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La relation entre la rhéologie et l'état de dispersion du polypropylène chargé de 

carbonate de calcium a été étudiétudi& d a m  le cadre de ce travail. Le niveau de dispersion de 

la charge dans le polymère, gui dépend des conditions de traitement, joue un rôle 

important sur les propriétés rhéologiques. Iî est essentiel d'étudier les propriétés 

rhéologiques pour comprendre les phénomènes qui se produisent et leurs variations en 

cours de traitement. 

Dans la première partie de ce travaily les hcteurs qyi influencent le mélange 

dispersif du polypropylène chargé ont été étudiés à l'aide d'une extrudeuse bi-vis. Des 
films ont été préparés a partir de lyextrudat bar soaage) dans le but d'analyser la 

dispersion du CaC03, a la fois par microstructure et par analyse d'images. Deux types de 

carbonates de calcium ont été utilisés comme charges. Certains paramètres opératoires 

tels que la vitesse de la vis, le débit d'alimentation en matière première, la position de 

l'introduction des charges de CaC03 ainsi que la configuration de la vis affectent le degré 

de dispersion au sein du matériau La dimension des particules influaice la dispersion 

uniquement pour les composites à faibles concentrations en charge. 

Dans la deuxième partie de ce tmvaii, les propriétés viscoé1astiques du 

polypropylène fondu et chargé de CaC03 ont été étudiées. Pour le polypropylène fondu 

fortement chargé, le comportement rhéologiqw change avec le temps sous l'influence 

des réactions entre les partides a la construction d'un réseau. La température, le taux de 

déformation ainsi que l'amplitude de la d6formation sont les facteurs principaux affectant 

les forces agissant entre les particules et modifiant la structure du réseau. La déformaton 

habituelle sous cisaillanent casse les agglomérats a en même temps le réseau se brise. 

Imposer une faible-amplitude en cisaillement oscillant s'est avéré être une méthode 

optimum pour détruire le réseau de particules a pour modifier la dispwion des charges. 

Les propriétés rhCologiques du polymère dépendent de la contrainte et de L'amplitude 



appliquée. Pour le composite contenant 500/o de CaC03, aucun domaine de viswélasticité 

linéaire n'a été obtenu, 

Les effets de la concentration de la charge, du degré de dispersion et de la taille 

des particules agglomérées sur les propriétés viscoélastiques ont été déterminés. La 

viscosité augmente avec la concentration de la charge, particulièrement aux basses 

fréquences. On observe un seuil de contrainte pour les composites a une concentration de 

solides de 50 % en poids. À une concentration fixe, une meilleure dispersion aboutit a 

une réduction de la viscosité. Pour les fortes concentrations, l'augmentation de la valeur 

de l'indice de dispersion mène a des matériaux plus visqueux et ayant une contrainte plus 

élevée. L'influence de la dimension des particules sur la viscosité a été observée 

seulement pour les systèmes ayant de fibles concentrations. Les modèles de Maron- 

Pierce et Mooney ne peuvent pas décrire le comportement rhéologique des systèmes 

utilisés dans le cadre de notre étude. La viscosité relative du système non traité de PP 

chargé de CaCOs est beaucoup plus haute que celle prévue par les modèles donnés par les 

équations. La comélation entre la viscosité et l'indice de dispersion est obtenue par 

superposition des courbes de viscosité avec différents indices de dispersion. 

Dans la dernière partie de l'étude, l'innuence du niveau de cisaillement et de 

l'élongation sur le composite a été examinée en utilisant respectivement des filières plate 

et convergente. La viscosité elongatio~elle a été calculée à partir de la chute de pression 

à l'entrée, en utilisant deux techniques, celles de Cogswell et Binding. Les deux méthodes 

mènent à des valeurs de viscosité élongatiomelle du même ordre- de grandeur. Les 

viscosités élongationelles du PP pur et du C a C W P  montrent un comportement 

rhéofluidifiant. Les valeurs du rapport de Trouton sont plus grandes que 3. Les états de 

dispersion avant et après cisaillement et élongation ont été analysés. Les deux champs 

d'écoulement changent le degré de dispersion. Les valeurs du paramètre Ic qui 

caractérisent les deux champs d'écoulement confirment que l'écoulement élongationne1 

est plus efficace que le simple cisaillement pour disperser des particules solides. 



nie relationship between rheology and dispasion state for calcium carbonate- 

filled polypropylene has been studied in this w o k  The de- of filler dispersion in the 

polymer, which is closely correlatexi to the processing oonditions, play an important mle 

in determining the rheological properties. It is essential to investigate the rheological 

properties for understanding the phenmena encountered and changes occUmng during 

processing. 

In the first part of this wo&, the fictors Muencing dispersive mùcing of filled 

poiypropylene have been studied using twin-saew extruder. Blown films have been 

prepared fkom extnidate for analyzing the filla dispersion thmugh microstnictural and 

images analysis procedures. Two weli-ch8facterizeû calcium carbonates have been use. 

as fiIlers. The processing parameters such as screw speed, flow rates, filier feeding 

position, and screw configuration are found to affêct the degree of dispersion in the 

compounds. The differences of particle size change the dispersion only for the low 

concentrated compounds. 

In the second part, the VisCoelastic properties of molten polypropylene fïiled with 

CaC03 powders have been investigated. For high ooncentrated polypropylene melts, the 

rheological behavior changes with tirne due to the interparticle reaction, particle network 

buildup, as well as particle-alignment under a givm deformation. Temperature, 

deformation rate, and strain-amplitude are the key factors &ectiag the attractive forces 

acting between particles and modifving the network structure of the compounds. Steady 

shear defôrmation break up the agglomerate during the time the network is bmken up. 

Imposing a small-amplihde presscillatory shear has been found to be the optimum 

method to destroy the particle network and alter the fiiler dispersion state to the lowest 

limit. The rheological data of filleci polymer rnelts depend on the applied strain 

amplitude. For 50% CaCOflP cornpoumi, no linear viscoelastic domain is obtained. 



The effects of fZUer concentration, de- of dimon, and particIe/aggiomerate 

size on the viscoelestic pperties have been detemnhed, The complex viscosity increasa 

with fïiler concentration, especidy at low fkquencies. An apparent yield stress is 

observed at a solid concentration of 50 Wtoh. At a fked concentration, the better 

dispersion r d t s  in the reduction of viscosity. For high concentrated polymer melts, the 

increase of dispersion index value lesds to more viscous, bigher yield stress materials. 

The influences of particle size on the complex Viscosity are obsmed for low 

concentrated systems. The Maron-Pierce and Mooaey models, which are applied to non- 

interaction sphere suspaisions in a Newtonian medium, c m  not describe the rheological 

behavior of the systems used in our study. The relative viscosity of untreateâ CaCO3 

filled PP systern is much higher than that expected by the mode1 equations. A correlation 

between complex viswsity and dispersion index is deriveci by superposition of viscosity 

cuve at different dispersion index into a single m e .  

In the last part, the influence of shear and extensional flow on the dispersive 

mixing has been reported using the slit and the convergent die respectively. The 

extensional viscosity has been caiculated h m  entrance pressure dmp, utiiizing two 

techniques - the CogsweU and Binding analysis. The two methods lead to the elongation 

viscosity values in the same order of magnitude. The elongational viscosity of pure PP 

and CaCOflP shows tension-thinning behavior. The Trouton ratio values are greater 

than 3. The dispersion -tes More and after elongational/shear flow have bem andyzed. 

Both flow fields change the degree of dispersion. The values of fïow field 

characterization parameter confirm that the elongational flow is more efficient than 

simple shear flow in efficient dispasive mixing. 



Il est de plus en plus répandu d'incorporer des matériaux de remplissage 

minéraux, tels que le CaCO3, le T i a ,  le talc et autres, aux thermoplastiques. Le premier 

objectif pour l'utilisation de ces particules solides aux matériaux polymères est 

premièrement d'améliorer les propriétés mécaniques et physiques de ces matériaux 

composites (notamment la rigidité, 17élasticit6 ainsi que la température de déformation 

thermique) et deuxièmement de réduire les coûts de production en remplaçant des résines 

a coût important par des partides solides peu coiiteuses. Pour optimaliser les propriétés, 

il est d'une importance primordiale de réaliser une dispersion adéquate des particules. 

Ceci s 'exénite fiéquement à l'aide d'extrudeuses bi-vis CO-rotatives "intnmeshing", qui 

sont d'une grande efficacité, puisqu'elles réduisent les dommages causés par la chaleur et 

par le cisaillement des polymères et des additifk. Afin d'évaluer la qualité du mélange, 

des procédures de caractérisation microstructurale appropriées ont été apppliquées. Les 

méthodes drexamen les plus répandues de la microstructure incluent: la microscopie 

optique ou électronique, la radiographie, la conductivité électrique, etc. 

Les propriétés de mise en oeuvre, morphologiques et rhéologiques sont 

étroitement associées entre elles, mais restent mal comprises. Les données rhéologiques 

sont nécessaires pour comprendre les phénomènes de changements se produisant pendant 

le traitement. Au cours des dernières décennies, beaucoup de chercheurs ont prêté une 

grande attention aux propriétés rhwlogiques des polymères fondus chargés de minerais. 

La concentration, la forme, la dimension, la distn'bution des partides, son état de 

dispersion (dispersé ou aggloméré) sont des facteurs qui infiuencent aussi les propriétés 

rhéologiques des polymères chargés. Il est bien cornu dans la littéfatme que l'addition de 

matière de remplissage aux polymères augmente la viscosité. La viscosité augmente avec 

la charge, particulièrement a de basses vitesses de c idemen t  Le degré de dispersion est 

proportionnel à la concentration et inv-ent proportionnel à la dimension de la 



particule. Le degré de dispersion est relié à la viscosité du composite. Le traitement de 

d a c e  appliqué sur les charges réduit la viscosité et a&cte le module dynamique. 

La dispersion des particules dans le polymère joue un rôle important sur les 

caractéristiques visco6lastiques. Le degré de dispersion est lié à beaucoup de facteurs, tels 

que la taille et la fonne des particules, la charge des partides, lyinteracti*on pattide- 

particule etilou particule-matrice. Pendant la mesure ou le traitement, le degré de 

dispersion des charges peut être considérablement modifié avec le temps. Le 

comportement rhiologiqw du polymhe chargé est le résultat de diverses contributions 

qu'il est très dinicile de mesurer et de doccire exactexnent Bien que ces ditfidtés 

existent, il est utile d'explorer et d'expliquer les mécanismes de ces interactions par 

l'intermédiaire des mesures rhéologiques. 

Le premier objectif est d'établir une relation entre les propriétés rhéologiques et la 

dispersion des charges par la recherche dime méthode indirecte pour évaluer la 

dispersion. Les échantiuons utilisés poiir les mesures viscoélastiques ont été préparés à 

partir d'extrudats obtenus par extrusion bi-vis. L'influence de la concentration des 

charges, du degré de dispersion, et de la taille des agglomérats sur les propriétés 

viscoélastiques a été detexminée. Afin d'atteindre un état de pseudo-équili'bre pour les 

systèmes fortement chargés, la stabilité rhwlogique dans diverses conditions a été 

étudiée. Une tehnique expérimentde a et6 développée pour examiner les propriétés 

viscoélastiques dans des conditions pseudo-stables pour des systèmes fortement chargés. 

Finalement, une corrélation entre la viscosité et le degré de dispersion est développée, 

basée sur la méthode de l'indice de superposition temps-dispersion. 

Le deuxième objectif de cette étude est de vérifier les facteurs influençant la 

dispersion du mélange polypropylène et carbonate de calcium par extrusion bi-vis. Deux 
types de particules de CaCOp ont eté utilisés pour être incorporés dans une matrice de 

polypropylène (PP), des particules ultra fines de 0.7 microns de diamètre et des fines de 



1.4 microns. On obtient des extrudats de diverses qualit& en modifiant une ou plusieurs 

conditions teks  le type de vis utilisé, la vitesse de rotation de la v i s  le de%it 

d'aIimentation en matières premières a autres. Un film soufflé a ité préparé à partir de 

l'extrudat et a été utilisé pour l'analyse de la dispersion de la charge par analyse 

microstructurale et par analyse d'images. La dispersion des particules est alors exprimée 

sur une base quantitative en terme du diamètre moyen des agrégats. 

Les effets des paramètres (vitesse de la vis, le debit a la configuration de la vis) 

ont été étudiés en terme de l'indice de dispersion E Le nombre de disques de mélange 

(kneading discs) dans l'une ou l'autre des zones de h i o n  et de mélange ainsi que la 

position de l'alimentation de la charge affkctent la valeur de l'indice de dispersion. 

L'addition du CaCO3 par l'intermédiaire d'un distriiuteur et l'utilisation d'une vis 

donnant une meilleure fusion ont donné une b 0 ~ e  dispefsion résuitant de l'absorption 

considérable d'énergie lors du mélange dans les disques qui agissent comme barrières 

partielles. Mélanger moins efficacement les matériaux dans la zone de fusion comme 

pour la configuration 2 cause un délai dans la fusion du po1ymère. Le résultat est une 

meilleure dispersion. La diminution du débit et l'augmentation de la vitesse de vis 

augmentent le degré de dispersion. La concentration croissante de la charge modifie 

sensiblement l'indice de dispersion sur l'intervalle des valeurs étudiées. La dimension des 

particules de CaCO3 s'est avérée avoir une influence sur la dispersion, surtout pour les 

basses concentrations (25%) de la charge et avoir moins d'effets pour les hautes 

concentrations (50%). 

Les propriétés viscoélastiques des polypropylénes contenant de la poudre de 

CaC03 fine et ultra-fine ont été étudiées. Les difEcultés qui ont surgi lors de la mesure 

des propriétés rhéologiques sont dues principalement aux variations avec le temps. La 

formation d'un réseau de particules à concentration élevée de la charge provoque des 

variation des propriétés avec le temps sous une déformation donnée. La température' le 

taux de déformation, et l'amplitude des contraintes sont les principaux facteurs qui 



afEectent les forces d'amaction entre les particules et qui modifient la structure finale du 

composé. Un cisaillement important change le degré de dispersion dû aux bris des 

agglomérats. Imposer une faible amplitude en cisaillement oscillant s'est avéré être la 

méthode optimum pour détruire le réseau des particules et pour modifier la dispersion de 

la charge. Les expériences de balayage ai déformation ont montré que la réponse 

rhéologique du polymère chargé varie avec le niveau de la déformation, Pour le composé 

contenant 50% de CaC03, aucun domaine de viscoélasticité linéaire n'a été obtenu La 

deformation faible minimum de 1% pour un dispositif expérimental donné a été 

appliquée aux mesures de viscoélasticit6 pour tous les composés contenant 50% de 

CaC03 étudiés. 

Les effets de la concentration de la charge, du degré de dispersion, de la taille des 

particules agglomérées sur la vismélasticité ont été déterminés. La viscosité augmente 

avec la concentration de la charge, particulièrement a basses fréquences, comme prévu. 

Un évident seuil de contrainte a été observé à une concentration de 50 % en poids, causé 

par la concentration des particules et par la taille des agglomérats, donnant une structure 

solide. Les interactions particule-particule sont probablement responsables du seuil de 

contrainte. À une concentration fixe, une meilIeure dispersion a pour conséquence une 

réduction de la viscosité. L'augmentation de la taille des agglomérats provoque une 

augmentation de l'indice de dispersion et tranfome les polymères fortement chargés en 

des matériaux plus visqueux et ayant des seuils de contrainte plus élevés. L'influence des 

différentes dimensions des particules sur la viscosité a été observée pour les faibles 

concentrations. 

Les modèles de Maron-Pierce a de Mooney ne peuvent pas décrire le 

comportement rhéologique des systèmes utilisés daas notre étude, a cause des 

interactions significatives donnant lieu à un seuil de contrainte. La viscosité relative du 

système non traité de PP chargé de CaC03 est beaucoup plus élevée que prévue par les 

équations. La corrélation entre la viscosité et l'indice de dispersion vient de la 



superposition de la courbe de viscositt avec d i f f i i t s  indices de dispersion. Le modéle 

est linéaire et se décrit ainsi: 

où q* est la viscosité complexe, o la ftéquence, af le facteur de déplacement et f, est 

L'indice de dispersion de référence- L'application de c a e  équation a été vérifiée pour les 

systèmes étudiés et devrait être prouvée cas par cas. 

Les propriétés élongationeiles ont été obtenues en utilisant une filière convergente 

avec une vitesse d'élongation co11St811tey pour laquelle le champ est principalement 

élongatiomel. La viscosité élongationnelie a été calcuiée à partir de la chute de pression 

d'entrée, utilisant deux techniques, celles de Cogswell et Binding. Les deux méthodes 

mènent à des valeurs de viscosité tlongationnelle de même ordre de grandeur. Les 

valeurs de viscosité élongatiomelle du PP pur n du composite CaCOflP montrent un 

comporternent rhéofluidifiaat Les valeurs du rapport de Trouton sont bien au-dessus de 3 

et la plus petite valeur pour les trois systèmes est d'environ 7. LPS niveaux de dispersion 

avant et après élongation et cisaillement ont été analysés en utilisant des filières 

convergente et plate. Les deux champs d'écoulanent changent le niveau de dispersion. 

Les valeurs du paramètre h caractérise les deux champs confirment que le taia 

d'élongation est plus efficace qw le simple cisaillement pour disperser des particdes. 

En général, les résultats présentés dans cette étude sont très encourageants. 

Cependant, quelques questions non résolues laissent suggérer certains défis à relever. En 

particulier, nous recommandons de: 

Démontrer le rôle des interactions entre les particules sur la viscoélasticité des 

polymères chargés; 



xiv 

Développer des modèles pour corréler les propriétés rhéologiques avec des 

paramètres microsmpiques, structuraux et physiques; 

Développer une technique expgimentde en ligne pour déterminer la dispersion 

dans un écoulement donné, pour la corréler avec la réponse rhéologique. 
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CaAPTER 1 - INTRODUCTION 

It is increasingly widespread practice to incorporate mineral fiIIers such as 

CaC03, Ti&, Talc, etc. into thermoplastics. The primary objective for using solid 

particles in polymeric materiais is twofold: (1) to impve  the mechanicaVphysicai 

properties of the composite mataials, notably stifniess, elastic moddus, and heat 

distortion temperature, etc.; end (2) to redwe the cost of production by replacing 

expensive resins with inexpensive solid particles. To optimize properties, effective melt 

compounding is of paramount importance in order to achieve adequate dispersion of the 

fïiler particles. This operation is fkquentiy undertaken using intermeshing w-rotating 

twin-screw extruders, which have great mixing efficiency and reduced tendency to cause 

damage of heat- or shear-sensitive polymers and additives. Furthemore, the capability of 

generating the necessary levels of shear stress for breakdown of particle agglomerates 

offers a distinct advantage. In order to assess the mixture quality in these compounds 

there is a need for appropriate microstructural characterization procedures. The well- 

established methods of microstructure examination include: opticai microscopy, electron 

rnicroscopy, x-radiograph, d a c e  inspection, electrical conductivity techniques, etc. 

The processing/morphology/rheolopicaI properües are closely associated to each 

other, but remain poorly understood. Rheological &ta are necessary to understand the 

phenornena encountered and changes ocaaring during processing. In the past few 

decades, many researchers have paid great attention to the rheological propeaies of 

mineral filled polymers in the molten state. The concentration of the particla as well as 

other factors, such as the shape of the particles, the particle size and its distribution, and 

the state of dispersion of the particles (well-dispersed state or agglomgad state), are 

known to influence the rheological properties of a e d  polymer melts. It is welî known in 

the literature that, in general, the addition of solid particles to polymer increases the melt 

viscosity. The extent of viscosity enhancement increases with content of fillas, 



especialiy at low shear rates. The existence of yield stress is related to particle Sue and 

filier concentration. The yield stress increases with decreasing particle size and increasing 

mer content The appearaace of yield stnss has been inteqreted by formation of a solid- 

like structurey wbich increase the visoosity of the cornpouad. The surface treatment of 

fillei parücles raduces the melt viscosity and affects the dynamic modulus. 

The dispersion of particles in the polyrner plays an important role in determining 

the viscoelastic characteristics. The degree of dispasion is related to many factors, such 

as characteristics (size, shape, etc*) of particles, particle loading, particle-particle ancüor 

particle-matnx interaction, etc. huing measurement or processing, the degcee of 

dispersion of the fillas may be considerably modified with the .  The rheological 

behavior of particle-filied polyma is the d t s  of various oontriiutions, which are very 

difficult to measure and a c ~ a t e l y  desmie. Though the ditncultia exist, it is worth to 

explore and explain the mechanism for those interactions via rheological rneasurements, 

and then utilize it to control polymer-processing operatiom. 

1.2 Scope of present work 

The first objective is to establish a relation between rhwlogical properties and the 

dispersion of filler in a search of an indîrect mahod to evaluate the dispersion. The 

samples used for viscoelastic measurements were prepared h m  twin-screw extrudates. 

The inauences of filler concentration, de- of dispersion, and pamcldaggiomerate size 

on viscoelastic properties are discussed extemsively. In oder to reach a pseudo- 

equilibrïum state for high-fïiled systems, the stabilities of d y n d c  viscoelasticity under 

various rheologid conditions were investigated. An experimental technique was 

developed to examine the visooelastic pmperties unda pseudo-stabiiized conditions for 

high concentrated polymeric systems. Finally, a correlation between the cornplex 

viscosity and and the dispersion index was d m  using the time-dispersion index 

superposition me-. 



_,+ The second objective of this study is to verify factors influencing dispersive 

mixing of calcium CarConate nIled polypropy1ene in the process of tsvin-screw extrusion. 

Two well-characterized particles - ultra fine with diameter of 0-7 pn and fine 

with 1.4 pn were used to incorporate with PP matriz Methods of alterhg processing 

conditions (screw speed, flow rate and dowmtream feedug) as weli as screw geometries 

(mwiig elements) were employed to obtai. extnidates of various mixing quaiity. Blown 

film was prepared h m  extrudate and utilized to anaIyze the nIla dispersion through 

microstnictural and image analysis procedures. The filla dispersion was then expressed 

on a quantitative basis in tams of volume average diameter- 



2.1 Dispersive mixing mechdsms 

Mixing is a process that reduces compound nonuniformity. It is very important 

because the homogaieity of the additive plays a -cial role on the mechanid, physical, 

chemid and rheoIogicaI properties of the finaI compomd, Mixing is hdeed a basic 

processing step encountered in every industry. Among the various mullng operations, 

those involvuig polymeric liquids and solid-polymerk liquid systems are perhaps most 

charactenstics of polymer processingC The high viscosity of polymeric systems increases 

the complexity of the process. A great number of workers have paid attention to the 

practical and theoretical studies of mixing mechanisms. 

A widely adopted approach for the assessrnent of polymer mixing is through the 

concepts of dispersive and distributive mixing. Tadmor and Gogos (1979) gave a detailed 

description of these concepts. Dispersive mixing process is associated with the reduction 

in sïze of agglomerates of the minor component to its ultimate particle size and depends 

upon the application of high shear forces to affect agglomerate breakdown. 

Distributive mixing can be denned as operations employed to increase the 

randomness of the spatial distribution of the minor constituent within the major phase, 

with no change in the size of the minor particles. Dispersive and distributive mixing 

phenornena generally occur simultaneously or stepwise during polymer processing 

opmîions. Figure 2.1 depicts schematidy these two miwg mechanisms. 

Dispersive mixing is an energy intensive, and relatively difncult type of mixing 

carrïed out in batch and continuous processes. The mechanism is commonly subdivided 



into four stages: (1) incorporation, (2) disiriiution, (3) dispersion, (4) plasticization (or 

stabilization of the resulting dispasion). Incorporation is the first step of mixing. hrring 

this stage, the polymer wets and mcapsulates the solids, and it may penetrate into the 

void spaces of the agglomerate and also with the aggregates. During distriiution and 

dispersion, the agglomerates are successively broken apart and reduced in size, and 

spread out by random patterns of flow. Duruig the plasticization stage, floccdation of 

£iller aggregates may occur. This process wnm'butes to the formation of a filler network 

structure throughout the matrix. 

BAD DISPERSION: BAD DlSnuBUnON BAD DISPERSION: GOOD DISTRIBUTION 

a . . . .  
a . . . . .  
a . . .  0 .  

a . . .  

m a . . .  

CiOOD DISPERSION- BAD DISTRIBVllON GOOD DISPERSKIN: GOOD DfSnüBüTiON 

Figure 2.1: Schematic illustration of dispersive and distniutive mixing mechanisms 

(adopted from Manas-Zloczower, 1 994) 

2.12 Models for agglomerate dispersion 

Analysis of the dispasion process must consida both the forces involved in 



agglomerate breakup, namely the forces of cohesion within the clusters and the 

hydrodynamic forces inducing theh breakup. Manas-Zloczowa (1994) reviewed in detail 

the models for agglomerate strength, as weli as the different models for hydrodynamic 

interaction. Most existing models for agglomerate dispersion combine two of above 

submodels - one for the cohesiveness of the agglomerates and another for the 

hydrodynamics. 

Most mixing models consider the rupture step to be the most important. 

Agglomerate rupture occurs when the hydrodynamic forces exerted on the solids exceed 

the cohesive forces holding the agglomerate together. Manas-Z10czower et al. (1982) 

developed a theoretical model for dispersive miwg in intemai mùrm. In their model the 

breakup is assumed to take place in the high shear narrow clearance between the tip of 

the rotor and the housing, where the effect of hydrodynamic teasion would be the largest. 

A random distriiution of orientations of the hcture d a c e  among the agglomerates at 

the start of the flow or at the tirne of their formation was assumed. The dynamics of 

agglomerate size distribution was also pradicted. 

Another point of view expressed by Manas-Zloczower and Feke (1988) is that the 

dispersion process is controlled by the hgment separation. In this instancef. flow 

kinematics is important: hence the authors suggested a model to piedict the effect of flow 

field on the dispersion process. The model calculated the rate of separation of broken up 

agglomerate hgments in various flow fields. The dimensionless parameter FI scaied the 

magnitude of the viscous forces acting on the agglomerate relative to the tende strength 

of the agglomaate, is given by: 

where A is the effective Hamaker coefficient, p is the viscosity of the suspendhg fluid, a 



is the radius of the fragment, and t; is the applied shear rate. 

Based on this model, the authors found that: (1) there was a critical minimum 

value of the parameter FI below which no sepadon can occur, (2) the agglomerate size 

did have an influence on the kmetics of the separation process, but the result was in 

contradiction to rupture-based mixing model prediction, (3) the pure elongstion flow field 

is the most efficient in partide separation. The model is believed to be useful both for 

understanding expimental d t s  and for making predictions about real mixing 

processes. 

Experimental obsewations on dispersion phenornena for model systems in weil- 

dehed flow fields are also reported in the literature* Rwei et al. (1990 and 1991) 

observed two distinct mechanisrns of dispersion in their experiments of carbon black 

agglomerate breakup in a controIIed flow field. One mechanism, d e d  'Yupture", is 

characterized by an abrupt brealrage of the agglomerate into a small numba of large 

fragments, and tends to occur at relatively high shear stresses. The other mechanism, 

cded "erosion", initiates at Iowa applied shear stresses and is characterized by the 

detachment of s m d  fhgments h m  the outer surface of the agglomerate. 

For the rupture process, Rwei a al. (1990) developed an expression for the critical 

shear stress as follows: 

where 7 is the matrix viswsity, y is the shear rate, and k is a coefficient which depends 

on the gwmetry of the agglomerates and the flow field as weii. The critical shear rate for 

breakup of carbon black pellets was found to be inversely proportional to the viscosity of 

the fluid. 



For the emsion process, Rwei et al. (1991) deriveci the rate at which particles 

erode fiom a cluster as follows: 

whae R is the Tadius of the cluster, <a> is the volume average radius ofthe hgments, kI 

is a rate constant, and P=r, i  is a dimensiodess emsion time. Based on th& 

observations, the size of the eroded hgments was assumed to be proportional to the size 

of the parent cluster. 

The applicability of various dispersion rnodels for pndicting properties in mixing 

operations depends primarily on the informaton available on various system (material 

and processing) parameters. However, such models are important, since they provide the 

theoretical framework within which M e r  investigations of the dispersion process may 

be conducteci. 

2.2 Characterization of  fiMer dispersion 

In the previous section, we reviewed the mixing mechanisms and models that 

d e s d e  the dispersion of the fillas or pigments. h order to assess the mixture quality in 
the final compound there is a nad for appropriate micros truc^ characterization 

procedures, which form the abject of this section. A review was undertaken on various 

methods to obsave particle agglomeration and then express filler dispersion on a 

quantitative basis. 

2.2.1 Techniques 

Over the past G f t y  years or so, rnany procedures have been developed for the 



characterization of dispersion. Among those, which are in cweat use are: optical 

microscope procedures, electmn micfoscope procedures, sc-g electron 

microscope procedures, x-radiography procedures, etc Hess (1991) gave a detaiied 

review of methods for dispersion analysis. The main emphasis of his review is on the 

andysis of elastomeric oompounds containhg carbon black. 

Optical microsco~ - This method is most suitable for visually comparing or 

measuring the level of agglomeraîion in elastomeric or plastic compounds. The method is 

applicable for andmg almost any smaii piece of rubber or plastic compound, regardlas 

of whether or not the polymer type or filler loading is known. Simple visual inspection of 

the cryosectioned compound under an optical mimswpe (40 to 400x) is Sutncient to 

classify the dispersion h m  high to low quaiity in temis of the extent of agglomeration. If 

more quantitative information is desired, then the a r a  covered by the agglomerates on 

the section can be measured using a graticule in the eyepiece (ASTM D2663, Method B). 

X-radiography - This method is generally preferable for the analysis of inorganic 

pigment agglomerates or impurities in most polymeric systems. Modem commercial x- 

ray units are capable of x-raying relatively large samples up to 20 cm or larger in size and 

up to several centimeters thick depending upon composition. 

Tramission electron microscopy - The TEM method o f f a  the highest 

resolution of any of the microscopical procedures and is generally M t e d  to studies on 

the microdispersion of primary pigment aggregates. 

Scunning electron rnicroscopy - The SEM has been applied to most of the 

diffèrent aspects of pigment dispersion and is probably the most versatile of aiI the 

different methods. Many of the otha dispersion-analysis techniques are readiIy 

compIemented by SEM analyses. 



Image analys& - A major f a o r  in the practical use of image analysis for 

measuring dispersion is the existence of clear boundaries and high contrast between the 

pigment agglomerafes or hgments and the surrounding matrix. A unSom, relatively 

noise-fiee background is highly desirable, even though many currently available image 

analyzers have the ability to filta out mwanted noise. There is a practical limit to noise 

elimination, however, and it can be a very time-consuming process. 

The most significant Avantages of image analysis over other measuremeat 

procedures are in its ability to dïrectiy analyze the a e r  agglomerates or hgments for 

their percentage, size and spatial distriiution in conjunction with microscopical methods. 

Disadvantages relate to dficuit andlor time-consuming specllnen preparation for optical 

analyses. At this tirne, image d y s i s  has been largely d c t e d  to measuring differences 

in fiIlex- agglomeration. 

Optical scunning of sur$aces - This is a method which measures the dispersion 

indirectly through surface roughness measurernents. Ebell and Hemsley (1981) have 
-W.. 

utilized the technique of dark field reflected light microswpy (DFRLM) to measure 

surface roughness of cut rubber d i c e s .  The methoâ is based on projection of a holiow 

cone of light incident to the cut rubber SutI.ace- The light beam does nct pass through the 

objective lem before impinging on the sample. Thaefore, there is no ciiffiaction of light 

into the lem for a perfêctly flat dsce.  Only d a c e  irregularities act as difhcting 

centers, which appear as iight spots on a dark background as viewed on the TV monitor. 

Quantification of the image is achieved by inputting the TV signai into an oscilloscope 

with a single line strobing facilty. This produces a linear intensity trace which is 

analogous to the physical rougbess trace ofthe stylus on the surface- 

SUnace inspection, stylus surface mea~u~ements, optical extinction coefficients, 

electrical conductivty, and pyrolysis gas chromatography are 0 t h  techniques for 

analysis of dispersion States. 



23.2 Dispersion index ob-d by image andysb 

The microscopy methods give only qualitative information unless subjected to 

extensive quantitative evaluation- Most of the studies relating the state of dispersion to 

the properties of cornpoumis use a xnicroscopy method and detemine the average 

diameters of the agglomerates, the number ofaggiomerates gceater than a certain size, the 

hction of agglomerates, and so on. Suetsugu (1990) defined the state of dispersion based 

on the fhction of agglomerates for calcium carbonate med polypropylene system. The 

compouud was carefuliy miciotomed for scanning electron microswpy. The dispersion 

index may be debed as follows: 

Dispersion index = 1 - 

where 4 is an area fiaction of agglomerates, A is an area of observation, @ the volume 

fkaction of the filler, di and ni the diameter and the number of the agglomerates. The 

dispersion index varies h m  O (ail mer partidate remain in the form of agglomerates) 

to 1 (no aggiomaate exists in the compound), 

(Poorest dispersion) O a 1 - #a S 1 (best dispersion) (2-6) 

The correlation between the state of dispersion and various mechanical properties 

was obtained, and the author (Suetsugu, 1990) found that dispersion control is a key 

factor in improving the mechanical properties. 

Some other types of indices are also available. Volume fiaction of agglomerates, 

the third power of agglomerate diameter, has been fond to be much affected by the s m d  



nimiber of large agglomerates so that the index Iargely scatters dependent upon the 

sampie selec?ed. The diameter of the aggfomerate can be obtained by image analysis 

technique. Several kinds of average agglomerate diameter are considerd in additions: 

The average diameters that are mostly used are: 

Number average diameter d.: n=l 

Volume average diameter dv: n4 

Ess and Hornsby (1987) used volume average diameter as dispersion index to study the 

dispersive mwlg effects in twin-screw extrusion wmpounding. 

Bories (1998) developed a dispersion index expression based on the diameters of 

the agglonierates and the volume fraction of the agglomerates. The dispersion index fis 

defined by the following equation: 

where p/ is the density of the film, A, is the area observed under the microscope, Wf 

weight per unit area of the film, +" volume hction of fillers in the film- The dispersion 

index represents the volume fiaction ratio of the agglomerates over 15 pm to the total 

agglomerates inside the nlm. The dispersion index varies h m  O (no agglomerate over 15 

p m  inside the film is observed) to , which physical meaning of term is defined 
~'saromaorc 

in detail by the author in his thesis (Bories, 1998). 



@est dispersion) O < f < (Pwrest dispersion) 

23 Miring in cembting nvin-screw extrasion 

2 3.1 Basic concepts 

Twin-screw extniders are widely wd in the compounding of highly med 

polymers. Of special importance are the intermeshing co-rotating twin-saew ~xtniders. 

Their main advantage over conventional singlescrew extruders is their unique capability 

of positive displacement conveying and complete melting in a very short baml length. 

The mixing action in twin-screw is much more intense, reduchg the tendency to cause 

damage to heat- or shear-sensitive poIymm and additives, and reSuIting in homogenmus 

quaIity at stable extrusion rates. However, the flow patterns in a twin-screw exmida are 

complex and the fluid is subjected to a nonuniform defonnation and stress field of 

varying vorticity (i.e., shear vs. elongation flow). Though a detailed understanding of the 

mwllg process h m  bot .  aie theoretical and expecimental viewpoints is still under 

investigation, there are some literatures on flow mechanisms in intermeshing CO-rotating 

twh-screw extrusion. 

2-32 Modeling of fiow in various elements of intermesbing CO-rotating twh-screw 

extrusion 

Experimental techniques u d y  involve flow visualization of the interfaces of 

components as a hction of time and locatiox~ Bawiskar and White (1995) snidied the 

£low of soiid pellets in a self-wiping co-rotatiag twin-smw extruder and compared it 

with single screw extders. The mullng mechanisms were discussed based on the 

observations. The kneading disk blocks were found to play an Unportant d e  in solid 



conveying and melting. Hune8ult et al. (1996) reportai measuements of residence time 

distribution in a twin-screw extruder using a calcium carbonate tracer by monitoring the 

ultnsonic attenuation in a specially instnrmented die. They calculated the raidence the 

distributions for individual screw hctions (e-g., melting, conveying, m g ,  and 

pumping). Narrow distributions were fomd for the melting and conveying stages. In the 

mixing and pumping sections, fie d is t r i ion  width was fomd to vary with the degree of 

fiU and the recirculation ratio in the mixing blocks. 

On the otha han4 the numexicai simulation appmach involves solving the 

quations of consemation of rnass, momentum, and enetgy with the appropriate 

constitutive equations and boundary condition. By integratiag the Eulerian flow field 

obtained, fluid particles and mataiais interfaces can be foilowed for modest duration of 

time. In order to simpli* such andysk, it is usuaiiy assumed that there is no interfiacial 

tension between the cumponents and that the camponents king mixed have similar 

physical and rheological properties. 

The arrangement of modules on shaft is varieci depending upon the mixing 

process required- Screw elements are used for transporthg material. The primary 

processes of melting and dispersion are considered in the kneading disc region. 

Szydlowski et al. (1987 and 1988) developed models simuiating flow patterns and 

pressure distriiutiom in the kneading disc region of an intenneshing CO-mtoting twin- 

screw extruder. Sastrohartono and Jaluria (1 995) have reporteci a numerical simulation of 

fluid flow and heat tramfer in the intenneshing CO-rotating twin-screw extruders. They 

divided the flow domain into two regiom: (1) the translation region; (2) the intenaesbiag 

region. The two regions are simuiated separately and then coupled to mode1 the o v d  

transport Lawai and Kalyon (1995) also solved the threeimensional equations of 

conservation of mass and momentun, and utilized various dynamics to analyze the 

mechanisms of mixing occinring in single and CO-rotating twin screw extniders. 



23.3 Dispersion of mers hi Mn-screw extrusion 

The quality of füled polymas is very much related to the mer nature, particle 

size distribution, etc. The intermeshing CO-rotating twin-screw extniders have excellent 

conveying capabiiity with powder feedstocks and are capable of generating the necessary 

levels of shear stress for breakdown of particle agglomerates. A few studies have been 

carried out on the initial stages of mixing process during compounding in a twin-screw 

extruder. Mack (1990) made a study of spiit-feed compounding technique in a th-screw 

compomdiug process. Split-feed technique stabilized the operating process and 

elimuiated bridging in the feed zone. Ess and Homsby (1987) utilized miciostnictural and 

image analysis techniques to study factors influencing dispersive mixing of calcium 

carbonate filleci polyjmpylene during the twin-scnw extrusion compounding process. 

The factors influencing agglomerate breakdown include material pretreatment, material 

characteristics and selected processing parameters, which included screw speed, 

temperature profile and screw geometry in the melting zone. 

2.4 Rheologicai properties of filied polymer melts 

Fillers are high-modulus particles, which are disperseci in polymer matrices to 

improve the mechanicaVphysical (or opticaVtherma1) properties of the h a 1  products. 

They could also fiequently lower the material cost Fine particle size and hi& surface 

a ra  generally favor reinforcement. Whatever the pinpose of the use of fiilers might be, it 

has long been recognized that the incorporation of solid partidate to polymers may 

critically alter the flow characteristics of the system during processing. For instance, it is 

known that an addition of fillers increases the pressure drop aaoss the die, due to the 

increase in melt viscosity, which inmases with filler volume hction, especidy at low 

shear rates (Czarneclci and White, 1980; Ottani a al., 1988). At low shear rates or 

fresuencies, a yield stress gmeraiiy exists for flow to occur, which has been found to 

correlate to particle-particle interactions (Camau et al, 1996; Ghosh et al, 1997). 

ûther physical aspects related to the rheological behaviot of med polymers remai. 



unknown, such as: (1) The degree of dispasion of the solids in the matrix may change 

with time due to forces acting on the system. (2) Fiilers in viscuelastic polymers may 

probably duce the elasticity of melts (Metzner, 1985), but this effet remains to be 

verified and explained. 

At present the processin9/morphology/property relationship in highly fïiled 

polymeric systems rem& poorly understood. Rheological methods are powerfii1 tools to 

elucidate such relationships. The dispersion of fîllas is strongiy dependent on the 

rheological properties of the components. The rheological characterization of 

concentrated polymeric systems is one of the most important steps in studyhg the various 

phenornenon enwuntered and changes occurring during potymer processing. Rheological 

data are also needed to assess constitutive equations reqwred for designing equipment 

and predicting changes under processing. As a result, a systernatic investigation of the 

rheological properties of filled polyxnas as a hct ion of deformation rate, volume 

hction of particle, particle size, and matrix pperties is of practical importance for the 

analysis and the control of many processing opaations. In recent years, considerable 

research efforts (Suetsugu and White, 1983; Rong and Chaffey, 1988; S ~ t t  et al., 1988; 

Le and Bhattacharya, 1990; Caneau a al., 1996; Lavoie et al., 1997; Ghosh et al., 1997; 

Aral and Kalyon, 1997) have been directed toward a fidamental understanding of the 

rheological behavior of highly med polymeric systems. Such systems may be considerd 

as concentrateci suspensions of rigid particles in viscoelastic fluids because, except for 

certain liquid resins (e.g. urahane or epoxy precursors), almost al l  thermoplastic resins 

exhibit non-Newtonian, viscoelastic behavior over the range of practical processing 

conditions. 

2.4.1 Viscosity 

The viscosity behavior of filled systems has been thomughly studied. The 

viscosity increases with nIler concentration, especially at low shear rates. At high shear 



rates the flow a m e s  of the filled matnids approach the curve of the pure polymers 

(Czamecki and White, 1980; Ottani et al., 1988; Poslinski et al., 1988). Ottani a al. 

(1988), Lavoie et al. (1996) and Carreau a al. (1996) found that particle-particle 

interactions in concentrateci suspensions were responsibIe for a gel-type behavior at low 

shear stress and low strain, respectively. ûttani et ai- (1988) discoverod that the structure 

was disnipted at high shear stress values and the material behaves WEe a "dilute 

suspension". Howeva, Lavoie et al. (1996) and Carreau et al. (1996) reported a strai. 

hardening at a criticai s t m k  Lakdawda and Salovey (1987a and 1987b) shdied carbon 

black filied polymedcopolymer system and showed that low-shear viscosity behavior was 

govemed more by the fillet particles than by the suspending medium, whereas the 

opposite is expected of high-shear viscosity behavior. 

The non-Newtonian behaviot of polymers nUed with non-interactive spheres is 

very similar to that of non-filleci polymers, at least up to a solid hction close to 

maximum packing. Poslinski et al. (1988) proposeci a viscosity model to predict the 

suspension viscosity as a fiinction of shear rate by taking into account the rheology of the 

polymer matrix and the volume hction of suspended particdates. The expression of the 

model is as foilows: 

where ql is the zero shear rate viscosity of the mat& polymer, A, is a constant related 

to the onset of shear thinning, r,, the yield stress, n the power law index, 4 the volume 

fiaction of filler5 and q&, the maximum volume fiaction. 



Efforts have been made to comlate relative viscosity with concentration of fïüer 

and to test the applicability of e~uaîion (2.13) & (2.14) to particle Wed polpers 

@taoka et al., 1978 and 1979). The two empiricai equations are: 

Maron-Pierce (1 956) q, = (1 - 4 / qî,,, )-2 (2.13) 

Where g is the relative viscosity (which is the ratio of the viscosity of the fïiled polymer 

to that of the d e d  polymer at the same shear stress), k a model parameter. The two 

equations p v e d  to be successfid for predicting the relative viscosity-concentration 

relationship of suspensions of nominteractive partictes in a Newtonian liquid. The same 

relationships were obtained in particle fïlled non-Newtonian polymerïc systems for the 

volume hction below a certain value and an asymptotic q was detennined (Poslinski et 

ai., 1988). 

Mixing is a vital step in polymer procasing because mechanical, physical and 

chernical propeities, as well as "appearance", are strongly dependent on compound 

uniformity. The methods of mixing and the mïxing conditions (e-g. mixing time) have a 

profound innuence on mmpounds rheological properties in the molten state. Attempts 

have been made to study the effect of mixing methods on viscous properties by Kitano 

and Kataoka (1980). Three different methods, namely dry blending, extrusion, and elastic 

melt extrusion, were used to mix a polyethylene with giass fibers and carbon fibers 

respectively. The dispersion of fiben varied with the mixing methods used The different 

dispersion methods result in variations of the viscous properties. 

Another important variable that may affect the rheological properties of 

concentrated suspensions is the paaicle size. As the size of the -filla particles decreass, 



the ability to form a network and the strength of that network ùicreases. The greater 

strength of the network formed by srnalier particles results in a higher yield stress than 

the one rn-ed for larger particles at the same volume concentration (Mmagawa and 

White, 1976). 

Borna1 and Godard (1996) also shrdied the melt viscosity in terms of fNer particle 

packing and maximum particle packhg volume. They reported that the behavior of the 

particles in the matrix depended on m e - m e r  interactions @olymer spreading and 
wetting) and particle-particle interactions (the particles tend to agglomerate due to 

attractive forces and form a gel-like structure). Such behavior could explain the Qh 

values. I f  particle-particle interactions are prevalent over maaix-filla interactions, open 

agglomerates are fomed and important polymer quantities are irnmobilized around the 

filler solid SUfface giving rise to loose packing and low &. Such behavior is observed for 

untreated particles. In the case of particle-particle interactions weaker than the matrix- 

nIler interactions, numerous wnnections between particles are needed to achieve 

imrnobilization. Particles then slide over each other to form compact agglomerates with 

very little blocked polymer. In this case, the more compact the packing is, the higher the 

& vaiue. They found that the d a c e  treatment of particles reduced the particle-particle 

or matrix-filla interactions and immobüued polymer, thus decreased the melt viscosity 

and increased the maximum particle packhg volume. 

The particle-particle interactions are one of the non-hydrodynamic forces which 

may considerably modify the degree of dispersion of the solids or the structure with time 

during measurement or processing (Carreau et al., 1996). Another force - hydrodynamic 

force, which results h m  the relative motion ef the suspending medium with respect to 

the particles, may affect the rheological behaviar of concentrated suspensions as weli. 

The hydrodynamic forces are responsible for migration of particles and structure 

breakdown in the cases of flocs and aggregates. Reantiy, thae are extaisive theo~ticai 

and experimental works reportai on sheadstrain-induced particle structures in various 



concentrated sqemïons that are subjected to inhomogaieous shear (Gadda-Maria and 

Acrivos, 1980; Leighton and Acrivos, 1987; Philips et al., (1992); Cameau et al., 1996; 

and Lavoie et al., 1996). 

2.42 Primary n o d  stress Merence 

Observation of normal stresses in polymer melt rheology is a classical 

demonstration of melt elasticity- The fïrst nomial stnss d i f i i c e  is a parameter 

characterizing the melt elasticity. Problans are encountered in normai stress 

measufements for highly filleci systems due to the difficulty to measure normal stresses 

accurately, especially at low shear rates. Lobe and White (1979) fond that yield stresses 

existed and interféred with normal stress measmementS. They indicated the abnomal 

effects at low shear rates are due to interactions between the instniment and the yield 

stress property. As a resuit, a proper zero point for memurement could not be obtained. 

Tanaka and White (1980) found that there were residual stresses in the sample at the 

beginning, which were minimixed by applying shear forces. Fiilers in viscoelastic 

polymers are believed to reduce the elasticity of polymers (Metzner, 1985). but this effect 

remains to be v d e d  and explained. Some experimental approaches have been reported 

to illustrate this phenornenon. Rong and W e y  (1988) and Carreau et al. (1996) 

observed that the primary normal stress difference increased with increasing p i c l e  

concentration. 

2.43 Viscoelasticity 

Dynamic melt rheulogy is an extremely powerfûl rheological technique offering 

several unique advantages. Li and Masuda (1990) investigated the viscoelasticity of 

calcium carbonate fiîled polypropylene meits in terms of particle dispersion. They 

observed that the filled rnelts possessed higher complex viscosities, which increased with 

particle concentration, especially at low fkquencies. The high filied melts did not exh i t  



the Newtonian flow region at low fkquencies. A yield stress existed for highly filied 

melts in the low fiequency region. The particfe size had a markedly effect on the dynamic 

viscoelastic properties- The smaller particles with large d a c e  area had a tendency to 

easiiy form agglomerated structure. The enhancement of particle-particle interactiom 

increased the dynamic viscoelastic properties. The rheologkd history dependence of 

agglomerate formation showed that the viscoelastic behavior at high h p m i e s  was 

dominated maidy by the polyma matrix. At low fkquency, d e r  particles form an 

agglomerated or network structure graddly building op with the- This could be seen 

nom the viscuelastic property enhancement On the otha hand, the agglomerated 

stnicture of particles could be brokeo up under a shear stress produced by a steady shear 

flow. 

Poslinski et al. (1988) pfesented an experimental r d t  of dynarnic viscosity and 

storage modulus for glass sphere fiiïed polymers. They observed an increase of dynamic 

viscosity with mer content, especi-aily at low fiequenicies, which is in agreement with the 

resuits of Li and Masuda (1990). Carreau et aL (1996) reported that the rheological 

properties were highly sensitive to the de- of the solids dispersion for rutile (Ti02) 

filleci polybutene systan. 

2.4.4 Cox-Men nrle 

The Cox-Men d e ,  equation (2. lS), has been expaimentally detennined to be 

valid for a number of pure polymer melts (Kitano et al., 1980), but not for filied polyrner 

melts (Rong Br Chaffey, 1988; Wang & Wang, 1999). Shear viscosity offilled polymeric 

systems is always smaller t h  oomplex viswsiîy, the discrepancy becoming larger as 

shear rate (or angular fkequency) and filla concentration iacrease. Cox-Ma's empirical 

d e  is expressed by 



2.4.5 Yield stress 

For the highly filled polymeric systems, viswsity at low shear rates or frequencies 

appears to be unbounded due to paaicle-particle interactions. This is referred to as a yield 

stress. Typical yield stress behavior exhibiteci by suspeasions was descri'bed in the 

reviews by Metzner (1985) and K a m l  and Mute1 (1985). Yield stresses have been 

observed at mer concentrations as low as 10% vol. The relationship between yield stress 

and filler concentration has been shown to be an exponential one, wbich indicates that the 

strength of the interparticle network is also an exponentid relationship of filier 

concentration (Bigg, 1983). The d a c e  treatment signiftcautly deaeases the magnitudes 

of viscosity and d t s  in lower yield values (Wang and Wang, 1999). The yield stress 

increases with decreashg particle size (Kataoka a al., 1978; TanaLa and White, 1980; 

and Suetsugu and White, 1983). Caxreau et al. (1996) discovered a yield stress for non- 

colloidal (PVC) particle suspension in Newtonian ma&. 

Yield vaiues were found not only in shear flow but also in uniaxial extension 

(Lobe and White, 1979; Tanaice and White 1980). These studies have indicated that the 

yield stress exists in both extension and shear. The most interesting effect discovered in 

these works is a critical dependence of yield behavior on volume concentration of the 

EUer. Leonov (1990) made a theoretical attempt to describe the complicated rheological 

behavior of filled polymer. Without ushg mathematical yield criteria, his approach 

described all the basic fatures of the yield-like behavior of the filled polymer 

compounds, including the appearance of yield values in steady state flow, stress 

overshoots in start up flows, etc. 

Bigg (1983) studied the rheological behavior of low-density polyethylene med 

with a spherical stainless-steel powder. The system showed a strong effect of strain on 



the dynamic rheological response, even though the particles are nonagglomerating. 

Poslinski and co-workers (1988) observed the same phenornenon for glass fiber nIled 

polybutene system. The dynamic viscosity is indeed found to decrease with a~ increase of 

the imposed strain. Rong and Chaffey (1988) and Wang and Wang (1999) reported the 

strain-dependence of highly fiïïed polystyrene and polypropylene melts (e-g-, the one 

with 60% by mas) even at strain amplitudes as low as 0.3%. The onset of the non-linear 

viscoelastic region occurs at lower strain amplitude for filled systems than for unfilled 

systems. Carreau et al. (1996) showed an absence of linear viscuelastic domain for 

concentrated PVCRB suspension. The dynamic moduli dropped drastïcally with 

increasing strain amplitude. They characterized it to a gel-type structure with very weak 

particle-particle interactions, which is destroyed rapidly with increasing strain. 

2.4.7 Effect of sarface treatment on the rheologicai propertig 

The state of polymer-particle interface will affect the interparticle morphology. 

Certain polymers form weak bonds with selected filIers. These bonds may be due to van 

der Waals, polar, or hydrogen bonding forces. Polymm can be covaleatly bonded to 

fillers through a coupihg agent Each of these situations influences the interparticle 

network and the rheological behavior of the system. The greater the adhesion between the 

polymer and the filler, the lower the tendency for the partice to agglomerate and the 

better the r d t i n g  dispersion. 

The adhesion between polymers and fUers can often be improved by M a c e  

treatment of the filIer, modifjhg the mechanical strength and the chernical resistance of 

compounds. This is particularly true for nonpolar polymers med with polar fïllers. The 
exact mechanism by which surface treatment, wntiag agents and coupling agents work 

has been the subject of many articles, not all of which show agreement (Boaira and 

Chaffey, 1977; Han et al., 1981; Bigg, 1983; and Sue$sugu and Wbite, 1983). Most have 

show that the d a c e  modifier mats the fiiler particles, displacing air and water fiom 



the particle's d c e .  The stability of composites apperrrs to be related to the strength of 

the covalent bonds betwem the resia and the nIler via the couphg agent. Certain 

functional fomis of the dace-modifying m o l d e ,  dong with appropriate processing 

conditions, may provide additional bonding between the fiUer and the polymer. 

Bigg (1983) examined the effect of d a c e  modifiers on particle deagglomeration 

for aluminum oxide fïIled low-density polyethyiene systems. Surface treatments were 

found to be effective in reducing the degree of agglomemtion, thus decreasing the 

viscosity of the composite. This greatly improves the ease of proassing. Suetsugu and 

White (1983) studied the inauence of- surface coating on the rheological behavior of 

calcium carbonate filled polystyrene system. They found that compotmds with coated 

particles resulted in major viscosity reductions. The d a c e  coating was most effective 

with the smailest particles. It pnsumably reduced interaction between particles and the 

extent of agjjregation. Han et al. (198 1) investigated the effects of coupling agents on the 

rheological properties. They reportad that a mupling agent which reduced the melt 

viscosity of a fillecl polymer also incxeased the normal stresses and vice versa In other 

words, the change in viscosity due to the presence of a couphg agent was in the 

direction opposite to the change in normal stresses. With the proper combinations of 

polymer, mer, and coupling agent, it is possible to change the rheological properties of 

highly filleci polymeric systems drsstically. They also pointecl out that the possibility 

existed that the coupling agent might have dinused into the polymer mahix, playing the 

role of an intemal plasticiza, which would then decrease the viscosity of the 'virgin' 

polypropylene phase. 

Lobe and White (1979) have made elongationai viscosity measmemen6 under 

constant elongational rate for carbon black reinforced polystyrene using Ide meorneter. 

Tanaka and White (1980) utilized the same technique to examine the elongationai 



viscosity for CaC03 and Ti@ fUed systans. Some interesthg d t s  are foumk (1) the 

elongational viscosity increases with filier content level, (2) the elongational viscosity 

decreases rapidly with increasing elongation rate, (3) the highiy med melts aIso exhibit 

yield value in extensional flow, (4) d a c e  treatxnent for C a o 3  Eilled PS melts 

significantly demases the viscosity and gives a lower yield stress. Han and Kim (1974) 

obtained similar d t s .  They used isothenaal melt spinnihg mettiods to investigate the 

spinline elongational viscosity of polypropylene filied with calcium carbonate. 



The experiments include three major steps: 

a Preparing the compound of polypropylene with calcium carbonate using 

CO-rotating twin-screw extruder 

a Detennining the dispersion index 

Measmring the rheo1ogïcaI properties 

In this chapter, the différent experimental methods for sample preparation and 

measurements WU be desaïbed. Since the fïrst and the second steps are very similar to 

procedures used by Bories (1998), emphasis will be put on the rheological property 

rneasurement. 

3.1 Materiais 

The polymer used in this study was a commercial polypropylene manufactured by 

MonteU Co., Canada. PP SM6100, a high melt flow polypropylene homopolymer resin, 

has a weight average molecular weights MW of 264,OOO, a polydispersity MJMn of 11, a 

density of O.9ghl and a meit flow index of 12g/lOmin. 

Two types of untreated calcium carbonate powders, OMYACARB F and 

OMYACARB UF manufacn~ed by OMYA, INC., were used as f'illers. Their main 

characteristics are summarized in Table 3.1. The main difference between both is the 

average diameter which is 1 . 4 ~  for the first and 0 . 7 ~  for the second. 

3.2.1 Twin-screw extrusion 

The compounds and the '"pure'' component were pieparexi with a twin screw 



Table 3.1 : Characterization of Calcium Carbonate 
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extruder Leistrizt 30-34 in an intermeshing CO-rotating mode. Ali the compounds are 

represented by weight percentage of CaC03. Compounds of composition of 25%, 30%, 

and 50% were prepmed. 0.2 Wto? of antioxidant (hganox B225 fiom Ciba-Geigy) was 
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added to ail the compounds and 'pine" component. The polymer and fUer were met& 
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independently and fead dVectly to the t h a t  of the extruder, using volumetric dosing 

units. In order to assess the influence on fïiler dispersion of introducing calcium 

carbonate filler into previously melted polymer, some nias were undertaken in which the 

minerai additive was introduceà via the downstream feed/vent port located midway dong 

the machine. The melt was extnided through a two capillaries die (which has diameter of 

2.5 mm and length of  5.5 mm eech) into a water bath and then pelletized. The melt 

temperature was maintahxi at 2ûû°C. 

In this study, four weU-denned processing conditions and two types of screw 

configuration that contained different numbers of kneading disk blocks were used to 

prepare the compounûs. The process variables considemi were screw speed and flow 

rate. They are listed in Table 3.2. The twin-screw extruder configuration is showed in 

Figure 3.1 and detail screw configurations are illustrated in Figrne 3.2. The melting and 

mixing zones are composed of kneading discs staggered at +30°/-60". The discs thickness 



Table 3.2: Mixing conditions 

* (+) -- More kneading discs 

(- j -- Less kneading discs 

Feed Port Dowastre8m 
feed / vent port 

Feed zone Melting zone Mixing zone 

Figure 3.1 : Twin-screw extnda configuration 
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is 7.5 mm. Configurations 1 and 2 in Figure 3.2 mer by the number o f  discs and the 

stagger angle. The kneading disa w a e  used for dispasing the nIlers. 

332 Verificatïon the concentriaon of compomds 

The apparatus used to add fiilers into twin-screw extruder was controlled by 

volumetry. The inconvenience of this type of apparatus is the variation of fïow rate, 

especially for materiai with d particle size that tends to agglomerate and fonn cave 

during feeding. For this reason, it was necessary to ver@ &a muring whether the 

concentration of filler in the campomd was close to the one expected. Pyrolysis of the 

polymer was used to determine the concentration of the wmpoimds. The compound was 

put into a s m d  d c  cup, ashed in a fiuaace to remove the polymer matrix at 250°C 

for 1 h followed by 500°C for 4 h. Then, the percentage of fWer was calculated using 

following equation: 

where m, is the total weight of mmpound and m, is the weight of calcium carbonate. This 

procedure was repeated two times for each compouud, and an average weight percentage 

was obtained. 

3 3  Determination of dispersion iudex 

Screw geometry, processing conditions and concentration of filler will affect the 

quality of mixing. To characterize the dispasion state in the compound, Bories (1998) 

gave a detailed description of the mechauisrn and the procedure to determine the 

dispersion index. It wnsists of two steps: (1) preparing a blown nIm, (2) analyzing the 

agglomerates witbin the film using microscope and image analyzer. Here, these two steps 

will be described brkfiy. 



First, each compound prepared using the twin-screw extruder was dry blended 

with "pure" material to dilute it to 5 Wto? CaC03. This compound was used to prepare the 

blown film with a 45-mm Killion single-screw extruder with a helical blown film die 

(outer diameter = 50.82 mm and die gap at exit = 680 pm). nie extrusion was -ed out 

at a temperature of 210°C. The flow rate was wntmlied by the film thickness, which 

should not exceed 4 0 p .  

3.3.2 Microscope and image udyzer 

From the blown film, the morphology of each sample was detennined using a 

transmitted-light mimscopy (Nikon OPTIPHOT-2). The image was caphned by a Sony 

DXC- 1 5 1 A color video camera, and stored in the cornputer. The agglomerates of calcium 

carbonate, which appear as dark areas, have the requued degree of contrast relative to the 

polymer matrix for subsequent measurements by image analysis. Later, the number and 

volume average diameters dn and d, of at least 400 paaicles were anaiyzed by an 

automatic particle-sizing software. The automatic partide-sizing software works as an 

analyzer on the principle of detecting dl gray levels above an operator-detennined value 

and expresses the detected areas in pixels. In order to obtain sufficient contrast between 

the polymer matrix and the mer cumponent, the lower limiting size of agglomerates by 

our study was 10 pixel2, which was a square of 10 p in length or a circle of 15 p in 

diameter. Thus, the dispersion index f can be calcdated h m  fhe number average 

diameter using equation (2.8). 

3 3 3  Dispersion index f 

From the measurement of size and number of agglomerates through image analyzer, 

the dispersion index could be determined. The dispersion index f developed by Bories 

(1998) is a fiinction of volume hction of agglomerates, dehed by equation (2.8) in 



Chapter 2. The correlation of dispersIofi index with rhedogical properties couId then be 

obtained by rheoiogical meanarementS. Not ody the size of agglomerates but aiso the 

numbers of agglomerates, prpresumably affect the rheologicai properties. We discuss the 

conelation between state of dispasion and rheology behavior in Chapter 5 using the 

dispersion index defïned by eqyation (2.8). 

The samples for rheological measurements have been prepared by compression 

molding using a CARVER labotatory press at 200°C. The pressure load was increased 

progressively fiom 200 kPa to 1.1 MPa. 

Rheological property tests have been d e d  out on a controlled stress rheometer 

(Bo& CSM) equipped with concentric disk geometry. The diameter of the plates was 

25 mm and the gap about 1.2 mm, The measurements were carried out under dry nitrogen 

atmosphere at the desired temperature. The stability was verined at two low constant 

fkequencies (0.01 Hz and 0.1 Hz) for periods of over 1 h. The linear viscoelastic 

properties were measured as a fiinction of finquency with the fiequency range îkom 0.01 

to 10 Hz. The applied stress wes controiied to maintain the total deformation at around 1 

%. In order to keep the measurement in a pseudo-equilibrium state, the materials were 

pre-oscillateci for 15 min under low main (y = 0.05) and low fiequency (0.01 Hz). Each 

meamremait was repeated at least two times. If the d t s  were not repmducible, a third 

measurement was Carried out. The results represent the average values obtained h m  

repeated experiments. 

3.4.2 On-line siit rheometer 

As it will be shown in the next section, shear viscosity'data, and more prrcisely 



power-law parameters of the compounds or "pure" wmponent are needed to determine 

a .  apparent extensionai viswsity. The slit rheometer has been used with the single s m w  

extruder to measure the power-law ppeities. The setup of this slit rheometer is show in 

Figure 3.3. A by-pass valve concept was employed in order to change the flow rate 

through the dit, whiie the total extruder flow rate remained constant thus leaving 

extruder-operating conditions unchanged. W1th this design, the morphology of the blends 

before die extrusion can be controlled by kaping the thennomechanical history 

unchanged. The slit geometry was chosen in order to use flush mounted pressure 

transducers located almg the channel. With these, the axial pressure distribution was 

obtained h m  which the wall shear stress was calcuiated, the apparent shear rate was 

determined by measurements of the polyrner flow rate. The geometry of the die was 60 

mm in length, 25.4 mm in width and 1.2 mm in height. Three pressure transducers were 

separated in equal interval dong the die with the temperature set at 2ûû°C. 

The viscosity and power-law parameters C a .  be obtained by the following 

Rabinowitsch analysis (Carreau et al, 1997). Consider the flow in a thin rectangular slit as 

illustrateci in Figure 3.4. For HccWd<L, we negfect side waU effects and assume a M y -  

developed unidirectional fIow situation. That is 
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Figure 3.3: Slit die setup 

Figure 3.4: Thin dit geometry 



Then a momentum baiance on a differential fluid element 2mAy yields 

where m, is the shear stress at the walI at y =Tif, and AP the total pressure &op. 

Eqyation (3 .q bewmes, a f k  the change of variables, y + O,, 

Taking the derivative of this expression with respect to a, and using Leibnitz's d e ,  the 

equation can be written as 

d( da,  4FKW 

Hence the shear rate evaluated at the wall is expressed by 

This result can be rewriîtm in the following form: 



The coeBcient n 'is the local slop of the wali shear stress versus e/4JEY2 on log- 

log plot. For power-law fluids, the slope n ' is constant and equal to power law index n. 

Knowing n: the shear rate at the waU cm be calculated h m  equation (3.1 l), and the 

non-Newtonian viscosity at the wail shear rate is by definition expressed by 

3.43 Elongatioaai viscosity 

3.43.1 Technique 

Measuring elongation flow properties is dificult for many substances, if not 

impossible. Many different and unique techniques have been employed to obtain a 

measurement of the elongation viscosity, such as fiber spinning9 opposed jets, and 

converging flow. T k  nost ualized technique is entry flow through a contraction where 

the entry pressure drop is recorded as a function of flow rate. The f h t  to analyze this 

type of flow was CogsweU (1972). He divided the fluid deformation into two temis: one 

due to shear and the other to elongation. Binding (1988) and Mackay and Astaria (1997) 

re-examinai and improved Cogswell's analysis (1972 and 1978) by using the technique 

of power collsumption minimization. In our study, Cogsweil(1972) and Binding (1988) 

analyses have been employed 

One of the critical requirements in the muisuremait of melt elongational visw sity 

is that a wntrolled and constant elongational strain rate should be applied- This c m  be 

achieved, however, by choosing properly the shape of the converging section. Binding 

and Jones (1989), Kim et al (1994) used a plaaar hypabolic die to meamre and explain 

the extensionai viscosities of polymer solution. James and Chandler (1 990) suggested that 

if the shape of a cylindricd converghg die was given by R'@) = const, where R is the die 



radius depending on z, a constant elongational strain rate wuld be reached. The 

elongational strain rate for an axisymmetric converging die with the shape R = R(@ was 

dehed by (Lacroix et ai., 1999): 

where <Vp is the average velocity et a given z. And the veIocity c m  be Wntten as: 

If Q denotes the total votumetric flow rate, 

Therefore, 

By imposing a constant elongational strain rate, the solution of the differentid equation 

leads to: 

where RI is the initial radius ofthe nozzle die. In this study, we used two dies of diffaent 

geomee to investigate the CaC03 fUed polypropylene systems. One die @1) is 10 mm 



long with an exit radius of 1.995 mm whereas the otha one @2) is 20 mm long with an 

exit radius of 2.805 mm. Both dies have the same entry radius of 12.7 mm. The setup 

illu~frated in Figure 3.5 was designed to measure elongational viscosity h m  a single 

screw extruder. A by-pass valve used in this design has the simrlar hc t ion as that in sIit 

die. Furthenaore, it aliows us to extract samples before and after the wnverging section 

so that the resulting dispersion index can be analyzed in relation to the elongational 

effects generated by the die. The same setup has been used by Lacroix et al (1999) to 

investigate the morphologicai evoluîion of the PP/EVA/EMA bleds. In o m  case, the 

elongational properties of the CaC03/PP composites with diffefent dispersion index are 

compared to the properties of the d e d  components. The melt temperature was kept at 

200°C duting the experiment, 

Two different approaches, the Cogswell and Binding analyses, were adopted in 

presenting our r d t s  of shear and extension. Lacroix et al. (1999) explained in detail the 

analysis using the Cogsweli and Binding concepts. 

Cogswell (1972) provided a simple analytical analysis, which split the entry 

pressure drop into shear and elongational components: 

The sketch of the convergent die is presented in Figure 3.6. The shear viscusity was 

assumed to obey power-law, while the extensional viscosity was constant. The flow was 

assumed to be locally fùlly developed. The pressure drop due to shear is expresseci as: 
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Figure 3.5: Elongational memurement setup (adopteci h m  Lacroix et al., 1999) 

Figure 3.6: Convergent geometry 



where n and rn are the powa-law index and parameter of the shear viscosity respectively. 

4 and RI are the outlet and inlet radii respectively. The pressure drop due to elongational 

flow can be derived h m  energy consideration and givm by: 

where rl, is the elongational viscosity and 2 is the length of the die. Substitutîng equatîon 

(3.1 7) in equation (3.20), we obtain: 

The extensional viscosity is readiiy estimated h m  experimental entrance pressure 

drop/fiow rate data, if the shear viscosity parameters am known. 

Binding (1988) presented a more ngorous 8I181ysis by using an energy balance. in 

addition, he assumed that the elongational viscosity was a power-law fiinction of the 

extension rate, and variational principles w a e  employed to minjmize the energy 

dissipation W. The power consumption W related to the entrance pressure drops by 

A&Q = W. W is divided into three conttiiution of shear, elongation and kinetic energy 

variation. 

In contrast to Cogsweil, Binding assumes power-law behavior for both shear and 
elongational flow. That is: 



where t and L are power-law index and parameter of elongationd viscosity respectively. 

Following Binding's anaiysis (t988), Lacroix et ai. (1999) derived the expression 

for a hyperbolic shaped die with constant elongational rate as: 

where /3 is the inverse of the contraction ratio (B = R&ti). L is defhed by: 

The power-law panuneter t of the extensional viscosity can be obtained fkom pressure 

drop/flow rate data and shear viscosity parameter. Having detennined t, the constant 1, is 

easily evaluated h m  equation (3.25). The value of L is then obtaïned fiom equation 

(3.24). 

3.4.4 Flow field characterization 

To assess the efficiency of elongational flow and shear flow in dispersive mixing, 



the flow fields were analyzed in tams of the parameter A defined by Cheng and Manas- 

Zloczower (1990): 

Y A=- 
yto 

where j i s  the magnitude of the rateof-deformation tensor and cu is the magnitude of the 

vortïcity tawr. The flow in slit die was simple shear fiow and has the value of R of 0.5. 

Whiie the flows in converging die included the elongational and shear flow components, 

The converging die was divided into a numba of s m d  wnverging sections. The average 

value of the parameter A for the entire gmmetry was caldated h m  the correspondhg 

parameter for each section. 



CfLAPTER 4 - INFLUENCE OF OPERATING CONDITIONS AND SCREW 

GEOMETRY ON DISPERSION 

Experimental work on the efficiency of screw geornetry in ternis of dispersive 

mixture quality, as well as processing conditions on the dispersion state, have been 

carried out. In this chapter, we nrst present the dispersion index results, then discuss the 

factors influencing dispersive mùMg. 

Table 4.1 sununarizes the resuits for the dispersion index f and volume average 

diameter d, o f  the agglomerates, which relate to pmcessing parameters, screw 

configuration, concentration of the mineral nIla, and particle sïze of the fillei, for ail the 

experiments. 

In our experiments, the operating conditions included screw speed, mass flow 

rate, the location where filler was fed, the concentration and particle size of the nIler. The 

operating variables were selected in our study in an attempt to produce the signifiant 

variations of dispersion, so that the quaiity of dispersive mixing could be correlated to the 

rheological properties. The role of the compounding conditions on the agglomerate size 

was studied by Bories (1 998). In the table and figures of this chapter, the codes "cfg' and 

"dps" have been used. They are the abbreviation o f  coniïguration and dispersion 

respectively. The term "cf$' represents the screw configuration wnile the "dpsy' indicates 

the processing parameters as specined in Table 4.1. 

4.2 Discussion 

As explained earlier in Chapter 3, kneading discs were placed in the melting and 



Table 4.1 : Dispersion Index f and volume average diameter of CaC03 in matrix PP 

mixing zones of the screw. The ciifErence between the configurations 1 and 2 is the 

number of kneading discs used in these two anas. Other variables considerd included 

operating parameters (screw speeà and mass flow rate), the location of filles addition to 

the extruder (ie. feed to the hopper/entrance or the downstream/center entry port)¶ and 

the particle size (fine or ultra fine powder). Resuits in Figure 4.1 and 4.2 show the effect 

of these variables on filla dispersion. 

Using screw configuration 1, the filier powder introduced through the 



downstream feed-port gave a higher value of dispersion index (Fïgure 4.1 a). In this screw 

geometry, there are strong mixùlg elanents which are located right after the feeding 

zone. The kneading discs act as partial barriers to flow, increasing the energy input. 

Therefore, melting in the twin-smew extrusion occurs over a relatively narrow region of 

the screw. The polymer is M y  molten to wet the filier and an important break-up of 

aggloaerates occurs. When feoduig the mer via the downstream feed-port using screw 

configuration 1, the agglomerates may be compressexi inda si@cant force due to the 

strong mixing elernent in mVung section to fonn agglomerates and wÏli be clifficuit to 

break up. Similar d i s  were observed by Bories (1998) and Ess and Homsby (1987). 

Increasing screw speed and reducing flow rate have the eqWvalent effects on the 

finai dispersion state. As the screw speeâ increases, the higher shear stresses are 

undoubtedy generated in the melt and a better dispersion is achieved. Reducing the fiow 

rate may cause an increasing in the residence time and specific mechanicd energy, which 

results in the demase of the agglomerate size. Bories (1998) has aiso found the similar 

effects of screw speed and flow rate on dispersion of calcium carbonate in PP matrix 

during twin-screw extrusion. 

The resuit of dispersion index using screw configuration 1 is shown in Figure 4.1. 

The higher screw speed and lower flow rate are inmrporate to the process that the 

powder is fed in the hopper of the screw. Thus, a significant agglomerate breakdown is 

obtained compared to the process where the powder is fed in the downstream feed-port 

with lower screw speed and higher flow rate. This result is aiso observed for screw 

configuration 2. 

Configuration 2 has l as  Irneading discs in both the melting and mixing zones. It 

is interesthg to note that this type of screw geometry has a distinct Muence on the 

dispersion compared to the conQuration 1 for material mmpositions under investigation. 

Obsmed discrepancy is shown in Figure 4.1. Sue reduction ody o c c d  during 
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Figure 4.1 : E f f ï  of faeding position on: (a) dispersion index, (b) volume diameter 



dispersive mixing operations when the mer was added in the downstream entry pofi. 

Less kneading discs in the melting zone d u c e  the Ievel of shear stress. As a result, 

melting in the twin-screw extrusion occurs over a wida region of the screw. The polymer 

is probably not Mly melted as it passes through the metering zone. The incorporation of 

the filler in solid or low-temperature molten polymer leads to a better dispersion because 

the hydrodynamic forces acting on the agglomerate d a c e s  are stronger than in 

configuration where the filla is incorporated to low viscusity melts (Bories, 1998). As a 

result, reducing the kneadïng discs in the melting section wil l  d t  in a better dispersion 

when feeding the ma at the downstream feed-port, Mack (1990) obsewed the same 

phenornena in his paper. 

The dispersion index is not only dependent on the maximum level of shear 

stresses encountered in the machiney but also on the available the during which the 

agglomerates are exposed to shear intensity. As we can see fiom Figure 4.1, the 

agglomerate size and the dispersion index vaiue in the composition of dps3 is less than 

that in the compound of dps2. This suggests that the filla agglomenites in dps3 

experience longer tune tbugh the region of shear. 

The effets of the screw configuration and processing conditions on the dispersion 

state, in temis of dispersion index, are in the following order: 

@est dispersion) dpsl> dps4 > dps3 > dps2 (worst dispersion) 

Changes in filler concentration and particle size influence the dispersion for the 

compounds investigated. The results are shown in Figures 4.2a and 4.2b. An increase of 

CaC03 concentration h m  25% to 50% will almost double the dispersion index. It should 

be noted that the influence of the filler particle size on dispersion depends on the 

concentration of the additive. At low concentration (25%), the smder the p d c l e  size, 

the worse the dispersion is. In contrast, the particle size has less effect at high filler 

concentration (50%). It suggests th, the smaller the mer particle size, the smaller the 
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Figure 4.2: Influence of operation conditions: (a) concentration, (b) particle size 



bulk density, thus inCTe8Sing the amount of air supplied h m  the feed port. Air wntained 

in the filier becornes compressed in the loieading disc zone and is separated as the iilier is 

mked and kneaded with mo1ten p01ymer. Portion of air flows back toward the feed port, 

reducing the conveying force of the screw itselE As the content of caicium carbonate 

powder increasesy the innuence of air trapped in the powder on the dispersion become 

las important compared to the effécts of concentration. 

In tfus chapter, the d t s  of dispersion index and volume average diameter of the 

calcium carbonate powder have been presented and discussed. In the folIowing two 

chapters, these d t s  are utüized to correlate and explain some rhwlogical properties 

and phenornena enwuntered in the rheologicai experiments. 



Rheological properties are important to understand the phenornena encountered 

during processing. The rheological properties of the compounds iire strongiy dependent 

on mer dispersion, and the degree of dispersion is closely associated with the processing. 

Therefore, rheological methods can be a p o w d  tool to elucidate the 

processing/property relationships. The visweIasticity of calcium carbonate filled 

polypropylene melts with various dispersions has been extensively studied. In this 

chapter, we present our fesults on the rheological behavior obtained for untreated CaC03 

in PP ma&, and correlate them to the dispersion state. 

5.1 Stability of filleci polypropylene 

Figure 5.1 reports the variation of the complex viscosity and moduli with time 

measured at 200°C and 0.01Hz for CaC03 tllied polypropylene melts at three different 

concentrations. The moduii of the d e d  PP and PP with 25% CaC03 are obsmed to 

d u c e  by only a few percents ova the t h e  sale of the experiments. They exhibit stable 

behavior. However, as shown in the figure, the loss and storage moduli of 35% 

CaC03/PP increase significantly with t h e .  The effect is important for the storage 

modulus and the behavior with time becmes more and more solid-like- While for 50% 

CaCOflP, the moduli increase within the first 15 min, foliowed by a moderate decrease- 

We believe that the phenomenon observed in compound of 35% CaC03 is due to 

the buildup of network caused by the interaction between calcium carbonate particles. 

When the concentration of the disperseci phase is higher than a certain critical value, 

attractive forces acting between particles in the dispersion may cause a thr:ee-dimensional 

structure to be built up. In the preseat study, the loading at around 30% - 35% is 

considered to be the critical concentration at which the interaction between particles 

dominates the rheological behavior of CaCOflP systems. The neîwork of particles plays 
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Figure 5.1 : Variations of rheological propaties with tirne m e a d  at T=200°c and 0.01 
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an important mle in the rhedogical behavior of CaC03 dispersed PP systems. Some 

aspects cannot be understood without talong accounts the existence of attractive forces 

between the particles. At a critical concentration, the moduii increase with tune slowly. 

As we can see h m  Figure 5.1, the cornplex viscosity and moduli increase gdually 

during 1 h experimental period. Our results are in agreement with the tlndings of Li and 

Masuda (1990) and Wang and Wang (1999). Whai the concentration attains 50%, 

particle network created by thermal actions and by applied deformation is only observed 

in the nrSt 15 min, as shown in Figure 5.1. The l o s  and storage moduli, as well as the 

complex viscosity, reduce moderately in the following 45 mùL Our explanation is that the 

formation of particle network should be finite at a fked temperature and a deforznation 

rate, and a loading level. The nmork may break up under the applied deformation- A h ,  

the agglomerates may probably realignment unda flow, as indicated by Carreau et al. 

(1996). At the beguuiing of the experiment, the contri'bution of network built-up 

dominates the rheologicai behavior, so that the dynamic viscosity and moduli increase 

with the time. At the same time, the particle networlc starts to be-broken d o m  under 

oscillation. Finally, the destruction of the network controls the rheological properties of 

molten systems and causes the reduction of rheological data. 

Figure 5.2 compares the complex viswsity and moduli data for 35% CaC03lPP 

measured at two temperatures 180°C and 2000C, respectively. We note a large increase of 

the storage modulus for the melt at high temperature. It may be presumed that increasing 

the temperature favored the particle motion, which result in strong particle interaction, as 

particle motion depends on temperature. 

However, increasing the oscillatory sh«a fiequency reduces the possibility of 

bond formation between particles. Figure 5.3 illustraîes the variations of q*, G' and G" 

with time at two different fiequencies 0.01Hz and O.LHz, respectively. As we can see 

fkom the figure, the complex viscosity increases with time slightly rapid at low fkquency 

than at high fiequency due to the interaction between particles. 
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Figure 5.3: Effect of fkquency on cornplex viscosity and moduli measured at T=2ûû°C 

for PP with 30% CaC03 (UF) (dps2): (a) t\*, (b) moduii 



From these pre-dts it is apparent that ciiff?cuities arise in determination 

of the rheological behavior of filied polymer melts with network buildup and possible 

polymer degradation, Since the purpose of this work was not to study the mie of particle 

interaction in the rheology, an experirnental method was developed to prevent the 

interparticle bond buildup during the rheologïcai measurement period. We will not 

include the compound of 35% CaCOflP in the study ofrelationship ktween rheological 

properties and filier dispersion, due to its slow process of network buildup and breakup. 

Steady shear deformation was used as a tkst step to break up the network 

Etnicturee The samples were fk t  under steady shear at low shan rate ( y = o. 1s-' ) durhg 

a given tirne, then stability was measund under oscillatory shear at 0.01 Hz and 5% 

defonnation for about 1 h. Figures 5.4 and 5.5 report the effect of pre-shearing on the 

complex Mscosity and moduli. The pre-shear t h e  vaned h m  5 to 30 min. With the 

increase of pre-shear time at f = O. 1s-' , the dynamic rheological properties deaease 

rapidly. Even 5 min pre-shear causes a not negiïgible reduction in rheological data. This 

result is in agreement with those in chapter 4 and 6 on the influence of shear on 

dispersion state. The shair imposed on the fiiled polymer melts probably breakdown the 

agglomerates during the time in which the network is destmyed. Figure 5.5 shows the 

dependence of the rheological data on the shear rate used in pre-shearing. W e  can see that 

the reduction of rheological &ta shows no limiting value of shear for times up to 30 

"nutes. The polymer maintained at high temperature (200°C) for a long thne may 

probably results in some degradation which wiii cause the reduction of the rheological 

data. The change of dispersion state in the nIled systems affects our original objective 

which is to study the effect of dispersion on rheology propexties. 

Following the pre-shear experimeats, the method of pre-oscillation was tested. 

We present in Figure 5.6 the variation of q* and G' & G" with tirne a&r the sarnple 

experienced preosdatory shear for 10 min at various oscillatory fkequencies and 
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Figure 5.6: Inauence of prr-oscillation hquency on complex vismsity and moduii 
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Figure 5 -7: Variations of cornplex Mscosity and moddi with measuring method measured 
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imposai strains. As shown in the figure, pre-oscillation could temporary breakdown the 

network buildup. The heological behavior is under pseudo-equili'brium states for at least 

1 O to 15 min during the stability experiments. After 15 min of continuously oscillations, 

the destruction of particle network again reveals strong effat on the propdes measured. 

Experiments have been performed to elucidate that the reductions in cornplex viscosity 

and dynamic moduli d t  fimm the netwotk breakdown under applied deformation, not 

the degradation of poIper due to thennodynamical history over the time scale of the 

experiment. The results are presented in Figure 5.7. In facf we perfionned two Mirent 

experiments. In one experiment, the sample was oscillated continuously during 

measurement. In mother expaiment, however, the sample was pre-osdated for 15 min. 

Then, the viscoelasticity was measured twice, each after 15 min without oscillation. 

Clearly, the expnimental data obtairied h m  discontinuously mea~uremeat changes 

insignificantly, indicating that the decrease of data in continuous experiments is due to 

the destruction of network caused by the oscillatory shear flow. 

Those stabüity tests demonstrate the difficulties which &se in the study of the 

rheological properties of CaCO3 filleci PP. At the same tirne, all  these experirnents give us 

an incentive to explore a practical method to cany on the hedogical study. Finally, we 

consider that pre-osdiation is the best way for the M e r  viscoelasticity studies. AU the 

dynamic viscosity and moduli data presented in this chapta are measured after samples 

underwent pre-oscillation at a finquency 0.0 1 Hz and strain amplitude y = 5% for 15 min. 

To insure all the data obtained are examined under pseudo-equili'brium states, the 

mea~u~ements on each sample &er pre-oscillation was not ailowed to exceed 15 min. 

Some r d t s  of stabiiity snidies, as well as micrographie structure of compound before 

and after shear, which are not reporteci here, are presented in Appendix A and B. 

5.2 Strain dependence 

In order to detennine the strain amplitude range over which linear viscoelasticity 
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prevds, strain sweep experiments were cmied out at a frequency of O.lm and a strain 

amplitude range of 0.8% - 100%. Figure 5.8a shows that the dynamic moduli of the 25% 

CaC03 fïiled PP is unaffkcted by the amount of strain imposed during dynamic testhg 

between 1% to 10% strain amplitude. The open symbols indicate that the data were 

obtained immediately after temperature equiliirium was attained The closed symbols 

represent the data measured &ex the sample reached a pseudo-equih'brium state under 

low strain test (preosciilation 15 min under y = 5% and 0.1 &). The &ta obtained fiom 

the compotmd of 50% CaC03 &'bit a strong dependence on the strain, as reported in 

Figure 5.8b. ûther researchers (Bigg, 1983; Rong et al, 1988; Carreau et aL, 1996; Aral 

and Kalyon, 1997) have also found that the onset of the non-linear viscoelastic region 

occurs at Iowa strain amplitude for fUed systems than for d e d  systems. Because of 

the sensitivity of the rheological nsponse of wmpoimds to the level of stralli, it would be 

desirable to detennine viscoelasticities at strain amplitude that is low enough not to affect 

the material's response. For mer loading at 25%, the stmin amplitude wuld be as high as 

10 percent. As the filler loading inmeases, the level of strain below which the response is 

unafTected by straui is reduced. Figure 5.8b reveals the absence of linear viscoelastic 

domain for this highly cuncentrated suspension. It is the characteristics of a gel-type 

structure with pdcle-particle interaction, as indicated by Carreau et al. (1996). The 
interaction between particla dominates the rheological behavior of highiy concentrated 

suspensions even at small-amplitude. Consider the equipment we used, 1% is the lowest 

strain that could be use& Strains Iower than 1% did not generate a signal mfticient for 

the instrument's transducers to obtain a diable tesponse. In our experïments, for the 

most concentration systems (50 wt  % CaC03), aI l  the rheological data reported in the 

followulg few sections were carrieci out at the lowest strain of 1%. The results of strain 

dependence for other systems studied are reported in Appendk A. 

5 3  Influence of filler concentration 

We present in Figures 5.9 and 5.10 the dependence of rheological data on the 



filier concentration of Mirent dispersion systems. As expected, both complex viswmty 

q* and dynamic moduli G' & G" increase with the addition of CaC03 filla, especiaiiy at 

low fiequenciesY as reported by other workers (Rong and ChafFey, 1988; Li and Masuda, 

1990). The d e d  molten PP, as weli as the 25% CaC03 fUed polymer systems, shows 

a Newtonian plateau in the low fkquency region. However, w Newtonian fiow region is 

found at low fiequencies for the 5û?h CaC03 filied polypropylene melt The viscosity is 

unbounded as fiequency decnases, revealing the existence of sn apparent yield stress in 

the low neqUency region, in agreement with the literature results (Bigg. 1983; Suetsugu 

and White, 1983; Clareau a al., 1996). The appearance of yield stress is attriiuted to the 

increase of £Wer concentration and aggiomerate sizes that result in a solid-lilre structure, 

as can be seen h m  the obvious increase of the storage modulus. The forniaton of 

network due to the particle interaction still exists in the molten system and is not 

negligible though the rheological measurement is carried out after samples have been pre- 

osdlated to breakdom the inter-particle network. As discussed in section 5.1, the 

interaction between particles is important at high solid loading. The shear-thinning 

behavior may be related to particleparticle interactions mcüor structure modifications or 

particle alipnment under flow. At low filler concentration., the interactions are believed to 

play an insignificant role. Note that the storage modulus increase markedly at the loading 

of 50% CaC03, indicatiag the formation of solid-like structure. 

5.4 Influence of dispersion 

The dispersion index reflects the agglomaate size in the compound. The increase 

of agglomerate size gives rise to the increase of dispersion index. Figures 5.1 1 and 5.12 

show the dependence of rheologicai properties on the value of dispasion index f at a 

filler concentration of 25% for the two types of fillas, respectively. It should not be a 

surprise that the vîscosity increases as the value of dispasion increases, especiaily at low 

fiequencies. We mention in Chapter 4 that the value off reflects the quality of dispersion. 

The higher value off represents worse dispersion, and the bad dispersions lead to more 
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Figure 5.10: Efféct of concentration on cornpiex visoosity and moduli for PP with CaC03 

(F) (dps2) at T=2ûû°C: (a) q*, (b) moduü 



viscous, more elastic materiais. 

Figures 5.13 & 5.14 demonstrate the influence of dispersion on the complex 

viscosity and dynamic moduli at the fUer concentration of 5û% for the two Mirent 

types of fillers, respectively. The viscosity increases with the increase of dispersion index 

value, similar as those presented for 25% CaC03 filIed polymer melts. Thus, the mixing 

conditions may considerably alter the viscosity of the systems by changing the dispersion 

state. AU the eight samples, which have been kvestigated in our shdy, exhibit an 

apparent yield stress, repaniiess of the agglomerate size and the type of mer added. It is 

interesting to note that the viscosity c u ~ e s  at high concentration are almost parailel to 

each other. This can be explained as following: due to the strong particle-particle 

interactions, the behavior depicted by the high-fïlled melts is considerably different fkom 

that observed fkom the low-£Ued or pure polymeric system. The pmperty~behavior of 

molten polymer is probably masked by the contri'bution of interparticle reaction in hi& 

£illecl system. 

5.5 Effect of parücIehggiomerate size 

The calcium carbonates used in our r e s m h  are submimdmicron particles (0.7 

pm for the ultra fine power, 1.4 pm for the fine ones). The particle size influences the 

agglomerate sizes of final compounds at identical condition for the low-filled systems, 

due to the gap of bulk density as discussed in Chapter 4. Figure 5.15 (a to d) displays the 

influence of the agglomerate size or dispasion index on the complex viscosity for 25% 

CaCOflP systems obtained from d i f f i i t  conditions, respectively. The viscosity of the 

ultra fine particle filied melt which possesses large agglomerates is higher than that of the 

fine particle fïlled one which has mail agglomerates, especially at low frrquency region. 

From the point of view of particle interaction, this can be explaineci by that small 

particles with large s p d c  sucface area have a tendency to eady fom an agglomerate 

structure. For highly filled system, the innuences of the particle size on the agglomerate 
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size of ha1 product are probably masked by the e f f i  of concentration. nie 

agglomerate sizes of the compounàs obtained from different conditions do not show 

obvious Merences. This is the case shown in Figure 5.16 for 50% CaCOflP at various 

processing conditions. The viscosity of the ultra fine particle tUed systems does not 

always hold the higher value. ActuaHy, the dispersion state of the fine particle in 

polypropylene matrix does not dominate over that of the ultra h e  particle, the 

differences of dispersion index value are quite srnail. 

5.6 Relative Wcosity 

Figure 5.17 shows the relative viscosity of sample from dps2 as a fiinction of 

nIler concentration (vol. %). The relative viscosity vr ïs taken as the ratio of viscosity of 

fiiled PP to that of d e d  PP at the same osciliating frequency (0.01Hz). The solid, 

broken and dotted line in Figure 5.17a are drawn acoording to equation (5.1) with volume 

fiaction at maxirnwn packing equals to 0.68, 0.52, and 0.44, respectively. The solid line 

in Figure 5.17b is deduced accordhg to the equation (5.2) with k = 1-25. 

Mooney 

The relative viswsities detennined h m  expeximental data for the systems we 

considered are markedly higher than that expected by the eqyation dezived by M m n  and 

Pierce (1956) or by Mooney (1951). Note that the equations were derived h m  non- 

interaction sphere suspensions in a Newtonian medium. For the compound of interacting 

particles filled in the non-Newtonian medium, the agglomeration of particle results in 

substantial increase of the viscosity, mainly at low fkquency. T'bis shows that q of high 
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Figure 5.15 (continued) 



Figure 5.16: Effect o f  particle size on complex viswsity for PP with 50% CaC03 

measured at T=2ûû°C: (a) dpsl, (b) dps2, (c) dp3 ,  (d) dpd 



Figure 5.1 6 (continued) 
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Figure 5.17: Relation between relative viscosity and concentration of CaC03 (F) (dps2): 

q, is estùnated fiom plots as in Figure 5.10: (a) Mamn -Pierce, (b) Mooney 



concentrateci untteated CaC03 is f x  h m  that foreseen by the empîrid models. 

5.7 Relatioa of complex viscosity to dispersion 

As discussed in preceding section, the viscoelastic characteristics of CaC03 fiiied 

polypropylene are detennined by the dispersion of agglomerates. in this section, we try to 

melate  the experimental rheologicaî data to the dispersion index$ The analysis follows 

will, it is hoped, lead to a relatively straightforward meam of estimating the rhwlogicai 

data fiom the dispersion state. Howevec, it cannot be expected, nor is it intended to 

predict or explain all the other filled polyma systems that is the subject of cment 

research. 

Figures 5.1 1-5.14 show that the shape of viscosity-shear rate plots obtained at a 

fixed filler concentration is not affécted by dispersion index. The sirnilarity of curves 

suggests a possibility of combining data, obtained at various dispersion indices, into a 

single cuve at an arbitmy refernce dispersion index. The the-dispersion index 

superposition for data of 25% and 50% CaCOflP h m  Figures 5.1 1-5.14 is shown in 

Figure 5.18. The reference dispersion index is the Iowest dispersion index at a nxed 

concentration. The master ciwe is obtained by the following procedure: 

(a) shift the curve at dispersion index f vertidy by an amount of shift factor a5 

(b) shift the rd t i ng  curve horizontally by an amount afi so that the overlapping 

regions of the m e  at referrnce dispersion index f, and the shifted cuve at f 

superpose. 

The relationship of shift factor af and dispersion index f is displayed in Figure 5.19 on a 

semi-log plot. The shift factor af for the systern studied is found to be correlated to the 

dispersion index as foilowing: 

inof =BO- f,) 



where af is a shift fictor,f, is a reference dispersion index, and B is a parameter related to 

the components and concentration of the fWed system. The vaiue of parameter B depends 

on the content of filier and the components that constitute the systems. For the systans 

we studied, the parameters are given by 

The viscosity of filled polymer can then be expressed as: 

The application of equation (5.9, we believe, subjects to the nIled systems studied and 

should be proved case by case. The influence of dispersion on the rheology has been 

studied for many years, but we believe the intention to predict the viscusity dkectly fiom 

dispersion state is new- To our knowledge, it has not been predicted in any theoretical or 

experimental study. 



Figure 5.18: Superposition of wmplex viscosity for CaC03 nIled PP 
T=200°C: (a) 25%, (b) 50% 



Figure 5.19: Relation of shift fsctor and dispersion index for CaC03 filled PP measured 

at T=2ûû°C 



CHAPTER 6 - RHEOLOGY IN POLYMER PROCESSING 

The influence of elongstional flow on the dispersion has been investigated. Two 

convergent dies have been used to measure the extensionai viscosity of pure 

polypropylene as well as compounds. In order to correlate the extemional properties to 

the dispersion index, two compoimds via mixent processes were prepared using screw 

configuration 2. One was obtained by adding the powder thugh the hopper, the other 

over the dowmtream entry port. Both contained 50% calcium carbonate (fine). In this 

chapta, the simple shear viswsity resuits wiii be presented and discussed first, foiiowed 

by elongational property d y s i s .  

6.1 Resdts of simple sheu viswsity 

The powa-law parameters of the shear visoosity for pure PP and compounds 

(50/50 PP/CaC03) are Iisted in Table 6.1. With the aid of the pressure transducers that 

were located dong the slit die channel, the axial pressure distribution was measured from 

which the waU shear stress wes calculated. The wall shear rate was determined by 

measurements of the flow rate and followed by Rabinowitsch analysis. Knowing the 

shear stress and shear rate, the shear viswsity was then calculated The power-law 

parameters were determined fÎom a plot of log rl, vs. log y. Temperature variation is a 

very sensitive factor affecting the rheological measurements, which assume isothermal 

flow. In order to minimiae the measurement discrepancy by variations of temperature, the 

melt temperature measured at the wall was kept at 200°C during experiments for aII 

molten polymer and compounds studied. No extrudate distortion was observed with the 

dit die as well as the convergent dies for the polymer/compounds and fiow rates 

investigated. The cornparison of steady shear viscosity and complex viscosity is shown in 

Figure 6.1. The Cox-Men empïricai d e ,  which was estabfished for polymer melts, 

seems to work well for the homogeneous PP used in our studies. However, it is 
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Figure 6.1: Cornplex and steady shear viscosity of PP and PP with 50% CaC03 at 

T=200°C 



Table 6.1 : Power-law parameters in shear of the diffaait systems 

clearly invalid for calcium carbonate fiLIed PP mem. The steady shear viscosity is 

aiways much lower than the cornplex viscosity. Therefore, the Cox-Men rule does not 

hold for our PP/CaC03 melts, in agreement with the literature (Rong and Chaffey, 1988; 

Kitano et al., 1980). 

6.2 Resalts and discuss of eiongationd viscosity 

Figure 6.2 gives plots of the elongational viscosity versus the elongational rate 

obtained m g  the Cogsweil and Binding analysis, for the three samples examined. Some 

observations on these plots are worthnoting. F* the extensional viscosity decreases as 

the extensional rate is increased, over the range of extemional rates studied. In other 

words, a l l  the systems snidied exbï'bit tension-thinning power-law behavior. The 
parameters L and t of elongational power-law mode1 h m  the Binding analysis are 

presented in Table 6.2. 

Table 6.2: Power-law parameters in elongation h m  the Binding analysis 

Parameter 

L (Pa#) 

PP/CaCQ (dpd) 

Dl  

129745 

0.20 

PP/CaCq (4s3) 

t 

D2 
1 

2 17683 

0-012 

Dl 

139045 

- - 

PP 

D2 

231876 

D l  D2 

0.012 0.34 

47172 838 14 

O. 14 0.20 
1 
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Figure 6.2: Elongational viscosity of: (a) PP, @) PP with 50% CaCO3 (F) (dps3), (c) PP 
with 50% CaC03 (F) (dps4) at T=2ûû°C 



Figure 6.2 (continued) 



The elongational viscosity calculated h m  the Binding method is lower than the 

one determined fiom the Cogsweil d y s i s .  Note that the viscosity data obtained fiom 

die D l  are not in pexfîêct agreement with those h m  die D2. The extensional viscosities 

deteRnined fiom experimentai data do not ovalap at a fked elongational rate for pure PP 

as weli as PP/CaC03 compounds. The discrepancies are, however, acceptable 

considering the difficuities of carrying meaningful measurements and estimating 

accurately the shear contriiion to the presswe drop, mainly at Iow flow rates. 

The total pressure drops measured a m s s  the convergent die include the 

contribution fiom elongational and shear components, as csn be seen in the analysis of 

Cogswell and Binding thwries. It is of great interest to note that shear flow is not 

negligible and contributes significantly to the total entrance pressure &op. For the pure 

PP, about 40% is due to shear fiow, while PPICaCO3 compounds possess as much as 

50% of shear. The wmpmîson of elongational viscosity of pure PP and two PP/CaC03 

systerns by the same techniques is given in Figure 6.3. The addition of minerd fÏller 

undoubtedly increasa the elongational viscosity. The dispersion state has an influence on 

the elongational data as it does on the otha rheologid properties, which have been 

reported in chapter 5. The extensional viscosity of dps3 sample, which has the worst 

dispersion, is slightly higher than that of dps4 sample. Howeveq the difference is 

insignificant compared to the diffiences found in the shear and dynamic viscosity data. 

It seems likely, thetefore, the agglomerates of dps3 sample which has a higher value of 

dispersion index are much easier to be broken-dom than that of the dps4 sample as they 

pas  through the convergent dies under shear and elongatio~litj deformation- 

The Trouton ratios in terms of the second invariant of the rate-of-deformation 

tensor, 7, for the thne systems investigated, are presented in Figure 6.4. 7, which is 

defied as ,/+II? , ir qua1 to )i for simple shear flow, and to f i k  for uniaxial 

elongational flow. The shear data were obtaiaed h m  slit die extrusion and the power- 
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Figure 6.3: Cornparison of elongational Mscosity of: (a) Cogswell, (b) Binding 
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Figure 6.4: Trouton ratio for the PP, PP with 50% CaC03 (dpsî), and PP with 50% 

CaCO, (dps4) at T=20û0C 



law parameters are given in Table 6.1. For a i l  the systems studied, the Trouton ratios are 

always in excess of the value 3, which is the case for inelastic Newtoniau fluids. The 

différences of viscosity data obtained firom the two diffetetlt dies, as shown in Figure 62, 

become marked in the plots of Trouton ratio. The CaC03 fïiied PP has a lower value of 

Trouton ratio than the pure PP. This can be interpreted as a dtxrease of & due to the 

agglornerate breakdown under shear and eiongationai defonnation. 

63 Effeet of simpk sheu iad elongationai QOW on mer dispersion 

As mentioned in sections 6.1 and 6.2, dispersion of mer may probably be 

improved when shear or extensional fiow is imposed on the materials. Exprriments have 

been carried out to investigate how these two flows affect the agglomerates. In 

experimental section, we have mentioned that the sehip of slit die as in Figure 3.3 and 

convergent die in Figure 3.6 allows us to extract samples before and after shear andlor 

converging section. Blown films were then prepared h m  the extracted samples and 

utilized to andyze the fïiler dispasion using microstmcturai and image anaiysis 

procedures. The results of dispersion index and volume average diameter are reported in 

Figure 6.5 and Table 6.3 respectively. 

Table 6.3: Dispersion index and volume average diameter obtained after extrusion 

through slit and hyperboüc shaped dies (50% CaC03 Fine) 

Sample extracted 
h m  

I 

~ s c r e w  

bypass 

&ex dit 

after convergent + 

DispeIsion index f 4 ( P I  
dps3 

2.99 

2.58 

1.74 

1.53 

dpd 

248 

240 

214 

203 

 PH 
1.67 

1 .56 

1.38 

t .32 

dps4 

208 

205 

187 

179 





The analysis of the samples h m  the bypass hdicates that the dispersions are 

least affected by the shear generated in the single-scnw extrusion. Howwer, the 

influence of shear and extensional flow produced by the slit and the convergent die are 

signifiaut, as as be seen k m  the volume average diameter data and dispersion index 

values in Figure 6.5. To characterize the flow field, the parameter Â. was calnilated using 

equation (3.26). The result of value Â is O S  for flow through the slit die and 0.58 for the 

converging die. Obviously, the elongational flow is more efficient than the simple shear 

flow in dispersive m g .  The results of flow field analysis is in agreement with that of 

dispersion index analysis, as we can see f?om Figure 6.5 that the value of dispersion 

index f for the compunds h m  the converging die is less than that h m  the slit die. The 
dispersion index f is an important parameter for characterizing the influence of processing 

variables on mixing efficiency. 



CHAPTER 7 - CONCLUSIONS 

The process of mer dispersion during twin-screw extrusion compounding has 

been studied using microstructural and images andysis procedures. The effect of selected 

processing parameters ( s a e w  speed, flow rate and screw configuration) have been 

investigated in temis of a dispersion index f The qyantity oflcneading discs in either the 

rneltuig or the mixing zones and the n1Ia feeding position dong with the saew affèct the 

value of dispersion index. For adding the fUer via hopper, a screw configuration with 

more melting elements gave good dispasion d t s  due to the considerable energy input 

during passage of material through the kneading discs, which act as partial barriers to 

flow. Foe feeding the filla through downstream port, better results were obtained when 

the filler was introduced to solid or low-temperature molten polymer. Less kneading 

elements in the melting zone as configuration 2 cause a delay of the polymer melting and 

result in a better dispersion via downstrPam feeding. Lowering the flow rate or increasing 

the screw speed enhanceci the dispersion state. Increasing filier concentration 

substantialiy alters the dispersion index over the range of value studied. The particle size 

of CaC03 was found to have an influence on dispersion only for the low concentration 

(25%) compounds, but less effect for high concentration (50%) ones. 

The viscoelastic properties of molten polypropylene Wed with ultra fine and fine 

CaC03 powders have been studied. Many difficulties mise in the measurernent of 

rheological properties of such filied systems, mainly due to changes of rheological 

behavior with time. The interparticle reaction, particle network buildup, as welI as 

particle-alignment at high filier concentration give rise to the property fluctuation with 

time under a given defornation. Temperature, deformation rate, and strain-amplitude are 

the key factors affecting the attractive forces acting between particles and modimg the 

network structure of the compomds. Steady shear deformation chmges the degree of 

dispersion due to the aggiomerate breakdown during the time the network is bmken up. 

Imposing a smd-amplitude pre-osciiiatory shear is found to be the optimum method to 



destroy the particle network and alter the fUer dispersion state to the lowest b i t .  Strain 

sweep experiments show that the rheological respome of fillecl polymer melts is sensitive 

to the level of strain. For 50% CaCOflP compound, w Iinear viscoelastic domain is 

obtained. The minimum reliable strain of 1% for a given experïmentai device was applied 

to the viscoelasticity measurements for dl the 50% CaCOflP wmpounds under 

investigation. 

The effects of mer concentration, degree of dispersion, particIe/aggiomerate size 

on the viscoelasticity have been determined. The complex viswsity increases with filler 

concentration, especially at low hqyencies, as expected- An apparent yield stress is 

observai at a solid concentration of 50 wt%, due to the increase of the fUer content and 

the agglomerate sizes which r d t  in a solid-liire structure. The particle-particle 

interactions are also responsible for the appearance of apparent yield stress- At a fked 

concentration, the better dispersion results in the reduction of viscosity. For high 

concentrated polymer melts, the increase of agglomerate size, which gives rise to high 

dispersion index value, leads to more viscous, higher yield stress materials. The 

influences of partide size differences on the complex viscosity are obsened for low 

concentrated systems. The Mamn-Pierce and Mooney models cannot describe the 

rheological behavior of the systems used in our study, due to the significant yield stress 

and particle-particle interactions. n ie  relative viscosity of untreated CaCO3 fUed PP 

system is much higher thm that expected by the mode1 equations. A correlation between 

complex viscosity and dispersion index is derived by superposition of viscosity curve at 

different dispersion index into a single m e ,  and can be descriied by: 

The application of this equation is beiieved to abject to the system studied and should be 

proved case by case. 



The extensionai flow properties have been obtained using a convergent die with 

constant elongational rate, for which the flow is mostly extensional. The extensionai 

viscosity has been caiculated firom entrance pressure drop, utilizing two techniques - the 

Cogswell and Bindiag anaiysis. The two methods lead to the elongatioml viswsity 

values in the same orda of magnitude. The efongational visoosities of pure PP and 

CaCOflP show tension-thinnmg behavior. The Trouton ratio values are weU above 3 

and the srnailest value for the three systems is about 7. The dispersion states before and 

after elongatiodshear flow have been d y z e d  using converging and slit die. Both flow 

fields change the degree of dispersion. The values of flow field characterization 

parameter 1L c o d h n  that the elongational flow is more efficient than simple shear flow in 

dispersive niixing. 

In general, the r d t s  of the present study are v e y  enwuagingy but we are left 

with some unsolved questions, which would suggest some challenge in this area: 

Illustrate the role of particle intetactions in the viscoelasticity of disperseci polymeric 

systems; 

a Develop models to correlate the rheological propertïes of such a system to the 

microscopicai parametersy both structural and physicai, which are responsïble for 

them; 

Develop an on-line experimental technique to detemine the dispersion under applied 

fiow and correiate it to the rheological respomeIISe 



ARAL, B K ,  KALYON, DM. (1997). Visooefastic material nmfaons of noncolloiclal 

suspensions with spherical particles. Journal of Rheolowy 0, (3), 599-620. 

BAWISKAR, S., WHITE, I.L. (1995). Solids conveying and meltuig in a starve fed self- 

wiping CO-rotating twin scnw extruder. international Polvmer Processino, 0, 105- 10s. 

BIGG, D.M. (1983). Rheological behavior of highiy filled polymer melts. Polvmer 

Enmneering and Science, 21, (a), 206-210. 

BNDING, D.M. (1988). An approximate analysis for contraction and converging flows. 

Journal of Non-Newtonian Fluid Mechanis 27- 173-188. 

BINDXNG, D.M., JONES, DM. (1989). On the interpretation of data fiom converging 

flow rheometers. Rheoloeica Acta, 28.2 15-222. 

BOAIRA, M.S., CHAFFEY, C.E. (1977). Effects of coupling agents on the mechanical 

and rheological properties of mica-reinforcexi polypropylene. Polwner Ennineerine and 

Science, 17. (IO), 715-718. 

BOMAL, Y., GODARD, P. (1996). Melt viswsity of cdcium-carbonate-filled low 

density polyethylene: influence of ma&-mer and particle-partide interactions. Polvmer 

Engcineeriner - and Science, 36. (2), 237-243. 

BORIES, M. (1 998). Influence des conditions omkatoires d'extrusion sur la disDersion de 

carbonate de calcium dans une matrice de wl~~ro~y16ne. Thèse de Maitrise, École 

Polytechnique de Montréal, Canada 



CARREAU, P.J., LAVOIE, P.-A., BAGASSL M. (1996). Rhwlogical propertïes of filied 

polymers. EurofXIer 95, FILPLAS and MOFFIS, Maaomolecular Smmsia, 108, 1 1 1- 

126. 

CARREAU, P.J., DE KEE, D., CHHABRA, W. (1997). Rheolow of Polmeric 

Systerns: Princides and AmLication. New York, Hanser, 196216. 

CHENG, JJ., MANAS-ZLOCZOWER, 1. (1990). Flow field characterization in Banbury 

mixer. International Polwier Processing, 2 178-183. 

COGSWELL, F.N. (1972). Converging flow ofpolymer melts in extrusion dies. Polwier 

Engineering and Science, 12, (l), 64-73. 

COGS WELL, F.N. (1 978). Converging flow and sttetching flow: a compilation. Journal 

of Non-Newtonian Fluid Mechanics, & 23-38. 

CZARNECICI, L., WHITE, J.L. (1980). Shear flow rheological properties, fiber damage, 

and mastication characteristics of afamid-, glas-, and cellulose-fiber-reinforcecl 

polystyrene melts. Journal of Amlied Polwia Science, 2!5- 12 17-1244. 

EBELL, P.C., HEMSLEY, D.A. (1981). A novel optical method for estimating the 

dispersion of carbon black in rubbers. Rubber Chemistm and Technolow, 698-7 17. 

ESS, J.W., HORNSBY, P.R. (1987). Twin-screw extrusion compomding of mineral 

filled themoplastics: dispasive mixing effects. Plastics and Rubber pro ces sin^ and 

A~~lications, 8, 147-1 56. 

GADALA-MARIA, F., ACRIVOS, A. (1980). Shear-induced structure in a concentrated 

suspension of solid spheres. Journal of Rheoloa ((6,799-8 14. 



GHOSH, T., LAVOIE, P.-A., CARREAU, P.J. (1997). Rheology of coating colours and 

their nuinability on a cybdncal laboratory mata. Tap i  Journal, 80, (1 1 ), 189-1 92. 

HAN, C.D., KIM, Y.W. (1974). Studies on melt spinning. V. elongationai viscosity and 

spinnabiliîy of two-phase systerns. Journal of Amlied Polvmer Science, '8,2589-2603. 

HAN, CD,  VAN DEN WEGHE, T., SHETE, P., et al. (1981). EEecfS of couphg agents 

on the rheological pperties, processability, and mechanical pioperties o f  filleci 

poiypropylene. Pol- En@neerin~ and Science, 2L, (4), 196-204. 

HESS, W.M. (1991). Characterization of dispersions. Rubber Chemistw and Technoloa 

64,386449. 

HUNEAULT, M.A., GENDRON, R, DAIGNEAULT, L.E. (1996). Residence time 

distributions in twia screw extruders: contri'bution of the different screw hctions. 

ANTEC, Indianapolis, 329-332. 

HUSBAND, D.M., AKSEL, N. (1993). The existence of static yield stresses in 

suspensions containhg noncolloidai particles. Journal of Rheoloev, 32, (2), 2 15-235. 

JAMES, D.F., CHANDLER, GM. (1990). A converging channel rheometer for the 

measurement of extensional viscosity. Journai of Non-Newtonian Fluid Mechanics, 35, 

42 1-443. 

KAMAL, M R ,  MUTEL, A. (1985). Rheological properties of suspensions in Newtonia. 

and non-Newtonian fluids. Jounial of Polvmer Engineering, 1,293-382. 

KATAOKA, T., KITANO, T., OYANAGI, Y., et al. (1979). Viscous properties of 

cdcium carbonate nIled polymer rnelts. Rha>loPica fi (S), 635-639. 



KATAOKA, T., SASAHARA, M., NISHIJJMA, K. (1978). Vismsity of partde nIled 

polymer melts. Rhaolopica Acta, (2), 149-1 55. 

KIM, H.C., PENDSE, A., COLLIER, J.R. (1994). Polymer melt lubricated elongational 

flow. Journal of Rheoloq 38, (4), 83 1-845. 

KITANO, T., KATAOKA, T. (1980). The effect of the mixing methods on viscous 

properties of polyethylene melts fXed with Bers. Rheoloeica Acta, '9, (6), 753-763. 

KITANO, T., NïSElMUWl, T., KATAOKA, Tq et aL(1980). Comelation of dynamic 

and steady flow viscosities of Wed polymer systems. Rbeolo&ca Acta, 67 1-673. 

LACROIX, C., GRMELA, M., CARREAU, P.J. (1999). Morphological evolution of 

immisciile polyrner blends in simple shear end elongational flows. Journal of Non- 

Newtonian Fluid Mechanics, (in press). 

LAKDAWALA, K-, SALOVEY, R (1987a). Rheology of polymers cuntaining carbon 

black. Polwier Engineering and Science, 27, (14), 1035-1042. 

LAKDAWALA, K., SALOVEY, R. (198%). Rheology of copolymers containing carbon 

black. Polvmer Enfzineerine and Science, 27. (14), 1043-1 049. 

LAVOIE, P.A., GHOSH, T., CARREAU, P.J. (1996). The rheology of coating colours: a 

comprehensive approach. International Pa= and Coatine Chemistw Svmposium, 

Ottawa, 253-257. 

LAVOIE, P.-A., CARREAU, P.J., GHOSH, T. (1997). Rheology of suspensions: the 

flow behaviour of wating colours. Journal of P u l ~  and Pawr Science, a (1 l), 543-547. 



LAWAL, A., KALYON, DM. (1995). Mechanisms of mixïng in single and CO-rotating 

twin screw extruders. Polmer Enpineaina and Science, tS, (1 7), 13251338. 

LE, D.C., BHATTACHARY& S.N. (1990). rilnueace of temperature on the viscous 

behavior of some concentrated dispersions. Journal of Rheolow, & (S), 637-655. 

LEIGHTON, D., ACRIVOS, A. (1987). Measurement of shear-induced s e I f m o n  in 

concentrated suspensions of spheres. Journal of FIuïd Mechanics. 177, 109-1 3 1. 

LEONOV, A.I. (1990). On the rheology of filied polymers. J o d  of Rheoloev, 34- (7), 

1039-1068. 

LI, L., MASUDA, T. (1990). Effect of dispersion of particles on viswelasticity of 

CaC03-filled polypropylene melts. Polnner Engineerinn and Science, a (1 4), 84 1 -847. 

LOBE, V.M., WHITE, J.L. (1979). An experimental study of the influence of carbon 

black on the rheological properties of a polystyrene melt. Polwier Eneineerin~ and 

Science, 19. (9), 6 17-624. 

MACK, M.H. (1990). Split-feed compounding of highly filled polymers. Plastics 

Engineering, 8 , 3  1-36. 

MACKAY, M.E-, ASTARIT'A, G. (1997). Analysis of entry flow to detemine elongation 

flow properties revisited. Journal of Non-Newtonian Fluid Mechanics, a 2 19-23 5. 

MANAS-ZLOCZOWER, 1. (1 994). Dispersive mixing of solid additives. Mixine and 

Comwundin~ of PoImers, Manas-Zloczower, L, Tadmor, Z. New York, Hauser, 56-83. 



MANAS-ZLOCZOWER, I., F m ,  D.L. (1988). Analysis of agglomerate separation in 

linear flow fields. International Polwier pro ces sin^ & 185-1 90. 

MANAS-ZLOCZOWER, L, NIR, A., TADMOR, 2. (1982). Dispersive mùring in 

interna1 mixers - A theoretical mode1 based on agglomerate rupture. Rubba Chemistrv 

and Technolow, 55.1250-1285. 

MARON, S.&, PIERCE, PB. (1956). Application of ree-eyrhg generalized flow theory 

to suspensions of sphericd prticcls. Journal of Colloid Science, 80- 95. 

METZNER, AB. (1985). Rheology o f  suspensions in polymeric Iiquids. Journal of 

Rheologu, 29- 739-775. 

MINAGAWA, N., WHITE, I.L. (1976). The influence o f  titanium dioxide on the 

rheological and extrusion properties of polyma rnelts. Journal of Amlied Polwier 

Science, 20.501-523. 

MOONEY, M. (195 1). The viscosity of a concentrated suspaision of spherical particles. 

Journal of Colloid Science, & 162- 170. 

OTTANI, S., VALENZA, A., LA MANTM, F.P. (1988). Shear characterization of 

CaC0,-Sued linear low density polyethylene. Rheolonica Acta, 22, (2), 172-1 78. 

PHILLIPS, RJ., ARMSTRONG, RC., BROWN, RA., et al. (1992). A constitutive 

equation for concentrated suspensions that accuunts for shear-induced particle migration. 

Phvsics of Fluids, 4, (l), 30-40. 



POSLINSKI, AL, RYAN, M.E., GUPTA, RK, et al. (1988). Rhmlogical behavior of 

yield stress and sh-thinning effects. Joumal o f  Rheolooy, 

RONG, S., CHAFFEY, C.E. (1988). Composite viscwlasticity in glassy, transitional and 

molten states. IL Dynamic mechanid behavior, RheoIosh Acta, 27,186-196- 

RWEI, S.P., MANAS-ZLOCZOWER, 1. (1990). Obsemation of  carbon black 

aggiomerate dispersion in simple shear flows. Polnner Eneineerinp; and Science, a ((12), 

70 1-706. 

RWI,  S.P., MANAS-ZLOCZOWER, I., FEKE, D.L. (1991). Characterization of 

agglomerate dispersion by erosion in simple shear flows. Polvmer Eneineerin~ and 

Science, 31. (8), 558-562. 

SASTROHARTONO, T., JALURTA, Y. (1995). Numerical simulation of fluid flow and 

heat transfer in twin-screw extruders for non-newtonian materials. Polmer Eneeerine; 

and Science, (M), 1213-1221. 

SCOTT, C., ISHDA, H., MAURER, F.H.J. (1988). Interfacial effects on the melt state 

behavior of polyethylene-EPDM-calcium carbonate composites. Rheoloeica Acta, 22, 

273-278. 

SUETSUGU, Y. (1990). State of dispersion - Mechanical properties correlation in small 

particle filled polymer composites. International Polvmer Rocessing, 5, (3), 1 84- 190. 

SUETSUGU, Y., WHITE, J.L. (1983). The influence of  particle size and d a c e  coating 

of calcium carbonate on the rheological properties of its suspensi011~ in molten 

polystyrene. Journal of  A D D ~ ~  P o l y ~ ~ a  Science, 28,148 1- 150 1. 



SZYDLOWSKI, W., BRZOSKOWSICT, R-, WHITE, J.L. (1987). Modeilhg flow in an 

intermeshing w-rotating twin saew extnider flow in kneading discs. hternationd 

Polvmer Processinp;, ', 207-2 14. 

SZYDLOWSKI, W., WHITE, J.L. (1988). Improved mode1 of flow in the kneading disc 

region of an intenneshing CO-rotating twin screw extruder. International Polper 

T-ADMOR, Z., BOGOS, C.G. (1979). Charactetization of mixtures and mixing- 

Princi~les of Polyner Processing, New York, John Wiley & Sons, 196-2 1 6. 

TANAKA, H., WHITE, J.L. (1980). Experimental investigations of shear and 

elongaîïonal flow properties of polystyrene melts ninforced with calcium carbonate, 

titanium dioxide, and carbon black. Polwier Engineering and Science, 20, (14), 949-956. 

WANG, Y., WANG, J.J. (1999). Shear yield behavior of calcium carbonate-filled 

poiypropylene. Polvmer Engineering and Science, 39, (1), 190- 198. 



APPENDIX A - 
FIGURES OF RHEOLOGICAL PROPERTIES 
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Figure A. 1 : Variations of rheological propetties with time measured at T=2ûû°C and 0.01 

Hz for PP with CaCO3 (F) (dpsl): (a) a)*, @) G' & Gn 
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Figure A.2: Effect of temperature on cornplex viscosity measured at 0.01 IIz for PP with 

CaCO, (dps2): (a) 25% Fy (b) 30% UFY (c) 50% F & UF 
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Figure A.2 (continueci) 
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Figure A.3: Effect of temperature on dynamic storage and loss moduli measuied at 0.0 1 

Hz for PP with CaCO:, (dps2): (a) 25% F, (b) 30% UF, (c) 50% F, (d) 50% UF 
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Figure A.3 (continued) 
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Figure A.4: Dynamic moduli as bctions of strain amplitude at T=200°C and 0.1 -kz for 

PP with CaC03 (dps 1): (a) 35% F, (b) 35% UF, (c) 50% F, (d) 50% UF 
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Figure AS: Dynamic moduli as fimctions of strain amplitude at 200°C and 0.1 Hz for PP 
with CaC03 (dps2): (a) 30% UF, @) 50% UF 





B. 1 : Micrographs of PP/CaC03 (50% UF, dps2): (a) without pre-shear (f 

-shear 1 hou 




