e  pair 

interaction parameter. 



8. CONCLUSIONS AND RECOMMENDATIONS 

1) Conclusions: 

FE coating applied on extrusion dies have promoted the slip of LLDPE polymer at 

the die boundary, with a resulting reduction in the flow resistance. 

The effectiveness of FE coatings to reduce process viscositv is a function of the 

shear rate. In this work. optimum ettèctiveness was associated with a shear rate 

range of 100-200 s". 

Slippage of LLDPE occurs at the FELLDPE interface along the die wall; FE 

eftèctiveness as a tlow rnoditïer therefore also rises with increasing die length. 

In slip-stick flow of LLDPE, the fractional time during which the melt slips 

increases with shear rate to a characteristic maximum, but cannot attain the lirnit of 

100%. 

Theories of molecular dvnamics and of adhesive failure. alternatively proposed as 

the origins of sporadic flow in LLDPE, have been linked by equations based on 



concepts drawn from both approaches. 

* For the removal of FE deposited on a dre land by the extrusion of LLDPE. both 

diffusion mechanism and mechanical stripping of the FE by the flowing matrix 

polymer may be responsible for the purging process. 

* Both experiment indicate that purgins rates are higher at initial stages of the process. 

Higher temperatures and lower extrusion rates promote the purging process with 

sarne amount of host polymer. 

* Blending a small amount of FE in L L D P E E E  blends can significantly reduces tlow 

resistance of the entire material. 

* FE causes both interna1 and external lubrication to the flow of the blends, but  

external effect of FE on the flow is more remarkable than the internal one. The 

extemal effect increase with time of extrusion till an equilibrium is reached. 

* The migration rate of FE from the blends toward the wall is also rime-dependent. I t  

reduces dong the time of extrusion till the equilibrium. The factors favorable to the 

migration to the wall include strong shear field, incompatibility between polymers, 



138 

and low surface energy of FE. The process of migration inside the mainstrearn is 

different with that arriving at the wall. The controlling step for FE to accumulating 

at the wail is phase separation of FE from the rnainstream. 

* Being applied to non-olefinic polyrners. FE can irnprovr rheir processribility when 

weak interaction between FE and host polymer occurs; othenvise, s t r o n ~  interaction 

between FE coating and host polymer make processing difficult. 

2 )  Recommendntions for Further Study 

* A reiationship needs to be established between the chernical structure, molecular 

weight, etc. of FE and their effects on modifying the flow behavior of polymers. 

This will make it possible for tailoring FE additives to maximize the effectiveness 

of flow modifkations. 

r Additional non-olefinic polymers should be used as hosts, to clarify the relationships 

between FE effectiveness and interaction concepts. 

* Alternative process steps should be studies to dethe the most beneficial procedure 

for the use of FE. .4mong these. attempts should be made to produce permanent 
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coating of FE on the surface of die walls. avoidine the need for out-of-line blendinp 

of the additive into host polymers Funher. the efikiency should be studied of 

extmding poIymers with very Iow level of FE content over FE-coated die. 

Exploratory work should be done to establish what other polymer properties are 

atTected by the surface localization of FE. Candidates for snidy include dielectric and 

barrier properties. and the printing adhesion to these surface. 
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10. Appendix 

This section is to demonsrrate calculation of rheological data and generation of tigures 

such as figure 7 in chaptsr 4 

1 Rheological Data Processing 

1 ) Estrusion Pressure(aP): 

where AP is in Pa, F is extrusion force in kg, and % is the radius of the barre1 of Instron 

Rheometer in m. 

2 )  Flow Rate ( 0 )  

Q = I T R ~ ? V  

where Q is in m3!s. and V is the speed (m/s) of the piston of the Rheorneter 

3)  Apparent Shear Stress (ri,) ar Die Surface 



where T, is in Pa, and R and L are radius and length of the die in m. 

4) Apparent Shear Rate (y , )  at the Die Surface: 

where y, is in s-'. 

5) Shear Stress (t) atier Basle]; Correction 

where P, is determined at L/?R=O in a plot o fnP vs L 2 R .  



2 Ceneration of Rheological Figures €rom Experimental Data: 

1 ) data from extrusion at 200°C 

Table 1. Record of Type i Extrusion. L/D=S 

Piston Extrusion Force (ks) 
Rate (crn/m.) Test- 1 Tes t-3 Test-3 Average 

0.05 3.4 2.9 3 3 3 2 

Table 2. Apparent Shear Rate and Shenr Stress of  Type I Extrrisioii. L/D=5 



Fable 3. Record of Type [ I  Extrusion. L/D=5 

Piston E'rtnision Force (kg) 
-. --- -- - -- 

Rate(cm/m) Test- 1 Test-2 Test-3 Average 

Table 4, Apparent Sheiir Riite iind She:ii- Stress of Type 1 1 Estriision. L,'D=5 

Shear Rate (s-' ) Shear Stress (Wa) - 

Test- 1 Test-2 Test-3 Average 



Table 5. Record of Type I extrusion, L/D=20 

L 

Piston Extrusion Force (kg) 
-- -- -- - 

Rate (cm!m ) 
Test- 1 Test-' Test-; .4verage 

O 05 1 1  5 7 3 

- - - - -. - 1 , -  - 12 0 1 I cl 
A 

O 125 21 S 20 S 21 1 - 1 -  ? -i 
-- 

O 25 3 1  4 3 3  O 33 O 32 5 

O 5 52.0 50.9 50.5 51.1 

1.25 86. O 85.3 87.1 56.1 

2.5 1 18.0 116.5 1 16.0 1 16.8 
- 

5 
p- 

154 O 156 9 159 O 156 6 - - 

Table 6. Apparent Sliear Rate and Shear Stress of Type 1 extrusion. L/D=2O 



Table 7. Record of Type 11 Extrusion iit 200°C and L/D=tO 

Table 8. Apparent Shear Rate and Shear Stress of  Type I I  Extrrision. L/D=20 

Shear Rate (s- ')  , Shear Stress &Pa) . . 

Test- 1 Test-? Test4 Averacre 

With data in table 2 - 4 6  and S.  tïgure -4-1 is ~enerated. 



2 )  data from extrusion at 180°C 

Table 9. Record of Type I Extrusion, L/D=5 

II Piston Extrusion Force i k-) 
II Rate (crn!m 1 Test- I Test-' Test-; 

T:ibie IO. -4pp:irent Shear Rate and Çheitr Stress of Type I extrusion. L/D=5 

Shear Rate (s-' ) S hear Stress ( kPa ) 



Ti~ble 11. Record o f  Type I I  Extrusion ;it 180°C and L/D=5 

Ir Piston Estrusion Force (kg) 

Test- 1 Test-2 Test4 Average 

Table 12. Apparent Shear Rate iind S h e w  Stress of Type I I  Extrtisiori. L/D=5 

Shear Rate (SI) Shear Stress (Wa) 

Test- 1 \ Test-? Tes t-3 Avera-e 



Table 13. Record of Type 1 extrusion, WD=20 

Piston Extrusion Force (ks) 

Table 14. Apparent She:ii- R:ite iirid SIieiir Stress of Type 1 estrusiori. L/D=20 

S hear Rate (s" J Sliear Stress ( k P a  

Test- 1 Tes t-2 Test-; 



Table 15. Record of Type I I  Extrusion at  L8O"C and L/D=20 

Piston Estrusion Force i kg) 

Test- 1 

Table 16. Apparent Shear Rate and Shear Stress of Type II Extrusion. L/D=20 

11 S hear Rate ( S.' ) Shear Stress r kPa) 

II Test- l Test-2 Test-; Average 

With data in tables 10. 12, 14 and 16. figure A-2 can be generated. Combination 

of these data with those in table [ of chapter 4 presents details of generating figure 7 in 

that chapter 



Figure Captions 

Figure A- 1 .  Effect of FE on .Apparent F lu i~  Cunxs of LLDPE Estnision at 100°C. O 

Type I. L/D=j; O Type 1. L/D=20: Type LI. L:D=j;. Type II. L/D=?O 

Fisure A-2. Effect of FE on Apparent Flow Curves of LLDPE Extrusion at 200°C. O 

Type 1. L/D=j; O Type 1. L:D=?O: O Tvpe II. L/D=j: Type II. LiD=IO 
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Apparent Shear Stress (kPa) 



Apparent Shear Stress (kPa) 
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