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"Everything that is really great and 

inspiring is created by the individ

ual who can labor in freedom." 

Albert Einstein 
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ABSTRACT 

studies of ~he morphology of extruded polyrner blend syst~ms 

have shawn that it is feasible to produce a laminar structure 

of an ethylene vinyl-alcohr-l copolymer (EVOH) dispersed phase 

in a po1yprapylene (PP) m~trix phase. The laminar structure 

forms in the core of the extrudate when a 5lit die 1s incor

porated into the extrusion process. 

Morphological studies, including a study of morphology d~vel

opment inside the die and studies of the effect of processing 

conditions on the morphology of the final product, :evealed 

that the laminar structure is a resul t of die design. Process

ing conditions influence main1y the shape and dimensions of 

the laminnr core region of the extrudate. 

Oxygen permeation tests have shown that the blend e:,hibits 

lower oxygen permeability than pure PP, when EVOH is incor

porated as a dispersed phase into the system. Oxygen trans

mission rates obtained with a blend system can be as low as 

those obtained with a mUlti-layer coextrusion product, al

though only at h~gh EVOH concentrations. Comparison of experi

mental data with theoretical permeation predictions shows 

that, up to 20wt% EVOH, the reduction in oxygen transmission 

rate is on1y minor, and follows the prediction for a homoge

neous system. At 25wt%, a considerable decrease in oxygen 

transmission rate is noticeable, and the tr'end for higher EVOH 

contents is towards the behavior of a multi-layer system . 
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RESUME 

Des b~udes sur la morphologie de mélanges de polymères extru

dés ont démontré qu'il est possible de produire une structure 

laminaire d'une phase dispersée de copolymère alcool-covinyl 

éthylène (EVOH) dans u~e matrice de poly-propylène (PP). La 

structure lamina ire se forme au coeur du produit extrudé 

101. squ' une fil ière plate est incorporée dans le procédé 

d'extrusion. 

Des études morphologi~.es, incluant une étude de la formation 

d~ la morphologie à l'intèrieur de la filière et des études 

de l'effect des conditions de mise en oeuvre sur la morpholo

gie du produit final, ont révélé que la structure laminaire 

est fonction de la forme de la filière. Les conditions de mise 

en oeuvre influel:~ent surtout les formes et dimensions de la 

région laminaire au coeur du produit extructp. 

Des tests de perméabilité à l'oxygène ont prouvé que le mélan

ge presentait une moins grande perméabilité à l'oxygène que 

le pp pur lorsque l' EVOH est incorporé en phase dispersée dans 

le système. Les taux de transmission d'oxygène obtenus à tra

vers un mélange peuvent être aussi bas que ceux à travers un 

produit d'extrusion er couches multiples, à condition d'avoir 

des concentrations élevées d' EVOH. Des comparaisons de données 

expérimentales et de prédictions théoriques de perméabilité 

montrent que, Jusqu'à un taux massique de 20% en EVOH, la ré

duction du taux de transmission d'oxygène est mineure et suit 

la prediction pour un système homogène. A un taux massique de 

25%, une baiss~ considérable du taux transmission de peut êtrr.> 

observée et la tendance pour de plus grandes concentrations 

d'EVOH est celle qui suit le comportement d'un système à 

couches multiples . 
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2USAMMENFASSUNG 

Morphologische Untersuchungen von extrudierten Polymer Blend 

Systemen tlaben gezeigt, daB es moglich ist eine dispergierte 

Ethylen Vlnyl··Alkohol Copolymer (EVOH) Phase lamellar in einer 

Polypropylen (PP) Matrix Phase anzuordnen. Diese larninare 

Struktur kann im Extrudatskern erzeugt welden, werm eln Breit

schlitzwerkzeug in der Verarbeitung eingesetzt wlrd. 

Untersuchungen uber die Entwicklung der Morphologie lm Werk

zeug und uber die Auswirkungen der Verarbeitungsbedingungep 

auf die Extrudatsrnorphologie haben deutlich gemacht, daB die 

Ausbl1dung der laminaren Struktur von der Gestal tung de.s 

FlieBkanals im Werkzeug abhangt. Die Verarbeitungsbedingungen 

beeinflussen hauptsachlich die Form und Dtmensil,jnen der lami

naren Struktur im Extrudatskern. 

Sauerstoffdurchdringlichkeitsmessungen haben gezeigt, daB 

Extrudate, welche EVOH aIs dispergierende Phase beinhnlten, 

geringere sauerstoffdurchlassigkei tswerte aufweisen aIs reine 

pp Extrud~te. Die mit einem Mehrschichten-Coextrusions Ver

fahren erzielbaren sauerstoffdurchlassigkeitswerte konnen je

doch nur dann mit einem Blend SysteM erzielt werden, wenn 

groBera Mengen von EVOH in das System eingearbeitet werden. 

Bei einem EVOH Gewichtsanteil bis zu 20% verringert sich dabei 

der Durchlassigkeitswert nur geringfugig und ~eBpunkte stimmen 

mit den fur ein homogenes System errechneten theoretischen 

Werten uberein. Wenn der Gewichtsanteil auf uber 25% angehoben 

wird verringert sich der Durchlassigkeitswert erheblich und 

die MeBpunkte nahern sich den theoretischen Werten fur lami

nare Mehrschichtensysteme. 
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~HAPTER 1 

INTRODUCTION 

Exacting applications for industrial materials are appearing 
continually. The need for enhancement of product properties 

and processing behavior, and for meeting government regula

tions have motivated the development of material~ with im
proved performance. Polymers and their products have provided 

solutions to materiai related problems in many situations, 
with both economic and technlcal advantages. While synthesis 
of new polymers has been the major focus of research in the 
past, the trend is now shifting in another direction. The de
velopment of polymer systems, obtained by cornbining thin lay
ers of polymers, by mixing two or more polymers, or by intro

ducing additives, often offers a more efficient method of ob

taining new rnaterials than the synthesis of new polymers. 

In recent years, the use of polymers in the packaging industry 
has increased steadiIy. Polymers offer advantages Qver other 
packaging materials, such as their low cost, relative ease of 

processing, flexibility, good physical properties, and Iight 

weight. An important obstacle in the use of polymers in the 
packaging industry, however, relates to the high permeability 

of various gases and solvents through a single polymer layer. 

With excellent barrier properties to moisture, solvents, oxy

gen and odorous substances, glass and metai containers have 

maintained a substantial share of fo~d packaging. 

As a result of innovations in materials and process technol
ogy, and in package design, plastics are no longer intended 

primarily as replacements for metal, glass or paper in food 

container packaging applications. Plastics are used increas
ingly in new products where their unique qualities, combined 

with esthetic considerations, are serving to reinterpret and 
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upgrade the utility of packages. Moreover, cost-effective, new 

barrier resins with improved performance and processing char

acteristics, for use as rigid and flexible containers, have 

given barrier-resin technology new tools in manufacturing con

tainers for the food packaging market. 

Much of the success of plastics in the packaging 1ndustry 

stems from the growing use of barrier plastics which, when 

incorporated into food packaging, protect the contents from 

spoilage. Barrier resins provide the increased shelf life for 

foods, beverages, and pharmaceuticals, while imparting light 

weight, breakage resistance, and esthetic appeal, which are 

characteristic of plastics packaging. The improved barrier 

properties have been made possible by co-processing, which 

employs combinat ions of plastics: to obtain optimized products, 

combining the best properties of diffelent polymers. 

One of the fastest growing food packaging product lines in

volves high-gas-barrier, coextruded bottles. A key polymer 

used in these bottles is ethylene vinyl-alcohol copolymer 

(EVOH), which is approved by the Food and Drug Administration 

(FOA) for food-contact applications. EVOH is resistant to per

meation of oxygen, carbon dioxide, other gases, and hydrocar

bons. The main shortcomings of EVOH are its moisture seilsi

tivity, and its reduced oxygen permeation resistance with in

creasing relative humidity. Thus, during manufacture, a layer 

of EV OH is sandwi~hed between layers of one or more common 

olymers, such as polyethylene (PE), or polypropylene (PP). 

PE and pp have excellent water barrier properties, but low 

oxygen permeation resistance. The combination of EVOH with PE 

or PP, in a multi-layer coextrusion or co-blow molding opera

tion, with the incorporation of adhesive tie-layers between 

~VOH and the polyolefins, results i~ structures which exhibit 

mechanical strength, light weight and excellent barrier pro

perties. 
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The available multi-layer processing techniques require multi
layer extrusion dies, additional extruders, and appropriate 
adhesive tie-layers. Although multi-Iayer extrusion products 
satisfy Many of the needs of packaging applications, they 
still involve heavy commitments in capital investment, require 
difficult process optimization and process control, and have 
limited utility in the blow-molding process. 

One alternative to multi-layer extrusion could be based on the 
use of polymer blend systems to achieve desirable product pro
perties. Blends have been used extensi vely by the plastics in
dustry to meet some stringent requirements of performance and 

cost. 

Polymer blend systems usually incorporate two or more polymer 
compositions, mixed physically together. compatible (soluble) 

blends yield rolymer alloys, whereas MOSt of the commercial 
blends are incompatible (insoluble), representing a dispersion 

of one polymer in the other. The ul timate behavior of a poly
mer blend product will depend, to a large extent, on the 
microstructure of the blend, reflecting the size and contigu

ration of the dispersed phase, and the nature of the interface 

between the two phases. 

Research regarding th~ processing of polymer blends in the 
past has concentrated primarily on the injection-molding pro
cess and capillary extrusion. In injection-molding, the main 
interest has focused on improving the impact properties, 

determining the effect of processing conditions on weldline 

development, etc. In capillary extrusion, as encountered in 

the spinning process, the focus has been to achieve orienta

tion of the dispersed phase in the longitudinal direction, in 
arder to improve fiber strength in the spinning direction. 

The studies in capillary extrusion suggest the formation of 
a variety of morphologies (droplet~, fibers, telescopic tubu
lar structures, etc.), depending on the balance of composi-
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tional, rheological, and processing factor5. 

In many instances, commercial applications of blend systems 

involve the extrusion of the material through more complex die 

geometries than encountered in capillary extrusion. Of par

ticular commercial interest, as indicated above, are packaging 

and barrier applications associated with sheet extrusion and 

blow molding. 

In light of the above, the present work has dealt with the 

study of the morphology and related properties of extruded 

sheets, based on polypropylene and ethylene vinyl-alcohol co

polyrne~. Many of the observations associated with sheet ex

trusion are also of relevance for blow rnolding applications. 

In comparison to the multi-layer coextrusion process,.blending 

can be achieved in simple processing equipment. It removes the 

need for an adhesive tie-layer, although a compatibilizing 

agent may be required to control the quality of the interface 

between the dispersed and the matrix phas~ materials. The pro

cessing of the materials and process control are mu ch simpler 

in the case of blending. Another important consideration re

lates to the recycling of regrind and the ultimate recycla

biljty of the product, which are not feasible in the case of 

multi-layer products. 

The present study is part of a larger effort ta develop tech

niques for the evaluation and control of the morpholgy of 

polyrner blend systems through processing, with emphasis on 

gaining a better understanding of the development of morpho

logy during processing. This will enable the process engineer 

to specifically tailor the blend rnorphology to rneet applica

tion requirements. 

The main objective of this work was ta evaluate the feasibil

ity of producing a laminar structure in PP/EVOH polymer blend 
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systems, in which a minor amount of the EVOH high-barrier dis

persed phase resin forms layers in ~he plane of flow. This 

structure would act as an effective barrier against permeant 

molecules, possibly comparable to the barrier obtained with 

the more complicated multi-layer coextrusion process. 

A slit extrusion die was chosen to study the effect of pro

cessing conditions and equipment design on morpholagy and mor

pholagy develapment. The raIe of interfacial agents in influ

encing morphalogy and coalescence is evaluated. The influ

ences of rnorphology, obtained with different compositions and 

processing conditions, an mechanical and processing proper

ties, and an the permeation barrier properties are also 

studied and evaluated. 

The thesis continues, in Chapter 2, with a general review of 

available ernulsion theories, and significant experimental 

observations in di lute emulsions and polyrner blend systems. 

Chapter 3 describes the experimental setup and Inorphology 

analysis methods employed in this study. Chapter 4 contains 

the results and discussion of the experimental ~bservations, 

for three different PP/EVOH blend systems, with emphasis on 

the relationship between processing conditions and extrudate 

morpholagy. Mechanical, processing, and axygen permeation 

properties are evaluated in light of the extrudate morphology. 

The thesis concludes with a summary of the conclusions and 

recornmendations far future work. 
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CHAPT ER 2 

LITERATURE REVIEW 

The understandinq of the phenomena of deformation of droplets 

of one phase suspended in a continuous second phase is of 

great importance to the control of various polymer processing 

operations dealing with mixtures of immiscible fluids sub

jected ta flow. 

2.1 Emulsions 

2 . 1. 1 Theory 

The flow of the dispersed phase in a matrix phase relates ta 

the motion of viscous, incompressible liquids of small 

particle Reynolds numbers. The term P"i' \l"i in the momentum 

equation can be neglected, Ieaving the equation 

av 
p

at 
= -17p + 17'''' = 

with the continuity equation for incompressible fluids 

v'v = 0 

(1) 

(2 ) 

where p is the viscous pressure, and "i the velocity field. For 

a generalized Newtonian fluid, the stress tensor, Z' is given 

by 

(3 ) 

where ry is the fluid viscosity. Equation (1), however, con

tains the local acceleration term p(ay/8t), which also either 

vanishes (for steady-state) or is of the same order of small-

, 
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ness as Py·Qy (quasi-static motion). If this term is neglec

ted, then 

vp = Q.~ (4) 

Equations (2) and (4) are known as the creeping-flow equations 
and their validity is assumed throughout the following pre
sented theoretical approaches. 

The theories discussed below are concerned with the calcu
lation of the deformation of suspended liquid droplets. The 

theories are limited to plane hyperbolic, laminar shear, 
Poiseuille, and converging cone (extensional) flows. 
When a suspension of fluid droplets is subjected to flow, the 

fluid stresses arising in the suspension medium tend ta deform 
and orient the droplet. These fluid stresses may be resolved 

into tangential and normal cc·mponents acting at the surface 
of a dispersed droplet. In the .::ase of a liquid droplet, where 

the interface t3 not contaminated by impurities, the tangen
tial stresses are continuous at the interface, so that a 

system of velocity gradients is established inside the droplet 
by internal circulation. The normal stresses, on the other 

hand, are discontinuous at the interface and generate a pres

sure difference across it given by the Laplace equation 

(5) 

where b l and b2 are the principal radi! of curvature and a is 
the interfacial tension. The drop is deformed in such a way 
that the stresses generated by the flow are balanced by the 
interfacial tension. 

Taylor (1,2] considered the deformation of a Newtonian droplet 

suspended in a Newtonian medium in uniform shear and plane 

hyperbolic flow (Figure 2.1). He used the general solution of 

the Stoke's equation of creeping motion given by Lamb [3] in 
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1 

a) 

Figure 2.1 Schematic of droplet deformation: 
a) uniform shear flow field; b) plane hyperbolic 
flow field. 
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order to determine the velocity and pressure fields inside and 

outside the droplet. His basic assumptions were : 

1) The drops are so small that they remain nearly spherical 

when deformed. 

2) There is no slippag9 at the interface of the drop (tangen

tial component of the velocity vector is continuous). 

J) The stress tangential to the surface is continuous at the 

surface of the drop, so that any film which May exist be

tween the two liquids merely transmi ts tangential stres!; 

from one fI uid to the other. The normal stresses, on the 

other hand, are discontinuous at the drop interface and 

generate a pressure difference across the interface. 

Sy calculating the velocities inside and outside a fluid drop

let, Taylor derived the following equation for the pressure 

difference across an interface due to deformation in a simple 

shear field : 

[ 
19À + 16] 

toPD = 4·.y· 111ft sin (2a) 
16À + 16 

( 6) 

where .:, is the shear rate, 11m the viscosity of the suspension 

medium, Tld the viscosity of the suspended fluid, and a the 

orientation angle with respect to the direction of flow. The 

magnitude of ~po changes sign in each quadrant, the droplet 

being subjected to alternate tensile and compressive stresses. 

This pressure difference generated by the flow is balanced by 

the interfacial tension. Thus, the drop will undergo a change 

in curvature to satisfy the Laplace equation, in the form 

(7) 

This system of pressure differences for small deformations 

can be accomodated if the cross section of the equatorial 

plane of the droplet assumes an elliptical form, described by 

the polar equation 
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r = a (1 + D· sin2a) (8) 

where a is the radius of the undeformed drop let • 0 is the 

deformation in the equatorial plane defined by Taylor as 

(Figure 2.1) 

L-B 
o = (9) 

L+B 

In his study of deformation, D, Taylor showed that, in steady 

uniform shear flow, the droplet deforms into a spheroid, and 

the shape of the droplet depends on the viscosity ratio of 

the droplet phase to matrix phase, À, and the Weber number, 

We, which is the ratio of the product of the local shear 

stress and the drop let radius to the interfacial tension. 

Taylor distinguished between two cases 

a) when the interfacial tension effect dominates the viscous 

effect (Le. À=O(l) , We«l), the droplet de format ion 0 and 

the orientation angle: a in the flow field are expressed as 

[ 19>. + 16] 1 
0 = We (10a) a = -'Tt ( lOb) 

16>. + 16 4 

f'/m·..., ·a '1d 
where We = >. = 

a '1m 

From Equation (lOa), i t can be seen that over the entire 

range of >. from zero to infinity, (19H16/16À+16) varies 

from 1. 0 to 1.1S7, sa that 0 is nearly equal to We. 

b) when the viscous effect dominates the interfacial effect 

(i. e. We=O (1) , >'.1), the analysis yields 

5 1 
o = (11a) a = -'Tt ( llb) 

2 
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Taylor observed experimentally that, at low rates of deforma

tion, the experimental observation of droplet deformation 

agreed with his theory, in both uniform shear (parallel band 

apparatus) and plane hyperbolic flow (four-relIer apparatus). 

Chaffey and Brenner [4] tried to improve Taylor 1 s theory and 

obtained second-order solutions in terms of the deformation 

parameter 0 (Equation (10». They found in their studies that 

this second-order solution allowed a more refined prediction 

of drop behavior than does the first-order theory. In partic

ular, in Couette flow, the angle of maximum extension, a, was 

always found to exceed 'fr/4, approaching 'fr/2 for highly viscous 

drops at larger deformation D. For the case that interfacial 

tension effects were dominant ever viscous effects (.\=0 (1) and 

We«l), they found that a increased with 0 according to 

4 
[

3 2À ] 
+ ~ + ~ ·0 (12) a = 

Cox [5] developed a first-order theory for the deformation of 

a droplet in a general time-dependent shearing flow field. By 

making a series expansion of the velocity field in terms of 

a perturbation parameter, thus not placing any restriction 

upon À and We other than those which may be impl ied by the 

assumption that the deformation is small, he obtained theo

retical expressions for the shape and orientation angle of a 

droplet. In his theory, Cox showed that a spherical drop, ini

tiall.y placed in a fluid at rest (time t.=O) and which at t=O 

is suddenly subj ected to a constant shear rate.." would become 

spheroidal with a time-dE:!pendent deformation D', which is 

always taken to be positive, and an orientation angle, Q', 

given by : 

(13) 
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'Ir 1 -1 [ 19.\ [e-:a:cos(.yt) -11+20we-le-:a:sinbt)] 
Q' = - -tan (14) 

4 2 -20We-1 [e-xcos(.yt)-1)+19.\e-:a:sinht) 

20.yt 
where x = 

After a long time (t~), the drop assumes a steady shape with 

a deformaticn and orientation angle given by 

5 (19.\ + 16) 
o = (15) 

1 1 _ [ 19 .\ we] 
Q = - 1r + - tan 1 

4 2 20 
(16) 

Cox' s theory reduces to Taylor' s resul ts in the limiting cases 
mentioned above. 
When the interfacial tension, a, is zero, the We number is in
finit y and the deformation is given by 

5 1 1 1 
o "" sine -t) a = (1r+t) (17 ) 

2.\ 2 4 

which represents an undamped periodic oscillation of the drop. 

Thus, for this case, the drop never actually attains an equi
librium deformation. 

Using the method of series expansion proposed by Cox, Frankel 

and Acrivos (6] obtained a second-order solution in terms of 
a perturbation parameter for the shape of a droplet in a time

dependent shearing flow field and developed a constitutive 
equation for dilute emulsions based on this calculation. Their 

predicted droplet shape during deformation is in qualitative 

agreement with the first-order perturbation theory (Cox). The 
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numerical procedure failed ta predict the droplet shape for 

\'le numbers close to those given by Taylor's approximate empir

ical criterion for droplet breakup. 

Turner and Chaffey [7) based their droplet shape calculation 

on the second-arder theory of Chaffey and Brenner [4], and ex

tended the theory to hyperbolic-radial flow. comparison with 

experimental data showed that al though the second-arder theory 

predicts observed deformations only qualitatively, it could 

be used to predict the orientation angle of the droplet. They 

concluded that the domain of validity of the second-order 

theory is where the first-order approximation is quite close 

to the observed deformation D. 

The extensional deformation of a viscoelastic droplet sus

pended in a viscoelastic medium was investigated by Chin and 

Han [8], both theoretically and experimentally. 

A theoretical analysis was carried out on the deformation of 

a droplet suspended in a steady extensional flow field, where 

both fluids may be l'epresented by the Coleman-Noll second

order fluid model defined by 

(18 ) 

where 110' /3, 11 are material constants, and A (1) and A (2) are the 
=. = 

first and second-order Rivlin-Ericksen tensors, respectively. 

The study took into account the effects of the elasticity, 

viscosity, and interfacial tension of the fluids concerned. 

Using a perturbation technique, they obtained a first-order 

solution, and thereby the following expression for predicting 

the droplet shape : 

r = 1 + We·Zo·Pz(l-') + wez,zo'[Zol'Pz(I-')+Zoz'Pdl-')] 

+ €·We·[Zl·P2(J.')+Z2·Pd~)J ( 19) 
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2 (19.\+16) 

16.\+16 
ZOl=-----

28(.\+1)2 

111.\+96 
Z02=----

126 (.\+1) 

14 

(20) 

r=l represents a sphere, and ~=cose, where 0 is a spherical 

coordinate. Pn(~) is the Legendre polynomial of degree n, We 

is defined by Equation (10a), Zl and Zz are complicated func
tions of system parameters and ~ is the perturbation parameter 

defined by 

e =--- ( 21) 
110 

where 'YE is the rate of strain (elongation rate). Theoretical

ly predicted droplet shapes at different values of Weber num

ber, We, show that droplet deformation increases with We. The 

calculation of streamlines inside and outside the deformed 

droplet predicts an internaI circulation inside the droplet, 

which results from the use of the boundary condition that the 

tangential stress is continuous at the surface of the droplet. 

The computationai results show that the Weber number has a 

much greater influence on the droplet deformation than the 

viscosity ratio, À, and elasticity parameter, €. Th~ authors 

conclude from their t11eoreticai observations that, in steady 

extensional flow, the medium viscosity plays a much more 

important role in determining the droplet deformation than 

the medium elasticity and the droplet phase viscosity. 

The ab ove theoretical studies of droplet deformation are aIl 

based on the assumption of dilute emulsions. Choi and 

Schowaiter (9) extended Cox's theory to describe the deforma

tion of Newtonian droplets in a moderately concentrated emul

sion of Newtonian liquids. To describe the complex particle 

interactions, the calculations were based on a cell model 
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approach. They obtained the deformation, D, and the orienta
tion angle, a, of droplets in steady uniform shear flow as 

follows 

l) We« 1 and .\ =0 ( 1) : 

2) 

3) 

D = We 19.\ + 16 [1 + <P 

16>. + 16 

5(5.\ + 2)] 

4 (.\ +1) 

a = 
4 

+ We 
(19).+16) (2)'+3) 

80(.\+1) 

We=O(l) and >..1 

o = ~ [1 + ~ :5 ] 
4>. 

7r 1 _ [ 19~We] 
Q = - + -tan l 

4 2 20 

We«1 and À» 1 : 

5 (19)'+16) 
o = 

4 P+1) (2o/We)2+ (19.\)2]1 /2 

7r 1 _ [ 19.\we] 
Q = + -tan l ~O 

4 2 20 

5(19.\+16) ] 

4 (>.+1) (2.\+3) 

[ 5(5.\+2)] 
1 + <P 

4 (.\+1) 

(22 ) 

(23 ) 

(24 ) 

(25) 

(26) 

(27) 

where <p is the volume fraction of the droplets in emulsion. 

This theory reduces to Cox's results as the value of t:/> 

approaches zero. 

2.1.2 Experimental 

2.1.2.1 Newtonian Dispersed Phase 

a) çouett:e Flow 

Bartok and Mason (10] studied shear induced circulation and 
rotation of liquid droplets dispersed in a Newtonian medium 
and determined that the deformation of droplets agreed with 
Taylor's theory. Their experiments did not show any internal 
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circulation for perfectly spherical drops. Internal circula

tion was observed in larger drops (>200~:rn diameter), which 
became visibly deformed into prolate spheroids at gradients 
as low as 0.1 S-1. A number of experiments showed an increase 

in eccentricity and in the angle of orientation with increas

ing shear rate. As the shear rate was increased even furthcr, 

the drops deviated markedly from the ellipsoidal shape and 
could not be described by Taylor's theory. 

Bartok and Mason [11] also studied two-body interactions and 

explained the coalescence phenomena in uniforrn shear flow with 

a three-step mechanism. Initially, the flow must bring a pair 
of particles into close proximity. This "collision pair" 

rotates together in the shear field, remaining separated by 

a thin film of the continuous phase fluide During this rota
tion, drainage of the intervening film by viscous flew can 

reduce the film thickn~:,s. If the film is reduced te a ~;uf

ficiently small size sa that rupture occurs before the pair 

of particles rotate into the next quadrants and are pulled 

apart by the flow field, then actual coalescence of the drops 

into a single particle can result. At shear rates less than 

0.1 S-1, a considerable fraction of the collisions resul t in 

coalescence, but, at increased shear rates, the drops sepa

rate after collision. This suggests that sufficient time of 

contact i5 required ta drain the intervening film of continu

ous medium to such a thickness that the interaction forces 

could cause coalescence. 

Rumscheidt and Mason [12] studied the droplet deformation and 

breakup over a wide range of viscosity ratios and interfacial 

tension values in a suspending Newtonian medium. At low gra

dients, a drop was deformed into a prolate spheroid initially 

aligned at Q = ~/4, with both 0 and Q increasing with ~. As 

the deformation increased, four distinct modes of deformation 
behavior were observed which depended mainly on the viscosity 

ratio (Figure 2.2). 
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Figure 2.2 Behavior of Drops in Shear Flow up ta Burst: 
Class A (À<O.2); Class Bl and B2 (O.03~ÀS2.2); 

Class C (À>3.8). It was reported that the three 
classes were related to ~ but that there were no 
sharp baundaries between therl~ (12). 
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Karam and Bellinger [131 investigated the influence of the 

viscosity ratio on droplet deformation and breakup in a sus

pending Newtonian medium. Their experiments showed the follow

ing results: 

i) Breakup always occured for a viscosity range of 0.2 to 1. O. 

ii) A minimum and maximum viscosity ratio existed outside 

which a droplet did not burst. Irrespec~i ve of the systems 

studied, those limits were 4.0<À<0.005. 

iii) For a given drop size, breakup occured at the lowest 

shear rate, in the system having the lowest i~terfacial 

tension. 

iv) The higher the was viscosity of the continuous phase, the 

greater was the ease of breakup of the liquid drop. 

v) The ease of breakup for any given component combination was 

a function of drop radius: the smaller was the drop, the 

higher was the shear rate needed to break it up. 

In comparing their experimental results with the theory devel

oped by Taylor, they found that the deformation 0 varied lin

early with the shear rate even for larger defornlations than 

expected and concluded from their results that other forces 

acting on a highly deformed liquid droplet linearize the 

theory over a greater deformation range. Table 2.1 gives a 

summary of breakup phenomena observed by Karam and Bellinger. 

Torza, Cox and Mason [14] experi'nentally measured droplet 

deformations, D, in a Newtonian medium and found that their 

results agreed fairly weIl with Equation (15). Deformation 

data were in good agrf'ement with Equation (10a) for small À, 

and with Equation (11a) for large À. This suggested that 

Equation (15), which contains Equations (IOa) and (lIa) as 

limiting cases, describes 0 more completely than Taylor' s 

equations, especially for systems with intermediate values of 

the viscosi ty ratio À. They aise observed that droplet breakup 

occured most readily when the viscosity ratio was in the range 
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Karam and Bellinger [13] investigated the influence of the 

viscosity ratio on droplet deformation and breakup in a sus

pending Newtonian medium. Their experiments showed the follow

ing results: 

i} Breakup always occured for a viscosity range of 0.2 to 1.0. 

ii) A minimum and maxir::um viscosity ratio existed outside 

which a droplet did not burst. Irrespective of the systems 

studied, those limits were 4.0<.\<0.005. 

iii) For a given drop size, breakup occured at the lowest 

shear rate, in the system having the lowest interfacial 

tension. 

iv) The higher was the viscosity of the continuous phase, the 

greater was the ease of breakup of the liquid drop. 

V) The ease of breakup for any given cornponent combination was 

a function of drop radius: the smaller was the drop, the 

higher was the shear rate needed to break it up. 

In comparing their experimental results with the theory devel

oped by Taylor, the y found that the deformation D varied lin

early with the shear rate even for larger deformations than 

expected and concluded from their results that other forces 

acting on a highly deformed liquid droplet linearize the 

theory over a greater deformation range. Table 2. l gives a 

summary of breakup phenomena observed by Karam and Bellinger. 

Torza, Cox and Mason [14 J experimentally measured droplet 

deformations, D, in a Newtonian medium and found that their 

resul ts agreed fairly weIl with Equation (15). Deformation 

data were in good agreement with Equation (10a) for small .\, 

and with Equation (lIa) for large .\. This suggested that 

Equation (15), which contains Equations (10a) and (11a) as 

limiting cases, describes 0 more completely than Taylor' s 

equations, especially for systems with intermediate values of 

the viscosity ratio À. They al 50 observed that droplet breakup 

occured most readily when the viscosity ratio was in the range 
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Table 2.1 Breakup of Droplets [13]. 

Deformation Deformation Viscosity Deformation 
prior To After Ratio À prior To 
Break-Up Break-Up Break-Up 

0 0 0 .03 .3 .60 - .83 

C=J 0 0 0 .3 - 4.0 .70 - .93 

C:=8 0 00 0 .005 - 3.0 .90 - .97 

0 0 0 0 

00000 

OC)O 

00000000000 
00000000 
0'0·0·0 

0 No Break-Up > 4.0 .10 - .36 

<=> No Break-Up < .005 

d 
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of o. '3--0.9, and that it did not occur at aIl when the ratio 
was greater than 3.0. Thus, they concluded that their results 
confirmed the theo~ of transient and steady deformation de
veloped by Cox. This theory has the advantage that no limita
tions are imposed on À and We other than those implied by 
D' -+0. 

Gauthier, Goldsmith and Mason [15] studied deformable droplet 
motions in non-Newtonian media. They found that, for drops in 
a pseudoplastic liquid, the linear relationship between 0 and -1 
does not hold. They explained this behavior by the dependel~ce 
of the matrix viscosity on shear rate, whi~a results in a 
higher viscosity ratio À and, hence, deformation 0 for in
creasing shear rate. 

Migrati •. m studies for both viscoelastic and pseudoplastic 
liquids revealed that fluid drops migrated away from the 
cylinder walls towards an equilibrium position. The position 
of equilibrium itself was dependent on .y and a/(Rz-R1), where 
Rl and Rz are the inner and outer radii of the Couette appa
ratus, respectively. The equilibrium position is cl oser to the 
inner cylinder for drops suspended in a pseudoplastic liquid 
and closer to the outer cylinder for drops in a viscoelastic 
medium. 

In an attempt to clarify the influence of normal stresses on 

droplet behavior, Elmendorp and Maalcke [16] studied non
Newtonian systems. Throughout the study, care was taken to use 

only systems with equal interfacial tension. A matrix exhibit
ing viscoelastic behavior caused droplet deformation to in
crea se less at higher rates than at lower ones, due to a de
creasing viscosity with increasing shear rate. The experi
ments showed that normal stresses exhibited by the matrix 

tended to increase the deformation by destabilizing the drop
lets. 
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b) Pressure-driven Flow: 

The behavior of deformable particles in non-uniform snear 
flow, Poiseuille flow for example, differs from that in uni

form shear flow. The velocity gradient varies with radial 
distance in Poiseuille flow, while it is constant in uniform 
shear flow. As a result of this velocity gradient, it is 
expected that droplet deformation will vary depending on the 

location of the droplet in the plane of shear. In polymer 
processing, droplet deformation in Poiseuille flow and/or 
extensional flow fields is of greater importance than in 

uniform shear flow. 

Goldsmith and Mason [17] found that deformable droplets, sus
pended in a Newtonian medium, migrated towards the tube axis 

during flow, the rate of migration increasing with increasing 
drop radius, flow rate, and radial distance. Apart from this 
migration across the planes of shear, the behavior of the 

droplets was similar in aIl respects to that observed in 

Couette flow. 
Goldsmith and Mason explained the mechanism of axial migration 

of deformable drops by calculating the net radial force acting 

on a particle as a result of variation of ~ across the drop. 
The drop, shown in Figure 2.3 t experiences compressive and 

tensile forces normal to its surface, and the calculation of 

the net force acting upon the drop yields 

Frr = [ 
2), 3 1 6 ] 

------ (1+-) (),+-)--(,\+-) 
554 5 

(28) 
2 (),+1) 

where k is a function of the volumetrie flow rate Q. 

4 Q 
k=- (29) 

, 
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Compression ~ Tension 

'>1:1' 
l(r) /~ 

a) 

Figure 2.3 Deformed Fluid Drop in an Emulsion underqoing 
Poiseuille Flow. 
a) Coordinates b) Forces acting on Drop 

b) 
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This net force pushes the drop to a region of lower gradient. 

When 0 = 0, as in the case of a rig id sphere, F rr = 0, thus 

accounting for the observed difference in behavior between 

rigid and deformable particles. Likewise, F rr = 0 when k = 0, 

as in Couette flow, and hence there is no tendency to migrate 

across the planes of shear. 

For Poiseuille flow, Gauthier, Goldsmith and Mason [18] re

ported that drops suspended in a pseudoplastic liguid under

went a two-way migration. Drops ini tially close to the tube 

axis migrated towards the wall, and those initially close to 

the wall migrated towards the axis. The migration rates in 

bot~h directions decreased with time until an equilibrium pC'c;i

tion was reached, which at a given drop radius, a, depended 

on the flow rate, Q , and, at a given Q, depended on a. In 

viscoelastic . fluids, only migration towards the tube axis 

occurred, the equilibrium position being. at R=O. The rates of 

migration increased with increasing particle size and flow 

rate. 

The authors concluded qualitatively that the migration of 

liquid drops in pseudoplastic and viscoelastic emulsions could 

be accounted for by assuming that there is a superposition of 

the particle radial velocities due to the non-Newtonian pro

perties of the suspending fluids on those due to wall inter

actions of the deformable drops. 

V.d.Reijden-Stolk and Sara [19] studied droplet deformations 

in a converging cone. In such a system, the elongational rate 

is not constant, but incredses along the direction of flow. 

The experimental resul ts showed that Cox' s theory [5], applied 

for a simplified, linearized flow field in the converging 

cone, predicted the drop deformation quite weIl, even for . 
higher defnrmations. For 0>0.2, the predicted shape was not 

ellipsoidal anymore, while the measured deformed droplets al

ways had an ellipsoidal shape. Comparison of the experimental 

resul ts wi th the theoretical calculations from the second-

« 
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order theory, qiven by Frankel and Acrivos [6), seemed to 
indicate that deformation in elonqational flow could be 
described better by a first-order theory. 

Table 2.2 summarizes the experimental results for the Newton
ian dispersed phase. The resul ts by Karam et al. [ 13] for 
droplet breakup in a Newtonian matrix aqree with those of 
Mason and co-workers (14). The droplet deformation behavior 

in a Newtonian matrix in Poiseuille flow is similar to that 
encountered in Couette flow. In a non-Newtonian matrix, the 
deformation behavior is influenced by the normal stresses of 

the matrix phase. 

2.1.2.2 Non-Newtonian Dispersed Phase 

a) Couette Flow 

Gauthier, GOldsmith and Mason (15) observed that the deforma

tion of RseudoRlastic drops in a Newtonian liquid followed 
Equation (10), and the angles of orientation followed Equation 

(12). The measured deformation of viscoelastic drops, while 
still a function of .ya, was lower than predicted by Cox's 

theory [5], which was developed for a Newtonian drop suspended 

in a Newtonian medium. The authors speculated that this behav
ior may be due to the existence of normal stresses and/or 
elastic recovery of the liquid inside the drops, which act to 

decrease the deformation. 

Bartram, Goldsmith and Mason [20] studied the transient de for
mation and burst of drops in a viscoelastic medium in the ab

sence of interfacial tension. For viscoelastic drops with .\>1, 

the initially spherical drop became extended vertically into 
a cylindrical shape. As the longitudinal deformation contin
ued, the thread buckled, which resulted in the formation of 

thin threads which finally broke up into discrete daughter 
drops. Although the time to burst in a given system decreased 

with increasinq shear rate, the mode of extension of the drop 
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Table 2.2 Droplet Deformation and Breakup Behavior for a 
Newtonian Dispersed Phase as a Function of Flow 
Field and Matrix Phase Fluid. 

Author 

Mason [10] 

Mason [12J 

l{aram [ 13 ] 

Mason [14 J 

Mason [15J 

Maalcke (16] 

Flow 
Field 

Couette 

Couette 

Couette 

Couette 

Couette 

Couette 

Matrix 
Phase 

Droplet Behavior 

Newtonian spheroid; f(1) 

Newtonian low ~ : spheroid 
high ~ : four modes of 

breakup - f ( À ) 

Newtonian breakup: O.2<À<1.0 
no breakup: 4.0<À<O.005 

Newtonian breakup: O.3<À<O.9 
no breakup: À>3.0 

pseudo
plastic 

visco
elastic 

visco
elastic 

migration towards center 
(equil.: near inner cyl.) 

migration towards center 
(equil.: near outer cyl.) 

normal stresses destabi
lize droplet 

Mason [17J Poiseuille Newtonian migration towards tube 
axis 

Mason [18] 

Sara [19] 

poiseuille pseudo
plastic 

visco
elastic 

two-way migration 
(equil.: middle axis/wall) 

migration towards equil. 
at tube axis 

converging Newtonian ellipsoid 
cone 
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and final burst were identical. This was the first detailed 
observation that a viscoelastic droplet was not deformed into 
an ellipsoid in the plane defined by the flow and velocity 

gradient direction, as predicted by aIl previous theories. 
For À<l, the measured deformation, D', and orientation angle, 
a', were greater than the values predicted by the ory [5]. For 
pseudoplastic dt:..Q1?§ the deformation and burst of the drops was 
found to be independent of the viscosity ratio. When suddenly 

sheared, the initially spherical drop deformed into an ellip
soid from which continuous threads of liquid were withdrawn 
from the pointed ends. Thus, the drop, while retaining its 

ellipsoidal shape, gradually diminished in size with time. 

lo'or viscoelastic droplets in Newtonian matrices, Elmendorp and 

Maalcke (16] found that, although the viscosities of a pair 
were equal, the solution having the higher normal stresses 
exhibited the smaller deform~tion. In addition, breakup shear 
rate data showed that droplets exhibiting the higher normal 
stresses were the most stable. 

b) Pressure-driven Flow 

Han and Funatsu [21] studied the deformation and breakup 

phenomena of single viscoelastic droplets suspended in a 

viscoelastic medium (viscosity ratio À<l) in flows through 
converging and uniform channels. The experiments showed that 
the droplets were drawn out in the entrance region into long 

threadlike cylinders at high shear rates (Figure 2.4). While 
single droplets were elongated in the converging section, they 
subsequently recoiled and yielded less elongated droplets. The 

recoil might be attributed to either the relaxation of the 

stresses built up in the entrance region or interfacial ten-. 
sion effects or both. Concerning the droplet breakup phenomena 
the authors drew the following conclusions: i) viscoelastic 
droplets may be considered to be hydrodynamically more stable 

than Newtonian droplets; ii) the critical shear ~ate for drop-
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Figure 2.4 Schematic of the Droplet Deformation Process 
that would occur in the entrance and fully 
developed regions for a viscoelastic drop 
suspended in a viscoelastic fluid [21]. 
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let breakup will be lower with a high viscosity suspending 
medium than with a low viscosity suspending medium; and iii) 
droplet breakup occurs while the droplet, elongated into a 

thread-like form in the entrance region, recoils in the region 
of stress relaxation. 

Chin and Han [8] designed a flow channel consisting of a res
ervoir section, a conical section, and a straight cylindrical 
tube section (Figure 2.5). This flow channel provided exten
sional flow along the centerline in the conical section, and 
Poiseuille flow in the tube section. For a viscoelastic drop

let suspended in a viscoelastic medium (À<1), their experi
ments showed that larger droplets gave rise to a greater 
deformation than smaller droplets. The higher the shear rate, 

the greater was the droplet deformation. The high viscosity 
medium yielded a greater deformation of the droplet than the 

low viscosity medium. The theoretically predicted deformation 
(Equation (19» was in good agreement with the experimental 
observations only at low values of We, and deviated consider
ably at larger values of We. As We increased, the theoretical
ly predicted droplet developed a pinch at the center along the 
major axis, thus resembling a dumbbell. However, no such dumb

bell shape was observed during the experiments (Figure 2.6). 

Chin and Han [22] attempted to determine the role of fluid 

elasticity on droplet breakup. Their observations seemed to 
indicate that droplet breakup depended very much on the medium 
viscosity. Breakup always occured after the long, thread-like 

liquid cylinder passed through the entrance section of the 
cylindrical tube and started to recoil. The authors attributed 

the breakup of the extended long liquid cylinder to the change 

of fluid velocity in the entrance region, namely, from the 

time-dependent (i.e., accelerative) extensional flow to the 

Poiseuille non-uniform shear flow. From their experiments, the 
authors concluded that the greater the interfacial tension, 

the less likely the occurrence of breakup. The greater the 
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Figure 2.5 Schematic Layout of the Experiwental Apparatus 
(8] • 
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Shape 

Obser"ed Shape 

ta) 

Predicted Shape 

Observed Shape 

( b) 

Figure 2.6 Comparison of the theoretically predicted droplet 
shape with the experimentally observed one [8]: 
a) .x=O.037 , We=O.067 , 1E=0.0042sec-1 

b) .x=O. 055 , We=O .19 1E=0. 024sec-1 
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elasticity of the droplet phase, the less likely was the oc

currence of breakup, because the droplet phase elasticity had 

the same effect as the interfacial force, i.e. to resist de
formation and hence breakup. 

Table 2.3 presents a summary of the experimental results for 

the non-Newtonian dispersed phase. The resul ts show that, even 
under uniform shear conditions, a viscoelastic droplet, sus

pended in a viscoelastic medium, can be deformed into a long, 

thin fiber. 

2.2 Polymer Blends 

Blend morphology (or sometimes microstructure) is understood 
as the spatial arrangement of the blend component phases. 

Three different morphologies may be identified : disperse, 

stratified (lamellar, sandwich), and co-continuous phases 

(interlocked). The morphology in a molten polymer blend is 

the result of the viscosity ratio (size) and elasticity ratio 
(shape) of the phases, which depend on the stress (or shear 

rate) level, as well as on the initial size of the components 

(melt mixing process). The rheological properties of the bulk 

of a two-phase ~ystem depend partly on size, size distribu

tion, and the shape of the discrete phase droplets dispersed 

in the continuous matrix phase. The stabili ty of the morpholo

gy is influenced by thermodynamics and interface dynamics. In 

multiphase pOlymerie systems, many variables interact to con

trol the ultimate mechanical / physical properties of the 

finished product (Figure 2.7). 

In the following sections, an attempt is made to summarize 

theoretical and experimental resul ts regarding the factors 

influencing the morphology of polymer blends. 
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Table 2.3 Droplet Deformation and Breakup Behavior for a 
Non-Newtonian Dispersed Phase as a Function of 
Flow Field and Matrix Phase Fluid. 

Author 

Mason [20] 

Maalcke [16] 

Han [8,21] 

Flow 
Field 

Dispersed/ 
Matrix 
Phase 

Couette viscoel./ 
viscoel. 

oroplet Behavior 

À>1 : long cylinder 
(thin threads) 

1<1 : spheroid 

pseudopl./ deformation and burst 
viscoel. ~ f(l) 

Couette 

converg
ing cone 

and 
cylindri
cal tube 

viscoel./ 
Newtonian 

viscoel./ 
viscoel. 

(>.<1) 

droplets with larger 
normal stress more stable 

elongation into cylinder 
in converging cone and 
recoil with breakup in 
cylindrical tube 
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Figure 2.7 Schematic of Processing-Morphology-property 
Interactions in Dispersed Multi-Phase Polymerie 
Systems. 

, 
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2.2.1 Theory 

In order to und~rstand the type of dispersion achieved in flow 
when both phases are viscoelastic fluids, su ch as polymer 

mel ts, VanOene [23] developed a rheo-thermodynamic theory. 

VanOene attempted to characterize the dispersion in terms of 
droplet size, interfacial tension, and differences in the vis
coelastic properties of the two components. He based his theo

retical approach on the concept of "elastic free energy". In 
general, the recoverable free energy of deformation is a func

t10n of the state of flow: when the state of flow of a fluid 

element changes, its free energy of deformation will change 

accordingly. In binary mixtures, or heterogeneous viscoelas

tic fluids, a change in the state of deformation of the com
posite fluid can be brought about by a certain mode of disper
sion during flow. 

In his approach, VanOene argues that in a two-phase system, 

however, a possible mode of relaxation of the free energy of 
deformation is conversion into interfacial free energy. If the 

contribution ta the free energy of deformation by internaI 

circulation is neglected, the deformation of a droplet of a 

fluid a, with a larger first normal stress difference than the 
matrix liquid P, should result in a free energy decrease of 

1 
LlF = (30) 

2 

where NIa and NUl are the first normal stress differences in 

fluids a and ~, respectively. If this decrease in free energy 
i5 recovered by formation of interfacial free energy, one ob

tains for the formation of n droplets of radius a 

1 4 
n 41l'a2 

(]al.l = n [N1a - N11.l] -1ra3 (31) 
2 3 
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which formally can be regarded as the viscoelastic contribu

tion to the interfacial tension aCiO. Taking the equilibrium 

interfacial tension in the absence of flow, ,,~, into account, 

the complete expression for the interfacial tension in flow 

is therefore 

1 
0..0 = o~ + (32) 

6 

The interfacial tension is a positive quantity, hence Equation 

(32) is only satisfied when i) [N1œ-N10 ] is positive or ii) a~o> 

1/6·a· [N1Cl-N10]. When these conditions are satisfied, a droplet 

of phase a may be formed in phase p. The interfacial tension 

for a droplet of phase ~ in phase a can be expressed as 

1 
~ -- 0° "'BCI ..0 - (33 ) 

6 

Hence, for a certain droplet size, "Bez must be zero. Only drop

lets smaller than this critical size are stable. 

VanOene points out that a number of definite predictions fol

low from his andlysis : 

i) If it is observed that phase p stratifies (i.e., does not 

form droplets) in phase a, then phase a will form droplets 

in phase p. 

ii) If a particular morphology is observed, it should not be 

influenced by the magnitude of the shear rate or by 

raising the temperature of extrusion, except for effects 

which can be attributed to the hydrodynamic stability of 

a particular mode of dispersion. 

iii) Changes in the molecular weight and the molecular weight 

distribution of the components can be used to verify the 

predictions that the phase with largest normal stress 

functions will form droplets. 
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The theory of Cox [5] has shown that the relevant parameters 

qoverning the deformation of fluid drops are the viscosity 

ratio .x, and the parameter We, which is the ratio of the shear 

stress and the interfacial ter,slon. Since the viscosi ty is in

dependent of the elastic properties of the material, the elas

tic properties can on1y have a direct influence through the 

pararneter We. VanOene' s analysis of the free enerqy changes 

in droplet formation provides a criterion for the process of 

formation itself, but not for the precise state of deformation 

of such droplets in flow. 

2.2.2 Morphology: 

2 .2.2. 1 Effect of Flow Field 

a) Rotatill9 Parallel or Cone-and-Plate Geometry 

starita (24] studied blend systems of atactic polystyrene and 

linear polyethylene to establish a basis for predicting the 

microstructure of a blend from the ;":nowledge of the mixing 

history and the rheological properties of the constituents. 

Mixing was achieved in a normal stress extruder, where the 

flow was due to torsional shear bec.ween parallel plates and 

material i5 transported radially across the flow field. Four 

different composition ratios (20,40,60, and 80wt%) were used. 

Starita structured his results, based on the rheological pro

perties of the minor component, into three main groups. When 

the viscosi ty and elasticity of the minor compone nt are: 

a) greater than those of the maj or component, the minor com

ponent is coarsely dispersed; b) smaller than those of the 

major component, the minor component is finely dispersed; and 

c) the sarne as the maj or cornponent, the minor component is 

finely dispersed, no matter which component is the minor 

phase. 

A PMMA/PS blend system was mixed, by Chuang and Han [25], 

using a twin-screw compounding machine. Subsequently, samples 



37 

were compression molded into disks for rheological investiga

tions with a cone-and-plate rheometer. For this blend system, 

the viscosities cross over as shear rate increases. The vis

cosity ratio varied cetween 0.5 and 2.0 over the range of 

shear rates investigated. On the basis of studies employing 

transmission electron microscopy, Chuang and Han made the fOl

lowing observations: i) the blend composition determines the 

stat9 of dispersion; ii) for the PS/PMMA 10/90 blend, consid

erable breakage of the PS droplets occurs while the specimen 

is subjected ta a steady shearing motion; iii) the state of 

dispersion of the PS/PMMA 50/50 blend becomes very complex; 

both PS and PMMA phases form continuous phases, and in each 

continuous phase one component is dispersed into the other; 

and iv) for the PS/PMMA 70/30 and 90/10 blends, the dispersed 

PMMA phase gives rise to elongated droplets. 

Dreval et al. [26] have studied the deformation of melts of 

mixtures of linear low density polyethylene (LOPE) and PS. 

The polymers had different viscosities, but similar elasticity 

moduli. The results indicate that fibril formation in melts 

of mixtures of incompatible polymers in a uniform shear field 

takes place upon reaching a certain shear stress. A lower 

ratio between the viscosi ties of the fibril-forming polymer 

and the matrix component is associated with a lower shear 

stress. For pronounced fibril formation to take place in a 

uniform shear field, the melt has to be deformed, in some 

cases over a long period of time, to attain steady flow. The 

authors conclude that a decisive role is played by the ratio 

of viscosities rather than elasticities of the components, 

since the viscosities of polymers are high and may vary by 

several orders of magnitude, while elastici ties vary only 

within one arder of magnitude. 

The results for the r(itating parallel or cone-and-plate geome

try are summarized in Table 2.4. The resul ts of Han et al. 

[25] and CrevaI et al. [26] are in agreement with observations 
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Table 2.4 Dispersed Phase Morphology of different Polymer 
Blend Systems for Rotating Parallel or Cone
and-Plate Geometry. 

Author Blend Viscosity Dispersed Phase 
Ratio Morphology 

Starita [24] PE/PS À>1 coarse distribution 
À<1 fine distribution 
À=1 fine distribution 

Han (25] PS/PMMA O.5<À<2.0 dependent on composition 
PS . droplet breakup . 
PMMA : elongated drop lets 

Dreval [ 26) PE/PS À<1 long PE fibers 
À>l. long PE fibers 

38 
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for dilute emulsions (Masan et al. [20]), and show that a uni
form shear field can be effective in orienting the dispersed 
phase in the matrix phase. 

b) Capillary Flow 

To verify his theoretical conclusions, VanOene [23] studied 

PS/PE blends, in four mixing ratios (10,30,70, and 90wt%), 

in a capillary rheometer equipped with a static mixer. since 
neither shear rate, residence time in the capillary, nor 
temperature had a marked influence on the morphology of the 

extrudate, VanOene argued that the various structures must 

arise from parameters that depend on the radial position in 

the capillary, but are independent of the length. 

Han and Yu [27,28] investigated the flow behavior and mor

phology of blends of high density polyethylene (HOPE) and 

rolystyrene (PS) (ratios 10,20,50,80, and 90wt%). Photomicro

graphs of the extrudate cross section showed a vortex at the 

center position. The material forming the vortex was deter

mined by the melt viscosities. A finer dispersion appeared te 
occur near the center rather than near the wall. Photomicro

graphs, for a system with a viscosity ratio ~<l, in the longi

tudinal direction showed that the discrete phase formed long 

fi~ers or droplets in the continuous phase. Han and Yu con

cluded from their resul ts that mixtures of two polymers, known 

to be incompatible in the molten state, exhibit a dispersed 

phase flow when fed to circular tubes or ducts of any arbi

trary cross section. It seemed unlikely te the authors, the re

fore, that two incompatible polymers, when fed as a blend, 

would ever result in stratified flow. 

Han, Kim and Chen [29] studied the effect of mixing on the 

modes of dispersion of a PS/PP blend system in three blending 

ratios (25,SO,75wt%). A static mixer, downstream from a single 

screw extruder, and a twin-screw compounding machine were used 
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as mixing devices. When only a single screw extruder was used, 

the micrographs showed that the PS phase (25 and 50wt% , 

À=(~~/~pp»l) formed long fibrils in the longitudinal direc

tion, and droplets, fibers, or agglomerates in the cross sec

tion located in the continuous pp phase. When a static mixer, 

together with the single screw extruder, was used, the PS 

phase (for all three blending ratios) formed particles of weIl 

defined shape in both sections. The authors attributed the im

provement in mixing to the breakup of long fibrils of the dis

persed phase, as the molten polynter passed through the ~.ta

tionary mixing elements. Photomicrographs of samples obtained 

with the twin-screw compounding machine showed that the dis

persion in this case was more coarse, cl oser to an inter

penetrating network than that obtained with a single screw 

extruder plus static mixer. 

Danesi and Porter [30] used a single screw extruder with a 

static mixer to prepare blends of isotactic polypropylene (PP) 

and ethylene-propylene rubbers (EP), where the viscosity of 

each rubbery component was larger or equal to the viscosity 

of the polypropylene component, Le. ~=f7PP/~EP <1 or .. 1. Their 

resul ts showed that the dispersion characteristics of the 

phases were influenced by the difference between the mel t vis

cosity of the components. Blends with a greater disparity in 

the melt viscosity of the constituents showed a greater vari

ation of the mic:rostructure wi th composition. For the same 

processing history, a melt viscosity of the minor component 

lower than, or equal to, that of the major component brought 

about a finer and more uniform dispersion than for a minor 

component with a higher melt viscosity. Fully developed lami

nar flow and low swelling facilitated the development of high

ly oriented structures in the extrusion direction. Orientation 

was higher when the minor component had a mel t viscosity lower 

than, or equal to, that of the major component. High values 

of shear stress and swelling brought about telescopic or com

posite structures of the dispersed phase, depending on the 
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type of flow experienced by the blend during extrusion. 

VinogradClv, Tsebrenko et al. [31,32,33] have used mixtures of 

polyoxymethylene (POM) and copolyamide (CPA) as model systems 

for studying the formation of ultrathin fibers, tubular mem

branes, and films during flow. In general, the viscosity ratio 

.x=TJPt'W'TJCPA is <1 or ""1, for the systems under study. The re

sults show that the fibrillation takes place by stretching of 

POM particles in the direction of the stream. Coalescence is 

the necessary prerequisite for p:toducing long uniform continu

ous fibers. Rapidly freezing t:'1e whole capillary shows that 

fibrillation takes place in the entrance zone (Figure 2.8, A) , 

and i5 due ta the effect of elongational stresses which extend 

and coalesce the POM particles in the direction of the stream

lines. In the zone adjacent to the entrance to the capillary, 

the streamlines form concentric, cone-like funnels in which 

the fibrillation is very pronounced. The stream narrows sharp

ly (Figure 2.8, B), and at a definite distance from the en

trance (Figure 2.8, C) the influence of the walls becomes 

manifest, leading to the intensive development of shear and 

retardation of the stream. This results in shrinkage (en

largement of diameters) of the fibrils and 1055 of parallel

ism. In the zone of shear flow, the fibrils become parallel 

once again (Figure 2.8, D). 

In the above work, the formation of ultra-thin fibers was most 

pronounced when very short capillaries were used. With large 

diameter capillaries (i. e., wi th small reservoir ta capillary 

diameter ratio), fibers might not be obtained at aIl. The 

microstructure of the extrudates was greatly affected by the 

shear stress. Wi th increasing r, the mean diameter of POM 

f ibers decreased. Layers of POM f ibers were observed, and 

these layers were found in regions close ta the capillary 

walls. When the stream was cooled, bundles of continuous 

fibers enciosed in a thin fibrous film were observed in the 

axial direction. Intensive swelling enhanced the formation of 

concentrically arranged tubular membranes. At high values of 
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Figure 2.8 Representation of the Fibrillation Process in 
the entrance zone and in the duct [32]. 
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shear stress, telescopic structure was observed. 

Krasnikova et al. [34] investigated a pp and PS mixture (33/ 

67vol%), in which the viscosities of pp and PS were close to 

each other. Morphological analysis revealed that the forma

tion of samples under conditions providing fewer possibilities 

of relaxation, such as low ambient temperature at the capil

lary outlet, decrease in the capillary length, or increase in 

the shear strain, gave rise ta thinner pp fibrils arranged in 

layers in the PS matrix. 

Tsebrenko et al. [35] studied the microstructure of polymer 

blends of POM and ethylene vinyl-acetate copolymer (CEVAc) 

(20/80wt%). When the viscosity ratio, ;\'=T1Pœ!T1cEVACI was 1. 32 and 

1.05, continuous POM rnicrofibers (of unlirnited length) were 

the only structure in the blend extrudates: fiber formation 

was rnanifested most distinctly at a ratio of 1.32. Blends con

taining more viscous POM melts revealed that defective fibers 

were formed consisting of a large number of POM particles. The 

content of such fibers reached 50 percent if the viscosity 

ratio was 4.3. If the viscosity ratio was near unit y, a slight 

decrease in the shear stress led ta an increase in the average 

diameter of fibers, the formation of films, and a decrease in 

the total number of fibers. 

Alle and Lyngaae-Jorgensen [36,37,38] used blends of isotactic 

polypropylene (PP) and high density polyethylene (HDPE), pre

pared and pelletized in three mixing ratios (25/75, 50/50, and 

75/25wt%) in a single screw extruder. Melt flow properties and 

the influence of flow behavior on morphology were deterroined 

using a capillary rheometer. Based on the analysis l':\ade by Han 

and Funatsu [21], and Vinogradov et al. (32], the authors ana

lyzed two poss ible cases (Figure 2.9). In two-phase f low 

through a capillary, the average velocity of the high viscosi

ty polymer phase is smaller than that of the low viscosity 

polymer phase. Thus, the high viscosity phase experiences less 
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Figure 2.9 Empirical model representation of Molten Two
Phase Dispersed Polymer Blend flowing through a 
Capillary [37]. 
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elongational deformation at the entrance region, and conse

quently, retracts less than the low viscosity phase in the 

capillary. The opposite will occur for the low viscosity 

phase. This phase experiences larger elongational deformations 

at the entrance and contracts more in the capillary. There

fore, the dispersed droplets of a high vlscesity minor com

ponent survive in the surrounding low viscosity medium (Case 

1), and flow as stable threads or fibers in the fully devel

oped laminar flow region. In contrast, the dispersed ùroplets 

of a less viscous miner component are bound to breakup into 

smaller droplets in the surrounding high viscosity medium 

(Case 2). These smaller droplets would break up further, with 

a possible tendency to migrate towards the tube axis in the 

fully developed flow region. 

White and co-workers [39] studied the development of phase 

morphology of polymer blends in mixing and extrusion. They 

investigated three different blend systems: HOPE/PS, HOPE/PC, 

and HOPE/N6, in five mixing ratios (90/10,70/30,50/50,30/70, 

and 10/90wt%). The polymers were blended and pelletized using 

a single screw extruder with static mixer, followed by extru

sion through a capillary. Morphological investigations of 

samples from the static mixer showed the degree of coarseness 

of HDPE in continuous and dispersed matrices ta be in the 

order N6>PC>PS. This was attributed to different interfacial 

tension levels of the three blends but no data were presented. 

In the HDPE/PS blend system, increasing shear stress caused 

the dispersed phase to become finer in the outer layers of the 

extrudate, but it remained coarser near the centerline. This 

was Most likely due to the fact that the high stress would 

occur only in the outer regions of the capillary. Morphology 

strongly depended on the viscosity ratio, À (=rydrym) : À<O.7 

uniform filamentous morphology; O.7<À<1.7 undulant fibers or 

rods; À>2.2 undeformed droplets (Figure 2.10). 

White and ce-workers did not see any direct evidence of 

VanOene's [23] argument that incompatible blend morphology is 
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Figure 2.10 The schematic view of longitudinal phase morpho
logies at various viscosi ty ratios ),=17cV'l1m for a 
HDPE/PS blend [39]. 
a) .\<0.7 b) 0.7<À<1.7 c) .\>2.2 
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determined by viscoelasticity, specifically first normal 

stress characteristics as the interfacial tension is influ

enced by the elastic energy in the two phases. They observed, 

however, that the values of interfacial tension required for 

HOPE/N6 and HOPE/PC might be larger than would be expected. 

These larger values could be the result of first normal stress 

differences in addition to quiescent interfacial tension. 

A 80/20wt% PP/EVOH blend system was studied by Lepautre (40], 

with a viscosity ratio ).=f1EVOal'7PP > 1. The EVOH dispersed phase 

appeared as long cylinders embedded in the pp matrix. The cyl

inders were oriented in the direction of flow. 

Table 2.5 summarizes observations regarding dispersed phase 

morphology devel.opment in capillary f1 ow as a function of 

viscosity ratio. It is observed that viscosity ratio alone is 

not suitable for classifying polymer blend morphology. Oepend

ing on the blend system, for a viscosity rati") above or below 

uni ty, i t is possible to obtain the dispersed phase as long, 

continuous, uniform fibers in the direction of flow. 

~) Annular and Slit Flow 

Subramanian [41,42] investigated different possibilities for 

the development of new morphologies in polymer blends and a 

method to impart permeability barriers ta low cast polyolefins 

using small amounts of a barrier polymer b.: melt processing. 

The results shawed that a blend of linear HOPE and 20% modi

fied nylon, the barri'er polymer, when subjected to normal pro

cessing under gaod mL'Cing conditions, resulted in a homogene

ous, very tough product wi th good physical properties. Hydro

carbon permeability, however, only impraved by 20% compared 

ta HOPE alone. Morphological studies of the size and shape of 

the nylon particles showed that the same blend, when processed 

in an extruder under controlled conditions (not clearly speci

fied), where the mel ted nylon particles were prevented from 

, 
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Table 2.5 Dispersed Phase Morphology of different Polymer 
Blend Systems for Capillary Flow. 

Author Blend Viscosity 
Ratio 

Dispersed Phase 
Morpholoqy 
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~----------~---------+---------+----------------------------~ 

Han (27,28] PE/PS 

Han [29] PS/PP 

Danesi [30] PP/EP 

Vinogradov POM/CPA 
[31-33] 

Krasnikova PP/PS 
[34] 

Tsebrenko POM/CEVAc 
[35] 

Lyngaae- PE/PP 
Jorgensen 

[36-18] 

À<l,""l 

À""l 
À=l. 32 
À=4.3 

PE fibers 

PS fibers 

PP fibers 
length = f(shear stress) 

POM fibers 
shape = f(shear stress) 

pp fibers 
length = f(relaxation) 

POM films & fibers 
POM microfibers 
defect fibers, POM particles 

continuous fibers 
bre.akup, small droplets 

White (39] HDPE/PS À<0.7 urüform fibers 

Lepoutre 
[40] 

EVOH/PP 

O. 7<l<1. 7 undulant fibers & rods 
À>2.2 undeformed droplets 

EVOH fibers 
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forminq tiny droplets, possessed outstanding permeability pro

perties (Figure 2.11, Table 2.6). Micrographs of samples pro

duced under controlled processing conditions (blow-molded con

tainer and extruded sheet) showed that the nylon material was 

not distributed as a homogeneous, unifcrm blend, ~ut rather 
as multiple layers, or platelets, along the wall thickness. 

Optimum permeability barrier properties were obtair.~d at 18\ 

nylon, and modest to good properties at concentrations of 5 
to 10%. The controlled processing conditions [43] were based 

on a low shear screw and blend system design. The nylon dis
persed phase was transported as solid phase within the HOPE 

through the feeding and compression zones, thus inhibi ting 

breakup and mixing. In the metering zone, the nylon particles 

were melted, oriented in the direction of flow, and transpor

ted as weIl defined layers, or platelets, through the extru
date-forming devices. Coalescence was inhibited and, thus, the 

final. size of the dispersed phase in the laminar structure was 

strongly dependent on the feed pellet size. 

d) Mixing Deviees 

Favis and Chaljfoux (44,45] investigated the morphology of PC 

and pp blends by melt blending the materials in a Brabender 

mb .. ing chamber with roller blade attachment. They found that: 

i) these blend systems exhibited a wide polydispersity, espe

cially at high concentrations and, ii) the polydispersity de

creased with decreasing concentration. Favis and Chalifoux 

assumed that the torque was directly related to viscosity and, 

therefore, used t~e torque ratio to indicate the viscosity 

ratio. They examined the size distribution of the minor phase 

in PP/PC blends, after melt mixinq, as a function of the vis

cosity ratio, À, and the torque ratio, TR (Figure 2.12). 

a) phase size/viscosity ratio dependence for À>l : 

The torque ratio value for the dispersed phase size tended to 

be somewhat less than the viscosity ratio, but the shape of 

the curves and the correlation were very similar. The viscosi-
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Figure 2.11 Hydrocarbon permeability in laminar walled 
PE/nylon barrier bottles [41]. 
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Table 2.6 Permeability, Loss (g.)*, in 4 oz. Blowmolded 

Containers (41]. 

HOPE-Nylon 
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Laminar Permeability 
Solvent HOPE Container Factor 

Toluene 5.5 0.04 138 

Heptane 3.0 0.07 43 

Hexane 4.4 0.10 44 

Naphtha 2.0 0.07 29 

O-Dichlorobenzene 1.6 0.02 80 

Trichloroethane 0.56 0.02 28 

Tetrachloroethane 12.1 0.10 121 

Methyle~e Chloride 7.6 3.6 2 

. Freon' F-113 0.05 0.03 2 

Ethyl Acetate 0.30 0.03 10 

Methyl Ethyl Ketone 0.15 0.03 5 

Acetone 0.10 0.04 2 

Methanol 0.03 0.07 2 

* 
• filled contaIners 
• 23'C 
• 21 days durat;on 
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ty had a significant effect on the minor phase size. At 30\ 

PC, the volume average diameter, ~, varied from 1.5~m at ~= 
4.5 to 12~m at ~=17.3. Even at À=17.3, significant particle 
disruption occured, unlike Newtonian systems in a shear flow 
field which do not disrupt above ~=4. 

b) phase sizejviscosity ratio dependence for \<1 : 
A minimum particle size was achieved at ~~O.15. For low con

centrations, particle size increased above this value, whereas 
below this value, a plateau was maintained. At higher concen

trations, no minimum plateau could be found. Rather, a very 
sharp minimum was observed and the curve had a V-shape appear
ance with significant increase in particle size observed above 

and below À~O.15. 

Wu [46] investigated the formation of dispersed phase in 
blends during melt extrusion wlth a co-rotating twin screw 
extruder, using nylon (N66) or polyester (PET) as the matrix, 
and ethylene-propylene rubbers (EP) as the dispersed phase. 

AlI blends contained 15wt% rubber a~d 85wt% polymer. A plot 

of the Wecer number (We=(~m'7'a)/a) ~~rsus the viscosity ratio 

(À=~d~m) showed that aIl data points for the various blends 
fall on a single master curve (Figure 2.13). The Weber number 

appeared to have the lowest value at ~~l. The portion of the 
curve for À>1 could be expressed for these blend systems as 
a straight line, given by We = 4 .~O.84. The shape of the curve 

for À<1 was uncertain due to ir.sufficient data points. How
ever, it could be seen that as the viscosity ratio moved away 

from unit y , the dispersed particles became larger. Wu compared 

blends having approximately the sarne viscosity ratio (~~1), 

but an interfacial tension ratio of approximately 40, and 

found particle sizes with a ratio of 52, confirming that par
ticle size is directly proportional to interfacial tension. 
Blends having the same interfacial tension, but very different 

viscosities (À~4.4), resulted in very different particle 
sizes, having a ratio of (4.4)° 84~3.5, confirming that parti
cIe size was rroportional to À 0.810. Therefore, varying the 
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Figure 2.13 Oimensionless master curve of We vs. ~ for the 
melt extrusion using a co-rotating twin screw 
extruder [46] • 
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inter facial tension was much more effective in controlling the 

particle size than viscosity ratio variations. 

Lepoutre [40] investigated the morphology of PP/EVOH blends 
by melt blending the components, in two composition ratios 

(80/20 and 90/10wt%), in a Brabender mixing chamber with 

roller blade attachment. SEM analysis of samples taken di
rectly fram the mixing chamber showed spherical domains of 

the minor component in a matrix of the major component. The 

average diameter of the domains in the 10% EVOH blend was 

approximately 1.5 microns, whereas in the 20% EVOH blend it 

was approximately 4.0 microns. The increase in the concentra
tion of the minor component, therefore, led to a significant 

increase in the average domain diameter. Compression molding 

of the samples prior to morphology analysis increased th'! 

average domain size of the dispersed EVOH phase. Under the 

influence of thermal and flow fields experienced in compres

sion molding, coalescence takes place. Coalescence produced 
dispersed EVOH particles as large as 20 microns in diameter. 

Thus, compression molding changes the blend morphology, and 

care should be taken to differentiate between the morphology 

induced by compressi.on molding from that achieved in the mi>:

ing chamber. 

2.2.2.2 Effect of Interfacial Properties and Compatibilizers 

Polymers are usually immiscible, and their mixtures form 

multi-phase structures with stable interfaces. Dispersion, 

morphology, and adhesion of the component phases are largely 

affected by interfacial energies, which play an important role 

in determining the mechanical properties of a multi-phase 

polymer blende 

Adhesion refers to a molecular force, compelling bodies of 

unlike substances to stick together. An adhesion bond is 

formed in the first stage through forming interfacial contact 

by wetting and, in the second stage, by interdiffusion and/or 
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chemical bonding. Interfacial tension between two polymer 
phases stems mainly from the effects of a mismatch in the 
nature of intermolecular forces and from the polymer confor
mational restriction on the interfacial contact. 
It seems that the adhesion, as weIl as the barrier and mechan
ical properties, of mechanically blended polymer mixtures 
might l'le enhanced if better solubility or interfacial inter
actions could be obtained between the various polymers in
volved. A suitable "interfacial agent" (compatibilizer) that 
is soluble in each component of the pol ymer blend could be the 
key to this objective. 

a) Mixing Deviees 

Ide and Hasegawa (47] investigated nylon6 (116) and pol y
propylene (PP) blend systems, using maleic anhydride grafted 
pp (MAR-PP) [48] as the inter-polymer. Micrographs for a N6/PP 
(20/80wt%) blend system showed that the N6 phase of only me
chanically blended polymers was easily discernible, having a 
diameter of about 10~m. On the other hand, in the presence of 
MAH-PP graft copolymer, the N6 phase was hardly distinguish

able from PP, as the result of interactions at the interface. 
The physical properti~&, especially mechanical properties of 

N6/PP blends, were markedly improved with an increase of MAH
PP added to the polymer blende 

The stabilization of polymer blend morphology was studied by 
Heikens and Barentsen [49,50] for a blend of low density poly
ethylene (LOPE) and polystyrene (PS). The blends were prepared 
in a Brabender blender, and subsequently compression molded. 
The results obtained showed that a higher viscosity of the 

matrix polymer facilitated the formation of a fine dispersion. 
In order to stabilize the morphology, Heikens and Barentsen 
studied the effect of addition of surface active compounds 
during the blending operation. If a real interlaver of a cer

tain thickness around the dispersed particles was formed, the 
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process of coalescence due to local differences in shearing 

rate might be hampered. The experimental results of Heikens 

and Barentsen with a specially designed graft copolymer com

patibilizing agent supported the results of Ide and Hasegawa 

[47]. However, they did not present any evidence that the 

addition of graft copolymers hindered the coalescence of the 

dispersed phase in strong flow fields, which are common in the 

polymer processing industry. 

Chuang and Han studied blends of nylon6 with a chemically 

modified polyolefin (CXA3095) [51,52]. The melts were blended 

in four composition ratios (20,40,60, and 80wt%) using a twin

screw compounding machine; the compounded pellets were com

pression molded into disks or injection molded. The morpho

logical investigation showed that the domain structure strong

Iy depended on the amount of the dispersed phase present in 

the biend, and the blend ratio aiso determined which of the 

components formed the discrete phase. In both the N6-rich or 

CXA-rich blends, the discrete phase was tightly bound to the 

continuous phase. 

In another study [53,54), three different blend systems were 

prepared N6/CXA3101 (an ethylene-based multifunctional 

polymer ), N6jPlexar3 (an chemically modified polyolefin) and 

N6/EVA (ethylene vinyl-acetate). For the N6/CXA3101 and N6/ 

PlexarJ blends, the domain size of the discrete phase was 

small and uniformly dispersed in the continuous phase. Frac

ture surfaces for these two blend systems indicated very good 

contact between the dispersed and cont\nuous phases. On the 

other hand, micrographs of the fractured surfaces of N6jEVA 

blends showed large sized, dispersed particles, sharp edges, 

and particles were pullad off clean from the continuous phase 

upon fracture, showing no evidence of strong adhesion between 

the two phases. The thickness of the interphase was in the 

following arder: N6/CXA3101 > N6/Plexar3 > N6/EVA. The smal-

1er interphase thickness of P1exar3 compared to CXA3101 was 

attributed to a smaller amount of reactive groups in Plexar3. 
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Accordingly, an interfacial agent would reduce the energy 
needed for breaking large, dispersed particles during melt 

blending. This gives rise to smaller domains of the discrete 

phase strongly adherent to the continuous phase. 

Fayt, Jero~e and Teyssie [55-59] undertook an elaborate study 

on the emulsifying effect of specifically designed copolymers 
in polyolefin-polystyrene blends. The polyolefins included 
low density, linear low density, and high density polyethy
lenes. The specifically designed copolymer was hydrogenated 

butadiene-b-styrene diblock copolymer (HPB-b-PS). The blends 
were prepared on a two-roll mill, then compression molded. The 

block copolymer was always mixed first with the minor compo

ne nt before the addition of the major component. 

In general, it was found that whereas unmodified PE/PS blends 
exhibited rather large domain structures, the addition of 

moderate to small amounts of block copolymer reduced strongly 

the particle size at every composition. This morphology was 
practically unmodified by subsequent compression molding as 

far as block copolymer was added. A pronounced coalescence of 

the minor component was however observed in unmodified blends. 

A tapered diblock and a pure diblock copolymer, having the 

same composition and total molecular weight, were compared 

[57]. AlI results suggested that the emulsifying ability of 

diblock copolymers in polymer blends depends more on their 

molecular structure than on their block length. SEM micro
graphs of fractured bars revealed that the tapered diblock 

copolymer provided stronger adhesion than did the pure 

diblock. 

Transmission electron micrographs (TEH) showed that the block 

copolymer formed a continuous layer around the dispersed par

ticles of either PS or PE [58]. Its thickness was rather regu

lar, and was in the Mean range of about 100A. In contra st to 
graft copolymers, the diblock copolymer was not observed as 

discrete droplets on the surface of the particles, as compared 

to results of Heikens and Barentsen [49,50]. Apparently, the 
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sequences are firmIy anchored into the domains, which they 

penetrate. When the block copolymer percentage increases, the 

morphology of the blends may be so deeply modified that it is 

impossible to identify the individuai phases. The authors sug

gest that a graft copolymer, and aiso a triblock copolymer, 

adsorb mainly onto the phases because of conformational cün

straints, whereas each sequence of a diblock structure has the 

opportunity to penetrate its homopolymer phase and provides 

important entanglements. 

The molecular design of mul ticomponent polymer systems by 

Fayt, Jerome and Teyssie was extended to poly (vinylidene 

fluoride) -polyolefin blends, wi th the addition of a poly 

(hydrogenated diene-b-methylmethacrylate) diblock copolymer 

[60], and to low density polyethylene - acrylonitrile-buta

diene-styrene blends emulsified by a poly(hydrogenated buta

diene-b-methylmethacrylate) diblock copolymer [61]. The 

results of these experiments again support strongly the 

efficiency of specifically designed diblock copolymers as 

emulsifiers in immiscible polymer blends. 

In addition to the studies on pure PP/EVOH blends, Lepoutre 

[40] investigated the influence of a compatibilizing agent on 

dispersed phase domain size, and adhesion between the pp and 

EVOH phases. A maleic anhydride modified polyolefine (MAPP1) 

was chosen as the compatibilizing agent. The PP/EVOH/MAPPl 

system was studied in two composition ratios (90/9/1 and 80/18 

/2wt%). Comparison of the pure and modified blend systems did 

not reveal any changes in the average dispersed phase diame

ter. In addition, SEM micrographs of fracture surfaces sug

gested that the addition of MAPP1 had no visible effect on 

the adhesion of the two phases. The particles of EVOH, as weIl 

as the holes left by removal of the spheres, were as srnooth 

and clean with MAPPl as they were without it. The author con

cluded that the concentration of MAPPI was too low, and that 

the processing conditions employed in the study rnight be un

satisfactory for aChieving compatibilization. During the mix-
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ing stages, aIl three components were fed together to the 

mixing chamber. On the other hand, studies have shown, Fayt 

et al. [55-61] and Willis et al. [62], that the mixing order 
of the components had a pronounced effect on blend structure 

and mechanical properties. 

b) Slit Flow 

Subramanian [41,42] showed that a blend of linear HDPE and 20% 
nylon, when subjected to normal processing under good mixing 

conditions without any compatibilizers and additives, resulted 
in extrudates that showed gross incompatibility and broke 

easily. A similar nylon, modified for compatibility and pro

cessed as a blow-molded container or extruded sheet under con

trolled conditions, showed that the nylon material was distri
buted as multiple layers, or platelets, along the extrudate 
thickness. Under a hot-stage microscope, the laminar disper

sion of nylon showed that upon heating, the laminar structure 
disappeared at the temperature when the nylon was mol ten 

(Tm,nYLon > Tm,HnPE). On cooling, the platelet structure was 
retained. The nylon was dispersed as large, sheet-like struc

tures, suggesting that, during processing, a ~hemical modifi

cation of the HDPE-nylon interface had occured. 

2.3 Conclusions 

The literature review has revealed that it is possible to 

orient a dispersed phase in the direction of flow, when both 

the dispersed and matrix phases are viscoelastic fluids. Com

parison between Table 2.3, containing results for dilute emul

sions, and Table 2.4, containing the results for three poly

mer blend systems shows, that a uniform shear field can be 

effective in orienting a dispersed phase. 

The majority of studies on dispersed phase morphology develop

ment for polymer blend systems has been carried out for capil-
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lary flow. Table 2.5 shows that the fibrillation process can
not be explained solely on the basis of viscosity ratio. 

Interfacial tension and elasticity effects have to be consid
ered. On the other hand, Table 2.5 shows that there exists an 
upper bound for the viscosity ratio, above which the dis
persed phase cannot be deformed and flows as a stable discrete 

phase in the matrix phase. No lower bound has been established 
for polymer blends, whereas for a Newtonian/Newtonian system, 
such a lower bound has been reported (Table 2.2). 

Theoretical analysis of the deformation behavior of droplets, 

suspended in a fluid, has concentrated on Newtonian systems. 

These theoretical predictions are in the majority only valid 

for very small deformations and simple flow fields. The in
fluence of coalescence and complex flow f leIds, as encountered 
in the commercial processing of polymer blend systems, has not 
been taken into account. The rheo-thermodynamic theory, devel

oped by VanOene [23] to characterize the dispersed phase mor
phology of two-component blend systems, is based on a change 

of interfacial tension in flow. This change in interfacial 

tension is, according to VanOene, due to a net decrease in 

free ener'JY of deformation which arises from the difference 
in the first normal stress function between dlspersed and 

matrix phase. As far as could be established to date, it is 

not possible to measure the interfacial tension in flow, nor 

the first normal stress difference at processing shear rates. 

Achieving e'gineering mechanical properties in blend products 

requires the incorporation of compatibil izers as a third phase 

into the, commonly, immiscible blend system. Specifically tai

lored compatibilizers can considerably improve the adhesion 

between blend component phases, and, thus, help to achieve me

chanical propertied comparable to those of homopolymers. Ex
planations for the improvement in mechanical properties, based 

on fracture theories, have 50 far dealt only with a homogene

ous distribution of the dispersed phase in the matrix phase. 

, 
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Ana1ysis of 1aminar structures, as achieved by Subramanian 

(41,42], is not available. Nevertheless, it is important to 

evaluate the mechanica1 behavi.or of po1ymer blend products and 

the influence of composition and processing conditions on 

fracture behavior. 

Permeability studies on laminar blend structures are on1y 

avai1able in the work of Su'bramanian [41,42]. His resu1ts have 

shown that a specifically designed arrangement of the dis

persed phase in the matrix phase can provide barrier proper

ties comparable to those achieved in multi-layer products. 
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CHAPTER 3 

EXPERIMElftAL 

3.1 Materials 

Four different resins were used for aIl studies in this work. 

For the continuous phase (matrix phase), a blow molding grade 

polypropylene, NPP720Q-AF, designated as pp in this study, was 

chosen. This polypropylene resin is a gas phase random homo

polymer, manufactur~d by Quantum Chemical corporation. Tt 

meets FDA requirements for food packaging. 

For the dispersed phase, an ethylene vinyl-alconol copolymer 

(EVOH) 1 EP-FI01A, was chosen. This EVOH is a high barrier 

resin used in multi-layer barrier structures, manufactured by 

EVA Le Company of America. It has a 32mol% ethylene content, 

and meets FDA requirements for food packaging. I~s excellent 

gas, solvent, odor, and aroma barrier prüperties make this 

resin an excellent candidate for barrier packaging applica

tions. 

Due to their non-polar character, it is difficult for polyole

fins(e.g. PP) to adhere ta other materials (e.g. EVOH). As 

outl :~ned in Chapter 2.2.2.2, interfacial agents play an impor

tant role in overcoming this difficulty, and in determining 

the mechanical properties of a mUlti-phase polymer blend. In 

order to evaluate the influence of interfacial agents (com

patibilizers) on the morphology of a PP/EVOH polymer blend, 

two extrudable adhes ive res ins have been chosen. Bath adhes ive 

resins are basically modified polyolefins, obtained by graft

ing maieic anhydride and incorporating other special adhpsive 

property improving materials : 

a) MODIC P-300F, designated as MAPPl in this study, is manu

factured by Mitsubishi Petro~hemicals Co., Ltd. 
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b) ADMER QF500A, designated as MAPP2, is manufactured by Mit

sui Petrochemical Industries, Ltd. 

AlI of the above four resins are commercially available, and 

are currently used in the cOE .. !trusion blml molding process. 

A summary of sorne of the properties of thf!Se resins is given 

in Table 3.1. 

J • 1.1 Resin Characterization 

J • 1. LI Steady Shear Viscosit:l 

The review of relevant li terature in Chapter 2 has shown the 

importance of the viscosity ratio, based on the analysis 

starting with Taylor [1,2], and tne confusing and opposing 

resul ts and explanations of morphology development in capil

lary extrusion experiments. 

The v iscosi ty measurements were carried out using an Instron 

Capillary Rheometer, Model TT-CM. The melt viscosity calcu·· 

lation procedure was described in detail in a related study 

[40]. The measurements were carried out at 200'C and 230'C, 

which span the range of extrusion temperatures used in this 

st\l(~y • 

Figure 3.1 shows the viscosity as a function of shear rate 

for aIl four homopolymers and both temperatures. For both 

temperatures, the dispersed phase material, EVOH, exhibits a 

higher viscosj ty than the polypropylene resins, over the whole 

shear rate range. As a resul t, in the extrusion experirnents 

conducted in this study, +-he viscosi ty ratio of the dispersed 

phase to the matrix phase is above one (,\>1). The shear vis

cosities for the three polypropylene 't'esins are very similar. 

3.1.1.2 Shear storage Modulus 

The studies of Chin and Han [8,22] pointed out the influence 

, 
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l 
Table 3.1 Resin properties (63,64,65,66]. 

Property Resin 

NPP720Q-AF P-300F QF500A EP-Fl01A 

Mel t Flow Ra te 2.0 1.3 3.0 1.3 
[gj10min] (01238 ) (01238) (01238) (D1238 ) 

Density 0.90 0.89 0.90 1.19 
(gjcm3

] (D692 ) (D1505 ) (01505) ( 01505) 

Tm [ • C] 150-155 168 160 181 

Values in parentheses are ASTM methods. 
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of the elastic properties of the dispersed and matrix phase 

in capillary flow. 

A Rheametrics Mechanical Spe~trometer with rotational parallel 

plate fixtures was m ed to measure the shear storagû modulus, 

G', for PP, MAPP1, and MAPP2. Test samples were prepared by 

compression molding at 215°C and SkPa. The parallel plates had 

a radius of 25 mm, and the gap between the two plates was set 

to 1 mm. AlI experiments were conducted under a nitrogen gas 

blanket ta prevent degradatian. AIl three resins showed r.o 

measurable degradation effects after 70 minutes at 230 Q C 

during a dynamic time sweep experiment. Linear viscoelastici ty 

data for EVOH were supplied by the resin manufacturer [67]. 

Sorne difficulties were encountered when attempting to prepare 

specimens of this material for rheological testing in our 

labaratory. 

Tests were carried out at 200·C and 230·C. Figure 3.2 shows 

the shear storage modulus, G " as a function of frequency for 

all four resins and both temperatures. For both temperatures, 

the three polYf?ropylene resins exhibit very similar elastic 

behavior, as measured by G 1, over the frequency range tested. 

The EVOH shows a different elastic behavior. F'jl both temper

atures tested, the EVOH is less elastic at lower frequencies, 

but G' increases with increasing frequency and a cross over 

with the polypropylene data accurs. At 200·C, the cross over 

point can be marked at around 10 rad/sec, and for 2] O· C at 

around 50 rad/sec. These measurements of G' suggest that, at 

higher frequencies, the EVOH is more elastic th an the three 

polypropyl;nes tested. 

3.1.1.3 Determination of Functional ized Groups in Adhesive 

Polymers 

Both adhesive resins MAPPl and MAPP2 are modified po] ypropyl

enes, which have maleic anhydride (MAH) and other adhesive 

c 



10000 

1000 

10 

10000 

1000 

10 

o.J 

0.1 

O.. 1.0 '.0 10.0 

l'REQUENCY [rad/tee] 

0.1 1.0 6.0 10.0 
.PRBQtJl:NCY Irad/_) 

80.0 100.0 

60.0 100.0 

Figure 3.2 Shear Storage Modulus G' vs. Frequency far PP, 
MAPP1, MAPP2 and EVOH, T=200·C,230·C. 

68 



69 

property improving materials grafted to the backbone [64]. 

Due to insuffient information, and the unwillingness, of the 

two manufacturers of the adhesive polymers to make the recipe 

ingredients available for research purposes, a study was 

undertaken to determine the amount of functionalized groups 

(maleic anhydride) present in the adhesive polymers. 

(a) Fourier Transform Infrared (FT-IRl Spectroscopy 

Infrared spectroscopy is a simple spectroscopie technique that 

requires only very small amounts of sample. In this study, a 

BOMEM Michelson Series N 100 spectrometer was used. This spec

trometer belongs in the class of medium IR and works in a 

scanning wavelength range of À = 2.0 to 25~m (corresponding 

to wavenumbers v = 5000 to 400cm"1) . 

Specimens with a thickness of 25~m were microtomed from pel

lets, as delivered by the manufacturers, fixed onto a specimen 

holder and positioned in the laser beam path. The spectrometer 

was used in the absorbance mode and 1000 scans were performed 

for each sample. 

An IR spectrum of MAH is shown in Figure 3.3 [68). The most 

characteristic anhydride bands in the absorption mode are at 

1840cm-1
, 1780cm-1

, 1050cm-1
, and 885cm- 1 [69), and the exact 

position of each band is slightly dependent on the nature of 

the sample. The 1780cm-1 band is very strong, and can be con

veniently used to estimate the amount of MAR in a mixture by 

quantitative IR (±l%) [70]. 

Figures 3.4 and 3.5 present representative spectra for MAPP1 

and MAPP2 specimens for the wave,1umber range 600 to 2000cm- 1
, 

where aIl characteristic MAH peaks should appear. It can be 

seen that even the very characteristic peak at around 1780 

cm- 1 cannot be established. Close-ups and enlargements of 

certain sections did not reveal any significant MAH peaks. 
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As explained above, the adhesive polymers are graft polymers 

of maleic anhydride onto polypropylene, so that aIl charac
teristic IR bands of pp ~re aiso measured in the spectra for 
MAPP1 and MAPP2. To minimize the overlapping of pp and MAR 

peaks, a pure pp specimen was pt'epared and the IR spectra 

obtained. The pp IR spectra were then subtracted from the MAPP 

spectra. Figures 3.6 and 3.7 show the modified spectra for the 

wavenumber range 600 to 2000cm-1
, for both adhesive polymers. 

Again, no distinct MAR peaks are detectable. The enlargement 

of representative areas did not reveal any new information. 

As a conclusion, it appears that the amount of MAH grafted to 

the polypropylene, in the two adhesive polymers used in this 

study, is less than 1%. In these small quantities, MAH cannot 

be identified by IR measurements. 

(b) Titration 

Another method to determine smali amounts of MAH in complex 

mixtures is based on titration (70,71]. Maleic anhydride, like 

Most other anhydrides, can be hydrolyzed to the corresponding 

acid, maleic acid. The maleic acid is a dicarboxylic acid with 

two different ionization constants in water at 25°C 

pKz = 6.07 

Kt = 1. 42 * 10-
2 

K2 = 8. 57 * 10 -7 

Maleic acid produced in hydrolysis is titrated against KOH ta 

the two end points at pH=3.7 and pH=9.5 (70]. 

The MAH content of modified pp is determined by titration of 

a hot water-saturated xylene solution of the polymer with 

alcoholic base. One gram of the p<?lymer is heated for approxi

mately one hour in 150rnl of refluxing water-saturated xylene. 

The solution is weIl stirred to assure the hornogeneity of 

polymer concentration. The hot solution is titrated with 0.05 

N ethanolic KOH, using 3-4 drops of 1% Trymol blue in DMF as 
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indicator. The end point is indicated by the change of solu

tion color to blue. A 0.5-1 ml excess of KOH is added, and the 

deep blue color is back-titrated to a yellow end point by the 

addition of 0.05 N isopropanolic Hel to the hot solution. 

In order to determine the amount of MAH, the followiug calcu

lation is performed at the end points: 

- No. moles of MAR = ~ N2V2 

where N2 = normality of KOH, and V2 = volume of titrants. 

- gram of MAH = \ N2V2 * MW 

where MW = molecular weight of MAH = 99.06 gr/mol. 

- amount 0 f MAR present in the mixture 

wt% of MAR = (\ N2VZ * MW)/grsample 

For each adhesive polymer, five titrations were performed, 

and the following results, wlth a reproducibility of ±20%, 

were obtained (72]: 

MAPPl wt% of MAR = 0.29 

MAPP2 wt% of MAR = 0.25 

These amounts of MAR are very small. Furthermore, they are 

diluted if MAPP1 or MAPP2 i5 mixed with pure PP. 

3.2 Processing Eguipment 

The processing equipment consists of an extruder, a sli t die, 

a cooling and take-off device, and a data aquisition system 

for continuous data collection. During the extrusion experi

ments, the following processing paraIl'leters w~re recorded: 

- Temperature extruder zone 4, two locations in the die 

- Pressure two locations in the die 

- Extruder drive : rplll, armature vol tage, and armature current 
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3.2.1 Extruder 

A Brabender Prep-Center drive was equipped with a 31. 75J1U11 

(1\") and a 25: 1 length/diameter ratio single-screw extruder. 

The lJarrel had a water cooling channel for the feeding zone, 

where the hopper attachas to the barrel, and four heater/ 

cooler coll ars along the barrel length. The temperatures of 

the extruder zones were controlled by digital temperature 

control1ers which followed heat.ing or cooling set points. 

Torque measurement in a mixing device is a heIpful tool [44, 

45], because the complex flow fields make it difficult to ob

tain an exact calculation of the shear rates or stresses in 

such deviccs. By !neasuring the drive armature vol tage, arma

ture current, and rpm, the torque can be recorded during each 

experiment. The rpm during an experiment was kept constant 

using tachometer feedback, keeping speed variations wi thin 

.less th an 0.5%, regardless of motor temperature or load. Thus, 

energy differences associated with changes from one composi

tion ratio to another under otherwise constant proc,.!ssing 

conditions are reflected by either the extruder power or 

torque measurements. Since power and torque measurement de

vices are easy to install in commercial eqllipment, this param

eter can be a useful tool in achieving pr-:>cess and product 

quali ty control during the blending process. 

Two screw designs were used in the extrusion studies. It is 

suggested in the literature [8,22,23,29] that a three-stage 

meteri ng screw should adequately achieve a proper degree of 

mechanical mixing, considering that a certain droplet size is 

necessary to obtain a fibr illed or l amj nar microstructure. On 

the other hand, when a compatibilizer is used in the blend 

system, it might be necessary to employ a mixing screw to 

ensure sufficient wetting of the dispersed EVOH phase wi th the 

incorporated interfacial agent. Mixing screws in single screw 

extruders can be effective, as long as the material is contin-
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uously reoriented as i t travels downstream along the screw 

[73-77]. The IIIeterlng and mix.:i.ng screws employed in this study 

were designed to obtain the sam9 extrusion characteristics. 

They differ~d only in the design of the metering section, 

where the mixir,g screw had a second screw channel with a 

hiqher pitch, in addition to the standard metering 5crew chan

nels. The second channel covered five flights of the screw 

[Appendix Al. 

3.2. 2 Extrusion Die 

As shown in Chapter 2, most of the reported work regarding 

extrusion of pol ymer blends was carried out in capillary dies. 

Thus, the studies dealt mainly with the development of fibril

lar structures in the longitudinal (flow) direction. In many 

instances, commercial applications of blends involve the ex

trusion of the material through more complex dies. Of particu

lar interest are applications associated with sheet extrusion 

and blow molding. 

A slit die was chosen to study the possibilities of manipulat

ing micr.:>structure in sheet or strip ,extru:=.ion. Figure 3.8 

give:- a schematic of the slit die design. The unit cansisted 

of an adapter (sections A and B), and the slit die (sections 

C to F). The adapter connected the slit die to the extruder. 

In sections A and C, the flow field is domi nated by converging 

extensional flow; in section 0 (in the x-y direction).' shear 

flow i5 dominant, while in the x-z direction, diverging exten

sianal flow prevails. In section E, conv~,rging extensional 

flow becomes dominant again, while in section F shear flow 

prevails [Appendix B]. 

The flow field in the sUt die can be changed in sections E 

and F via an adjustable die land gap thickness. This allowed 

for manipulation of the converging ratio from the constant 

channel depth in section 0 to the variable depth in secti.on 
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F. Another possibility for influencing the flow field is by 

changing the adapter design. A change in the converging angle 

in section A modifies the flow path length in the tubular 

section B. The above changes in the flow path between the 

extruder exit and slit die outlet are expected to influence 

the microstructure. 

The slit die was heated by a band heater box. Die tempe rature 

was controlled with the aid of a computer program (Appendix 

C). The die was equipped with two pressure transducers (Dynis

co TPT4J2A, 0-3000psi) located alang the center line, one in 

the middle of section D, and one in the middle of section F. 

3.2.3 Take-off Eguipment and Coolin~ 

Due t.., the hygroscopie behavior of EVOH, water cooling could 

not be used. Instead, a variable speed fIat belt conveyer was 

used in conjunction with an air cooling rack to obtain the 

same cooling conditions in aIl experirnents. The take-off speed 

was adjusted so that it was equal to the linear speed at the 

die exit, thus avoiding axial stretching in the cooling 

section. 

3.3 frocessing Conditions 

The processing conditions were varied in order to evaluate the 

effects of extrusion temperature, flow geometry, screw speed, 

screw design, and blend composition on the morphology of the 

extruded ribbon. 

The respective resin manufacturers recommended extruder melt 

ternperatures in the range of 200'C - 240'C for EVOH, and 190'C 

- 230'C for PP. Accot"dingly, the range from 200'C to 230'C was 

chosen for extrusion experiments in this work. Table 3.2 lists 

three die ternperature set points and the corresponding temper

ature profile settings along the extruder barrel. 
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Table 3.2 Slit Die and Extruder Barrel Temperature 
setpoints. 

Temperatule [ 0 C) 

Die 200 215 230 

Extruder 
Zl 170 180 180 
Z2 185 200 205 
Z3 195 205 215 
Z4 205 220 235 
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To study the influence of flow rate, three screw speeds were 

chosen: 30,. 60, and 90 rpm. By chang ing the extruder speed, 

the residence time in the extruder and die is affected. This, 

in turn, influences the contact and/or reaction times availa

ble ta effect the adhesion between the dispersed and matrix 

phase. The technical information available on MAPPl specifi

cally points out the importance of contact time in the molten 

state on adhesive strength between two adjoining layers [64]. 

The influence of the flow geometry on the morphology was eval

uated by changing the adapter angle. T'Wa angles, 30' and 70·, 

were chosen. Mareover, two different exit gap thicknesses were 

used. An exit gap thickness of 1.Omm resulted in a converging 

ratio of 3.75. Tpe ratio for a thickness of 0.5mm was 7.5. Die 

gap is a very important parameter in ~he extrusion blow mold

ing process, where parison thic.kness programming is employed 

to cantrol the dimensions of blow molded containers. 

As indicated in Section 2.2, the composition ratio plays a 

major role in determinlng the morphology of polymer blends and 

their products. Since the goal of this study was to achieve 

a layered dispersed phase structure with minor amounts of the 

dispersed phase EVOH, the maximum amount of EVOH used in the 

blend system has been limited to 30~t%. 

The amount of cOl"\patibilizer used strongly Ïi'i:Lluences the 

number of functionalized groups available at the interface. 

To study the effect of the amount of compatibilizer present 

in the blend system, concentrations between 5 and 20 wt% of 

adhesive polymer were added ta the PP/EVOH blend system. In 

one set of experiments, the matrix pp was r~placed by pure 

adhesive polymer resin MAPP2, in order to ensure constant 

availability of functionalized polymer at the interface. 

Tables 3.3 and 3.4 show the weight and volume perc,~mtages for 

two-component or three-component bl~nd systems chas en in this 

study. 
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Table 3.3 Weight and Volume Fractions for different Blend
ing Ratios for a Two-Component Blend system of 
PP-EVOH or MAPP2-EVOH. 

Blending Ratio wt% volt 

70-30 70-3'J 75.5-24.5 

80-20 80-20 84.9-15.9 

90-10 90-10 92.2- 7.8 
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Table 3.4 Weight and Volume Fractions for different Blend
ing Ratios for a Three-Component Blend System of 
PP/MAPP/EVOH. 

Blencting Ratio wt% volt 

PP-EVOH (MAPP) PP-MAPP-EVOH PP-MAPP-EVOH 

70-30(60) 59.3-1~.3-25.4 64.1-15.4-20.5 

70-30(90) 55.1-21. 3-23.6 59.6-21.5-18.9 

80-20(60) 71.4-10.7-17.9 75.0-10.8-14.2 

80-20(90) 67.8-15.3-16.9 71.3-15.4-13.3 

90-10(60) 84.9- 5.7- 9.4 86.9- 5.8- 7.3 

90-10(90, 82.5- 8.3- 9.2 84.5- 8.4- 7.1 
-

50-50(200) 25.0-50.0-25.0 26.7-53.3-20.0 
. 

-----~--~-~ 
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In the three-component blends, the weight percent column shows 

that, for each mixing ratio, the fraction of EVOH is always 

higher than the fraction of compatibilizing agent. The volume 

percentage co1umn, on the other hand, shows that for a weight 

ratio of MAPP jEVOH equal to 0.90, the volume fract ion of com

patibil izing agent is higher than the volume fraction of EVOH. 

It would be interesting to examine the effect of this tran

sition of volumetrie concentration of compatibilizer on the 

morphology and mechanical properties of the blende 

The following standard operating procedure was employed during 

311 extrusion experiments: 

a) The extruder and die were heated. When a11 temperatures 

reached their respective set points, the system was given 

40 minut~s to stabilize. 

b) The blend system was extruded for 15 minutes to a1low for 

pressure stabilization before experimental data were col

lected. 

c) For each experiment ç eight ribbons were collccted. The 25 

cm long ribbons "ere sealed with a desicca~ _ in plastic 

bags under vacuum, and stored in a freezer ~o minimize 

microstructural changes with time. 

Due to its hygroscopie behavior, the EVOH waf> {-!ried for 24 

hours at 7S·C, and stored in sealed glass contJiners prior ta 

the experiments [78]. The components of the b1end, in pellet 

forro, were tumbled mechanically prior to extrusion. No other 

m\xing was employed. 

3.4 Flow Analysis in Slit Die Extrusion 

As indicated in Chapter 2, deformation studies of droplets 

have only been undertaken for nlodel systems in very dilute 
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emulsions. Moreover, ~orphological studies of pol~ner blends 

have concentrated almost entirely aIl capillary dies. In arder 

to understand and expIa in the final morphology of an extruded 

product, it is important to study the morphology development 

in the die itself. For this purpose, a set of experiments was 

carried out to study morphology development under the follow

ing conditions : 

Blend composition 67.8/15.3/16.9 wt% PP/MAPP/EVOH 

Die temperature : 230·C 

Screw speed 60 rpm 

Screw type metering and mixing 

Adapter design lwo entrance angles (30· and 70·) 

Due to mechanical restrictions, it was not ~ossible to quench 

the whole die unit. Instead, the following procedure was used. 

After stable extrusion conditions were established, the ex

truder was shut off. The die insulation and the band heater 

box were immediately removed, and the complete die unit was 

separated from the extruder. Th~ adapter was removed from the 

slit die, and both pieces were placed on a cooling rùck with 

coo1ing fans. It was possjble to cool the adapter from pro

c~ssing tempe rature to handling temperature in about 30 mi

nutes, and the slit die in about 45 minutes. The solidified 

samp1es from the adapte'r and s1 i t die were collected, ·vacuum 

sea1ed with a desiccant, and stored in a freezer to prevent 

morphologica1 changes with time. 

Figure 3.9 presents a schematic of the slit die and the chosen 

locations for the study of the morphology. The respective lo

cations were selected to allow for view3 parallel and perpen

diculdr to the flow direction, and also te detect changes ever 

the slit channel width (z-coordinate in Figure 3.8). The sec

tions were eut out of the solidified flow geometries and then 

microtomed into lOJ,Lm th in S'lices using a sliding Reichert 



1 
1 
:;. 

SUt Die 1 1-- Adapter 

z 
.J. ~~:::.::::::::::::::;:::::;:===~ 

F E o c B 

Z lob 

X t.a 
y 

Vi2W Z-Z 

Figure 3.9 Sample Locations for OM Analysis. 
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microtome, Model OmE, equipped with a Lipshaw surgical steel 
blade. optical studies were done using a Leitz Laborlux S 
optical microscope (OM), under a magnification of 25. 

Preliminary evaluation showed that the con~rast between the 
two phases was insufficient, so several different staining 
agents were tried in an attempt to enhance the contrast. A 
solution of Toluidine Blue 0 in ethyl alcohol resulted in the 
best contrast between the dispersed EvOH phase and pp matrix 
phase. This solution was used throughout the optical micros
copy studies. Microtomed slices were immersed in the staining 
solution for 24 hours ~t room temperature, and subsequently 
placed in immersion oil between two glass slides. 

The morphology was studied with a new image analysis system 
[79] developed in the Department of Chemical Engineering. 
The glass slide is placed under the objective and focused. The 
eye-piece for the human eye is l.'eplaced by a video camera, 
which is connected to a personal computer (PC) equipped with 

a frame grabber and high resolution color monitor. The OM 

image was produced on the monitor and, due to the insufficient 
resolution of the human eye for different grey levels, pseudo
colors were used instead of the original grey level image to 
enhance the contrast. This allowed a more precise analysis of 

the dispersed phase. After establishing the best contrast 
between the two phases, an image file was created on the PC 
which subsequently could be plotted as a hard copy. 

In the figures shown for the morphology in the die unit, the 
dispersed EVOH phase appears black in a white PP matrix phase. 

3.5 Morphology Studies 

Several key processing parameters were evaluated with regard 

to their effect on the morphology of the final EVOH/PP blend 
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product. These parameters were : composition ratio, die tem

perature, extruder speed, die exit gap thickness, and screw 
design. The main consideration in these studies related to the 

feasibility of producing a layered EVOH dlspersed phase in th~ 
pp matrix phase. 

3.5.1 Sample Preparation and Analysis Procedure 

Figures 3.10 and 3.11 show the sample locations chosen for the 

morphological study of extruded ribbon. Sample locations Al 
and A4 (Figure 3.10) are fractures parallel to the flow direc

tion, while locations A2 and A3 are in the perpendicular di

rection. Locations Al and A2 evaluate morphology at the center 
of the ribbon, and locations A3 and A4 evaluate morphological 

variations across the ribbon width. Two additional locations, 

BI and B2 (Figure 3.11), both at an angle of 45· te the direc
tion of flow, have been included. The six sample ~ocations 
provide a detailed ~verview of the morphology over the width 

and thickness of the ribbon. 

The above locations were marked on the sample of interest. 

The sample was then frozen in liquid nitrogen for three 

minutes, and fractured at the marked locations. The fracture 

surfaces were fixed onto a sample holder using colloidal 

graphite, and placed in a desiccator ta dry for 24 hours. The 

sample holder was then placed in an Anatech Ltd. Hummer VI 

Sputtering System, where the sample was coated with a gold/ 

palladium mixture under vacuum. Finally, the sample was in

serted into the microscope chamber. 

The morphology was examined using a scanning electron micro

scope (SEM), type JEOL JSM-T300. Tests with several polymers 

showed that an accelerating voltage of 15kV produced the best 

image. Thus, this voltage was used throughout the study. 

Photographs were taken, with a 35mm camera, of representative 
parts of the fractured surfaces at several magnifications. 
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Figure 3.10 Fracture Sample Locations for SEM AnalyEis 
(parallel and perpendicular to flow). 
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Figure 3.11 Fracture Sample Locations for SEM Analysis 
(45 0 to flow). 
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Each SEM micrograph has, in the lower right corner, a combina
tian of numbers for identification. The first two digits, with 

a bar on top, specify the scale of the micrograph in ~m. The 

next two digits indicate the acceleration voltage, and the 

last six digits the individual experiment. 

3.6 High Speed Impact Testing 

Polymerie materials and their composites and blends are widely 

used for structural applications. In each instance, the suc

cess of the material in the application requires knowledge of 
its mechanical and chemical property profile. In Many appli

cations, ranging from packaging to automotive parts, impact 

performance is of çritical importance. 

An instrumented Rheometrics variable-speed impact tester 

(RVSIT), available in the Oepartment of Chemical Engineering, 

was used for impact testing. The RVSIT is buil t around a 

Iinear-displacement,velocity-controlled,hydraulicallydriven 

mechanism. The system drives a penetrating rod, the shape and 

size of which may be varled, to impact, short of or up to 

puncturing, a fIat specimen or a formed part. The tester is 

instrumented and fitted with a data acquisition systeF, which 

presents the information on the impact event in the form of 

load-deflection signaIs. A detailed description of the RVSIT 

can be found elsewhere [80-82J. 

The instrumented impact test is, potentially, a very useful 

tool for evaluating the dynamic response of materials sub
jected to a specifie set of geometric loading conditions. The 

biaxial loading imposed by a hemispherical dart on a fIat 

plate specimen rigidly supported over a circular annulus is 

a typical loading condition. The problem with the use of this 

kind of test and machine is associated with the lack of stand

ard testing conditions. Work is in progress by ASTM Cornrnittee 

020 on plastics to develop a practical test method for instru-
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mented dart impact testing [83]. 

According to the procedure employed in this study, the fIat 

specimen was clamped in a 31. 5mm diameter ring. A hemi

spherical probe (12.6mm in diameter) was driven at 0.432 mis 

(1000 inch/min) velocity and penetrated through the specimen. 

AlI tests were conducted at room temperature. 

The relative shape of the load-deflection record is indicative 

of the defocmation and fracture history of the specimen. The 

load 't'ecord can be subdivi::ied into deformation stages and 

characteristic transition points. For any test, the load

deflection record will consist of aIl, or portions of, the 

idealized stages indicated in Figure 3.12, and outlinf~d below 

[84]. 

stage A - dynamic offset. Perturbations are generally small 

and insignificant. 

Transition A - start of the linear load-deflection defor

mation. 

stage B - linear load-deflection deformation. 

Transition B - yield. This implies the onset of plastic or 

permanent deformation, and is nct necessarily an indication 

of cracking. 

stage C - first major permanent. deformation. The damage is 

generally distributed over a relatively large volume, so that 

a decrease in the load is not observed. For fiber filled or 

two-phase materials, this can be associated with the develop

ment of extensive microcracking or interlaminar shearing of 

the matrix. 

Transition C - maximum load. This is defined as the ons et of 

deformation which does not result in an increase in load. This 

point has also been identified as the "ultimate" or "peak" 

load. This transition is usually associated with the first 

appearance of visible cracks on the tension surface of the 

specimen. 
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Figure 3.12 Idealized deformation stages and transitions 
for puncture testing of flat-plate specimens 
by a hemispherical probe [84]. 
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stage D - stable or slow-rate deformation after Transition C. 

Transition D - end of the test, onset of unstable macro

cracking or fracture, for which the specimen does not have 
structural integrity. 

stage E - a non descriptive portion of the load-deflection 
record, essentially showing the probe sliding through the 

puncture. 

Some of the important material characteristics that may be 

obtained from the test are 

a) 

b) 

stiffness, which is the slope of the linear elastic load-

deflection portion (stage B) of the curve, and 

load and deflection values at the fOllowing transition 

points . . 
1) Transition B, yield (end of linear elastic region), and 

2) Transition C, ultimate point (when the curve reaches a 

significant maximum load for the first time). 

The evaluation and discussion of experimental results in this 

study will be based on data for the slope and ultimate load 

(force). Due to considerable difficulties in establishing the 

position of transition B, this value will not be considered 

in the discussion and evaluation. The values presented here 

are averaged over 1:: specimens, wlth a reproducibility of 

±10%. 

3.7 Oxygen Permeability Tests 

The permeabilities of the four resins and their blends were 
determined using a Mocon coulometric oxygen detector, in a 

device similar to the Ol!:-Tran Model 100 [85]. This device con

sists of a cell, which is separated into two chambers by the 

sample ribbon. One side of the sample is flushed with oxygen, 
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and the other side with a dry nitrogen carrier gas containing 

3% hydrogen. Any oxygen molecules diffusing through the film 

are carried, by the carrier gas, to the sensor, which reacts 

electrochemically to produce a current that is monitored by 

a data acquisition system. This current is directly propor

tional to the mass flow rate of oxygen entering the sensor. 

Both the oxygen and carrier gas vent directly to the atmos

phere, and, when the mass flow rates are identical, there is 

no differential pressure across the flow. All samples were 

conditioned for a minimum of 12 hours in the apparatus, with 

dry nitrogen passing on both sides of the ribbon. The tem

perature was set at 25.0 ± 0.1· C wi th a circulating water 

bath. 
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CBAPTER 4 

RESULTS AND DISCUSSION 

4.1 Morphology Development in the Adapter and Slit Die 

4.1.1 Metering Screw 

The adapter angle chosen for studies with the metering screw 

was 30·, because it was thought that the dispersed phase in 

the blend melt leaving the screw would be coarsely distributed 

[86,87]. A small, streamlined flow angle would be sufficient 

to cause coalescence and produce layered structures in the 

adapter. 

Figures 4.1 and 4.2 presont OM micrographs parallel and per

pendicular to the direction of flow inside the ~dapter. 

Micrographs of samples 4a and 4b at position 4 (Figure 4.1) 

represent the morphological structure of melt leaving the 

screw. They clearly show that the dispersed phase is coarsely 

distributed. Sample 4a shows a circularjhelical configuration 

of the EVOH phase, which appears to be similar to the reported 

circulation patterns in the mel t pool betwet;.n two screw 

flights in the metering zone [86]. Sample 4b shows oriented 

EVOH agqlomerates in the flow direction, still very coarse, 

but the onset of a laminar structure is evident. 

Further downstream in the conical section of the adapter, in 

samples 3a a~d 3b, orientation of the dispersed phase can be 

seen more clearly. Sample 3a shows a migration of the dis

persed phase towards the adapter axis, as was observed for 

dilute emulsions in the experiments of Mason and co-workers 

[18]. In sample 3b, the arrangement of the dispersed phase in 

a laminar structure can be recognized. This effect has been 

predicted for dilute emulsions [8,20,21]. Surprisingly, the 

short flow distance from location 4a to 3a is sufficient to 
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create a strong laminar order in the direction of flow. 

Subsequently, the melt, having the structure indicated above, 

ent~rs the tubular section of the adapter (samples 2a and 2b, 

Figure 4.2), and exits from the tubular section into the slit 

die (samples la and lb, Figure 4.2). Locations 2a and la both 

show a continuation of ctispersed phase migration towards the 

adapter ~xis. In la, at the end of the tubular section, a 

large concentration of dispersed phase EVOH can be observed 

at the center. On the other hand, thin circular lamjnar ar

rangements are formed ne~r the channel wall. 

Of particular interest in Figure 4.2 is location 2b, where 

the strong converging flow creates large, fish tail-shaped 

arrangements in the center axis, which are due to increased 

migration, coalescence, and extension of the dispersed phase. 

During the flow through the tubular section of the adapter, 

migration towards the center is dominant, which results in an 

agglomeration of the dispersed phase around the center ~xis, 

leading to large, cylindrical-shaped dispersed phase arrcmge

ments entering into the slit die (location lb). 

Figures 4.3, 4.4, and 4.5 present OM micrographs of the mor

phological arrangements inside the slit die. 

The flow from the adapter into the slit section results in a 

transformation of the cylindrical-shaped dispersed phase into 

a thick layer, surrounded by many small platelets, as can be 

seen in cuts parallel and perpendicular to the direction of 

flow (Figure 4.3, samples 2a and 2c). In the region near the 

side walls for location 2, it can be seen that the laminar 

structure is present in the complete width of the slit flow 

channel. Very large, thin layersjplatelets are present (Figure 

4.3, location 2b and 2e). 

This laminar structure continues to exist further downstream, 

as presented in Figure 4.4. Sample 3a shows the dominant layer 

• 
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Figure 4.3 OM Micrographs of Morphology Development in Slit 
Die for Samples using a Metering Screw. 



(;) flow direction 

!. 1 1 • 
:' 500~Jm, 

. . -le _. 

. 
!. • -- .,.. -. r.;;;:=--__ ~ ... --
• •• 

' . -., 
• 

H.,- ' .. 
...• .1. 
!-' ..... : .. • 
J'. 

3a 

. . , 1 l' .. . .. , 

SOOJlm. , ......... :: .. --..... -. --:- .. ~ 

.. 

• • . . ',. . ' . ., 

~: ~ ~ ~4·e.' .• -:-', .... ·.·0· ... -:':' ..•. _ .. 
: --. • Il _.t "-.~ . 
;' ~ ~~ .. -- ........ .-~ .•. 

~.. ~.""'.-" . -- -. .... '.,.-- .-: ..",. ,1:. t' 
~c,~~~,_, _ -.. - ' .. -....-:-' '!'fa- .• .....::.,... • ...... 

,.......... • .·ba· 
................ ,.1 ........... -... 
••• • ••• ~ • ..,..., .... t ....... ' 

.. ...... .e. -. • 
~. ~~ .... - .. ... .. •• -1 a .. Ji 

3b 

wall 

core 

wall 

wall 

core 

wall 

102 

c: flow direction 

1 -; _. • 
III SOOum'.' . -:-........ --.$!I' ,e. , . • r: ~... .• ••• I-~· 

r....c. .. -:::-.. ...,.. .-
.. .. -... ~'- .-~~,= .................. . 

~- -:::-.......... ~ ... !.- •. ~ 
., -. _.. . --:. . ..".,--.. 

• ;J'-' .... 
•••• ~.:. • Il 

, .-
• .. ' 
-,-..- ..... ,. , . . ~'"". .,... -- - .. -. • •• ." SC': t •• - •• 
.e •• 1 • .... .-. • ••• 

,....... -:. -- rp-:. . .. , .... .. '. ...,... ~ . . . 
-,;_. ;..: .. ~.: •• :~. ,,~~. r...." ... 
...... , ... .. •••• ~o ..... _. .-., ..... ..... .. .. .. .. 

3e 

Figure 4,4 OM Micrographs of Morphology Development in Slit 
Die for SampI es using a Metering Screw. 



1 

1 

103 

ùf the center portion of the flow field, which is extended 

over the whole sample width, surrounded by smaller platelets 

towards both wall boundaries. In addition, samples 3b and 3e 

show, that the laminar structure continues to exist over the 

complete flow channel width in the diverging section (Figure 

3.9, x-z plane) of the slit flow geometry. 

Sample 2b (Figure 4.3) and location 3b (Figure 4.4), both cut 

perpendicular to flow, show, in addition to the existence of 

the laminar structure over th(~ channel width, the influence 

of the walls on the development of the morphology. The pres

ence of the walls results in a U-shaped morphology close to 

the walls throughout the die. The retention of the circular 

laminar structure (sample la, Figure 4.2) from the tubular 

adapter section (~ 9.525mm) into the slit die with a constant 

height (3.175mm), shows a remarkable flow stability of the 

laminar structure, even for large dimensional changes of the 

flow geometry. 

Figure 4.5 shows the morphology for the contraction zone, from 

section 0 to section F in the slit die (Figure 3.9). Comparing 

aIl three locations (4a, 4b, and 4d), it can be seen that the 

flow behavior is the same over the channel width. In section 

E, the dispersed phase is streaml ined in the contraction 

section, coalescence is occuring, and the dispersed laminar 

structure is stretched into exit gap section F. It can also 

be noticed that the highest dispersed phase concentration 

(thickest layers) are located in the center. The three micro

graphs of Figure 4.5 clearly show that the laminar structure 

persists throughout the contraction. 

The morphological development along the slit shows that the 

general features of the blend morpholo~y, consisting of large 

concentrations of the dispersed phase at the center and finely 

distributed laminar/layered arrangements near the surfaces, 

are established in the adapter. In the slit die, on1y a trans-



( 

{ 

~ flow direction 

~. . ':,'" : ••• LJ!I" 
• .._. 1. 

",.. .' 
.,~ .. ~ 

. ~~~:~ 
.. =--... cioIioI. .. ' .... ~·r A~ ,.- " .. - ---~.~ .... .,... ''!'.. .*' • 

• 4If. •• .. ... J!IIi> -! 
•• ,. ~ •• 10 ~ • .,,-•• 1 l-

-'. 500 ' 
• --.-...aI. ••.• -. -. e • • .J-~ 

.- -- ..,... .. ~:. --

., -' . . ;~.~ ...... ~ 
• ~ ,..fl 

~ .. " 
, :;~" .' .. o' .' ,:;.c~-:?i'...,.' .:.... 

• ~.;t-. ~ .::i' ' ' 
• ':"~ ••• O" ____ ...... 

,1- .;,9111 ~ ~ _ ~ --. " .. ~-- . 
':'~~. ~ .•... ~ 
F.-~ •. ' .... :. 

'. ..~.. ...-
~
'~ .. ~ .... 

~. ... ... 
~ • ,,-=-:' : •• " 1-1 ---lI • .... J.:- ",. .• - 500~m 

j. ... >al··,"' ..... ë. 

l.04 

wall 

wall 

wall 

wall 

wall 

wall 
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formation from a tubular flow geometry to a diverging slit 

geometry takes place without major changes in the blend struc

ture. This transformation results in a thick, two-dimensional 

layer/platelet formation in the center portion of the x-z 

plane in the diverging slit section, and a continuation of the 

finely distributed laminar/layered arrangement near the walls. 

4. 1.2 Mixing Screw 

For the mixing screw analysis, an adapter angle of 70' was 

chosen to enhance converging flow and coa:escence in section 

A of the adapter. The mixing screw employed in a single screw 

extruder can produce a fine, unifomly distributed dispersed 

phase in the matrix phase (73-77]. The resul ting morphology 

cannot he transformed into a layered/laminar product morpho

logy [41,42]. It was thought that if the mixing screw employed 

in this work was efficient in breaking the dispersed phase 

agglomerates into fine droplets 1 a large adapter entrance 

angle should be of help ta produce larger agglomerates via 

coalescence [32]. The agglomerates could then be transformed 

into a laminar structure along the remaining flow path. 

Figures 4.6 and 4.7 present micrographs for the adapter. 

Compared to the experiments with the metering screw (Figure 

4.1), the dispersed EVOH phase is finely distributed around 

a small, concentrated EVOH phase core (sample 4a, Figure 4.6) . 

The large entrance angle results in extensive coalescence in 

the short converging section of the adapter, creating large, 

extended, dispersed phase agglomerates along the a-..:is (samples 

3a and 3b, Figure 4.6). In the tubular section of the adapter, 

these dispersed phase agglomerates continue to flow as cylin

drical shapad deformable particles towards the entl.-ance of the 

slit die (Figure 4.7). 

Even though a mixing screw was used to extrude the pol ymer 

blend, Figures 4.8, 4.9, and 4.10 convincingly show the lami-
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formation from a tubular flow geometry to a diverging slit 

geometry takes place wi thout major changes in the blend struc

ture. This transformation results in a thick, two-dimensional 

layerjplatelet formation in the center portion of the x-z 

plane in the diverging slit section, and a continuation of the 

fint:ly distributed lamlnarjlayered arrangement near the walls. 

4.1.2 Mixing Screw 

For the mixing screw analysis, an adapter angle of 70· was 

chosen to enhance converging flow and coalescence in section 

A of the adapter. The mixing screw employed in a single screw 

extruder can produce a fine, uniformly distributed dispersed 

phase in the matrix phase [73-77]. The resulting morphology 

cannot be transformed into a layeredjlaminar product morpho

logy [41,42]. It was thought that if the mixing screw employed 

in this work was efficient in breaking the dispersed phase 

agglomerates into fine droplets, a large adapter entrance 

angle should be of help to produce larger agglomerates via 

coalescence [32]. The agglomerates could then be transformed 

into a laminar structure along the remaining flow path. 

Figures 4. 6 and 4.7 present micrographs for the adapter. 

Compared to the experiments with the metering screw (Figure 

4.1), the dispersed EVOH phase is finely distributed around 

a small, concentrated EVOH phase core (sample 4a, Figure 4.6). 

The large entrance angle results in extensive coalescence in 

the short converging section of the adapter, creating large, 

extended, dispersed phase agglomerates along the axis (samples 

3a and 3b, Figure 4.6). In the tubular section of the adapter, 

these dispersed phase agglomerates continue to flow as cyl in

drically shaped deformabla particles towards the entrance of 

the slit die (Figure 4.7). 

Even though a mixing screw was used to extrude the polymer 

blend, Figures 4.8, 4.9, and 4.10 convincingly show the lami-
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nar arrangement of the dispersed EVOH phase throughout the 

slit die. 

As previously seen in the micrographs for the experiments wi th 

the metering screw, the morphology of the center region of the 

slit diE: consists of large EVOH layers. The U-shaped morpholo

gy near the side walls ü; also present (F igures 4.8 and 4.9) • 

Figure 4.10 shows the mo)~phology in section E of the slit die. 

The coalescence of the !'ine layerjplatelet structure is evi

dent. The laminar structure is not destroyed in the highly 

extensional flow field, confirming the results of Mason and 

co-workers [20] for di lute emulsicns, which showecl that visco

elastic, deformable par'ticles can be highly extendt!d before 

breakage occurs. Sample 4d shows that the dispersed phase con

tinues to flOl-i in laminar arrangemen'.cl through the exit gap. 

The above morphological. analysis has shown that it is possible 

to achieve a laminar arrangement of the dispersed phase in the 

matrix phdse, even when a mixing screw is used to extrude the 

polymer blend system. The large entrance angle in section A 

of the adapter (Figure 3.9) enhances coalescence in this sec

tion, resulting in larger dispersed phase agglomerates which 

exhibit a laminarjlayf!red structure throughout the downstream 

sections of the die unit. 

Subramanian [41,42] !;howed that a HDPE/modified nylon blend, 

when subjected to no:cmal processing under good mixing condi

tions, resulted in a product where the nylon was homogeneously 

dispersed within the HOPE matrix phase. Subramanian concluded 

that a laminar structure could be achieved only when the dis

persed phase was prevented from forming tiny droplets, thus 

indicating that good mixing conditions would not be suitable 

to produce laminar arrangements of the dispersed phase in the 

matrix phase. 
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4.1.3 Analysis of Flow Kinematics 

The analysis of the flow field in the slit die unit was per

formed jointly with Dr. K.T. Nguyen, using a <..:!ommercial pack

age, FIDAP, from Fluid Dynamics International, Inc. FIDAP is 

a general purpose finite element program which can simulate 

many classes of incompressible fluid flows by solving the 

conservation equations (mass, momentum and energy) . 

The influence of different adapter angles, 30° and 70°, on the 

flow field w.::'\s considered (Figures 4.11 and 4.12). The veloci

ty field was obtained under the following assumptions: 

i) the flow is isothermal and steady, 

ii) inertia is negligible, 

iii) no slip at the die walls, 

iv) the material i5 considered as a single fluid, i.e., the 

effect of surface tension is neglected and the viscosity 

of the dispersed phase is assumed to be the same as the 

matrix phase, 

v) the viscosity is described by a Powe,: Law model. 

As a result of assumption (iv), the deformation of the dis

persed phase is simply the deformation of material lines and 

surfaces. 

The literature review has shown that theoretical deformation 

predictions are only valid for very small deformations and 

simple flow fields. A detailed analysis of the general defor

mation solution of Cox [5] showed that this solution cannot 

be used in the complex flow field encountered in the adapter 

and in the diverging and converging sections of the slit die. 

The analysis of the morphology development in Chapters 4.1.1 

and 4.1.2 has shown that the dispersed phase is oriented in 

laminar arrangements in the matrix phase, thus ind icating that 

the surface tension effect of the EVOH phase on the deforma-
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Figure 4.11 Finite element mesh for a 30· adapter and slit 
die design. 
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Figure 4.12 Finite element mesh for a 70° adapter and slit 
die design. 
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tian is minor compared to the effect of viscosity. On the 
other hand, Lepoutre [40] calculated that the viscosity ratio, 

~~aI~PP, varied, depending on the shear rate, from 1.1 to 1.7 
for a temperature range from 200'C to 240·C. The sma11 surface 
tension, and the viscosity ratio near unit y for the PP/EVOH 
blend system, indicate that deformation studies with a single 
fluid model would yield results which could help to improve 
the understanding of the deformation behavior inside the adap
ter and slit die, at least qualitative1y. 

Four cubic particles were introduced at the entrance of the 

flow geometry and their individual material particle paths 
were calculated along the adapter and s1it die. 

Figures 4.13 and 4.14 show the particle deformation behavior 
for 30' and 70' adapter angles, respective1y. The rate of 

deformation in the conical section is larger for the 70· adap
ter, due to a sharp decrease in flow area over a shorter dis

tance. Both figures show that the predominant, uni-directional 

deformation in the y-direction inside the adapter is trans
formed into a two-dimensiona1 deformation in the x-y direction 

in the slit die. This two-dimensional deformation occurs 
shortly after entering the diverging section of the slit die, 

and has been shown to exist under real processing conditions 

(Figure 4.3). The analysis shows, for both adapter angles, 
that this two-dimensional deformation is maintained throughout 

the diverging section, especially in the core. This also has 

been shown in the optical microscopy analysis (Figures 4.4 

and 4.5). 

Figures 4.15 and 4.16 show a close-up of the adapter section 

for both cone angles. Both figures show that, even though the 

ve10city at the center is highest, the center particle 

stretches less than the two particles cl oser to the wall. The 
deformation behavior of the particles closer to the wall is 

strongly influenced by the na-slip boundary condition. In real 
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Figure 4.13 Deformation behavior of four particles for a 30· 
adapter and slit die design. 
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Figure 4.14 Deformation behavior of four particles for a 70° 
adapter and slit die design. 
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Figure 4.15 Deformation behavior of three particles in a 30° 
adapter. 
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Figure 4.16 Deformation behavior of three particles in a 70· 
adapter. 
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processing conditions, such a stretching ratio of the dis
persed phase cannot be accomplished, and the particle breaks 

up into smal1er particles. This explains the more homogeneous 

distribution of the dispersed EVOH phase in the pp matrix 

phase towards the wall (Figure 4.2), whereas in the core, a 
cylindrical EVOH distribution can be found. 

Figures 4.17 and 4.18 show the deformation of two center par

ticles in the diverging section of the slit die. For both cone 
angles, the deformation along the center axis of the die is 
undisturbed and results in a two-dimensional layer formation 

{x-y plane}. The layers in the diverging section of the 70· 

adapterjslit die unit are longer compared to deformations for 

the 30· adapterjslit die unit. For both angles, particles 10-

cated closer to the wall of the slit die exhibit complicated 

deformations, due to combined. shear and extensiona l flows. 

Under real processing conditions, this would resul t in breakup 

of layers into smaller plate1ets. Figure 4.3 demonstrates this 
for the EVOH/PP blend system. 

Figures 4.19 and 4.20 present a front view {y-axis} of area 

A {see Figures 4.11 and 4.12}, and show the deformation of 

three particles. Again, it can be recognized that the deforma

tion in the core results in a thin laminar arrangement. To

wards the walls, the deformation of the particles is irregular 

and complicated. Under processing conditions, this results in 
a laminar arrangement of the dispersed phase in the core and 

a homogeneous arrangement towards the walls. This has been 

shown in the optical microscopy studies, as presented in 

Figures 4.4 and 4.5. 

The analysis of flow kinematics has shown that the deformat-ion 

behavior of a droplet, calculated for a single fluid model, 

can give qualitative information regarding the influence of 

die design on the morphology. The deformation of a particle 

element along the center axis results in a well defined lami-
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Figure 4.17 Deformation behavior of two particles in the 
diverging section of the slit die (30· adapter 
angle) . 
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Figure 4.18 Deformation behavior of two particles in the 
diverging section of the slit die (70· adapter 
angle) • 
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Figure 4.19 Deformation of three particles. 
Front view (y-axis) of area A (see Figure 4.11). 
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Figure 4.20 Deformation of three particles. 
Front view (y-axis) of area A (see Figure 4.12). 
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nar structure, whereas wall effects disfigure the particle 
and make characterization impossible. In real processing 
conditions, this may lead to breakup of the dispersed phase 
and a morphology containing small platelets, fibers, and 

spheres. 

4.2 Morphology of Extruded Ribbons 

4.2.1 Morphology of Pure Resins 

The morphology of ribbons extruded from each of the four indi
vidual resins was eva1uated under the SEM to differentiate 

hetween the "virgin" morphology, characteristic to each indi
vidual resin, and the morphology introduced due to different 

composition ratios and processing conditions. 

The following processing conditions were employed 

Die Temperature 
Screw type 
Sere", speed 

Exit gap 

. . 

21S"C 

metering 
60 rpm 

0.5 mm 

The die tempe rature was restricted to 215°C, due to the pro

cessing behavior of EVOH. As a single phase, EVOH could only 

he extruded at 215°C [66], using available processing equip
ment. Below this temperature, the extruder seized, and it was 

not possible to melt and transport the EVOH along the screw 

channel. Above 215°C, the viscosity of the extrudate was very 

low, and the cooling and take-off equipment could not handle 
the material. 

Figure 4.21 shows micrographs of the morphology of three 
resins incorporated in this study. The morphologies of MAPP1 

and MAPP2 are identical, so only one micrograph is presented. 
As can be seen, the fractured surfaces are smooth and uniform, 

and no distinct morphology is detectable. 
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Figure 4.21 SEM micrographs for the Pure Resins. 
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The MAPP1 (and also the MAPP2) micrograph shows evenly dis
tributed, very sma11, white, spherical inclusions. These in

clusions could not be identified. Moreover, the two manufac
turers of ths resins ~Tere not willing to supply this informa

tion. In view of the findings to be discussed later, it does 
not appear that the nature of the inclusions is a critical 

factor in determining the morphology of the extruded ribbons. 

4.2.2 Morphology of Extruded Blends 

Three different types of blends were evaluated : 

1) Blends of pp and EVOH without any compatibilizing agent. 

2) Blends of pp and EVOH with addition of MAPP adhesive poly

mers. 

3) Blends of MAPP2 adhesive polymer and EVOH. 

The analysis of the morphology development in the die unit in 

Chapter 4.1 has revealed that the dispersed phase has a lami

nar arrangement in the matrix phase. The morphology analysis 

of the extruded ribbon will show that this laminar structure 

can be divided into layers and platelets. 

AlI three blend types exhibit morphological variations across 

the ribbon thickness. These variations, from the extrudate 

core to the surface, may vary, depending on the blend type and 

processing conditions used. In general, however, the morpholo

gy may be divided into three distinct zones: 

layered structure over complete sample widthi 

layer thickness and overall dimensions depend 

on processing conditions. 

intermediate dispersed phase agglomerates in different sizes 

surface 

and shapes; platelets, fibers, and spheres. 

dispersed phase mainly in the form of spheres 

or short fibers. 
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Depending on composition ratio and processing conditions, a 

clear distinction between these three zones was not always 

immediately evident, and it was necess:lry to study micrographs 

for aIl six sample locations (Figures 3.10 and 3.11), in order 

to distinguish between the various zones. In the following 

discussion, the morphological variations across the ribbon 

thickness will be presented for a 80j20wt% (PP+MAPP) jEVOH com

position ratio, for aIl three blend types. 

As pointed out in section 4.1.1, the slit die side walls pro

duce a U-shaped morphology close ta the wall. This U-shaped 

morphology ("Flow Lines") i5 maintained as the extrudate exits 

the die, and can be seen in the extrudate at locations close 

ta the edge of the ribbon - fracture locations A3 (Figure 

3.10) and B2 (Figure 3.11). Figure 4.22 presents "Flow Line" 

micrographs for aIl three blend types studied. In this par't:ic

ular region, layers, platelets, and fibers are oriented in a 

semi-circular (U-shaped) pattern. 

It should be pointed out that this "Flow Lines" effect will 

not be present when a tubular die is used, as in the case of 

blow molding, due to the symmetrical flow field in this type 

of die. 

4.2.2.1 PP/EVOH Blends 

The analysis of PPjEVOH blends was undertaken to study the 

morphology of two incompatible polymers with no compati

bilizing agent present. Thus, bonding or adhesion has no 

influence on the coalescence and dispersed phase deformation 

behavior [49,50,55-61]. 

(a) Variation across Ribbun Thickness 

Figure 4.23 shows the marphalogical changes from the core to 

the surface at two different temperatur~s. Differences due to 
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METERING SCREW 

TDie=230·C,60rpm 

h=l.Omm 

METERING SCREW 

TOa=2 3 0 0 C, 60rpm 

h=l. Omm 

MIXING SCREW 

TD1e=215°C,60rpm 

h=O.5mm 

Figure 4.22 SEM micrographs showing Flow Lines for different 
Compositions and Processing Conditions. 
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SURFACE SURFACE 

INTERMEDIATE IN'rERMEDIATE 

CORE CORE 

Figure 4.23 SEM micrographs for a PP/EVOH blend system show
ing Morphology Variations across Ribbon Thj ckncss 
for a BOj20wt% composition ratio as a Function 
of Die Temperature (Metering Screw, 30rpm, 
h=l. Omm) . 
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temperature change can be observed in aIl three regions. The 

higher temperature results in a more pronounced layered struc

ture in the core region. The layers are thinner and continu

ous over the sample width. Decreasing temperature changes the 

morphology in the core region to a platelet type structure, 

and differentiation between the core and intermediate regions 

becomes difficult. Small temperature effects are found in the 

intermediate region. The higher temperature produces a dis

persed structure consisting of agglomerates of different sizes 

and shapes, while platelet structure is still dominant at the 

lower temperature. The dispersed phase in the surface region, 

obtained ai:. the higher temperature, appears in spherical ferm 

or as short fibers, except for some larger agglomerates which 

are partially oriented in the flow direction. For the lewer 

temperature, platelets and long fibers are the main features. 

The above observations may be explained by noting the differ

ences in flow behavior for the blend system at the two tem

peratures. As has been shown in section 4.1, the main features 

of the morphology are produced in the adapter, and the overall 

morphology is preserved as the mate;:ial exits the die unit. 

At the lower temperature, coalescence and migration towards 

the adapter axis are inhibited due to the higher viscosit les 

of both phases. This produce::; an overall coarse distribution 

of the dispersed phase in the matrix phase. As a resul t, 

platelets are formed from large, dispersed phase agglomerates 

in the core and intermediate regions, whereas long, continuous 

fibers form in the surface region, due to the extensional flow 

fields in the adapter and slit die. 

A general characteristic is a depletion of EVOH near the sur

face and a concentration in the core region, in agreement with 

the discussion in section 4.1. 
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(b) Effect of EVOH Content 

Figure 4.24 prE.:sents micrographs showing the effect of compo

sition ratio and tempcarature on the Iayered structure in the 

core region. Generally, it can be observed that increasing the 

amount of EVOH resul ts, for both temperatures, in a thicker 

core region with pronounced layered features. Decreasing the 

amount of EVOH resu] ts in a change from a Iayered form to a 

more dominant platelet structure. This change appears, for the 

higher temperature, at an EVOH content between 10 and 20wt% 

and, for the lower temperature, at approximately 20wt%. 

Decreasing the temperature produces thicker layers wi th more 

pronounced internaI structure in the core reg ion. 

With the appropriate processing temperature, it is possible 

to produce large continuous layers in the core region of the 

extrudate. This display of stretching and spreading the dis

persed phase in the matrix can be compared to continuous 

layers produced by multi-layer coextrusion. 

The SEM micrographs show the smooth surfaces at the interfaces 

of the two phases, indicating poor or no bonding between EVOH 

and PP, as expected for this group of incompatible polymers. 

4.2.2.2 PP/MAPP/EVOH Blends 

(a) Variation across Ribbon Thickness 

The incorporation of compatibilizing agents does not change 

the generally observed morpholog icai patterns across the 

ribbon thickness. 

Figure 4.25 shows the variation of the morphology with thick

ness, at two tempe ratures , for a 67.8/15.3/16. 9wt% PP/MAPP1/ 

EVOH system. In the core region, the laminar structure con

sists of thin layers stacke.d on top of each other at the 

higher temperature, whereas, at the lower temperature, th i ck 
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70/30wt% 70/30wt% 

80/20wt% 80/20wt% 

90/10wt% 90/10wt% 

Figure 4.24 SEM micrographs for a PP/EVOH blend system show
ing the Influence of Composition and Die Temperé!
ture on Laminar structure Development in the Core 
Region (Metering Screw, 60rpm, h=1.0rnrn). 
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TOi.= 230·C 

SURFACE SURFACE 

INTERMEDIATE INTEHMEDIATE 

CORE CORE 

Figure 4.25 SEM rnicrographs for a PP/MAPP1/EVOH blend SystC'ffi 
showing Morphology Variations across Ribbon 
Thickness for a 67.8/15.3/16.9wt% composItion 
ratio as a Function of Die Temperature (Mctcrjng 
Screw, 30rprn, h=1.0mm). 
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layers are dominant. The intermediate regions for both tem
peratures consist of long fibers and cylindrical-shaped dis
persed phase. In addition, larger agglomerates and spheres 
are present. The surface regions again show depletion of EVOH, 
which is partially ot'iented in the direction of flow as short 

fibers. 

Of particular interest is micrograph 5342-03, which depicts 
a section perpendicular to the flow direction (sampls A2, 
Figure 3.10). It shows the dispersed phase taking on a cylin
drical form, perpendicular to the flow direction. These cyl in
ders are probably formed in the diverging section of the slit 
die unit. As it enters the adapter, the dispersed phase ag
glomerate is stretched due to the extensional flow field in 
the converging part of the adapter. In the diverging section 
of the slit die, the velocity of the tail of the dispersed 

phase cylinder is higher than that of the nose. Thus, the 
cylinder is rotated perpendicular to the flow direction. In 
the exit die gap section, which has constant width and thick

ness, the velocity gradient between nose and tale is nul li
fied, and the cylinder maintains its orientation. 

Cb) Effect of Screw Design 

It was pointed out in section 4.1 that it was possible to 
obtain a laminaI' structure of the dispersed phase in the 

matrix phase, even when using a mixing screw. This has been 
attributed to coalescence and migration of the dispersed phase 
towards the adapter axis. Thus, it would be of interest to 
compare the morphological patterns obtained with the mixing 

scre~ to those obtained with the metering screw. 

Figure 4.26 compares the patterns obtained with metering and 

mixing screws for identical processing conditions. For both 

screws, the core region shows a layerjplatelet arrangement of 

the dispersed phase. Results obtained with severa! composition 
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METERING SCREW MIXING SCREW 

Figure 4.26 SEM micrographs for a PP/MAPP2/EVOH blend systC'n1 
showing the Effect of Screw Design on Lam i nar 
structure oevelopment in the Core Region for tl 

71.4/10.7/17.9wt% composition ratio (T[;le-=-230'(', 
60rprn, h=O. 5rnrn) . 
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ratios suggest that the mixing screw produces more, and thin
ner, layers, stacked on top of each other (Figure 4.27). The 
morphology of ribbon extrudates with the mixing screw, using 
an entrance angle of 30 0 (the system in section 4.1 was eval u
ated for an angle of 70°), shows that even with a streamlined 
transition from the extruder to the slit die, it is possible 
to obtain laminar structures in the core portion of the extru

date. 

The intermediate and surface regions for both screws show con
siderable differences, which can be attributed to the mixing 
effectiveness of the mixing screw employed in this study. The 
amount of EVOH present in the intermediate and surface regions 
is higher with the mixing screw than with the metering screw. 
As a result, it is possible to obtain platelets in the inter
mediate zone, and long, thin fibers in the surface region, 

when a mixing screw is used. 

Another contribution of the improved m~x~ng effectiveness of 

the mixing screw is that the EVOH is more uniformly distrib
uted in the product. In the metering screw, however, the EVOH 
has a high concentration in the core region, which decreases 
towards the surfaces of the extrudate. 

(c) Effect of Die Exit Gap Size 

The knowledge of morphological changes which occur due to 
changes in the die exit gap size is of great importance for 
the blow molding process, where parison thickness programming 
is standard procedure during production. Parison programming 

allows for thickness changes along the parison length to ac
commodate special design features of the blow molded article 

(88]. Thus, it has to be established how these changes of the 

thickness influence the morphological features of an extruded 
pol ymer blend. 
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METERING SCREW MIXING SCREW 

SURFACE SURFACE 

INTERMEDIATE INTERMEDIA'I'E 

CORE CORE 

Figure 4.27 SEM rnicrographs for a PP/MAPP2/EVOH blend system 
showing Morphology Variatjons across Ribbon 
Thickness as a Function of Screw Design for a 
71.4jlO.7j17.9wt% composition ratio (Th ,,=230·C, 
60rprn, h=O. 5mm) • 
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The effect of an exit gap size change on morphology was evalu
ated for both screws. Typical results are shown in Figure 
4.28. Micrographs for both screws show a change in morphology 
associated with a change in exit gap size. An increase in gap 

size yields fewer, but thicker, layers, which show a variety 
of internaI structures. A thinner gap size results in an in
creasing number of stacked thin layers which are of more uni
form thickness. The internaI structure is greatly diminished, 

and the layers are extended over a larger area. 

An explanation for the above morphological effects can be 
found with reference to Figure 3.9. A change in exit gap size 
from I.Om~ to O.5mm results in a change of the contraction 
ratio from 3.75 to 7.5, fr:>m section 0 to section F. This 

higher contraction ratio influences the extensional flow field 
significantly. The higher extensional strain rate between sec
tion 0 and section F causes the dispersed phase material ta 

elongate more, thus resulting in thinner and larger layers. 
Although the morphological differences due to a change in exit 

gap size are quite large, it should be noted that, for both 
thicknesses, th~ laminar structure is dominant in the core 

region. Thickness variations in parison programming are usu
ally smaller than those se en in the present case. Thus, it is 

expected that smaller variations in morphology of the core 

region of the extrudate would be encountered. 

(d) Effect of Screw Speed 

One of the most important economic variables in commercial 
extrusion lines is production rate, which depends mainly on 

screw speed and design, as weIl as cooling and take-off rates. 
The screw speed (or extruder rpm) is limited by screw design, 

which influences the balance between pumping, melting, and 
solid conveying rates. The extrusion and take-off speeds must 

be optimized, to ensure that the extrudate product does not 
undergo undesirable changes and damage after the material 
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METERING SCREW MIXING SCRF.W 

h = 1. Omm h = 1. Omm 

h = O.5mm h = O.5mrn 

Figure 4.28 SEM micrographs for a PP/MAPP1/EVOH blend systc'm 
showing the Effect of Exit Gap Size on Lilminar 
Structure Development in the Core Region ilS ~ 

Function of Screw Design for a 71.4/10.7/17.9V/t'~ 
composition ratio (Tou=230'C, 60rprn). 



141 

leaves the die section. 

In the present experimental studies, the screw speed was 
limited to 90 rpm due to limitations on the melting capacity 

of the extruder used. Higher screw speeds, e.g. 120 rpm, re
sul ted in an extrudate which contained unmel ted EVOH particles 

for both die temperatures (200°C and 230°C). 

Figure 4.29 shows four micrographs for two composition ratios 
and three rpm settings. It appears that a higher screw rpm 

produces a more pronounced laminar structure. The core reg ion 
contains a larger number of thinner layers when the rpm is 

increased. For the same exit gap size, a higher mass flow rate 
results in a higher extensional rate, creating longer, ex
tended, and thinner structures of the dispersed phase in the 

matrix phase. A higher mass flow rate also results in strong 
coalescence and migration behavior of the dispersed phase, 
during flow in the adapter. This suggests that the development 
of laminar structure in the core region of the extrudate is 

enhanced at higher extruder speed, thus not posing an obstacle 

on commercial production, in relation to morphological devel
opment. 

The effect of increased extruder speed on residence time or 

contact time between the dispersed and matrix phases, which 
could influence the development of adequate bonding between 

the two phases, will be discussed later. 

(e) Internal structure 

A closer examination of micrographs discussed so far reveals 

that the layers, produced in the core region of the extrudat~, 
very often exhibit internal structure consisting of fibers and 

spheres. This structure is more obvious at lower die tempera
ture, larger exit gap thickness, lower extruder rpm, and when 
a mixing screw is used. 
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h = 1.0mm h = O.5mm 

30 rprn 60 rprn 

.r: 
90 rprn 90 rprn 

Figure 4.29 SEM rnicrographs for a PP/MAPP1/EVOH blend systC'f'l 
showing the Effect of Screw Speed on Larnindr 
structure Developrnent in the Core Region as a 
Function of Exit Gap Size for a 67.8/15.3/1G.9.,.,t·: 
composition ratio (Meterjng Screw, TI)jI.'"'230"C). 
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Figure 4.30 presents a close-up for one processing condition, 
showing fibers and spheres. The origin of the internaI struc

ture is related to the development of the laminar structure. 

Coalescence and migration in the adapter are prerequisites for 
the production of a weIl established, laminar structure in the 
core region. During coalescence and migration, the dispersed 

phase is directed towards the adapter axis, becoming highly 
concentrated in this region. In the procesR, the dispersed 

phase incorporates small amounts of the matrix phase, which 

subsequentIy show up as internaI structure in the final ex

trudate n.orphology. 

InternaI structures have also been observed by Favis et al. 

[44] in a mixing study of a 60j4owt% PC/PP blend in an inter

naI mixer. The type of structure consisted of a matrix phase, 

a dispersed phase, and dispersed phase droplets within the 
dispersed phase. No explanation was given for this composite 

droplet structure. 

(f) Adhesion 

compatibilizing agents (MAPP adhesive polymers) were used to 

obtain bonding between the two immiscible phases of EVOH and 

PP, in order to improve both barrier and mechanical properties 

of the extruded blend product. 

Comparison between the morphologies of ext.rudates manufactured 

with and without compatibilizer d~d not show significant dif

fer~nces in the Iaminar structure. The layer surfaces were 

smoath in bath cases. There did not seem to be any improvement 

in adhesion between the two phases. 

A careful study of samples with a large amount of compatibili

zer suggested perhaps minor improvements in adhesion in SEM 

micrographs. Adhesion "spots", where the usually smooth layer 

surface became very rough, were observed, indicating that sorne 

~---------------------------------------
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FIBERS SPHERES 

Figure 4.30 SEM micrographs for a PP/MAPP1/EVOH blend system 
showing Internal Structures for a 64.2/8. 3,/'rl. ') 
wt% composition ratio (Metering Screw, 'rols=-2 3 0" C, 
30 rpm, h=1.0mm). 
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parts were torn off during the fracture process. Figure 4.31 

presents two micrographs showing different amounts of adhe

sion. The use of the mixing screw did not appear to improve 

adhesion. 

The reason for the above behavior is not fully understood, 

but two points have to be considered. In this study, the dry 

blend was mixed mechanically, and then fed to the extruder. 

Thus, it could not be ascertained whether the functionalized 

groups of the compatibilizing agent were concentrated at the 

interface towards the EVOH phase, rather then being diluted 

by the pure pp phase. Furthermore, the residence time in the 

extruder and die was rather short, thus not assuring the dif

fusion of the maleic anhydride towards the interface, where 

it could interact with the EVOH. 

In order to overcome some of the above obstacles to adhesion, 
a new set of experiments was carried out, as described below. 

4.2.2.3 MAPP2/EVOH B!ends 

Available technical information [64,89] suggested that higher 

extrusion tempe ratures should improve adhesion quality. More

over, the adhesive strength i5 affected by contact time in the 

molten state. To achieve good bonding strength, it is desira

ble to maximize both tempe rature and contact time in the mol

ten state. As discussed earlier, the use of high temperatures 

is limited by material stability and operational considera

tions. Thus, in order to maximize the possibilities of contact 

between the functionalized polypropylene and EVOH, the pp por

tion in the blend was replaced by an adhesive resin (MAPP2). 

A set of experiments was designed to obtain more favorable 

conditions for adhesion. Four different blend ratios were 

extruded at a die temperature of 230·C, with a screw speed of 

30 rpm. In another set, less favorable conditions were em-
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MIXING SCREW METERTNG SCREW 

MAPPl MAPP2 

Figure 4.31 SEM micrographs for a PP/MAPP/EVOH blend system 
showing Adhesion for two Screw Designs, and two 
Compatibilizers, for a 67.8/15.3,16.9wt% compo
sition rôtio (T01e=230°C, 60rpm, h=O.5mm). 
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ployed. The blends were extruded at a die temperature of 
21S·C, with a screw speed of 60 rpm. Both the metering and 
mixing screws were used with each set of experiments. 

(a) Variation across Ribbon Thickness 

Micrographs for the metering and m1x~ng screws are given in 

Figure 4.32. The dispersed phase is considerably better in

corporated into the overall blende Specifically, in the inter
mediate and surface regions, it is difficult to distingu1sh 
between the two phases (compare to Figures 4.23 and 4.25). 

For both screw types, the core region shows a laminar layerj 

platelet structure which seems to exhibit good adhesion. As 

before, the amount of EVOH decreases near the surface. There 

seem to be only min or differences in the morphological struc

tures produced by both screw types. 

(b) Effect of Temperature and Screw Speed 

Figures 4.33 and 4.34 compare the laminar structures obtained 

with both processing conditions at different composition rati

os, using the metering z~rew. The comparison shows that the 

higher temperature, in combination with a lower speed, favors 

bonding, which causes difficulties in distinguishing the lay

ered structure in the core region, especially when the concen

tration of EVOH is low. Figure 4.33 shows that the 90j10wt% 

MAPP2/EVOH ratio does not exhibit a weIl developed laminar 

structure. This seems to indicate that, at low concentrations 

of the dispersed phase, the coalescence and migration towards 

the adapter axis c~n be inhibited if enough functionalized 

groups are present at the interface. Results for composition 

ratios 80j20wt% and 70/30wt% (Figure 4.33) show a laminar 

structure, where the number of layers has decreased. The 

layers are weIl incorporated into the overall morphology. In 

comparison, the micrographs for the lower temperature and 
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Figure 4.32 SEM micrographs for a MAPP2/EVOH blend system 
showing Morphology Variations across Ribbon 
Thickness as a Function of Screw Design for a 
80j2owt% composition ratio (To,,,=230· C, 30rpfll, 
h=O.5mm) . 
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90/10 wt% 70/30 wt% 

130/20 wt% 50(25/25 wt% 

Figure 4.33 SEM micrographs for a MAPP2/EVOH blend system 
showing the Effect of Composition on Laminar 
structure Development in the Core Region 
(Metering Screw, TOie=230·C, 30rpm, h=0.5mm). 
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90/10 wt% 70/30 wt% 

80/20 wt% 50/25/25 wt% 

Figure 4.34 SEM micrographs for a MAPP2/EVOH blend system 
showing the Effect of Composition on Laminar 
structure Developrnent in the Core Region 
(Metering Screw, TOle==215°C, 60rpm, h""O.~mm). 
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higher speed (Figure 4.34) show laminar structure, even for 
a 90/10wt% composition ratio. 

In Figures 4.35 and 4.36, micrographs are given for both pro

cessing conditions for the mixing screw. The differences bet
ween the mixing screw and metering screw, as presented in the 
SEM micrographs, are minor. Thus, the arguments presented 
above regarding the microstructure cbtained with the metering 

screw also hold for the mixing screw. 

The composition ratio 50wt% MAPP2, 25wt% PP, and 25wt% EVOH 
was employed to study the effect of pure PP on the compati

bility behavior and overall structure. 

AlI data suggest that the incorporation of PP has diminished 
the adhesion between the dispersed phase and the matrix, re

sulting in a weIl defined laminar structure in the core region 
of the extrudate. Also, higher screw speeds produce more and 
thinner layers which seem to be better incorporated into the 

overall structure, thus working against the design goal of 
this set of experiments. 

(c) Adhesion 

The replacement of pure PP with adhesive polymer MAPP2 resul t

ed in improved adhesion between the dispersed EVOH phase and 
MAPP2 matrix phase. This improvement in adhesion is Most no

ticeable in the intermediate region, where it is very diffi
cult to distinguish between the dispersed and matrix phases. 

The micrographs given in Figures 4.37 and 4.38 show the core 
and intermediate zones for two composition ratios and both 

screw types. The number of adhesion "spots" in the larninar 

oriented core has considerably increased, but fracture still 

occurs at the layer surface, indicating that the adhesion 
between individual layers is still not satisfactory. 
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90/10 wt% 70/30 wt% 

80/20 wt% 50/25/25 wt% 

Figure 4.35 SEM micrographs for a MAPP2/EVOH blend system 
showing the Effect of Composition on Laminar 
Structure Development in the Core Region 
(Mixing Screw, T01e=230·C, 30rpm, h==0.5mm) . 

... 
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90/10 wt% 70/30 wt% 

80/20 wt% 50/25/25 wt% 

Figure 4.36 SEM micrographs for a MAPP2/EVOH blend system 
showing the Effect of Composition on Laminar 
structure Development in the Core Region 
{Mixing Screw, TD1e=215°C, 60rpm, h=0.5mm}. 
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70/30 wt% 50/25/25 wt% 

INTERMEDIATE IN'l'ERMEDIA'I'E 

CORE CORE 

Figure 4.37 SEM micrographs for a MAPP2/EVOH blend system 
showing Adhesion for two Composition Ratjos 
(Metering Screw, T01e=230°C, 30rpm, h=O.5mm). 
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70/30 wt% 50/25/25 wt% 

INTERMEDIATE INTERMEDIATE 
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CORF CORE 

Figure 4.38 SEM micrographs for a MAPP2jEVOH blend system 
showing Adhesion for two Composition Ratios 
(Mixing Screw, T010=230·C, 30rpm, h=0.5mm). 
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As pointed out above, the composition ratio SO/25/25wt% MAPP2/ 

PP/EVOH has a laminar structure in the center region which is 

easily detectable, and has less adhesion due to the incorpora

tion of pure PP. On the other hand, the interme~~ate region 

for this composition ratio shows the same features as a 70/30 

wt% MAPP2jEVOH blende The ùispersed phase and matrix phase are 

weIl bonded to each other, and the fracture surface does not 

reveal sharp boundaries of the dispersed phase. 

4.2.3 Summary of Morphological Observations 

The studies into the morpholgy of extruded polymer blends have 

shawn that the incorporation of a slit die produces a larninar 

orientation of the dispersed EVOH phase in the PP matrix 

ohase. This laminar structure is located in the core of the 

extrudate and is replaced towards the surfaces by dispersed 

phase agglomerates of different sizes and shapes, which are 

oriented both parallel and perpendicular to flow. 

The study of the effects of different processing conditions 

indicates that the laminar structure itself is a result of the 

die de~ign, specifically the converging section of the adapter 

and the diverging section in the slit die. The processing con

ditions only affect the shape and dimensions of the larninar 

core region. 

The composition ratio has a very strong influence on the lami

nar structure, showing ~hat when EVOH content decreases, the 

layers are replaced by platelets. Different experiments indi

cate that the optimum EVOH content is approximately 25wt%, 

where a change from the plat~let structure into the layered 

forro occurs. 

The SEM analysis did not provide conclusive information re

garding the adhesion at the interface between the dispersed 

and matrix phases, when a compatibilizing agent was incorpo-
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rated into the blend system. On the other hand, expericents 

with pure compatibilizer as the matrix phase showed that, in 

the core region, the adhesion between the dirferent layers was 

weak. However, near the surfaces, the dispersed phase agglom

erates were very well incorporated into the matrix phase and 

it was difficult to differentiate between the two ph."1ses. This 

observation suggests that the amount of functionalized groups 

present in the two compatibilizing agents employed is insuf

ficient to provide strong bonding between the phases during 

flow through the die. 

4.3 Impact properties 

4.3.1 Pure Resins 

Tests conducted on sheets extruded from the pure homopolyrners 

displayed different modes of failure. For the ethylene vinyl

alcohol copolymer, the irnpacted area shattered and broke away 

from the rest of the test specimen. On the other hand, the 

polypropylene showed a punch-like fractured surface. The 

punched out cap, aven though highly drawn out by the impact 

ram head, was still attacheà to the test specimen on one side. 

The load-deflection curve revealed, for both materials, very 

different impact traces, as shown in Figure 4.39. The EVOH 

load-deflection curve has a high slope and high ultimate force 

at short displacement, whereas the load-deflection curve for 

pp (the same holds for MAPPI and MAPP2) showed a small slope 

and small ultimate force at considerably longe~ displacement. 

Sample 10ùd-deflection curves for pp and EVOH are given in 

Appendix D. 

4.3.2 PP/EVOH and PPLMAPP/EVOH Blends 

In general, the fractured specimens in this category showed 

EVOH-like behavior. The impacted area shattered and broke away 

from the rest of the specimen an~ the fractured pieces showed 
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EVOH 
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DispLacement 

Figure 4.39 Schematic of typical Impact Traces for EVOH 
and PP. 



l 

l 

1.59 

extensive white crazes and cracks. 

In Figure 4.40, the impact ultimate force is given as a func

tion of composition and processing tempe rature . It can be seen 

that the impact "ütimate force for these blends is inferior 

to that of pure PP. The decline in ul timate force for the 

blend of pp and EVOH was expected, duE" to the incompatible be

havior of these two polymers. This graph shows that the incor

poration of as little as 10wt% EVOH is sufficient to destabi

lize the pp matrix, and only a minor force is required ta cre

ate cracking and tearing inside the specimen. A further in

crease in EVOH content leads to an addi tional reduction in 

ultimate force. At the higher EVOH content, the morphological 

analysis showed a weIl developed laminar structure. Impact 

tests suggest that these layers lie loosely on top of each 

other, enabling fast crack propagation thl:oughout the sample. 

The results for experiments with different levels of compati

bi.!. izing agent reveal that the conditions of incorporating the 

adhesive polymers into the systems are insufficient to produce 

strong bonding between the two phases. The resul ts show, how

evel. sorne improvement in impact behav ior. 

For the pure PP/EVOH blends, the effect of processing tempera

ture is not detectable, whereas for the blends with compati

bilizer, th~1 higher temperature resul ts consistently show 

slightly higher ultimate force. This suggests that the mobil

ity and reactivity of the functionalized groups at the inter

face are important. 

The impact slope values follow the same trend as the ultimate 

force values, as shown in Figure 4.41.. The influence of the 

processing tempe rature can be seen for aIl composition rati::Js. 

Even for the pure PP/EVOH blends, che higher temperature gives 

lower s lape values 1 confirming that the impact be- "lavior of 

laminar blend systems depends on the an.ount and dimensions of 
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layers. The strong influence of the processing temperature can 

be seen for the 80-20(90) and 90-10(90) PP-EVOH(MAPP1) compo

sition ratios. In these cases, the slope is considerably lower 

compared to the other blends tested, indicating that at high 

processing temperatures, small amounts of EVOH (9.2 and 6.9 

wt;', respecti vely) can be bettc'r incorporated into the overa II 

structure with improved adhesion. This suggests that the addi

tion of compatibilizing agents into the blend system changes 

the mechanical behavior towards the load-deflection curve of 

PP. 

A comparison between impact ultimate force and slope indicates 

that the measurement of the slope is more sensitive than the 

ultimate force to minor improvements in adhesion in two-phase 

systems. The ultimate force is a measure of the overall impact 

strength, and minor addi tional amounts of adhesion do not con

tribute significantly to an increase in the impact resistance 

of che material. 

Figure 4.42 preser,ts a comparison of impact data for different 

screw designs and composition ratios. Both testing criteria 

show that, within the reproducibility of the measured values, 

an increase in concentration of compatibilizer by 5wt% does 

not result in a considerable increase in the ultimate force 

or decrease in the slope value. AIso, no changes are notice

able between the materials obtained wi th metering and mixing 

screws, or when the compatibilizing agent is changed from 

MAPPl to MAPP2. 

Since the mixing screw seems to yield a product with similar 

impact behavior to tnat praduced with the metering screw, it 

appears that the latter provides suff icient mixing to intro

duce the compatibil izing agent to the interface. Although 

improved properties are abtained when the compatibil iz ing 

agent is used, it appears that the amounts of functionalized 

groups used are insufficient ta create a strong bond between 
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Figure 4.42 Impact Ultimate Force and Slope for a PP/MAPP/ 
EVOH blend system as a Function of Composition 
and Screw Design. 
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the pp and EVOH phases, due to the deformation behavior and 

short residence time of the dispersed phase during f10w 

through the metering zone, adapter, and slit die. 

4.3.3 MAPP2-LEVOH B1ends 

It was hoped that the substitution of MAPP2 for pp in the 

b1end system wou1d ensure constant availabi1ity of function

a1ized groups at the interface. The resu1ting b1end system 

shou1d show a tota1ly different behavior under impact testing 

conditions. 

In Figure 4.43, the impact u1 timate force is presented for the 

four different composition ratios and four processing condi

tions emp10yed in this group of experiments. The change in 

impact behavior from Figure 4.41 to 4.43 is c1ear1y evident. 

It car;. be seen that the MAPP2 matrix can incorporate up to 

20wt% EVOH without losing its stability. Above 20wt%, the 

matrix phase is strongly disturbed, due to the formation of 

a strong 1aminar structure in the core region of the extrudate 

and larger agg10merates near the surfaces. Thus, crazing and 

tearing of the overall structure occurs at lower force values 

and shorter displacements. The type of screw employed has no 

effect on the ultimate force values fo~ EVOH contents below 

20 wt%. Above 20wt%, the resul ts for the mixing screw are 

inferior to those obtained with the metering screw. The mor

pho1ogical studies showed that, for the mixing screw, more 

EVOH was present in the surface regions. The impact ultimate 

force values seem to indicate that the impact behavior of the 

blend, especia11y for higher loadings of EVOH, does not only 

depend on the laminar structure in the core region, but also 

on the content of dispersec;, phase near the sut"faces of the 

extrudate. Hiqher dispersed phase content rear the surfaces 

increases the number of craze locations, thus increasing the 

amount of weak spots in the extrudate . 
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The fracture behavior showed significant dependence on compo

si tion. Samples containing up to 20wt% EVOH showed impact 

fracture behavior similar to that of pp samples. On the other 

hand, samples with 25 and 30wt% EVOH showed white crazes and 

cracks everywhere, and the center portion of the specimen was 

shattered and broke away. 

Figure 4.44 shows the impact slope for this group of experi

ments. Again, the impact slope provides a more sensi ti ve means 

of distinguishing between the effects of different processing 

conditions. For both screw types, the processing conditions 

with high die temperature and long residence time, designed 

to improve adhesion between the two phases, result in s10pe 

values which are considerably lower than those measured for 

experiments with a lower die temperature and shorter residence 

time. For all four composition ratios and both processing con

ditions, the roetering screw gives better resultf, than the r.ix

ing screw, probably for the same reasons gi ve:l above. For the 

metering screw at 230 0 C and 60rpm, the differences in the 

slope value for 10 and 20wt% of EVOH compared to pure pp are 

only minor, thus reinforcing the resul ts obtained for the 

impact ultimate force. 

The results for this group of experiments show that the amount 

of functionalized groups present at the interface, the amount 

of EVOH incorporated into the blend system, the screw type, 

the die temperature, and the residence time of the b1end in 

the extruder and die system have a profound effect on the me

chanical behavior of the final product. The impact data indi

cate that, for the system used in this stuùy, up to 20wt~ EVOH 

can be incorporated into the blend without considerable 1055 

in imp~ct strength. On the other hand, the impact data also 

show that the amount of functionalized groups present in the 

compatibi1izing agent must be increased, or the type of com

patibilizer changed, if higher amounts of EVOH are required. 

Otherwise, inferior mechanical properties would be obtained . 
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4.4 Specifie Extruder Energy 

During extrusion, the power required by the motor is a func

tion of screw speed, n, and the torque, M, acting on the 

screw. The specifie energy input, e, is defined as ~he power 

divided by the ma&s throughput rate, m, thus leading to the 

following equation for the specifie extruder energy [90]: 

p M '271"n Wh 
e =---=--=---- (33 ) 

m m m kg 

where w is the angular speed of the screw. The specifie ex

truder energy is a measure of the amount of work to mel t, mix, 

and pump the resins fed ta the extruder, and can be readily 

measured on commercial extrusion lines. This value has been 

suggested as a possible criterion for evaluating mixing 

quality [90]. 

It should be understood that the specifie extruder energy is 

governed by a number of parameters. These include energy 

dissipation, effective melt viscosity, screw design, as in 

the case of ineluding a mixing section, melt throughput rate, 

rotational speed of the screw, and pressure buildup in the 

extruder. Many of these variables are interdependent, and, 

furthermore, not aIl of them are directly or indirectly 

related to mixing quality. Therefore, the objective of the 

present set of experiments has been to measure the specifie 

extruder energy, and ta determine if any correlations between 

specifie extruder energy and mixing quality, as indicùted by 

microstructural analysis, e:,ist. It was thought thùt if good 

correlations were obtained, the specifie extruder energy could 

be employed as a use fuI tool for process and product quality 

control. 

During the experiments, the extruder power was calculated from 

the armature eurrent and voltage of the motor. The average 
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mass flow rate was calculated from the weight of extrudate, 

collected for 30 seconds, as an average over 20 samples. 

4.4.1 PP/EVOH and PP/MAPP/EVOH Blends 

In Figure 4.45 the specifie extruder energy is given as a 

function of temperature and composition ratio for the metering 

screw at an extruder rpm of 60 l/min. The resu1ts show that 

the influence of the die tempe rature on the specifie extruder 

energy is considerable. The change to a lower die tempe rature 

was achieved by reducing the overall temperature profile along 

the extruder barrel (Table 3.2). This colder tempe rature pro

file raises the viscosities of the melts of the two phases 

~Figure 3.1), thus requiring a higher energy input at other

wise constant processing conditions. 

For the mixtures of the pure homopolymers, the effect of com

position ratio on specifie extruder energy is minor, but a 

1ecline with increasing amount of EVOH is notieable, although 

the viscosity of EVOH is higher than that of PP. The result 

may be explained by the slippage between the layered, dis

persed phase and the matrix phase, which is due to the poor 

inter facial interaction between the two phases. This slippage 

leads to decreasing power requirement, as mC're layers are 

incorporated into the system. 

The specifie extruder energy results are in agreement with 

viscosity measurements. The viscosities that Lepoutre [40] 

obtained for the PP/EVOH blend system were lower than the 

respective homopolymer viseosities, which led to designating 

the blends as negatively deviating. This deviation from the 

additivity rule has also been observed for other blend systems 

[27,28,29,39]. 

The results for experiments with minor amounts of compati

bilizinq agent also show the strong influence of pr.ocessing 

temperature on the specifie extruder energy. The differences 
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SPECIFIC EXTRUDER ENERGY 

Figure 4.45 Specifie Extruder Energy for PP/EVOH and PPI 
MAPP1/EVOH blend systems as a Function of 
composition and Die Temperature (h=l.Omm). 
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between the experiments, with or without compatibilizer, for 

both temperatures are minor, and they fall within the range 

of experimental error for the measurements. The resul ts for 

the specifie extruder energy reinforce the resul ts obtained 

with the impact tests, whic..n indicate that the amo\.mt of 

available functionaliz~d groups and the procedure of intro

ducing the compatibilizer te the system are insufficient to 

promote interfacial activity between the dispersed and matrix 

phases. 

A comparison of different adapter angles and two diE! exit gap 

thicknesses is given in Figure 4.46. The results show that al

though th.~ use of a mixing screw increases energy consumption, 

temperature changes appear to have a stronger effect, about 

twice the value in the ranges shown. For bath screw types, the 

specif~c extruder energy changes marginally for a change in 

exit gap thickness. 

In Figure 4.47 the influence of extruder speed is given. 

Increasing extruder speed or employing a mbdng seretll rcsults 

in higher energy eonsumption. The increase in extruder energy 

due to an increase in rpm is equal for an exit gap size of 

O.5mm or 1.0mm, for both screw types. 

4.4.2 MAPP2/EVOH Blends 

Figure 4.48 gives a summary of the specifie extruder energy 

for this group of experiments. The composition ratio 50/25/ 

25wt% MAPP2/PP/EVOH will be discussed separately. In compari

~on to experiments without, or with minor amounts of, compatl

bilizer, the specifie extruder energy values rneasured wi th the 

MAPP2/EVOH blends are approximate~y 30% higher for the meter

ing screw, and 45% higher for the mixing screw. Note that the 

rheological data given in FigUT'a 3.1 have shown that aIl three 

polypropylene based resins have very similar viscosities over 

the shear rate range tested. 
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Figure 4.47 Specifie Extrudor Energy for a PP/MAPP1/EVOH 
blend system as a Function of Serew Speed and 
Exit Gap Size. 
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Figure 4.48 Specifie Extruder Energy for a MAPP2/EVOH blend 
systt,m as a Function of Composition and Proeess
inq conditions (h=O. 5mm) • 
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The measured energy values suggest that, for the MAPP2/PP 

blend system, the specifie extruder energy is strongly influ

enced by compositional and interfacial effects. Differences 

in energy consu!r,ption, between the .netering and mixing screws, 

arE: believed te be due to the surface area of the dispersed 

phase which int~racts with the matrix phase. 'rhe mixing screw 

produces a hornogeneously distributed dispersed EVOH phase in 

a pp matrix phase (Figure 4.6). This hornogeneous distribution 

of the dispersed phase involves larger overall surface area 

when cornpared to the distribution achievable with the metering 

screw. Therefore, the data shown in Figure 4.48 seem to imply 

that surface area and interfacial activities have a more pro

nounced effect on the energy consurnption than a change in tern

perature or extruder speed. The decrease in specifie extruder 

energy with increasing EVOH content might be attributed to the 

excess availability of dispersed EVOH and the resulting lack 

of interfacial interaction, due to the insufficient arnounts 

of functionalized groups available in the compatibilizer. 

The energy values for the rnixing !'atio 50/25/25wt% MAPP2/PP/ 

EVOH, for aIl four processing conditions, support the idea 

that interfacial act:ivity can be influenced by careful process 

design. In all cases, a smaller amount of energy is required 

to process the blend when 25wt% of MAPP2 is replaced by pure 

PP. This amount of pure PP is sufficient ta reduce activity 

at the interface, thus acting during the extrusion process as 

a lubricant and lowering the required power consumption by th~ 

extruder. 

The exper imental da ta presented in Figures 4. 45 t 0 4.48 show 

that the specifie extruder energy could be a useful parameter 

for controlling the mixing and product quality in a polymer 

blend extrusion system, but the effects of composition and 

processing conditions have to bE:! studied in more deta i l to 

evaluate the significance of this pararneter. 
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4.5 Oxygen Perrneability 

The incorporation of different amounts of ethylene vinyl

alcohal copolymer into a polypropylene matrix resin was de

signed with the objective of forming the dispersed EVOH phaGe 

as a 1aminar structure within the pp matrix phase. The layers 

would act as a barrier, e. g. against oxygen perrneation, thus 

lowering the very high oxygen permeation rate through virgin 

polypropylene. The same objectives also apply to the permea

bility of hydrocarbons or other organic solvents, WhlCh easily 

penetrate polyethylene or polypropylene materials. The utility 

of the laminar structure is based on the idea that these EVOH 

plateletsjlayers act as barriers to the perrneant molecule by 

prcviding a long tortuous pa th • The barrier properties thus 

obtained should be comparable to those obtained with co

extruded mUlti-layer products inc~rporating pp and EVOH. 

The resul ts for oxygen penneabili ty, P02 , are reported in 

Table 4.1 for the puce resins and in Figures 4.49 to 4.51 for 

the blends. Measurements on triplicate ribbons were repraduci

ble ta better than ±7%. The result for EVOH is comparable to 

values reported in the li terature [66,91], and differences can 

be attributed to sample preparation, processing conditions 

etc. 

In Figure 4.49, the oxygen permeability for PP/EVOH blends is 

given as a function of processing temperature. The addition 

of only lOwt% EVOH already reduces the oxygen perrneation by 

40%. An EVOH amount of 30wt% results in a reduction of more 

than 60%. The lower processing tempe rature results in a reduc

tion of the oxygen perroeability, but it is not as effective 

as the higher temperature. These data indicate that the thick-. 

ness af the layersjplatelets is important, where thinner lay

ers in larger numbers are more effective in reducing the per

meatian rate than thicker layers in smaller numbers. 



177 

1 
Table 4.1 Oxygen Transmission Rates. 

Polymer P02 

[cc. mm/mL • 24hr. atm] 

pp 41.0 

EVOH 0.7 

MAPP1 43.1 

MAPP2 64.1 

t 
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Figure 4.49 Oxygen Permeability for a PP/EVOH blend system 
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A comparison of two extruder speeds is given in Figure 4.50. 

An increase in rpm resul ts , for both types of screws, in a 

decrease in the permeation rate. This is in accordance with 

the micrographs obtained for different extruder speeds, where 

an increase in rpm resul ts in a larger number of tl"o:nner 

layers. 

The oxygen permeation rates for the MAPP2/EVOH blend system 

are compared in Figure 4.51. Generally, an increase in the 

amount of EVOH causes a reduction in perrneation rate for all 

four processing conditions, but different processing condi

tions have a varying effect on the permeation behavior of the 

extrudat~. The use of a mixing screw resul ts in higher perrne

ation rates compared to the metering screw. For both screw 

types, the processing conditions designed to improve adhesion 

- high ternperature, long residence time - show super ior oxygen 

barrier properties than the conditions less favorable to adhe

sion. The data also show ~hat the improvement in adhesion js 

more important in producing ùn effective barrier, through a 

well bonded internal structure, than process conditions de

signed to achieve a strong laminar structure through higner 

rpm, which produce thinner layers, but with inferior bonding. 

4.5.1 Evaluation of Barrier Performance 

Sorne theoretical approximations can be made with regard to the 

barrier properties of the above materials. The barrier proper

ties of a homogeneous ~y5~em, by analogy to Maxwell's (92) 

treatment of conductivity for a dispersion of non-conducting 

spherical particles in a conducting matrix, may be expressed 

as follows : 

,;pd 
f = l +-

2 
(34 ) 

~ 
1 
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where T is the tortuosity, and ~d is the volume ~raction of 

the dispersed phase. 

A commonly used approximation for the ratio of the permea

bility of the conducting, continuous phase as a function of 

the tortuosi ty and the volume fraction of matrix polymer, ~m' 

has been proposed by Michaels and Bixler [93] and Barrer et 

al. [94] 

-~ (35) 

where Pe is the permeability of the composite, and Pm is the 

permeability of the matrix. 

To describe the effect of a conducting, spherical filler on. 

the overall composite permeabili ty, RobEson et al. [95] report 

Maxwell's result as : 

Pc = Pm.[Pd + 2Pm - 2~d·{Pm - Pd)] 

Pd + 2Pm + ~d· (Pm - Pd) 

where Pd is the permeability of the dispersed phase. 

(36) 

The permeability through a composite of two layers can be 

approximated by [95] : 

1 ~l 
-=- (37) 

where Pl and Pz are the permeabilities of the respective 

phases, and ~l and (/)2 are their corresponding volume fractions. 

In Figure 4.52, oxygen permeation data for condition 5 (Figure 

4.51) are compared to the theoretical predictions for homoge

neous and laminated systems. The calculations based on Equa-
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tion (36) are the upper bound and show a slow decrease in per
meation rate as a function of EVOH content. Equation (37), on 
the other hand, is the lower bound, representing a case in 
which EVOH would exist as a continuous, undisturbed layer in 
PP. The experimental data for this study fall inside the range 
defined by the upper and lower bounds. Up to an EVOH content 
of 20wt% (15.9vol%), the improvement in oxygen permeability 
is only minor, and the measured data points are close to the 

curve calculated for a homogen~ous blende Ab~ve 20wt% EVOH, 
the oxygen permeation rate is considerably reduced, and the 
data show a clear trend towards the lower bound. 

The behavior of blends with EVOH content below 20wt% is inter
esting because the SEM analysis has indicated (Figure 4.24) 
the absence of laminar structure. The platelet morphology 
observed in these systems is not effective in reducing the 

permeation rate considerably, since it appears to behave simi
larly to a homogen~ous blend system. 

Figure 4.52 presents evidence that the incorporation of minor 
amounts of a thermoplastic barrier material in a low cost 

matrix material is a suitable approach to efficiently reduce 

the gas permeability through polyolefin matrix materials, when 
the dispersed phase barrier material is obtained in laminar 

fom, in the matrix material during the manufacturing process. 
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CHAPTER S 

CONCLOSIOHS AND RECOMMENDATIONS 

5.1 Conclusions 

The studies into the morphology of extruded polymer blend 

systems hav~ shown t~at it is feasible to create a laminar 
structure of a dispersed EVOH phase in a matrix pp phase. The 
one-dimensional threadlike, or fiber, structure, obtained in 
the capillary extrusion process, is replaced by a two-dimen
sional structure of the dispersed phase, when a slit die is 
incorporated into the extrusion process. 

The laminar structure forms in the core of the extruda te. How
ever, near the surfaces, the dispersed phase forms agglomer
ates of different sizes and shapes, which are oriented paral
leI and perpendicular to flow. 

Morphological studies, including a study of morphology devel
opment inside the die and studies of the effect of processing 

conditions on the morphology of the final product, revealed 
that the laminar structure is a result of die design. Process

ing conditions influence mainly the shape and dimensions of 
the laminar core region of the'extrudate. 

Die design plays a critical role in the development of the 

laminar structure. The entrance angle of the adapter controls 

the orientation and distribution of the dispersed phase in the 
matrix phase. In this ~one, the dispersed phase is strearnlined 
and forced into coalescence. The adjoining tubular section 

enhances migration of the dispersed phase towards the center 

axis. Even for a very fine and uniform distribution of the 

dispersed phase in Mel t leaving the extruder, a sharp and 

short conical section in the adapter is sufficient to orient 
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and coalesce the dispersed phase towards the center axis. 
Thus, even when a mixing screw is used, a laminar structure 
of the dispersed phase in the final extru~ate is achievable. 

The large dispersed phaS'~ agglomerates, located near the adap
ter axis, are transformed ami oriented in the diverging sec·· 

tion of the slit die into two-dimensional layer and platelet 
structures, which flow as stable microstructures through the 

remaining slit &ection. In the contraction zone, where the 
final exit gap thickness is adjusted, a highly extensional 

flow field stretches the two-dimensional layers and platelets 
in the flow direction. This produces very thin layers and 
plate lets in the core region of the final extrudate. 

The main features of the extrudate morphology are established 

in the short flow geometry of the adapter, where the dispersed 
phase is concentrated mainly near the adapter axis, and in 

thin circular laminar arrangements near the channel wall. The 

retention of this structure during transformation, from a cir
cular laminar structure in the tubular adapter section into 

a rectangular laminar structure in the slit die, shows a re
markable ilow stability, even for strong dimensional changes 

in the flow geometry. 

The composition ratio has a very strong influence on the lami
nar structure, showing that, for a lower EVOH content, layers 

are replaced by a plate let structure. SEM analysis has shown 

that the optimum EVOH content .'.s approximately 25wt%, where 

a change occurs from a predominant platelet structu~e into 

the layered structure. 

The shape and dimensions of the laminar structure are influ
enced by processing conditions. Depending on the blend system 
chosen, a higher processing temperature results in a m.:>re dis

persed phase concentration in the core region, due to improved 

coalescence and migration in the adapter. A higher flow rate 
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introduces higher extensional rates in the contraction section 

of the slit die, thus producing larger and thinner layers due 

to stretehing in the flow direction. The same holds for 

smaller exit gap thicknesses, where a larger contraction ratio 

has the same effect on the orientation and extension of the 

laminar dispersed phase. 

The specifie extruder energy could provide a valuable tool 

for differentiating between different types of blend systems, 

and between the flow characteristics of various compositions. 

In addition, specifie extruder energy may be used to evaluate 

the extent of interfacial activity in blend systems. 

Impact ultimate force and slope measurements have shown inde

pendently that the pp matrix can incorporate, when good adhc

sion is achieved, up to 20wt% EVOH without significantly 

changing the desirable impact properties of PP. Above 20wt% 

EVOH, a sharp drop in ultimate force is observed, indicating 

a destabilization of the matrix phase. 

Oxygen permeation tests have shown that the blend exhibi ts 

lower oxygen permeability than pure PP, when EVOH is incor

porated as the dispersed phase into the system. Oxygen trans

mission rates obtained with a blend system can be as low as 

those obtained with a multi-layer coextrusion product, al

though only at high EVOH concentrations. Comparison of experi

mental dat ~ wi th theoretical permeation predictions shows 

that, up to 20wt% EVOH, the reduction in oxygen transmission 

rate is only minor, and follows the prediction for a homoge

neous system. At 25wt%, a considerable decrease is noticeable, 

and the trend for higher EVOH contents is towards the behavior 

of a multi-layer system. 

The results underline the difficulties associated with incor

porating compatibilizing agents (adhesive polymers) into blend 

systems. The concentrations of functionalized groups in the 
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adhesive polymers employed in this work are sufficient to pro
duce strong bonding between layers in a multi-layer coextru
sion process. On the other hand, for a PP/EVOH blend system, 
the concentration of functionalized groups, the procedure of 
incorporating the compatibilizing agent into the blend system, 
and the processinq conditions need to be manipula~ed, in order 
to provide sufficient contact time and appropriate conditions 

at the interface favorable for strong bonding. 

For the processing conditions studied, the most favorable re
sults were achieved with a metering screw, a die temperature 

of 230°C, and ,~n extruder rpm of 30 l/min. These conditions 
increase r~~i~ence time in the extruder and die, thus favoring 

improved adhesion at the interface between the dispersed EVOH 
phase and the functionalized pp matrix phase. 

5.2 Recommendations for Future Work 

The results of this work indicate the importance of the condi

tions at the interface between the dispersed EVOH phase and 
the matrix pp phase. The dispersed phase is defo'''lned constant

ly during flow through the extruder and die uni ts, which plac

ing severe and delicate constraints on the optimal conditions 

for bonding and on the compatibilizing agent. 

The influence of the concentration of functionalized groups, 

present in the graft copolymers, on interfacial adhesicn 

should be studied carefully. The amount of maleic anhydride 

should be increased in steps to an amount of 2wt%, which is 
the limit set by FDA regulations for resins in contact with 

food. In addition, other commercially available or specifi
cally synthesized copolymers, which are based on di- or tri

blocks, should be considered. other studies have shown that 
the se block copolymers are more effective in obtaining im

proved adhesion than graft copolymers. 
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Another area of improvement relates to the sequence of oper

ations employed in the preparation of blends. The optimum 

sequence of combining the dispersed phase, matrix phase, and 

compatibilizing agent should be established, with the purpose 

of optimizing interfacial adhesion. The results of the present 

work indicate that the available amount of functionalized 

groups at the interface is the most important requirement in 

achievinq good bonding. Based on this requirement, it is pro

posed to pre-blend EVOH with the compatibilizing agent in a 

batch mixing operation. The modified EVOH would then be fed 

with the pp matrix phase as a dry blend to the extruder. In 

this fashion, the objective of locating the functionalized 

groups at the interface is achieved in the pre-blending step. 

Another problem of concern relates to the impact properties 

at higher loadings of EVOH, which are necessary to achieve the 

required permeation barrier properties in food packaging. The 

proposed future work on the improvement of interfacial adhe

sion should, in principle and if successful, also improve the 

impact properties of the extrudate. In addition, other re

searchers have shown that the incorporation of small amounts 

of a rubber phase into brittle polymers greatly enhances the 

impact behavior of these modified polymers. It is recommended 

to evaluate the feasibility of incorporating small amounts of 

a rubber phase into a EVOH/Compatibilizer-PP blend system. 

with regard to processing conditions and equipment design, the 

following aspects should be considered : 

(a) The morphology should be studied in conjunction with a 

coat-hangEr slit die, in comparison to the fish-tail slit die 

used in this study. The coat-hanger die is more suitable for 

extruding thin and wide plastics plates, and the effect of 

the se special design features on the extrudate morphology 

should be analyzed. 
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(b) The blend system should be evaluated in conjunction with 
a blow-molding machine. Both the parison extrusion and infla
tion stages should be analyzed, in relation to the influence 
of various design and operating variables on part morphology 

and properties. 

(c) The manufacturing of thin plastic sheets usually involves 

a relIer-die head, where a slit die extrudes the polymer sys
tem cnto a combination of rollers which, by means of differ
ent roller nip clearances, form the extrudate into it~ final 
width and thickness. The effect of the flow behavior in the 
nip between the rollers on the morphology should be studied. 

5.3 original Contributions to Knowledge 

i) Production, for the first time, of sheets based on laminar 
blends of a dispersed ethylene vinyl-alcohol copolymer phase 

in a polypropylene matrix phase, with good oxygen barrier 
properties. 

ii) Detailed study, for the first time, of the interactions 
of morphology with processing, design, and compositional vari

ables, during extrusion of a polymer blend in a slit die. 

iii) Design of a die system where blend morphology control may 

be achieved, instead of controlling morphology in the screw 

zone, which presents more processing limitations. 

iv) Analysis of morphological development inside the adapter 
and slit die units. 

v) The EVOH/PP blend system was processed on conventional pro
cessing eq-.1ipment. Morphological studies revealed that the 

laminar structure is a result of die design. Processing condi

tions influence mainly the shape and dimensions of the laminar 
core region of the extrudate. 
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vi) The incorporation of a mixing screw into the extrusicm 
process did not inhibit the development of a laminar struc:

ture. A sharp and short conical section in the adapter J.s 

sufficient to orient and coalesce the dispersed phase towards 

the center axis, even for a very fine and uniforn distributio:n 

of the dispersed phase in melt leaving the extruder. 

vii) Comparison of experimental data with theoretical predic

tions shows that, up to 20wt% EVOH, the reductien in oxygen 

transmission rate is only miner, and follows the prediction 
for a homogeneous system. At 25wt%, a considerable decrease 

is noticeable, and the trend for higher EVOH contents is to

wards the behavior of a multi-layer system. 

i 
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1 APPENDIX A 

SCRE. AND EXTRUDER DESIGN 
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Figure Al Metering Screw Design (C.W.Brabender Instruments, 
Inc.). 
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ADAPTER AND SL:IT DIB DBSIGN 
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APPENDIX C 

SOPTWARE PACKAGE POR SLIT DXE TEMPERATURE 

CONTROL AND DATA ACQUXSITION 

-
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The "ORIGINAL.GL5" program is used to control the slit die 

temperature and collect experimental ,~ata. 'l'he program is 

written in BASIC computer language and compiled with Quick

Basic 3.0. It consists of the followinq sections 

i) a section for information of experime'ni: specifi(' dé'\ta 

- Die Specification 
- Extruder 1 Screw Specification 
- Resin Specification 
- Die Control Characteristics 

ii) a section controlling the 'Heat-up Cycle' which outputs 

the tir.le, the die temperature and control characteris

tics. The program gives a signal when die temperature has 

reached steady-state. 

Throughout the next three sections, the program continues ta 

control permanently the die temperature in addition ta the 

following tasks : 

iii) a section which outputs the time, the die temperature 

and the die pressure. The program is in MANUAL control 

and operator decides when die pressure has reached 

steady-state. 

iv) a section performing DATA COLLECTION which outputs the 

time, extruder zone 4 temperature, die temperature, die 

pressure, rpm and t0rque. 

v) a section permitting a change in die temperature setpoint, 

change in extruder rpm, change in setup conditions and ta 

stop the experiment. 

The program is linked to the "PCLAB" prograrn [Data Trans

lation, Inc., 1985] which allows the collection of analog 

experimental data. 

A personal computer with a 640k mernory was used throughout 

the study. To achieve fast response times for the die tem

perature con~rol, the 640k RAM was split, and a 256k virtual 

disk C: was installed. 
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:gO Dl~ Al':),A2r4),AJI81.~ALOG.ARRAY1\(2001,ANhLOG.ARRAY2\1400).ANALOG.ARRAY3\(400),AN.AR1\liù 

) ) , AIL Al':: \( :00) , A.'i. AR4\( 100) , AN . AR5\ (100) 
:~O .<E:Y ;FF 
3~a '.OTO :300 
320 ' suaRCUT:~g ~ONTROL 

330 ~U.J?/AL\=_OO OAC.SEL\=Q: FREQ'=5o CLOCK.DIV\=8000: TIME.SOURCE\=O 
HO CAL:' :::E':"'JP JAC(:'HIE.SOURCE\,DAC.SEL\) 
:SO CAL:' ::S':".::'OC{ JIVIDERICLOCK.DIV\) 
_60 JT'='D'-o~~~' ' devldtlon from setpolnt 
:70 IF JT' J -25 :'HEN 400 
:30 CAL:' JAC.::::;li.:SSI!lU OF IJAL'\, i\.ll. ARl\(l) ) full pOlo/er to heater 
J~C ~ETURN 

400 IF OT: ) -: 7HEN 430 
HO CAl,:" OAC.3:::il:ESINU.OF.VAL\,AN.AR3\lll) 1 25\140\ power to heater 
420 RETURN 
430 IF ~T' ) Ù ~9EN 460 
440 CALL OAC.3ERIESINU.OF.VAL\,AN.AR4\(1) , 17\117\ power to heilter 
450 RETURN 
460 CALL OAC.SERIESINU.OF.VAL\,AN.AR5\(1)) , no power to neater 
!7o RETURN 
480 ' SUBRoUTINE DATAl 
~90 FREQ'=.OOO' CLOCK.DIVIDER\=( 400000!/FREQ! )-.5 . TIMING.SOURCE\=O 
SOO 3TART.:::HMl\=) . END.CHAN\=l GAIN\=~OO: NUMBER.OF VALUES\=ZOO 
510 SCALèO.~S3!=~S3!/GAIN' : SCALED.LOW!=LOW.V'/GAIN\ : SC.\N.LENGTH\=(END.CHAN\tl)-START.CHAN\ 

.<SCAN\='IUHBER. JF '/ALUES'\I SCAN. LENGTH\ 
520 CAL:" 3E7UP ~CITJHING.SOURCE\,START.CHAN\,END.CHAN\,GAIN\) 
~Jo r.ALL GèT.:RROR.CODEIERROR.VALUE\) 
540 IF' :=:RROR.'/A.L:.JE\OO THEN PRINT"Error !n SETUP.ADC (Subroutlne Controlll",ERROR.VALUE\ 
;50 CAL~ SET ~:"CCK JIVIDER(CLOCK.OIVIDER" 
560 CALL ADC.SERIESINUHBER.OF.VALUES\,ANALOG.ARRAYl\IO)) 
,70 CALL GET :=:RROR.CODEIERROR.VALUE\I 
580 IF ERROR.'JALUE\OO THEN PRINT"Error dutlnq acqulsltl'ln (Subroutlne Controll].",ERROR.'l1J.UE't. 
590 FOR JJ2=1) ~O SCAN LENGTH\-l 
600 CH,\N\=JJ2+START.CHAN\ : SUH!=G 
610 ~Kl=JJ2' KK2=NUMBER.OF.VALUES\-SCAN.LENGTH\+JJ2 : KK3=SCAN.LENGTH\ 
020 'OR 111 =I(KI :'0 KK2 STEP KKJ : SUH! =SUM! +ANALOG.ARRA'il\i IIl) : NEXT 
630 AlICI'AN\I=SUH'/XSCAN\ 
640 NEXT 
650 FOR JJ3=START.CHAN\ TO END.CHAN\ 
660 VOLTACi!=IAIIJJ3)*SCALED.LSBI)+SCALED.LOW! 
670 IF JJ3=O THEN TEMPT5!=(VOLTAGE!+.0002898J/5.536E-05 
680 IF JJ3=1 TH EN TEhPT6!=(VOLTAGE!+.0002898j/5.536E-05 
690 NElT 
100 RETURN 
710 ' SUBROUTINE DATA2 
720 ~REQ!=lOOO! CLOC1CDIVIDER\=( 400000'/FREQ! )-.5 : TIMING.SOllRCE\=O 
130 s·rART.CHAN\=') ENO.CHAN\=3: GAIN\=500 : NUMBER.OF.VALUES\=400 
740 SCALZO.LSB!=LSB!/GAIN' : SCALED.LOW!=LOW.V!/GAIN\ : SCAN.LENGTH\=(END.CHAN\+1)-START.CHAN\ 
XSCAN\=NUHBER.JF.JALUES\/SCAN.LENGTH\ 

i50 CALL SE~UP.ADC(TIHING.SOURCE\,START.CHAN\,END.CHAN\,GAIN\) 
760 CAL~ GET SRROR.COOE(ERROR.VALUE\) 
170 IF ERROR.VALUE\<>O THEN PRINT"Error ln SETUP.ADC rSubroutlne Contro121",ERROR.VALUE\ 
18ù CALL SE~.CLOCK.OIVIOER(CLOCK.OIVIDER\) 
790 C~LL ADC.SERIESINUHBER.OF.VALUES\,ANALOG.ARRAY2\(0)) 
800 CALL GET ERROR.CODEIERROR.VALUE\) 
810 IF ERROR.VALUE\<>O THEN PR1NT"Error durlng acqulsltlon (Subroutlne Contro12J,",ERROR.VALUE\ 
820 ~OR JJ4=O ro SCAN LENGTH\-l 
S: 0 CHAN\=JJ 4+START. CHAN\ : SUM! =0 
9~O ~Ll=JJ4 KL2=NUHBER.OF VALUES\-SCAN LENGrH\+JJ4 : KLJ=SCAN.LENGTH\ 
d:'O fOR r n~KLl TO KL2 STEP K~J : SUH! =SUM' +ANALOG.ARRAY2\III2) : NEXT 
SbO A~ICHAN\I 'SUI1I/XSCAN\ 
370 NEXT 
380 ~CR JJ5=ST.\RT.CHAN\ ':'0 END.CHAN\ 
S'II) VOL-:''\Gr:' =( A~(JJ5) *SCALED.L!lB' l+SCALED.LOW! 
"·)0 :F ,jJ~-ù -:'HEN TEHPT5'=(VOLTAGE'+.0002B98)/5.536E-05 
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910 IF JJ5"1 
920 IF JJS=Z 
9]0 IF JJ5=3 
940 NEXT 
950 RETURN 

THEN TEHPT6! =( VOLTAGE! +. 000 269 a) /5. 536E-0 5 
THEN PREN! =VOLTAW!! *150508.401]-7.4083 
TH~N PREX! =VOLTAGE! t149 585.7846-37.4099 

960 'SUBROUT!!lE DATA COLLECTTON 

'0-2000 pSl 

970 FREQ!=1000! • Ct.oCK.DIVIDER\=( 400DOO'/FREQ! J- 5 : TUHNG.SOURCS'\=ù 
980 START. CHAN"=') : END. CHAN\=3 GAI!I\=5QO: NUMBER. OF. VALUES\=400 
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990 SCALED.LSè' =LSBt/GAltl'\ : SCAL::O.:"O\l'~LO\l 'J'fGAUI\ . SCnN.LENOTH'\=\END.CHAN\+l)-51'ART.CHAN'\ 
XSCAN\=NUHBER. JF 'JALUES\I SCAN. :'E!lGTH\ 

1000 CALL SETU? ADC: TIMING. SOURC:;:". "TART. CHAN~, END. CHAN\, G>'IN\ 1 
1010 CALL G8T.ERROR.CODE(ERROR.YALUE\J 
1020 IF ERROR. :,u.UE\OO THEN ?Rr~T~:;:r:or ln ':;ETUI?ADC [Collection Subroutlne 1. ",ERROR. VALUE\ 
1030 CALL SET.'::"':'CK DIVrOER(CLOCK ..;: /DE:Rt.1 
1040 CALL ADC. '::ERIES (NUHBER. OF. '/Al..UES\,ANALOG. ARRAY3\( a Il 
1050 CALL GeT, ERROR.COoE( ERROR. '/ALUE\! 
1060 IF ERROR.1ALUE\OO THEN PRINT "San dUrlnq Jcqulsltlon [Collectlon SUbroutlnel.",ERROR.VAL 
UE\ 
1070 FOR J1=0 1'0 SC>.N.LENGTH\-l 
10S0 CHAII\"J1+START.CHAN\ : SUM! =0 
1090 K1=Jl: KZ=NUHBER. OF. VALUES\-5CAN. LENGTI\\tJl : K 3=SCAII.LENGtH\ 
1100 FOR Il=K1 TO K2 STEP K3 : SUl1!=3UH!+ANALOG.ARRAi3\(1l1 • NEXT 
1110 A)(CHAN\I=SUhl/XSCAN\ 
1120 NEXT 
1130 FOR J2=S7ART.CHAN\ TO END.::UAN\ 
1140 VOL':'AGE:!=IAJ(J2)"SCALED LSB' )fSCALED.LOW! 
1150 IF NOT J2=3 THEil 1190 
1160 PR~X!=VOL~AGE!·149585.7846-37.4099 'o-ZOOO pSL 

1170 START.CHA..'I\=4 • END CHAN\=7 • GAI:I\=l • NIJHBER.OF.VAI.UES'=~OO 

1180 OOTO 990 
1190 IF J2=O 
1200 IF J2=1 
1210 IF n=2 
1220 IF J2=+ 
1230 IF J2=5 
1240 IF n=,,; 
1250 IF J2= 1 
1260 NEXT 

THEN TEHPT5!=IVOL~AGE!+.0002898J/5.5J6E-05 
THEN TEMPT6 1 =( YOLTAGE! t. 000 2 89 SI /5. 536E-05 
THEil PREN! =YOLTAGë:! *150506 4013-7. 40S] 
THEN TEHPZ4! =130! *'lOL7AGE! 
'l'HEN RI?HIN!-VOLTAG;;;!~17.16a 
THEil CURR! "VOLTAGE! t6! 
'l'HEN VOt.T!"YOLTAGE!*3G! 

1270 POWEX! =CURR! *VOLT! *.9 
12S0 TORQUE!=CURR!*YOLT!*8.594]67/RPMI1fl 
1290 RETURN 
1300 CLS 

'17.511 

1310 LOCATS S,l 
1]20 PRINT • 
1]]0 PRINT 

Extrusion Ole Temoerature Control and Expenmental Data Collection 

1340 PRINT " by Guenter W. Lohf'~k 

1350 FOR [\=1 1'0 32000 : NEXT 
1360 CLS : PRINT : PRINT 
1370 PRINT • Connect as fa 110",:s 
1380 PRINT : PRINT 

Then 9tess any key ta continue 

1390 PRINT • Input Channels 
1400 PRINT 
1410 PRINT • Channel a -
1420 PRINT • Channel 1 -
1430 PRINT • Channel 2 -
1440 PRrN'l' • Channel) -
1450 PRINT • Channel 4 -
1460 PRIN'1' • Channel 5 -
1470 PRINT • Channel 6 -
1480 PRINT • Channel 7 
1490 PRINT : PRINT 

Ole '!'hermocouple 1 (entrance) 
Dle Thermocouple 2 (exlt 1 
Pressure Transducer (entrance) 
Pressure 'l'ransducer (exit 1 
Extruder Zone 4 
Extruder rplll 
Hotor Curtent 
Motor '10 l taqe 

150C PRINT • Output Charme 15 
1510 PRIN'!' 
1520 PRINT • ~AC 0 
1530 PRINT • v>.c l 
l54(J PRINT 

SSRI and/,n SSR2 
RPI1 OUT 

- T5 
- T6 
- PR EN 
- PR E:X 
- 4 
- RPHIN 
- CURRENT 
- VOLTAGE 

20mVdc' 
20mVdc' 
20mVdc· 
20m'ldc· 

- 5.0 vdc· 
- 8.75 Vdc· 
- 5. a vdc· 
- 5 0 '/dc· 



( 
1~50 AS=INKEYS : IF AS="· TH EN :~50 
l.570 HrGH.·I! •• 10! . :'OW.'I!=-lO! : ~ANGE!=HIGH.V!-LO· •. ·l! : NOC!=4096! : LSIl!=RAtH;E!/NOC! 
1580 TEHPT5!:O . TEHPT6!=0 PRElll.l). PREX!=O . TE~P24!=O : RPHIN!'O : CURR!=O : 1I0LT!=0 
Xl =0 : TORQUE! ~O : IIALUE! =0 : 0 l' .. ! =0 : ~.YRPH! =0 • SPTD! =0 : NRSS\=O 
1590 FOR rN1=O TO 199 : ANALOG.ARRAYl\(lclll=O NEX':' 
1600 FOR Ul2=0 TO 199 : ANALOG.ARRAX2\( W;:I=O HEXT 
1610 FOR IN3'O TO 391 . ANALOG.ARRAYJ\(IN31=O : NEXT 
1620 FOR IN4=/) '1'0 1 Al( ItI4 1=0 :/F:XT 
1630 FOR IN5=O TO J • A2(IN51=Û 1EXT 
1640 FOR IN6=û '1'0 7 . AJ(IN61=O NEXT 
1650 FOR IN?·l TO LOO 
1660 AN.AR1\(Irl71=36B7 '100\ power 
1670 AN.ARJ\(It/71=2049 AN.ARn(IN71=2049 AN.ARS\(IN7)=2049 'no power 
1680 NEXT 
1690 FOR 10=1 TO 100 3TEp 
1693 AN.AR3\(IDI=36B7 
1695 NEXT ' 25\ power 
1700 FOR 10=1 '1'0 96 3':'EP 6 
1110 AN.AR4\(IOI=3687 ' 17\ power 
1720 NEXT 
1730 ERROR.VALUE\=O : CALL SET.ERROR.CONTROL.WORD(ERROR.IIALUE\I 
1740 1.=0 
1750 KEY (5) ON 'Change ln Ole TernI'. Setpolnt 
1760 ON KEY(S) GOSUB 4510 
1770 KEY (6) ON 'Start-Up proceaure of Extluder 
1780 ON KEY(6) GOSUB 4530 
1790 KEY! 71 ON 'Start of DATA ACQUISITION 
1800 UN KEY(7) GOSUS 4550 
1810 KEY (81 ON 'Change ln Extruder RPH 
1820 ON KEY(81 GOSUB 4570 
1830 KEY(91 ON 'Chanop ln SETUP Condltlons 
1840 ON KEY(91 GOSUB 4590 
1850 KEY(10) ON 'STOP of experlrnent 
1860 ON KEY(10) GOSUB 4610 
1870 IF L=O THEN 1900 
1880 IF NSTS="Y· OR NSTS="y· THEN 1580 
1890 GOTO 5340 
1900 CLS : PRINT 
1910 PRINT ft ThlS part of the program collects aIL SETUP Informatlon for ft 

1920 PRINT • each exoerlmental run 
1930 PRINT 
1940 PRINT " 
1950 PRINT " 
1960 PRINT ft 

1970 PRINT • 

The program wlll ask the user for lnformatlon concerning 
- general 
- die 
- extruder 

t980 PRINT " - reSln 
1990 PRINT • - die control ft 

2000 PRINT PRINT 
2010 PRINT • FI~ENAHE 3PEC.FIC~TION ft 

2020 PRINT • exc--- extruder wlth capll1ary dle • 
2030 PRINT • exs--- extruder wlth sllt dle " 

" 

2040 PRINT 
Z050 PRINT " 
2060 PRINT • 
2070 PRINT • 
2080 PRINT 

DATA \/111 be wotten to a Data Flle ln dIlve c: l'RA/'! DISC' J " 
Do NOT forqet ta cooy content ot drive c: beto:e shuttlnq off !l" 
The Fiiename for the Data File ~hould have the followlnq form : " 

2090 PRINT " exc---
2100 PRINT :PRINT 

or exs--- " 
2110 It-iPUT • Fiiename for Data File: ",(,ILES 
2120 NOSES='c:" . TAI~lAS=·.set· : FI~EIAS=NOSES.FILES.TAILIAS 
2130 OPEN FILElAS FOR OUTPUT AS Il 
2140 CLS : PRINT 
~150 PRINT ~t.~.** •• *.* ••••••• ~ •••••• *.* •• t*.**.* ••••••• *.t ••• t •• tt.t •••• t* •••• " 

n60 PRINT •• GENERAL INFORHATIUN ~" 
~~7a PRINT M •••••••••• tt.t ••• t ••••••• tt ••••••••• **.t ••••••• *** ••• *ttt.t.t •• t_t*" 

• 
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1 2190 INPUT" Name : ",;NIT$ 
2200 INPUT" Date (day.:Jonth.year) : ",DATS 
2210 INPUT" Time (hOUt:mlnute) : ",ZEITS 
2220 PRINT 
2230 INPUT" Are con:eC:lons ta the general ln(ormatlon necessary , \ 'ilN) • 0', :OR:S 
2240 Ir COR1S="y" OR COR1S="Y" THEN 2140 
2250 PRINTIl, lNIT:;; ", "i DATS;", "; ZEITS 
2260 CLS : PRINT 
2270 PRINT "*********t***** •• ** •• *.***** •• **t*****.**.**********. *.*~**.,***,**fl 

2280 PRINT n* DIE :3PEC:nCATION *" 
2290 PRINT ,,******** •• *.*** •••••• * ••• ***_* •• * •• *** •••• *t ••• * •••• * •••••••• t.** •• " 
2300 PRINT 
2310 INPUT" Ole Speclf.cat.on (capillary or sl:t) : ",DIES 
2320 IF DIES="SLIT" OR JIES="slLt" THEN 2430 
2330 INPUT" Capillary Jle (tubular, converOLno ùr dlVerQlno) ",~YPS 

2340 INPUT" Dldmeter \mml • ",0 
2350 INPUT" LlO ratIo : ",R 
2360 INPUT" Setpolnt for OLe Temperature (CI. ",SPl 
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2370 INPUT" Pressure Transducer PositIons -choose two- (entrance, :nlddle or eXLt) : ",?1Z,?2:> 
2380 PRINT 
2390 INPUT" Are correctIons to the caplilary dIe specIficatIon necessaty ? (Y/NI : ',:OR2S 
2400 IF COR2S="y" OR CORZS="Y" THEN 2260 
2410 PRINT31,DIESi","iTYPS;',"iDi","iR,",";SP!;",";PlS;",";P2S 
2420 GOTO 2490 
2430 INPUT" Gap Sue (mml • ",G 
2440 INPUT" Setpolnt :or OLe Temperature (CI : 0' ,SP! 
2450 PRINT 
2460 I~PUT " Are correc:.ons ta the Sllt die ~Declflcatlon necessary ? (YIN) ",CORJa 
2470 IF COR3$="y" OR COP]$="Y· THEN 2260 
2480 PRINTJ1,DIES;",";G,",";SP' 
2490 CLS • PRINT 
2500 PRINT "*~*********t*******.*************t**********~****.*** tttttt.tttttt*" 

2510 PRIllT ". EXTRUDER / SCREW SPECIF'ICATION w" 
2520 PRINT "*************************************************.ttt ••• _.ttt_.t.**" 

2530 PRINT 
2540 INPUT" Extruder Dlameter (mm] • ",EXO 
2550 INPUT" Extruaer LlO catlo ",EXR 
2560 INPUT" Setpolnt for Extuder Zone Temperatures (Zonel to Zone41 ICI Of ,3PTEX1,~P'l'EX:,.lPTE 

X3,SPTEX4 
2565 INPUT" Adapter Entrance Angle (deq] : ",AEA 
2570 INPUT • Screw Speed Il/mini: ',RPMl 
2580 INPUT" Hass F'lowrate (g/mln 1 : ",MF'R! 
2590 INPUT" Volumetru: F'lowrate (cm'3/mlnl : ", VFR! 
2600 INPUT" Screw DeSign (meterlng, slnqle-stage-mlXlnq or two-staqe-mlXlnql . ·,SCRDS 
2610 PRINT 
2620 INPUT" Are correct:ons ta the extruderlscr~w specification necessary ? (Y/NI : ',COR4S 
2630 IF COR4$="y" OR COR4S="Y" THEN 2490 
2640 PRINTU,EXDi ",. ;EXRi ",' ,SPTEXl,"," ;SPTEX2, 0', ";SPTEXJ;", ";SP'l'EX4i·, ";RPI1! i", 'O;~rR!, n,", VFR!, 
",",SCRDS 
2650 C!.S . PRINT 
2660 PRINT "t.**** •• t*._ •• * •• _ •••• ** •••••• **t ••• _ •••• t*t.* ••• *_ •• - •• **.*._._._*" 
2670 PRINT •• RESIN SPECIFICATION w" 
2680 PRINT "t*.ttt ••• ***_*.*_*._*_ •• __ ***tt.t_ ••• * ••• *. __ ._ •••••• t •• ** •• **t***." 
2690 PRINT 
2700 INPUT" Blend SpecIfication (example: A-B or A-B-CI . ",BL:;PS 
2710 INPUT • Hlxlnq RatLo by WEIGHT (example' 25-75 or 15-80-51 . ',MRIS 
2715 INPUT" Hlxlng RatiO by VOLUME (example: 20-80 or 10-85-51 . ~,MR2S 

2720 INPUT" VLSCOS 1 ty RatiO (dlspersed phase 1 matr IX phase) • ", VR 
2730 PRINT 
2740 INPUT" Are correctIons to the reSln specIfication necessary ? \~/NI ",COR5S 
27S0 IF' COR5$="y" OR COR5$="Y" THEN 2650 
2760 PRINT'1,BLSPS;·,";HR13,·,";HR2S,~,·;VR 
2770 CL':> : PRINT 
2780 PRINT K*.*****.********~~*******.*********.*t****.*.**.*.*** tt_t_tt_.tat**" 

27~O [)RINT "t DIE CONTROL CHARACTER!:TICS t" 

~SCO PRI~T '*1****t***.** ••• ~ttt***** •• *.**.t*.~***t.***~**t •• *' ••••••••••••• **" 
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2810 ?I!l wr 
282D ?RIUT " Setpolnt for Ole Temperature (Cl nas been cnoosen :~ : ";SP! 
2830 !:/PIJT " MaxImum Temoeracure De'lIatlon trom Set:>olnt (C: : ",':OR! 
2840 :NPUT ft Number of Consecutlve Readlngs for Oetermlnlna Steaay State : ·,~RSS% 

285ù ?RINT 
2860 INPUT" Are corrections to the die control cha.acterlstlcs necessary ? (Y/NI : ",COR6S 
2870 IF COR6S="y" OR COR6S="Y" THEN 2770 
2880 PRINT'l,SP';",";TR!;",";NRSS\ 
2830 C::'S . PRWT 
2900 :~PIJT " Nould you llke to have a hardcopy (Y/NI ",HCS 
2910 iF HCS'"n" OR MeS·"N" TH EN 3320 
2920 L.?RINT 
2930 L.PRINT" Name ........................................ ";INITS 
2940 ~PRrNT· Date 
235j ... i'RINT" Tlr.Je 
29b0 wPRINT L.PRINT 

.. iDAT:3 
'1 i !EI ~S 

:970 ~?RINT" Fllename for Data File ...................... : ";FILES 
2980 ['PRINT . ['~RINT 
2990 ~PRINT" Ole SpecIfIcation .........••....••..•.•.....• ";DIES 
3000 IF OIE$."SLIT" OR DtES'·sllt" THEN 3070 
3010 LPRINT" Capl11ary Ole Type ...•..•.•......•..••••.... : ";TYPS 
3020 LPRItfT USING If Dlàmeter .....•....... 0.0 ••••• 1 ••••••••••• 0 #" .• , mm ";0 
3030 LPRINT USING· LlO RatIO .........•.....••.•...••.•.•...•. R = , •• ";R 
3040 LPRINT USING" Setpolnt tOL Ole Temoerature ....•...... SPTO = ~.. C ";SP! 
3050 l.PR I!I'r ft Pressure Transducer Pos 1 tl ons ............... : "i P1S, ?2s 
306ù (jOTO 3090 
1070 ~PRINT USING " 
1030 ~PRINT U5lNG " 
3090 ~i?RINT 

Gap Size .........••.......•............•. G 
Set~olnt f~r Ole Temoerature ........... SP~O 

3100 L?RINT" Extruder 1 Screw ~peclflcatlon " 

»t •. u mm ";G 
H' C "iSP! 

31:'0 :'PRINT USING" Extruder Dlameter .................... :::XD H'.U mm ";EXD 
31:0 LPRINT USING" Extruder LlO Ratio .••.................. iXR 4., "iEXR 
]130 l.PRINT USING" Setpolnt for Extruder Temoerature - Zone1 ••• C ";SPTEX1 
3140 LPRINT USING " - ZoneZ ••• C ";SPTEX2 
3150 LPRINT USING " - Zone3 .,. C "iSPTEX3 
3160 LPRINT USING " - Zone4 ~.. C ";SPTEX4 
3165 l.PRWT USING" Adapter Entrance Angle .................. A.EA U' deg" ;AEA 
Jl iO l.PRINT USING" Screw Speea ............................. RPI1 UI 111:un" iRPM! 
3180 LPRINT USING" Mass Flowrate .....•......•.............. MFR •••.• _ q/mln ",MFR! 
3190 LPRINT USING" Volumetrlc Flowrate ..................... 'JFR UI.MI cm'J/min ";VFR! 
3200 LPRINT ft Screw Design ............••.....•.•.....•.... ";SCRDS 
3210 LPRINT 
3220 LPRINT" ReSln Specification • 
3230 LP'RINT" Blend SpecIfication ......................... : "iBLSPS 
3240 LPRINT· Hlxlng Ratio by WEIGHT ..................... : ";l1R1S 
3245 LPRINT" HUlng RatiO by VOWHE ...................... : ",HR2S 
3250 LPRINT USING" VISCOSlty Ratlo (dlspersed/matrlX phase! 'IR • ...... "iVR 
3260 l.PRINT 
3270 L.PRINT" Ole Control Characterlstlcs " 
3280 l.PRINT USING" Setpolnt for Ole Temperature ..........• SPTO 
3290 LPRINT USING ft Max. Temperature Devlat.on tram Set~olnt 7R 
3300 l.PRINT" Numeer ot C0nsecutlve Readlnqs tor Oetermlnlnq " 
3310 LPRINT USING" Steady State ........•.•.•.•.•.....•.•.. NRSS 
J 3"0 CLOSE tl 
3330 CLS 

... 
;lit 

C";SP! 
C"iTR! 

.11 ";NRSS', 

3340 LOCATE 5,15 . PRINT ft CollectIon of SETUP Information has been completed. " 
3350 LOCATE 10,15 PRINT" Durlng experlment press 'F9' to change any 3ETUP " 
3J60 LOCATE II,15 PRINT" conditIon. proqram Will close data fIles currently " 
J370 LOCATE 12rl~ PRINT" used and ~lll ask user for a new data flle name. " 

3380 LOCATE 15,10 PRINT" Press 'F5' to chanqe Ole Temperature Setpolnt at any tlme ... 
3390 l.llCATE 17,15 PRINT" Press 'F10' to STOP the expenment at any tlme, 
3400 l.OCATE 2Z,15 PRINT" Press any key to start the expt'tlment." 
)410 AS·IN~~YS . IF AS'''" THEN )410 
34Z0 CU . LllCATE 10,33 PRINT· HEATUP CYCLE" 
1430 ?RINT 
3440 7AILI9S=".hup" , FILElSS-NOSES+FIL~S+TAIL1BS 
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]450 KL\=l 
2JbO OPEN FILElBS FOR OUTPUT AS U 
3470 SPTOl=SPl+.1 
2480 TIMES="QO:OO:OO" 
3490 NTIHE\=O : NCOUNT\=O : NSEt.\=O XTIHEl=O M\=20 
::500 ROl=O 
3510 I?V'RO! =RD! 
3520 IF NOT FL'=O TH EN 4630 
35:0 GOSUB 480 
3540 RO!=TEHPT6! 
3550 GOSUB 320 
3560 MNS\=V'ALIHIDSITIHES,4,2) )+(VAL(LEFTS(':'IMES,2) )*60) 
3570 IF MNS\=NTIHE\ THEN 3600 
lSSO I~ SEC\>=30 AND NSEL'=1 TH EN 3610 
::590 GOTO 3510 
:500 NSEL\=l . NTIME\=NTIME\+1 : GOTO 3620 
3610 NSEL\=O 

'SubrOutlne Datai 

'Subrout~ne Cùr"tol 
SEC";=VAL(RIGHTSI, ''1E$,~)) 

3620 PRINTJl,USING" HI".~·;XTIHEI,TE"I?T5',:EHI?T6!,RDI,PVROI 

3630 IF NOT M\=20 THEN 3680 
3640 M\=O : CLS 
3650 LOCATE 1,1 : PRINT' Tlme TEHP':'S 
3660 t.QCATE 2,1 : PRINT" [mlnl (e: 
3670 LOCATE 4,1 

TEHPT6 
[CI 

RD 
(CI 

PVRO 
(C; 

3680 PRINT USING" III.» ";XTIHE! ,TEHPT5!, 7EHPT6! ,ROI ,PVROI 
3690 H\=H'\+1 
3700 XTIHEl=XTIHE!+.S 
3710 IF RD!>(St'I+TRl) OR RD!<lSPI-TR!) THEil 3510 
3720 IF PVRO!)(SP'+TRl) OR PVROl«SP!-TRl) THEN 3510 
3730 NCOUNT\=NCOUNT\+1 
3740 IF NCOUNT\<NRSS\ THEN 3510 
3750 CLS 

'stedOY state 
'sceddy stace' 

3760 LOCATE 5,:9 • PRIN!" HEATUP CYCLE FÇ? JIE i'EMPERATURE COMPI..ETEO ., 
3770 LOCATE 8,19 . PRINT" Ole Temneratur:e nas reached steady-State. " 
3780 LOCATE 15,17 PRINT" Turn Extruder MOtor ON and set ta selected QPH." 
3790 LOCATE 18,17 : PRINT" Press 'FS' te cnange Extruder RPH dt any tlllle." 
3800 LOCATE 22,17 : PRINT" Press 'F6' for Start-U~ Procedure of Extruder ., 
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3810 LOCATE 24,4 . ~RINT" and 3Wltch RPH C:::W;'ROL on motQr control !Jo)' ln .:CMPUTER contDI ::;O~,~l 

on," 
3820 GOTO 3510 
3830 CLS 
3840 LOCATE 5,26 : PRINT" I?roqram 15 ln MAlIUAL control." 
3850 LOCATE 10,10 : PRIN!" Ooerator decldes '.hen DIE-PRESSURE has reacned Steday-~tdte • 
3860 LOCATE 20,3 : PRINT" ~hen Ole-Pressure dt Steady-State , ~ress 'F7' to start DAT~ ~CaUI~1 

TION." 
3870 PRINT : PRINT 
3880 FOR IN7=l TO 100 : hll.AR3\(W7)=2049 A1l.AH4\(lN7)=2049: NEXT 'no power 
3890 FOR 10=1 TO 100 STEP 10 
3900 AN.AR3\( 10):3687 : AtI.~R3\( lO+i) =36d7 . AlLARJ\! 10+2)=3687 
3910 luLARJ\( IOt3 )=3687 
3930 NEXT '40\ power 
3940 FOR 10=1 TO 96 STEP 6 
3950 AN.AR4\( 10)=3687 
3970 NEXT '17\ power 
3975 SP'l'D! =SP' 
]980 TIHE$="OO:OO:OO' 
3990 NTIHE\=Q • NSEI..\=O : ~TIME!=û M\=lO 
4000 IF NOT FL\=O THEN 4630 
4010 GOSUB 710 'Subroutlne Data2 
4020 ROI 'TEHPT6! 
4030 vosua 320 'Subroutlne Control 
4040 PVRD! =RD! 
4050 ~NS\=VA['IHIDS(TIHES,4,2))t(VAL(LEFTS(TlHES,2))*60) SEC\=V'AL(RlGHTS!TIMES,2)) 
4060 iF "NS'=NTI~E' ~HEN 4090 
4070 IF 3EC\)=10 AND HSEL\=l ~HEN 4100 
40~0 GOTO 4000 
4090 :1!;EL'\=1 ~TI:1E'=~T!"':::\+l: ';OTO 4110 



-r 

i 
4.000 
41:0 
4l2C 

?!>I:/n., JSING~ • If •.• ", XTII1E!, TEMPT5!, TEI1PT6! ,PREN!, PRE X ! 
rF ~OT ~\=20 THEN 4170 

4130 
4140 
4150 
415,,) 

'1\=J • C:'S 
:'CCATS l,! : PRINT" Time 
LOC"TS 2,: . PRINT· [mlnl 
:'OC~7::: ", ... 

TEI1PT5 
[CI 

TEME'T6 
[Cl 

PREN 
[ pSll 

4170 ?RI!IT ~S~!:G" jN8 •. * ";XTIHE!,TEMPTS!,TEHPT6!,PREN!,?REX! 
naD 
4UIJ 
4200 
4210 
4220 
423Q 
124Q 
4250 

'1\=1'1-1 
,(,::'1E! =C:ME! t. 5 
.JO':'O 4000 
C:'OSE j 2 CL:; 
,L \=J 
7AI:':S=~ jat" . FILE3S=NOSES+FILEStTAIL3S 

OPEN ~!L;;::3S FOR OUTPUT AS ~j 

4261 !..CC.\':'E :'0,32 . PRINT" DATA COLLECTION /1 

427Q ?RINT : ?RINT 
4275 SPTO!=,P'-: 
428C ':'IMES="IJO.OO:OO" 
4290 NTIME\=l XTIME!=O: NSEL\=l : 11\=20 
4300 IF NOT ,L\=O THEN 4630 

PREX 
[ pSll 

" 

4310 GOSUB 960 'SubrOutlne DATA COLLECTION 
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4320 t'R INT' 3, US WG tt U~",/I; XTII1E! , TEMPZ 41, TEI1PT51, 1EI1PT6! 1 PR~N! 1 PREX! , RPt1IN!, TORQUE! 1 POWEX! 
43:0 iF ~OT ~\=20 TH EN 43eO 
040 M\='l . CLS 
4350 LOC"TE .. ,.4 PRINT" T1me 
TORQUE 

TEl'IPZ4 TEMPTS TEI1PT6 PREN l'REX Rl'M 

4360 LOC"TE 2,1 PRINT· [mlnl (Cl (Cl (CI [ps 11 (psli (l/mlnl 
INr.l1 

437iJ LOCATE 4, .. 
4380 PRINT USING" ••••.• ";XTII1E!,TEHPZ4!,TEMl'T5!,TEMPT6!,l'REN!,PREX!,RPMIN',~ORQUE! 

4385 M\=I1\tL 
4390 XTIHE!=XTIME!t.5 
4400 IF NOT rL\=ù TH EN 4630 
4410 GOSU8 ~80 'Subrout1ne Data1 
4420 RD!=TEMPT6! 
4430 GOSUS 320 'Subrout1ne Control 
4440 l'VRO!=RD! 
4450 HNS\=VAL(HIOS(TIMES,4,2»t(VAL(LEFTS(TIHES,21)*60) SEC\=VAL(RIGHTS(TIHES,2) 1 
4460 IF MNS\=NTIME\ THEN 4490 
4470 IF SEC\>=JO AND NSEL\~l THEN 4500 
4480 GOTO 4400 
4490 ~SEL\=l NTIHE\=NTIME\+l: GOTO 4300 
4500 ~SEL\=O . GOTO 4300 
4510 FL\=5 
~520 RETURII 
4530 :L\=b 
4~40 QETURN 
.;550 ,L\=; 
4~ô() ilE':'URN 
4570 FL\=d 
4580 RE':'URII 
4590 FL\=i 
4600 RETURN 
4610 FL\=lO 
4b20 ilE':'URN 
4630 IF FL\=5 THEil 4690 
4640 IF .L\=~ T~EN 4910 
4bSO IF FL\=7 THEil 4210 
4b60 IF n\=d THEil 5010 
4b70 IF FL\=9 THEil 5130 
4baO IF 'L\;lO THEIl 5210 
4690 • Chanqe ln Setpolnt fOI Ole Temperature F5 
4700 ~LS • PRINT 
47:a 0Rl~T • Setpolnt for Ole Temperature rCl 15 "iSP! 



1 
4720 
4730 
4140 
4750 
4760 
4770 
4i80 
480G 
4810 
4815 
4820 
4830 
4840 
4850 
4855 
4860 
4670 
4880 
4885 
4890 
4900 
4910 
4920 
4930 
4940 
4950 
4900 
4970 
4980 
4990 
5000 
5010 
5020 
50]0 
504U 
5050 
5060 
5070 
5080 
5090 
5100 
5110 
5120 
5130 
5140 
5150 
5160 
5170 
5180 
51~0 

5200 
5210 
5220 
5230 
5240 
5250 
5260 
5270 
5280 
5;:90 
5300 
5310 
53::0 
5130 
5340 
5350 

"1 

?RI:IT 
P!UNT " Maximum Te'1lp. Je'l:atlon :tom Set;JoI:1t (CliS "iTR! 
t'RINT PRINT 
INPUT" New Set;Jolnt fot J:e Tempetatute (C: : ·.SP! 
PRINT 
I3PUT " New MaXimum Te'1lp. Deviation from Set~olnt (Cl ".TR! 
PR!:/T 
:F NOT (L\=l THEN 4840 
i?Rr!~T~l, U3ING" '1*11 . .t u 

t (':,r1ofE!, 3P t, 1'~! 
5P':'D!-3?!t.l 
FL;=O 
GOTO 3510 
IF MOT KL\=2 TH EN 4880 
PRINT»2.USING" •••• #",XTIHE!.SP!.TR! 
SPTD!=SP! 
FL\=O 
GOTO 4000 
PRINTi].USING" ••••.• "iXTIHE!.SP!,TR! 
SPTD!=SP!-l 
FL\=O 
GOTO 4300 
, Start-Up proceaute oi Eztruder F6 

CLOSE 
TAIL2S=" ext" : FILE2S.~OSES+FILES+TAIL2S 
KL\=2 
OPEN FILEZ; FOR OUTPUT AS .2 
VALUE' =RPH! *15.741>, 'RPM ;cmcu:~r ,~onc:olle<l 

ANALOG.JATA.VALUE\=VALUE!+2048 
DAC.SELEC':~=l : CALL JAC.'''AL:;E(DAC . .JELë:C7~,A.';ALÜG.nTA./ALUE\1 
FL't,=ü 
Garo 3830 
, Change ,n Extruaer RP~ F8 

CLOSE 
," " .... u~ • PRINT 
PRINT • Current Excruaet RPM [l/mlnl IS : "iRPH! 
PRIn 
II/PUT· New Extluaer :lPH (0-130) (l/mlnJ: ".RPH! 
?Rl:IT 
t'RINT " Ldst Fllename used : "iFILES 
t'RINT 
INt'UT " New Filename for Data Flle (for new RPHI ".FILES 
FL\=ü 
GOTO 4930 
, Chanqe ln SETUP conditions F~ 

CLOSE 
ANALCG, DATA. '1ALUE\=-2049 'Heater oH (~mVdc) 

DAC.SELEC':'\=O : CALI. :lAC. 'lALl;E( DAC. :lELEC':''t" ANALOG. DATA, '/ALUE\ 1 
ANALOG.DATA.VALUE\=2048 'RPM set to zero 
8AC. ::;ELEC':'\~ l ' '~..\I.;' ~AC. ".\LUE ( 8AC . .3IiLECT'I" MlALÙG. ?A'rA. VALUnl 
FL\=O 
GOTO 1900 
, STOP of experlment Fla 
CLOsr;: 
ANALOG.DATA.VALUE\=2049 'lfeater ou (SmVdcl 
DAC. SELEC':'\=O : CALL DAC. VALUE( DAC, SE:Lr;:CT\, MlALOG. DATA, '/ALUE\I 
ANALOG.DATA.VALUE\=2048 'RPH set ta zero 
DAC SELECT'=l . CALL DAC.VALUE(DAC,SELECT\.MIALOG.DATA,VALUE\1 
CL::: . PRINT 
;'OCATE 10.20 t'RINT" Experlment has been STOPPED 
LJCATE 12.20 PRINT" Ole f{eater(s 1 have been .iwlcched 1ft." 
::'OC,\TE 20.10 INPUT' liould you llke to :;tart d new elCperlment (Y/NI. ".:1:;,.: 
L=l 
FL\=ü 
'iO ro 1370 

':OLOR :3, ,l 
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5360 LOCATE 5,24 ' PP!:I! "DO ~OT FO?GE'!' !'O COPY :O~':'E!lTS OF" 
sno LOCATF. 1,36 ; PRI!IT "ORl'lE C," 
5380 LOCATE 13, ~6 : PRINT "9EFORE SHUT'!'ING OFF POWER !!!" 
5390 LOCATE 22,1 
5400 COLOR 7,0 
5410 STOP 
5420 END 
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1 APPENDJ:X D 

BJ:GH SPEED IMPACT TESTER LOAD-DEFLECTION CURVES 
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Figure D2 RVIST Load-Deflection Curves for EVOH. 
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