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• ABSTRACT

The present work attempts to obtain deeper understanding of the development of laminar

morphology in polymer blends and to optimize the production and properties of laminar

polymer blends in ribbon extrusion. Studies of the microstructure of extruded ribbons of

high density polyethylene (HOPE)/ polyamide-6 (PA-6) and polypropylene (PP) lethylene

vinyl aIcohol copolymer (EVOH) blends have shown that it is possible to control the flow...

induced morphology to generate thin, large and discontinuous overlapping platelets of

PA-6 or EVOH dispersed phase in a HOPE or pp matrix phase, respectively. Such

polymer blends are known as laminar polymer blends. The laminar blends of HDPEIPA...6

with only small amounts (20 wt%) of the barrier component, Le. PA..6 resin, produced

significant reduction (up to 45 times) in hydrocarbon penneability of extruded ribbons.

The PPIEVOH laminar blends with 25 wt% of the barrier component, Le. EVOH, Yielded

10 times improvement in hydrocarbon penneability of the extruded ribbons. The above

was achieved by optimizing materia! characteristics, processing conditions and flow field

in the screw zone and in the die unît. In particular, an approach for controlling the mixing

and melting steps in the screw zone was introduced, in arder to maximize the size of

melted particles of the dispersed phase upon entering the die unit. In the die region,

extensional flow generated by incorporating converging and diverging sections in the die

design, caused the large particles entering the die to be stretched in both directions

(machine and transverse directions), thus, producing platelets in the plane ofextrusion.

The effeets of the following factors on morphology development and blend

properties were considered and, when possible, manipulated ta obtain large particles and

defonnations of dispersed phase particles: screw zone temperature profile, die

temperature, screw design and configuration, composition, pre-compounding, die exit gap

size, and cooling system. The influence of the rheology of the system, Le. the viscosity

and elasticity ratios of components, was studied and manipulated to obtain large

• defonnations of dispersed phase particles. The effect of interfacial tension on the
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morphology and barrier and mechanical properties was investigated and for the

HDPEIPA·6 system, the interfacial tension was optimized by controlling the level of

compatibilizer, in order to obtain maximum barrier and mechanical performance of the

laminar blends. Pressure-Volume-Temperature (P-V-T) characteristics of the individual

resins and blends ofHDPEIPA-6 were studied, in order to calculate the interfacial tension

values and other thermodynamic relationships for compatibilized and non-compatibilized

blends ofHDPE and PA-6. Various relationships were obtained for predicting the barrier

and mechanical properties ofthe laminar blends from morphological data.
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RESUMÉ

La présente étude tente de mieux comprendre le développement de la morphologie

laminaire dans les mélanges de polymères et d'optimiser la production et les propriétés

des mélanges laminaires de polymères dans le procédé d'extrusion de bandes.

Différentes études de la microstructure de bandes extrudées de mélanges de polymères de

polyéthylène haute densité (HDPE)/polyamide-6 cPA-6) et de polypropylène

(PP)/éthylène vinyl alcool (EVOH) ont montré qu'il est possible de contrôler la

morphologie induite par l'écoulement, afin de générer de minces, longues, discontinues

et chevauchantes plaquettes de PA-6 ou EVOH respectivement dispersées dans une

matrice de HOPE ou de PP. De tels mélanges de polymères sont connus sous le nom de

mélanges laminaires de polymères. Les mélanges laminaires de HDPE/PA-6 avec de

petites quantités de produits "barrières" (20% en poids), par exemple de la résine de

PA-6, ont produit une réduction significative Gusqu'à 45 fois) de la perméabilité des

bandes extrudées aux hydrocarbures. Ce résultat a été obtenu en optimisant les

caractéristiques des matériaux, les conditions opératoires du procédé et le profil

d'écoulement dans l'extrudeuse et dans la filière. Dans la filière, l'écoulement

élongationnel obtenu en utilisant des sections convergentes et divergentes lors de la

conception de la filière, a provoqué l'étirement des grosses particules entrant dans la

filière suivant deux directions (axes machine et transversal), produisant donc les

plaquettes dans le plan de l'extrusion.

Les effets des facteurs suivants sur le développement de la morphologie et les

propriétés du mélange ont été considérés et, autant que possible manipulés afin d'obtenir

de grosses particules et des défonnations des particules des phases dispersées: profil de

température dans l'extrudeuse, température de la filière, dimensionnement et

configuration de la vis, composition, pré-mélange, dimension interne de la sortie de

filière et système de refroidessement. L'influence de la rhéologie du système (viscosité

et rapports d'élasticité de ses composantes) a été étudiée et manipulée dans le but

d'obtenir d'importantes défonnations des particules de la phase dispersée. L'effet de la
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tension interfaciale sur la morphologie et les propriétés "barrières" et mécaniques ont été

optimisées en contrôlant la quantité de compatibilisant afin d'obtenir une performance

maximale barrière et mécanique des mélanges laminaires. Les caractéristiques Pression­

Volume-Température (P-V-T) des résines et des mélanges de HDPEIPA-6 ont été

étudiées afin de calculer les valeurs de tension interfaciale et d'autres relations

thermodynamiques pour des mélanges de HOPE et PA-6 compatibilisés et non

compatibilisés. Plusieurs relations ont été obtenues afin de prévoir les propriétés

"barrières" et mécaniques des mélanges laminaires à partir de données morphologiques.
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CHAPTERI

INTRODUCTION

Polymer blends are defined as mixtures ofat least two polymerie components eontaining a

minimum of2 wt% ofeach component (1). Many polymerie materials ofcurrent industrial

signifieance are polyrner blends. The rise in use of polymer blends during the past two

decades bas been remarkable, and currendy polymer alloys and blends, PAB, constitute

over 30 wt% ofpolymer consumption (2). Polymer alloys and blends, represent a dyoamic

domain of plastic research and industrial applications. While synthesis of new polymers

was the major focus in the early phase of plastics industry, emphasis bas shifted to blending

of existing polymers, because blending can usually be implemented more rapidly and

economically than the development ofnew chemistry

Plastics continue to expand iota food packaging applications traditionally served by

metal and glass products. Melt..fabricated plastic articles with good solvent and vapour

barrier properties offer a variety of advantages in comparison ta metals and glass for use in

applications such as packaging, gasoline tanks and even fuel pipeline systems for passenger cars

(3-5). These advantages include light weight, flexibility, low cost and recyclability (6). One of

the mast important requirements for the use of plastics in packaging or gasoline tanks is

impenneability to gases and hydrocarbons. Mechanical properties should aIso meet produet

specifications, especially impact properties. In most cases, one polymerie material cannat offer

all the properties required; therefore a combination of polymers, Le. polymer blends, is

employed.

Currently, plastic containers with high-barrier properties are produced with a multi­

layer structure using co-extrusion technology (7-9). Co-extrusion is the simultaneous extrusion

from a single die oftwo or more homogeneous melts, which fotm a lamellar structure. Co-



extruded materials incorporate layers of a barrier polymer like ethylene vinyl alcohol (EVOH)

copolymer and a low cost polymer such as polypropylene. This teclmology, however, requires

high capital and complex contro~ and presents recyclability limitations. However, a variety of

other technologies have been developed to give enhanced barrier properties to plastic materials,

e.g., surface modification by treatment with highly oxidizing gases and metallizing (10-12).

Recently, a new approach employing inuniscible polymer blends to improve solvent and gas

barrier properties of plastic produets bas been introduced (13-28). Combination of a

thennoplastic barrier material with a lower cost matrix material which then could be processed

in a single step operation, if feasible, could offer process versatility and low produet cost.

Transformation of the spherical particles ofdispersed phase in polymer blends into laminar

morphology may have significant effect on the diffusion of gases and bydrocarbons

through films (13-21) and container walls (22-28).

•
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Immiscibility is an important criterion for selecting the components of barrier

polymer blends. If the blend components are miscible, only minor improvement of barrier

properties might be attained. Tailoring immiscible blends to achieve specifie characteristics

requires, among other things, control over the morphology or the spatial arrangement of the

phases and the stability ofthese arrangements, once formed. Dispersed, fibrillar, co-continuous

phases (interpenetrating networks) and stratified (Iaminar) are the main morphological types.

The first three types of morphology provide average barrier properties, while laminar

morphology leads to outstanding barrier properties. ControUing the morphology of

immiscible polymer blends to achieve specifie properties, needs knowledge of the

parameters that affect morphology development. Among them, viscosity ratio, interfacial

tension and elasticity ratio, are the most important material characteristics that affect the

morphology. On the other hand, processing parameters such as temperature, shear

stress/strain, flow field, and residence time affect the morphology of polymer blends

substantially. It is also necessary to understand the mechanism behind the transition of the

dispersed phase from the initial pellets to submicron size droplets.

This work evaluates the influence of the above parameters on the development of

Iarninar blends with barrier properties comparable ta co-extruded materials during nbbon

extrusion ofhigh density polyethylene-polyamide 6 (HDPF/PA-6) and polypropylene-ethylene



vinyl alcohol copolymer (pP/EVOH) blends. In particular, it proposes an approach based on

controlling temperature to delay the melting ofthe dispersed phase in combination with special

die design. The product exlubits substantial improvement in barrier properties of the blends,

especially for the HDPFlPA-6 system. Optimizing the maleation level of high density

polyethylene provides good mechanical performance for HDPFlPA-6 blends. The effect of

pre-compounding in a twÏn-screw extruder on the mechanical and barrier properties of these

blends is also reported and discussed. Previous research (19) has been used to select the

optimum level of maleation content for the polypropylene resin. The above obselVations

regarding the barrier and mechanical properties are supported by morphological studies and

image analysis.
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In order ta understand and quantifY the relationships between the processing conditions

and product characteristics, particularly penneability and mechanical properties, it was

necessary ta obtain data regarding sorne offundamental properties ofthe polymers in the blend.

Interfacial tension, barrier and mechanical properties were measured for bath systems. The

influence of maleation content of the matrix and the effect of temperature on the interfacial

tension were evaluated. As melt densities of resins are needed for interfacial tension

calculations, the pressure-volume-temperature (PVT) behaviour of individual resins and of

HDPFlPA-6 blends was evaluated.
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CHAPTER2

TECHNŒCAL BACKGROUND

2.1. Importance of Morphology control in immiscible Polymer blends

The rules governing miscibility or immiscibility of polymer blends are best understood

through a thermodynamic approach by using the Gibbs free energy of mixing, âGm• Free

energy of mixing can vary with composition in different ways. Complete and stable

miscibilitYexists only if âGm < 0 (29, 30), where âGm is the free energy of mixing. These

studies have profound consequences regarding the general miscibility of polymer blends,

since they suggest that âGm< 0 ooly when âHm<O or .1.S(C) >0, where .1..Hmand .1.S(c) are

enthalpy and excess entropy of mixing, respectively. Since mixing of polymers is generally

endothermic (L\Hm >0) and excess entropy is too small to result in a negative free energy

of mixing, polymer binaries are most often immiscible. This is not a restriction in many

applications, because miscibility is neither required nor desired. Irnmiscible polymer blends

are providing new materials, and in sorne applications such as rubber toughening and

barrier polYmer blends, immiscibility is essential.

Adapting inuniscible polymer blends to fulfill specifie final properties requires,

among other things, control over the tlow induced morphology during melt processing and

the stability of microstructure, once formed. The morphology of immiscible polymer

blends depends on various parameters including material, processing, and flow field

variables. The main morphological types are dispersed, co-continuous (interpenetrating

networks), fibrillar, and laminar morphologies. The tirst three types of morphology result

in Uaverage" barrier properties and reduction of permeability. Even with substantial

volume fraction ofthe minor phase, the effect is small (31,32). On the other hand, laminar

morphology, as in the case of blends of barrier polymers (EVOH, PA-6 and PET) with



polyolefins (pE, PP), where small amounts of the former polymers are dispersed as

essentially parallel, thin, large layers, produce substantial reduction of permeability in blow

moldedlextruded articles, even for small volume fraction of barrier minor phase

(13,27,28).

•
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2.2. Brief Review of Theories of Microrheology of Emulsions

In order to better understand the deformation and breakup of polymerie droplets

suspended in another polymer, it is beneficial to review fundamental theories of drop

deformation in emulsions. Physically, the problem of drop defonnation would appear ta

be straightforward. A droplet immersed in a non..uniform velocity field will deform due to

viscous stresses exerted on the fluid..fluid interface. The deformation is resisted by

interfacial tension. If the velocity gradient is adequately large, in most cases the drop can

not persevere a steady shape, but rather begin to continually stretch in the flow. This lack

ofa steady drop shape is generally called "drop burst" or "drop breakup".

Fundamental studies on the deformation and breakup ofa liquid drop due to the motion

of an immiscible, viscous suspending fluid dates back to the pioneering work of Taylor (33,

34). In order to provide a theoretical description ofsmall defonnations ofa Newtonian drop in

a Newtonian medium, Taylor used the method of domain perturbations (33,34). He derived

equations for the internal and external velocity and pressure fields and aIso for defonnation, D.

He introduced two dimensionless parameters, the capillary number,K, a ratio of shear stress,

1lmY·, and interfacial stress via; and viscosity ratio, À.:

•
Tf m r a

TC = ...;...;;.;~-

V

(2.1)

•
where Tlm and Tld are the matrix and dispersed phase viscosities, respectively, y. is the shear rate,

a is the droplet diameter and v is the interfacial tension.

At low strains, when the interfacial tension effect dOIlÛnates the viscous effect (small À),
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Taylor's theory yields:

D =L-B =lC(19.l+16J
L+B 162+16

6

(2.2)

with L and B the length and width of defonned droplet, respectively. It can be seen from

Equation (2.2) that, for À values from 0 to infinity, K S D ~ 1.187 K. Equations (2.1) and

(2.2) indicate that large interfacial tension and sma11 drop diameter yields smaller drop

defonnations.

When the interfacial tension effect is negligtble in comparisan to the viscosity effect ( large À),

this theory provides:

5
D=­

42
(2.3)

Cox's theory (35), which involves a perturbation in deformation and not in K or À,

provides wider application than Taylor's theory:

D= 5{19Â.+16) ,.,
4 (Â. + 1)(20 1K )2 + (19 Â. )2 J -

It can be seen that Cox's theory reduces to Taylor's in the limiting cases.

(2.4)

•

Ta descnoe the motion of highly elongated shapes, charaeteristic of low-viscosity

drops, Taylor introduced slender-body theory in 1964 (36) for low ReYnolds number tlows~

The perturbation parameter in this theory was a parameter proportional ta the slendemess ratio

ofthe drop, which was assumed to be small. Subsequently, a number of researchers tried ta

modify these theories by considering higher orders ofthe perturbation parameter or a more

suitable one that resulted in greater accuracy and wider applicability for larger drop

deformations (37-46).



In 1975 Youngern and Acrivos (47) introduced the boundary-integral method, which is

a numerica1 method that can consider large drop deformation and breakup of droplets without

any limitation on Â.. Other researchers applied this method to various problems (48-51). It

should be stated that in these studies, the influence of viscoelastic properties and

neighbouring drops was not considered.

•
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Deformation and breakup ofdroplets was theoretically treated by Raleigh (52) and

by Tomotika (53). According to them, deformation of spherical particles in shear flow

might result in ribbon like entities that will become cylinder-like under the influence of the

interfacial tension (this reduces the interfacial area). Further reduction of interfacial area

can occur by the growth of distortions of the liquid cylinder, as indicated in Figure 2.1

(54).

Tomotika showed that for a Newtonian system, a sinusoidal distortion with

amplitude of"A" grows exponentially with time:

(2.5)

•
Figure 2..1: Simlsoidally disturbed thread with definitions ofRD, R, A, andA. (54)
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where AtJ is the distortion at t=O and

8

(2.6)

where A is the distortion wavelength, Q(A,À.) is a tabulated function and ~ is defined in

Figure 2.1.

The thread break happens when A=R=O.81Ro. The time required ta reach this stage can

be calculated as:

(2.7)

•

The wavelength of the dominant distortion that results in breakup and its growth rate

depend on the viscosity ratio.

It should be pointed out that the theoretical treatment of droplet defonnation is

eomplieated and therefore, understandably, the majority of the studies reported in the

literature are concemed with dilute Newtonian systems. Onder flow conditions of

praetieal interest, most of the polymerie systems exhibit non-Newtonian, viscoelastic

behavior. Therefore, it is very important to have a better understanding of the role of

viscoelastic properties of the individual eomponents in determining the bulk rheological

properties oftwo-phase systems and defonnation behavior ofdrops in these systems.

Chin and Han (55) investigated the small extensional defonnation of a viseoelastic

droplet suspended in a viscoelastic medium, employing a perturbation technique. Their

study took into account the effects of viscosity, elasticity and interfacial tension of the

fluids concemed. Their model is restricted ta dilute emulsions and small deformations.

They made the fol1owing observations: Ci) droplet deformation increases with capillary

number; (û) capillary number bas a much greater influence on droplet defonnatlon than the

viscosity ratio and elasticity parameter; (m) in steady elongational ilow, the medium viscosity

plays a much more important role in detennining the droplet defonnation than the droplet phase

viscosity and medium elasticity.



RecentIy Palierne (56) introduced the linear theory of viscoelastic emulsions that

was employed in the work of Delaby et al (57-59), for predicting drop defonnations in

uniaxial flow of a viscoelastic drop suspended in viscoelastic matrix. Palieme's linear

model of viscoelastic emulsions led to expressions for the time-dependent drop

deformation, assuming that both phases are Maxwell fluids with single relaxation times.

They obtained the following equation:

•
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Â-d(t)-l =8 5 [t+ 2p (Td -Tmf1-exp{_.!-}]J
2p+3 2p+3 \ TI

9

(2.8)

where Âd is the Cauchy strain of the droplet, t is time in seconds, e is the elongation strain

rate in S-I, P is the viscosity ratio of zero-shear viscosities of the dispersed phase and the

matrix, Tm and 'rd are the relaxation times of matrix and dispersed phase, respectively, in

seconds and 'r l is defined as

2pTm +3TdT =~..........._---
1 2p+3

(2.9)

•

Delaby et al. made the following theoretical and experimental observations: (i) for small

defonnations, good agreement with Taylor's theory was found; (H) The drop deforms less

than the matrix when the viscosity ratio is higher than l, and it deforms more when

viscosity ratio is less than 1; (iü) The drop is less deformed by a viscoelastic matrix than

by a viscous matrix.

However, this linear model is restricted to small defonnations and zero interfacial

tension. Thus, it can be oflittle direct use in predicting the morphology during processing

ofpolymer blends in complex flow fields ofpraetical interest.

More recentIy, Stradins and Osswald (60) using the boundary integral method

predicted the effect of viscosity ratio on mixing of polymer blends. They proposed

Equation (2.10) as the best fit approximation to the simulated data for strain ratio as a



function of viscosity ratio. The relationship allows the strain in a drop ta be predicted if

the viscosity ratio and matrix strain are known. This can he used ta determine the strain

imposed on a drop when the strain imposed on the main matrix is known.
•
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(2.10)

where Yd and Ym are the strain rates for drop and matrix, respectively, ~m=-1.22795

(rlm/lld)o.7, ~d=-1.22695(l1nJl1d) and ~c=~m+~d. They evaluated experimental results of

Delaby et al. and found them of the same arder of magnitude as predictions of numerical

simulation.

Levitt and Macosko (61) used a stress balance approach to study the widening of

viscoelastic drops in viscoelastic matrix (pPIPS) in simple shear flow and obtained the

following equation:

~
. .) v0.6G -G ~-
m d R;a't (2.11)

where lIR2m4.~ is drop curvature in the longitudinal direction taken at the point of maximum

width. As expected the largest widening was ohserved for the lowest drop/matrix

elasticity ratio. However, for a viscosity ratio larger than unity and elasticity ratio above 2,

no widening was observed.

Ghodgaonkar and Sundararaj (62) used a simple force balance to predict the effeet

of elasticity on drop diameter in mixing of polymer blends. They obtained the following

equation for drop diameter:

where D is the diameter ofthe drop. The force balance best predicts the behavior of dilute•
D= 2v

TJm ~- 2(G~ -G~)
(2.12)



systems (2% PSIPP). It should be noted that this equation gives qualitative information.

To obtain quantitative values, the proportionality between forces due to effects ofviscosity

ratio and elasticity ratio, and direction of the forces must be determined. Their

experirnental results showed a minimum in drop diameter by increasing shear rate that can

be explained through this equation. However, this was not observed for aIl systems.

•
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2.3. Experimental Studies of Drop Deformation in Emulsions

Experimental studies of drop deformation have been used for evaluating theoretical

approaches. Beside the researchers that introduced theoretical approaches for drop

defonnation (33-51), other investigators studied the phenomenon experimentally (54,63­

70). On the basis of a review oftheoretical and experimental studies of drop deformation,

one may conclude that the principles and mechanisms goveming drop deformation and

breakup for Newtonian emulsion systems are generally understood. Based on this

literature review the following general conclusions can be made:

- The viscosity ratio, interfacial tension, capillary number, break.'Up time, and flow

field are important controlling parameters.

- In simp(e shear flow, breakup of droplets oceur more easily when viscosity ratio,

À, is close to unity (0.3<À<1.5). For viscosity ratios in excess of 3.8, no breakup

can be aehieved in simple shear flow, regardless of the value of interfacial tension.

Since Cox's theory prediets defonnations less than 0.32 (0<0.32), for infinite high

values ofK, it is reasonable that such a deformation is not sufficient for breakup.

- A minimum viscosity ratio exists below which a droplet does not burst. In simple

shear flow, values ofO.003-0.00S have been reported.

- Drop deformation increases with capiIIary number.

- At low interfacial tension and high viscosity of the matrix, the required shear rate

for breakup is smaller.



- Droplet breakup is easier in extensionaI flow fields. The relative efficiency of the

extensional flow substantially increases for Â;;8.

Deformation of Newtonian droplets suspended in a viscoelastic media has been

covered in a few reports (66, 72-75). They made the following observations:

- In Couette flow, the droplet moves closer to the outer cylinder (72).

•
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- Due to decrease in viscosity with increasing shear rate, a viscoelastic matrix

causes droplet deformation to increase legs at higher shear rates (73).

- In the viscoelastic medium, migration towards the tube axis was observed, and the

equilibrium position was at R=O (66,74).

Deformation of viscoelastic droplets in Newtonian media was reported by a

number ofresearchers (55, 64, 72, 75-78). They recorded the following observations:

- Viscoelastic droplets are less defonnable than the Newtonian droplets (55).

- Higher values of critical capillary number are observed than those determined for

Newtonian droplets (72).

-Contradictory observations were made concerning the stabilizing effect of droplet

elasticity (77,78).

2.4. Drop Deformation and Morphology Development in Polymer

Blends

Under the compounding and processing conditions encountered in processing of polymer

blends, molten polymers exhibit non-Newtonian viscoelastic behavior. In viscoelastic

systems, the drop deformation is determined not only by the viscous and interfacial forces,

but aIso by the pressure distribution around the droplet arising from the elasticity (70,71).

Therefore, the parameters involved and the mechanism of drop deformation in viscoelastic

systems might be quite different trom those in Newtonian emulsions. In contrast ta the

Newtonian systems, littIe has been published on drop defonnation and breakup in
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viscoelastic systems.
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During the past two decades, much work on immiscible polyrner blends has

attempted to establish the relationship between morphology and rheological/physical

properties of the individual components. Of particular interest are the experimental and

theoretical studies of Van Gene (70) and the work of Starita (71). They reported that in

addition to the viscosity and equilibrium interfacial tension of the two components, the

elasticity of polymer melts plays an important raIe in defonnability of dispersed phase

droplets and in determining the morphology of two-phase polymer blends. Van Gene, in

bis rheo-thermodynamics theory, attempted ta characterize the dispersion in terms of

droplet size, interfacial tension and differences in the viscoelastic properties of species and

derived an expression for dynamic interfacial tension during flow of a Weissenberg fluid

(Le. N2=O):

(2.13)

•

where Vdm is interfacial tension in flow (or dynamic interfacial tension), VOdm is the

interfacial tension in a quiescent polyblend, NId and Nlm are the first normal stress

differences of the dispersed phase and matrix, respectively. If dispersed phase is more

elastic than the matrix, Le. NId> Nlm. Equation (2.13) predicts higher interfacial tension in

flow or more stable dispersed phase morphology. On the other hand, for Nid < Nlm and

1VOdm 1> 1a (NId - Nlm )/61, the dependence predicts lower dynamic interfacial tension.

Thus the flow tends ta reduce interfacial tension. In other words, the fIow is inclined to

enhance the dispersing process, Le. fIow compatibilization. It also prediets, for a certain

droplet size, Velm may be zero and ooly droplets smaller than this size are stable. Since Vdm

can not be negative, for larger ditrerences of the normal stress differences or larger drop

diameter, the dispersed morphology translates into stratified morphology, for which

Equation (2.13) is no longer valid. 1t should be mentioned that due ta negleeting the flow

inside the drop, the predictions of Van Oene theory of dynamic interfacial tension and

minimum droplet size for stable dispersed morphology, might be incorrect for sorne
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On the basis of Van Oene's theory, Plochocki (79,80) predicted if N Lm is quite

larger than NId, the minor phase no longer preserves droplet shape and stratifies (Figure

2.2).

The problem of droplet defonnation and breakup was investigated by Wu (81) for

blends ofPA-6 and PET with EP terpolymer processed by twin screw extrusion. On the

•

Figure 2.2: Transition in the phase morph%gy type: /rom dispersed (left) ta the

stratified (right) induced by the change in sign of the principal normal

stress difference (78).



basis of obtained results, he plotted capillary number, le, versus viscosity ratio, À (Figure

2.3) and obtained a master curve defined by the following equations:•
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77m·y·a =lC =4(A)0084
V (Â>l)

(Â.<l)
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(2.14)

(2.15)

•

Therefore, small interfacial tension, large shear rates and high matrix viscosity enhance the

PET/EP RUBBERS
NYLON Z-l/EP ·RUBBERS
NYLON Z-2JEP AU8BERS

6 NYLON Z-l/EPX RUBBERS

1~._.......-..a..-..L....L.-JL.A..I~_....-.I~..L- __""""""""""""'_"""""-I~ """""'.L.L.I

0.1 1 la 100

VISCOSITY RATIO. "Id '''''m

Figure 2.3: Dimensionless master curve of lCversus Âfor the melt extrusion using a co­

rotating !Win screw extruder (81) .



defonnation and breakup of droplets during mixing. He observed that capillary number

appears to have the lowest value at l=l. This suggests that the smallest partic1es are

obtained when the viscosity ratio is about unity and as the viscosity ratio moves away from

unity, the dispersed phase particles become larger. He concluded that particle size is

directly proportional to interfacial tension and interfacial tension is a more effective means

for controIling the particle size, because the interfacial tension can he more easily varied

over a wide range than the viscosity with little effects on bulk properties.

•
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Serpe et al (82) suggested sorne modification for Wu's equation as follows:

(i)- they replaced the viscosity ofcontinuous phase, l'lm, by the viscosity of blend, llb;

(ii)- an increase of the average particle size with concentration of dispersed phase was

observed, therefore, keeping Wu's fonnulation, they defined:

(2.16)

50, in the treatment of particle defonnation for viscoelastic systems under shear flow, the

proposed correction (viscosity and composition) lead to a modified capillary number (K-)

defined as:

v (2.17)

They found that data points for various blends over a large range of composition and

mixing conditions faIl on a master curve (Figure 2.4) defined by the following equations:

• le- = 4(.,,;)°·84 CTl/ >1) (2.18)
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(2.19)

•

where 1lr·=t'ld/1lb. As in Wu's approach, the smallest particles are obtained when 1lr· is

about unity.

The etfect of material characteristic on morphology development ofpolymer blends

has been the subject of various experimental studies (44, 54, 63, 73, 76, 83-89). They

made the following general observations:

- In Couette flow, long cylinders for À. >1 and spheroids for À. <1 was observed

(83).

• P'Ehd-P'....LV
• PEtna-PA"LV
•PEftllI-"'"o"meI-...... f30l

""­L.....-----ft----+----~~-----.-..

Figure 2.4: Dimensionless master curve of Jê versus viscosity ratio (11/ =1111'11"J and

dispersed phase concentration (qJ~ for PEIPA blends for a wide range of

mixing conditions (G: shear rate, T: temperature) and dispersed phase

concentration (82).



-Elevated interfacial tension and high elasticity of the drop enhances resistance to

both defonnation and breakup (76) and droplets with larger elasticity are

hydrodynamically more stable (73).
•
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- The critical shear rate for breakup is lower in a high viscosity suspending medium

than a low viscosity suspending medium (76).

- Highly viscoelastic media give rise to large defonnations of droplets (89).

- Minimum particle size was obtained for viscosity ratio of unity, Â. ::l,and

compatibilized blends are less sensitive ta the value ofÂ. (84, 85).

- A more decisive role is played by the viscosity ratio than by elasticities of the

components, since the viscosities are high and vary by severa! orders of magnitude,

while elasticities vary ooly within one order of magnitude (87).

- The longitudinal morphology of PEIPS blend extrudates is influenced by the

viscosity ratio. IfÂ. <0.7, fibrillar structure is formed; for 0.7 < À <1.7, the droplets

become undulant tibers; and for Â. >2.1, undefonned droplets are observed (86).

2.5. Effect of Processing Conditions and Flow Field on Morphology

Processing operations in melt blending may be separated into; (i) compounding operations

where the blend components are initially mixed and prepared, and (H) shaping operation

where the resulting blends are extruded or molded into desired shapes. During shaping

operations, the phase morphology of the blends may be modified and the dispersed phase

is frequently drawn or elongated.

Beside the material variables that were discussed in the previous section, .

processing parameters are determined to play a key role in deformation of dispersed phase

particles and morphology development (76, 85, 90-93). The most important processing

variables affecting morphology development include: shear ratelshear stress, time of

mixing (in mixer) or residence time (in extruder), temperature, type of mixer or screw



design, tlow rate and stretch ratio. The flow field, especially in the final shaping step,

influences the defonnation of dispersed phase particles and determines the obtained

morphology (76,90,17-21).
•
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Shi and Utracki (90) studied development of polymer biend morphology in a twîn­

screw extruder. Dependency of predicted morphology on processing variables was aIso

investigated. They found that increasing the screw rotating speed or decreasing the

throughput, Le. increasing the residence timey lead to finer morphology. However, the

effect of throughput was found to be more pronounced than the influence of screw speed.

The decrease in scaIe of dispersed phase morphology with capillary die extrusion rate has

also been noted by various earlier investigators (82, 86, 91).

Tsai and Min (92) investigated the tlow induced morphology of tluoroelastmer and

polycarbonate blend in an internai mixer. They determined the effect of shear rate on

morphology and found that when the shear stress is low (7x 104 Pa), the spherical particies

of dispersed phase do not defonn. The transition trom sphere to fiber occurs in the range

ofshear stress 7xl04 Pa and 15.8xl04 Pa. When the shear stress is larger than 15.8xIO"

Pa, the fibers will break into a series of small droplets.

Favis (85) studied the effect ofprocessing pararneters on the morphology ofPPIPC

blends in an internai mixer. He observed that a fourfold change in the apparent shear rate

or doubling the apparent matrix shear stress had little effect on the dispersed phase

distribution.

Serpe et ai. (82) reported the effect oftemperature on phase morphology ofPEIPA

blends. They observed that depending on the value of the activation energy of dispersed

phase and matrix viscosities, increasing the temperature might increase or decrease the

particie size. In sorne cases, temperature does not influence the morphology.

Han and Funatsa (76) studied droplet defonnation and breakup in pressure driven

flows through converging and uniform channels. They determined that elongational flow

is more efficient in deforming the dispersed phase particles than shear flow. They found

that droplet breakup happens when the droplet, elongated into a thread-like cylinder in the



converging section, recoils in the region ofstress relaxation (Figure 2.5).

Utracki et al.(93) studied the behavior of HDPE/PA-6 blends in capillary flow.

The intensity of the extensional flow in the converging inlet zone was shown to be

sufficient to cause coalescence and fibrillation of PA-6 spheres at temperatures 69°C

below the PA-6 melting point. At the low temperature of IS0°C the high viscosity PA-6

migrated toward the center axis. At 2S0°C, the lower viscosity PA-6 was found to

concentrate in the outer shell of the strand.

•
CHAPTER 2: Technical Background 20

In the study ofWu (81) in a co..rotating twin..screw extruder, drop breakup occurs

even when ÎV4. This appears to arise from a combination of several factors including the

viscoelastic effects, complex transient shear, complex viscasity/temperature profile alang

the extruder barrel, and perhaps more importantly the presence of elangational field in the

extruder.

Kamal et al. (17,21) studied the morphology ofPP/EVOH blends in a single screw

extruder. They reported that incorporating converging and diverging sections in the die

unit, results in large deformations ofdispersed phase and obtaining laminar structure.
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Figure 2.5: Schematic of the droplet deformation process that would occur in the

entrance andJully developed regions (76)•



.It is evident from the above that elongational flow affects morphology more

efficiently than shear, and the presence ofelongational flow in the extruder and inlet of the

die (17, 18, 94) indicates its importance in morphology development during processing of

polymer blends.
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2.6. Droplet Coalescence and Compatibilizer Effect

The effect of droplet coalescence on the morphology of immiscible polymer blends should

be considered, even at low concentration of the dispersed phase, ~d~O.005 (54). Various

theories have been developed ta interpret the coalescence effect (95-101). An extensive

relevant review has been reported by Utracki et al. (54). Two important parameters

predicted by these theories are the time for onset of coalescence or coagulation time, te,

and the equilibrium drop diarneter, d·.

Tokita (96) derived the following equation ta predict the equilibrium diameter of

coagulation:

(2.20)

where pr is the probability that collision will result in a coalescence and EOK is the

macroscopic bulk breaking energy. This equation indicates that the equilibrium drop

diameter should increase with concentration, interfacial tension, and decrease with shear

stress.

Elmendorp's theory of coalescence (97, 98), which is often cited in the literature

(99, 100, 102, 103), provides the coagulation time:

•
(2.21)



where le is the capillary number and he is the critical separation distance. This relationship,

derived for dilute systems, prediets that the coagulation time should increase with viscosity

of the matrix phase and with drop diameter but decrease with an increase of interfacial

tension. Therefore, high concentration of the dispersed phase, low viscosity of the matrix,

small particle size and high interfacial tension favor coalescence.

•
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Generally, simple blending of different polymers results in coarse unstable phase

morphology that lacks adhesion at the interface and produces pocr mechanical properties.

These deficiencies can be improved by incorporating small amounts of a third ingredient,

usually referred to as "compatibilizer" or "interfacial agent". The presence of a

compatibilizer can lower the interfacial tension between polymers and therefore, reduces

the energy needed to break large particles during blending. This gives rise to a significant

reduction in the size of dispersed phase and an increase in the interfacial adhesion. There

is voluminous literature reports ccncerning the effect of compatibilizer on morphology,

processing and properties of polymer blends (.84, 91, 104-111). Review ofthese papers

reveals the effects ofcompatibilizer that are listed below.

- Compatibilizing agents produce significant increase in the rate of mixing and also

reduce the scale ofphase morphology (104, 105 and 108).

- Due to the high viscosity of the polymer matrix, much larger quantities than

actually required for interface covering are usually needed (104).

- Sorne compatibilizers like SEBS-g-MAH, may be partly located at the interface as

a compatibilizer but also partIy incorporated as a rubbery impact modifier in the

resin (107).

- The addition ofcompatibilizer stabilizes the phase dimensions (105).

- Sorne compatibilizers can produce substantial improvement in the ultirnate

properties (109).

- The influence of the compatibilizer on both particle size and final properties is

substantial at low concentration of compatibilizer and levels off after a specifie

amount ofcompatibilizer (110).
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2.7. Time Scale of Morphology Development in Polymer Blends
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The understanding of the dispersion process in polymer blends and of the different stages

of morphology formation starting from mm size pellets and ending with sub-micron size

dispersed phase partic1es, should be of great help in controlling and developing special

morphology for immiscible polymer blends. A srnall nurnber of literature reports provide

sorne useful guidelines for this purpose (85, 90, 103, 104, and 112-120).

Lindt (112), in studying the mathematical modeling of polymer melts in a single

screw extruder, round substantial reduction in the thickness of soIid bed width along the

screw length. His experimental and theoretical results reveaIed that solid bed width

reduces more than 70% within a screw length of LID of 2. Lee and Han (115) observed

similar results in investigating the performance of plasticating single-screw extruders.

However, their experimentai results did not show very sharp change of solid bed thickness.

Breakup of the solid bed occurred at an LID of 10.5. Lindt et al. (113, 114) studied the

morphology development for blends of polystyrene and styrene-butadiene-styrene

(PS/SBS) and polystyrene-ethylene vinyl acetate (pS/EVA) blends. Their results, which

are shawn in Figure 2.6, confirrned that the melting zone plays a very important raIe

during extrusion of polymer blends. They observed that within the residence time of the

melt in the melting zone, the blend undergoes a continuous but rapid change in its

developing morphology. Within a fraction of a second, the scale of mixing drops by

severaI orders of magnitude. The results reported by them and other investigators (114,

115, 118) show that within a few seconds the scale of segregation is reduced by orders of

magnitude.

Favis (85) studied the morphology of polypropylene-polycarbonate (pP/PC) blend

from 2 ta 20 min of mixing and did not observe notable changes over this time period.

Therefore, he tao concluded that a major portion of the morphology development

occurred during the melting ofthe pellets.

Scott and Macosko (119) used an internai mixer for polystyrene-polyamide

(pS/PA) system and found that the initial morphology (1.0 min ofmixing) of the dispersed



phase consisted of sheets and ribbons containing holes about 10 microns wide. They also

reported irregular shapes, which may have originated from breakup of the lace structure.

This research was followed by Sundararaj et aL (116) in a twin-scre\v extruder for the

same blend and polystYrene-polypropylene (pSIPP) blend. They also observed that very

large changes in dispersed phase size occurred during the softening stage. The particle

size changed less after the polymers were completely melted. Sunilar results were

obtained with a batch mixer. The formation of sheets in polymer blends was seen to occur

in twin-screw extruders. This sheeting mechanism caused the dispersed phase size to

rapidly decrease in the first stage of mixing (during the melting and softening period).

Most of the significant morphology development and size reduction in the extruder

happened within 30 mm of the first point of melting, and most of the important size

reduction in the batch mixer occurred within 1.0 min. The breakup mechanism involved
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• Figure 2.6: Dawn-channel variations in the striation thickness (polystyrene/styrene­

butadiene copolymer) a) lawerfilm b) upperjilm(l12).



hole fonnation, which might be caused by impurities in the blend. Levitt and Macosko

(118) studied defonnation, breakup, and coalescence of the dispersed phase by means of

visualization technique. They considered defonnation of droplets and thin, pre-made

viscoelastic sheets inside a viscoelastic matrix. They were interested in conditions where

large stretching without breakup could be achieved. The most stretched sheets were

observed for polymer pairs with closely matched viscosities and smalI interfacial tension.

On the basis of previous reports and their observations, they proposed the schematic of

dispersion ofthe minor phase during blending process (Figure 2.7).
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Shi and Utracki (90) studied the problem theoretically, and they too reported

substantial reduction of particle size of dispersed phase with length of the twin screw

extruder. Lim and White (104) studied the development of polyethylene-polyamide
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•
Figure 2.. 7: Schematic of dispersion of the minor phase during blending showing the

transition from pellets to droplets (118).



(pEIPA) blend in a modular intermeshing ce-retating twin screw extruder with and

witheut compatibilizer. They observed significant reduction of particle size aIong the

screw length. These changes were more substantiaI in the case of compatibilized blends

(Figure 2.8).
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The above reveaIs the importance of the very early stages of mixing in the

development of morphology in polymer blends. 1t aIso suggests that it should be possible

to obtain large particles of the dispersed phase at the die exit by delaying the melting

process. Application of an optimized temperature profile and control of shear heating by

optimizing the screw design should help in this regard. However, aIso material variables

should be taken into consideration.

10·,---------------------:--~

Figure 2.8: Number and weight average dispersed phase size as a junetion ofposition

a/ong the serew axisfor PF/PA-6without andwith 5 phr ofMASEBS (104).
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2.8. Development of Laminar Morphology in Polymer Blends
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There is great demand for barrier plastic materials in applications such as food packaging,

gasoline tanks and fuel pipeline systems for passenger cars, where low permeability to

moisture, gases, solvents and hydrocarbons are essential. Polymer blends with laminar

structure, where small amounts (5-20 wt%) of a barrier polymer dispersed as essentially

parallel, thin and large layers in the matrix ofa low cost resin, provide orders of magnitude

reduction in oxygen or hydrocarbon permeability in blow-moldedlextruded articles (13­

28).

Subramanian et al. (22-27) employed "SELAR", i.e. adhesion modified nylon, in

laminar blends with HOPE to produce blow molded containers with improved barrier

properties (Figure 2.9). They aIso developed HDPEIPET laminar blends in film extrusion.

Although, they obtained substantial reduction in permeability ofHDPEIPA containers (up

to 200 times), extruded lIDPEIPET laminar blends showed only 10 times improvement in

toluene permeability. It appears that the principal reason for excellent barrier properties of

HDPEIPA containers and moderate barrier performance of HDPEIPET films is the nature

of two processes used to produce these articles. In the blow molding process, the

possibility of obtaining extension ratios in both directions (machine and transverse

directions), is a significant advantage, while in the case ofsheet extrusion, the possibility of

achieving desired extension ratios is not high.

Kamal et al. (17) and Lohfink (18) chose a slit die to study the possibility of

manipulating microstructure and developing laminar morphology in ribbon extrusion.

They achieved laminar morphology in PPIEVOH blends with good barrier properties,

using a specially designed die and process manipulation. The die design incorporated

converging and diverging sections in order to help in stretching dispersed phase particles in

two directions (machine and transverse directions). Figure 2.10 presents the oxygen

permeability ofsorne oftheir samples.
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Recently, Lee and Cho (28) and Lee and Kim (121) studied LDPEIEVOH system

in blow molding, film blowing, and sheet extrusion. While, they obtained substantial

improvement in oxygen permeability of blow molded containers (300 times), the film

blowing and sheet extrusion results were not very promising. They obtained up to 20

times improvement in film blowed samples and ooly 2 times enhancement in oxygen

permeability of samples produced by sheet extrusion.
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2.9. Summary and Conclusions

The above survey of the status of knowledge regarding morphology development during the

processing ofblends leads to the following conclusions:

(1) Sorne rules have been proposed with regard to particle size distribution as a result of

deformation in simple flow fields. These rules incorporate rheologica,4 processing and

interfacial parameters. The most extensively explained effect relates to the viscosity ratio of the

dispersed phase and matnx. Yet, this effect is not thoroughly understood, and sorne of the

experimental observations appear to lead to contradietory conclusions. However, it is evident

that high viscosity ratio is not desirable for large drop deformations needed for developing

laminar morphology. For this purpose, viscosity ratio close to unity is advantageous.

Although elasticity of the components and the differences between tirst normal stress

differences have been reported to be important from experimental observations and theoretical

considerations, the status of lmowledge in this area remains very weak due to difficulties in

measurement of the relevant elasticity parameters and the lack of dependable rheological

constitutive equations that could provide dependable predictions of these parameters. AIso,

presently, there is no proven theory capable of descnbing large defonnations of viscoelastic

systems encountered in polymer blends. However, ftom experlmental and limited theoretical

observations, it is apparent that high elasticity ratio of dispersed phase and matrix is not

advantageous for large deformatioDS. Therefore, as Van Oene's theory (70) aIso predicts,

lûgher elasticity ofmatrix than dispersed phase is necessary ta produce laminar morphology in

polymer blends. Moreover, it is established that elongational flow is more effective in



producing large defonnations ofthe dispersed phase, even at high viscosity ratio. The effeet of

interfacial parameters is ambiguous at least, since no reliable interfacial tension data are

available regarding the relevant polymer melts. In general, lower interfacial tension coefficient

is more beneficial for large drop defonnation and it is known that high interfacial tension causes

resistance against defonnation.

(2) The key references regarding the development of laminar morphology are the works of

Subramanian (22-27), Lohfink (18), and recently Lee et al. (28,121). Literature reports of the

work of Subramanian are sketchy, in large part due ta the commercial aspects of the work.

Therefore, very little guidance may be derived from this work. However, it should be noted

that their results for sheet extrusion were not promising. The thesis ofLohfink provides more

details and specifie infonnation. Subsequent research by Hozhabr-Ghelichi (19) and Arghyris

(20) adds to Lohfink's database. However, the main aspects of the work of the last three

researchers have relied heavily on qualitative observations ofthe morphology and its relation to

compositional, design and processing parameters. The findings are restrieted to one polymer

blend system (pPIEVOH). There is great need to improve these results and ta extend and test

the corresponding observations to another commercially important polymer blend systems like

HDPFlPA-6 blends. Recent research (112-120) regarding morphology development in single

and twin-screw extruders, might be beneficial for this purpose. Furthennore, reliable interfacial

tension data are needed ta better understand the effeet of interfacial tension on morphology

development in polymer blends.

•
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SCOPE AND RESEARCH OBJECTIVES

In light of the literature review in the preceding chapter, this researc~ which is an extension of

an integrated program comprising the efforts ofthree researchers (18, 19, 20), attempts ta fill

sorne of the existing gaps. Emphasis in this work is placed on the understanding and

development of criteria for the production of laminar blends and applying such findings in

developing laminar morphology for the tirst time in sheet extrusion ofHDPElPA-6 blends and

aIso to upgrade the results obtained for PPIEVOH system. The development of these criteria

has been guided by the results ofother studies reported in the literature review section.

2.1. Specifie Research Objectives

The specifie goals and objectives ofthis research were:

1. to study the effects of rheology of blend components on the development of blend

morphology and to tallor rheology to aid in developing laminar structure in sheet

extrusion of blends. In particuIar, the effects of elastieity and viseosity ratios were

evaluated and optimized to obtain lanùnar morphology.

•

2. to investigate the influence of companbilizer on the development of Iaminar

morphology and final properties in HDPE/PA-6 system, and to optimize the Ievel of

compatIbilizer by modifYing HOPE with different contents of maleie anhydride; the

optimum maleation Ievel is detennined with the aid ofinterfacial tension measurements

at different temperatures and maIeation levels (for bath PP/EVOH and HDPFlPA-6

systems);



to evaluate the influence of composition, flow field and processing parameters , Le.

shear rate (screw rotation speed), temperature profile in the screw zone and die

temperature, screw desi~ twin-screw compounding and sequence of blending, and

cooling system on morphology and barrier and mechanical properties ofblends;

• 3.
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4. to obtain relationships for predicting barrier and mechanical properties of blends from

morphological data.
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CHAPTER4

EXPERIMENTAL

4.1 Material Characterization

4.1.1 Materials

Two blend systems were employed in the present study:

(i) Polypropylene/Ethylene vinyl alcohol copolymer (pPIEVOH): As the matrix phase, a

maleic anhydride grafted polypropylene, ADMER QFSOOA, supplied by Mitsui

Petrochemical Industries was used. The maleation level of this resin was 0.07 wt%.

EVOH, an excellent barrier polymer, was chosen for the dispersed phase. The EVOH

grade used in this study, EP-FIOIA, manufactured by EVAL~ Company of America bas a

32 mol% ethylene content (122).

(ii) High density polyethyleneIPolyamide-6 (HDPE/PA-6): A blow molding grade high

density polyethylene, Sclair 58A designated as PEO was used as the matrix. Two maleic

anhydride grafted high density polyethylene, CXA 4003 (pE1) and CXA 4006 (PE2) were

used as either potential compatibilizer or to replace the matrix. By mixing different

proportions of PEO and PE2, different levels ofmaleation content for polyethylene can be

achieved. AlI these three resins are supplied as commercial grades resins by Du Pont

Canada Inc. A blow molding grade polyamide-6, Ultramid BS, supplied by BASF

Corporation was used as the dispersed phase. PA-6 is known as a good barrier polymer

for hydrocarbons (123).
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Table 4.1: Typical Properties ofthe Resins as Supplied by the ManUjacturers
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Resin

Property ADlVŒR EVOH PEO PEI PE2 PA-6

Solid Density (g/cm3
) 0.90 1.19 0.955 0.951 0.950 1.13

Melt Index (dg/min) 3.0 1.3 0.43 1.3 0.6 -
(230°C) (190°C) (190°C) (190°C) (190°C)

Vicat Softening Point 143 125 129 128- -
(OC)

Melting Point (OC) 160 181 135 136 136 220

Tensile Yield Strength 24.5 25 31 80- -
(MPa)

UItimate Tensile 31.5 80 - - - -
Strength (MPa)

Typical properties of the resins used in this worle, as supplied by the manufacturer,

are shown in Table 4.1. Sorne of the physical and mechanical properties of the resins

needed in this studyare presented in Table 4.2.

4.1.2 Rheological Measurements

Based on the literature review in chapter 2, viscosity ratio and elasticity ratio of blend

components are among the parameters that affect morphology development under various
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Table 4.2: Properties ofResins (measured in this study)
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Resin

Property ADl\.1ER EVOH PEO PEI PE2 PA-6

Solid Density (g/cm3
) 0.90 1.19 0.955 0.951 0.950 1.13

Toluene Permeability 176 0.004 24.8 30.7 32.9 0.11

(mg.mm/m2.day)

Oxygen Permeability 61.5 0.01 23.5 - 25 0.71

(cm3.mm1m2.day.atm)

Impact Strength 2.5 0.4 1.5 - 1.8 2.8

CI/mm)

Elastic Modulus .. - 778 - .. 1210

(MPa)

Maleation Content 0.069 0.0 0.0 0.093 0.113 0.0

(wt%)

processing conditions. Thus, steady shear viscosity and drnamic measurements were made

ta obtain these parameters.

4.1.2.1 Steady Shear Viscosity Measurements

An Instron Capillary Rheometer (model TT..CM) was used ta measure the steady shear

viscosity ofthe resins. The capillary rheometer was calibrated for temperature distribution

along the barreL Viscosity measurements for HDPE's and PA-6 were done at three

different temperatures of230, 250 and 270°C. For ADMER and EVOH resins, the results



ofLohfink (18) were used. In order to cover a wider range of shear rates, two different

dies with diameter of0.762 and 2.54 mm were used. For shear rates higher than 10 s·t, die

with diameter of 0.762 mm and L/D ratio of 40 was used. To consider the entrance

effects, two other dies with LID ratio of5 and 20 were used and the Bagley correction was

calculated. Ta detenmne the true wall shear rate and viscosity of polymer melts, the

Rabinowitsch correction was calculated using the following equation:
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(4.1)

Then the value ofshear rate at the wall was obtained using Equation (4.2):

(4.2)

•

Viscosity measurements showed that at low shear rates, the Bagley correction is

negligible. Therefore, for shear rates less than 10 S·l, the die with diameter of 2.54 mm

was used, and the Bagley correction factor was neglected. To consider the non­

Newtonian behavior of the resins, the Rabinowitsch correction was calculated. The

calculation procedure to detennine the viscosity is described in details in various references

(124).

4.1.2.2 Dynamic Measurements

In this study a Bohlin Rheometer CS was used to measure the shear storage modulus and

loss modulus ofPEO, PE2 and PA-6 resins as weIl as a PEOIPE2IPA-6 (60/20/20) blend.

Test samples were prepared by compression molding of resins at 230°C. The rheometer

was preheated up ta the desired temperature , plates were adjusted ta the exact distance,

Le. 1 mm, samples were placed between the plates, and heating was continued until steady

state conditions was reached. The following settings were used for all the experiments:

Temperature: 250 and 270°C

Gap size: 1 mm
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Shear strain (constant): 1.0E-2

Frequency range: 0.01-10 HZ

For theAD~VOH system, results obtained by Lohfink (18) were used.

4.1.3 Maleic Anhydride Content Determination

37
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Maleated polyethylene (pE1 and PE2) is obtained by grafting maieic anhydride on the

polyethylene backbone and ADl\IIER is anhydride modified polypropylene. Anhydride

modified polyolefins are made to overcome the non-polarity of these polymers which

results in lack of adhesion to other polymers or they could be used as potentiai

compatibilizers for polyolefin blends. Two different methods might be used ta deterrnine

maleic anhydride content of maleated ployolefins. These two methods include, Furier

Transform Infrared Spectroscopy (FTIR) and the acid/base titration. Previous work (18,

19) showed that low maieic anhydride levels (below 1%) cannot be identified by FTIR.

Thus, the titration method, which yields reasonable accuracy (125) was used ta measure

the maleic anhydride content of resins.

About 1-1.5 grams of polymer was weighed exactly and dissolved in hot, refluxing

water saturated xylene. The solution was constantly stirred ta assure the homogeneity.

The hot solution was titrated with 0.005 N, KOH in isopropyl alcohol, using 6-7 drops of

thymol blue in DMF as the indicator. The end point was detected by the change of the

solution color from yellow ta blue. 1 ml excess KOH solution was added and the dark

blue color of solution was back titrated to yellow by using 0.005 N, HeL in isopropyl

alcohol. It should be mentioned that because of the precipitation of the polymer, the

solution process was limited ta 1.5 grams of polymer in 150 ml ofxylene. The results of

MAR content measurements of individual resins are shawn in Table 4.2. The MAR

contents ofblends were also measured and found ta follow the addition rule closely.
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4.1.4 PVT Experiments
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To measure the interfacial tension of polymer pairs, melt density of resins at different

temperatures is needed. To our knowledge, there are no reported pressure-volume­

temperature (PVT) data for maleated polyolefins and EVQH resins or their blends. Few

reports have been published concerning the PVT behavior of polyrner blends (123).

Therefore, it was decided to conduet a detailed evaluation of the PVT behavior of resins

used in this study, including the HDPEIPA-6 blends and the effect of level of

compatibilizing agent on PVT behavior ofblends ofHDPE and PA-6.

4.1.4.1 Density Measurements at Room Temperature

Ta study the PVT behavior of resins, the specifie volume/density of the resins at room

temperature and atmospherie pressure is needed. For the individual resins, the values of

specifie volume provided by manufacturers of the resins were used. Specifie gravity and

density of blends were measured aceording ta test method ASTM-D792-B. A 25 ml

pycnometer equipped with a thermometer having five divisions per oc was used. As the

density ofthe blends is slightly more than that of water, air-free distilled water was used as

the immersion liquid. Each measurement was repeated three times, and average of three

values is reported.

4.1.4.2 PVT Apparatus

The apparatus used is a commercially available PVT apparatus based on principles

described by Zoller (126, 127). Figure 1 shows the schematic drawing of the PVT

apparatus. 1-2 grams of the polymer are weighed and placed in a steel cell with flexible

bellows at one end. The total v~lume of the cell is 7.0-7.5 cm3
. The cell is filled with

Mercury as the confining fluid. Other fluids may be used as well, provided they do not

interact with the sample and their PVT properties are known. However, the PVT behavior

ofany arbitrary confining fluid might be measured in the PVT apparatus itself in a previous
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Figure 4.1: Schematic drawingofthe PVTapparatus



run. The sealed cell is placed inside a vessel that is under the hydraulic pressure of a

special silicon oil (Dow Corning 210H). The hydrostatic pressure of silicon oil is

produced by a high pressure motorizedlmanual pump. The pump can provide pressures up

to 200 MPa. This pressure is transrnitted to the contents of the cell, including the polYmer

sample, by the flexible bellows. The deformation of the bellows is a measure for volume

changes of the contents of the cell, provided the effective cross section of the bellows is

known. A linear variable differential transducer CLVDT) located below the pressure

vessel, measures the deflection of the bellows as a result of temperature and/or pressure

changes. The deflection is measured with a resolution of0.001 mm, representing a volume

change of approximately 0.OOOlcm3
• Using the known PVT properties of the confining

fluid (mercury), the deflections are converted to volume changes of the sample. The

pressure vessel is sealed in two places (at the interface to the base and to the thermocouple

block on top) by vertical force of a 25 ton hydraulic ram, mounted on a support plate

above the PVT apparatus assembly. The thermocouple block on top includes a high

pressure thermocouple (type K). The sheathed end is located in the steel closing nut ofthe

cell, close to the sample in the cell. This thermocouple measures the sample temperature.

A separate thermocouple is used for the temperature controller, which is located in a hole

drilled about 1.3 cm into the side of the pressure vesseL This thermocouple measures the

metal temperature. A temperature calibration is needed to relate the sample temperature

to the controlled temperature. The calibration should be redone whenever any changes or

repair is carried out.
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4.1.4.3 Calibration Run

It is necessary to do a calibration run for each cell and confining fluid being used for the

measurements. For a calibration nID, the piezometer cell is filled with confining fluid only.

Then, the cell is put in the apparatus and a calibration run is done between room

temperature and 400cC and pressure from 0 to 200 MPa. In arder to compensate for the

associated volume changes of the mercury, the obtained results are kept in a file and are



used as the basis for all the runs with the same cell. Also, these results could be used to

check the accuracy ofthe apparatus.•
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4.1.4.4 Experimental Procedure

The polymer sample, in the shape of pellets or small pieces cut from the extruded ribbons,

was dried overnight in a vacuum oven at SO°C. A small nickel cup was made from nickel

foil with the use of a supplied aluminum conical mandrel and weighed ta 0.01 mg. The

use of the nickel cup is for keeping the hydrostatic pressure for bath the solid and molten

polymer sample inside the tell. AlI parts of the cell were weighed ta 0.001 gram. The

bellows was mounted on the flller base, which was used ta till the cell with mercury. The

tiller had a cylindrical steel container with a base, on which the piezometer cell couId be

screwed. Next the bellows was either compressed or stretched sa that it had a relaxed

length which required a slight compression (about 0.5 mm) to constrain it to the fixed

Iength determined by a set screw in the flller base. This step is to assure that the whole

volume of the cell would be tilled with the mercury and the sample. The bellows was then

removed from the tiller base. The nickel cup was placed in the sample compartment

which is a part of the cell assembly. The length of the nickel cup was such that the

partition of the cell slightly compressed the rim of the cup. The polymer sample was

weighed to 0.01 mg and placed in this cup. Then, different parts ofthe cell including the

sample compartment, central piece and the bellows were put together with the help of ring

nuts. Gasket rings were placed between parts to seaI the cell assembly properly. The cell

parts were tightened.

The next step was to fill the assembled cell with confining fluid, Le. mercury. The

assembled cell was mounted on the tiller base. To fix the overall volume of the cell for

the mn, the constraining rod was inserted and threaded into the end of the bellows. The

rod was positioned so that the set screw in the filler base was engaged in the groove in the

constraining rod. The cell was conneeted to the reservoir ofmercury with a flexible tube.

While the filler base was placed in a tray inside the hood, employing a syringe about 10-12

cm3 of fresb, clean mercury was poured iota the mercury reservoÎr. Theo, the cell



assembly mounted on tiller base, was placed in the vacuum vessel with the reservoir on top

and piezometer cell on the bottom. While keeping the vessel in the 45° position, the

whole assembly was conneeted ta a vacuum pump, ta a vacuum ofbetter than 4x10-2 mm

Hg. When the required vacuum was reached, the vesser was tilted slowly past the

horizontal, until it came to rest against the stop provided. This tilting would pemût the

mercury to flow from the reservoir into the sample cell. The assembly was kept 3-5 min

in this position ta assure of filling of the cell. While the vacuum vessel was still against

the stop, the vacuum pump was tumed off: Over a period of 15 seconds, the air was

admitted through the valve to reduce the vacuum to about 15 inches of Hg. Theo the

vacuum vessel was moved back to its upright position. The valve was opened completely

ta reach atmospheric pressure. The vessel was opened and the flller base was withdrawn

from it. The flexible tube was disconnected from the tiller, and the remaining mercury in

the tube was emptied into the end of the cell. Employing a vacuum suction device, the

excess mercury was sucked up until the meniscus of the fluid was exactly at the top of the

small bore leading into the sample compartment. A steel sealing disk was placed into the

end piece, was centered, and with the use of cell closure nut, the seaI was sealed. The set

screw in the base of the tiller device was released from the groove in the restraining rad.

The assembled cell was unscrewed from the base, and the fully assembled cell was weighed

to 0.001gram to find the mass ofmercury used.
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At this step, the assembled cell, containing nickel cup, polymer sample, and

mercury should be mounted ta the base of the PVT apparatus. The LVDT core, which

was mounted at the end ofa long thin tube, was lifted up far enough to be able to screw its

end into the inside end ofthe bellows. The sample cell was screwed ta the adapter piece in

the base of the PVT apparatus. The pressure vessel, which is a thick steel cylinder with

heaters, was put in place by carefully lowering it over the sample celL The control

thennocouple was placed into the side-hole of the pressure vesseL Theo, the

thennocouple block was put in place on top of the pressure vessel, making sure that the

thennocouple tip entered the conical opening in the piezometer cell closure nut. The

spacer was added to the top of the thermocouple black and the finned aluminum heat sink

was added to the top ofthe spacer block. Theo, the ram piston was lowered with the help



of the hand pump and a pressure of 62 MPa was applied to the ram. A pressure of 200

MPa was applied manually to the pressure vesse! with the high pressure pump ta fili the

pressure vessel with the silicon oil and for inspecting qfany possible leakage.
•
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4.1.4.5 LVDT Calib'ration

The first thing that should be done before starting a sample run, is the LVDT calibration.

There should be a linear relationship between the output voltage and the micrometer

reading. The purpose of the LVDT calibration is ta find this linear relationship, which

might be different from one run ta another one. Therefore, initially the output voltage of

the LVOT was set at zero to within 0.01 volt, by moving the micrometer. The

corresponding micrometer reading and the exact voltage were the zero point for the run.

Then, the IlÙcrometer was moved in steps of 1.0 mm (within 0.1 mm) within a range of

±4.0 mm from the zero point, and the corresponding voltage and IlÙcrometer readings

were read. After the final reading, a linear regression was done on the micrometer

readings and the output voltage by the PVT software. If the deviation between the

experimental and fitted values was less than 0.003 mm, the LVDT calibration was

accepted; if not, another calibration was conducted.

4.1.4.6 Method Used

This study covers the temperature range of 30-290°C and pressures up ta 100 MPa. In

arder to obtain the required PVT data, the isothermal mode of the apparatus was used.

Selecting of the isotherms depends on the rnaterials and their transitions and processing

temperatures. For aIl the samples, a few runs around room temperature were done, ta get the

values of additional volume. These isothermal runs were done at 30, 40, 50, and 60°C.

Therefore, the specifie volume at zero pressure and initialization temperature was obtained.

The PVT apparatus indicates the changes in the specifie volume, and knowing the additional

volume at initialization conditions yields the exact value of specifie volume. For rnaterials like

EVOH and PA..6 which show a Tg above room temperature, a few isotherms with intervals of



10°C were selected around the Tg as weIl as around the melting range ofall the polymers. Ta

cover the whole range. of the temperature, sorne isothenns before the melting point were

considered. The required data for this study are the data above the melting point, Le. in the

range of processing temperature. To avoid degradation of polymers, the intervals above the

melting point was 20°C. AIthough the apparatus can be used up ta 200 MPa, in order to avoid

thennal degradation ofthe polymers and to minimize the residence time ofthe polymers at high

temperatures, the maximum pressure was fixed at 100 MPa. This pressure covers the

applicable pressure range for processing of the polymers. For better accuracy, a holding time

of 20 sec was used at each pressure. The pressure was changed from lOto 100 NlPa in la

MPa increments. The value for zero pressure was calculated by extrapolation.
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4.1.5 Interfacial Tension Measurements

As explained earlier (chapter 2), interfacial tension is one of the key parameters that affect

morphology development during processing of polymer blends. Furthennore, the final

properties of the polymer blends are determined, to a large extent, by the morphology as

weIl as the interfacial adhesion between the blend components in the solid state. Interfacial

adhesion in the solid state, is determined directly by the interfacial tension of molten

polymers. Therefore, knowledge of interfacial tension is of great interest for blend

technology.

Different methods have been used ta measure the interfacial tension of polymer

pairs. The most versatile method is the pendant drop method in which a drop ofone ofthe

molten polymers (more dense polymer) is suspended into a pool of the other molten

polymer (lower density polymer) and is allowed ta reach the equilibrium shape under

influence ofgravity (128-130). This technique relies on a force balance between interfacial

tension and gravitational forces. Although, the pendant drop method provides reliable

results, it tends ta be a slow and time consuming process. In the case of viscous polymer

melts, which are encountered in this study, many hours are needed for the equilibrium

shape to be obtained. This problem presented a mast seriaus limitation for the PEOIPA-6



pair. Another major limitation that makes the pendant drop method unpractical for

"maleated PEIPA-6" and "ADMERJEVOH" pairs is due to the strong interaction at the

interface of the two polymers which prohibits the drop from reaching the equilibrium

shape.
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Another technique that is used ta measure the interfacial tension of polymer pairs is

the spinning drop method (131,132). In this technique, a drop of the less dense polymer is

placed in a pool of the polymer melt of higher density contained in a horizontal glass tube.

The glass tube is spun at constant high speed. Depending on the speed ofthe rotation, the

drop will form an equilibrium cylindrical shape that is detennined by centrifugai

defonnation forces being balanced by the interfacial tension. Due to the large centrifugal

field, the time ta reach to equilibrium is much shorter for the spinning drop method

compared ta the pendant drop technique. Thus, using the spinning drop technique, the

two major limitations of the pendant drop method might be overcome. The pendant drop

method was used to check the accuracy ofthe spinning drop technique.

4.1.5.1. Pendant Drop Method

4.1.5.1.1 Theory

Starting from the force balance between the gravity and surface tension, the mechanical

equilibrium of a drop of one polymer imnlersed in a liquid matrix of another polymer is

given by Laplace's equation (133):

(4.3)

•

where RI is the radius ofcurvature in the plane ofFigure 4.2, R2 is the radius of curvature

in a plane perpendicular to Figure 4.2, âP is the pressure difference across the curved

interface and 'Y is the interfacial tension. Using Equation (4.3), Bashforth and Adams (133)

proposed the following equation:
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(4.4)

where ~ is the angle between the Z axis and Rh a is the radius of curvature at the apex of

the drop, X is the abscissa, and the dimensionless quantity B is given by:

~p is the density difference between two fluids and gis the gravitational acceleration.

t Z
1

(4.5)

a

De

x...

• Figure 1/.2: Pendant drop geometry (129)
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Ri and cP are geometrical functions and are given below:
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(4.6)

(4.7)

The Bashforth and Adams equation, wmch relates the drop profile ta interfacial tension, is

a non-linear differential equation between x and z. In this equation R, X, and z appear as

ratios ta the radius of curvature at the apex ofthe drop. Thus, for the same value ofB, the

drop keeps the same shape, irrespective of its volume.

4.1.5.1.2 Experimental Assembly

The core part of the apparatus consists ofan oven in which a quartz cell filled with the less

dense polymer and the drop insertion device, containing the polymer with lower density,

are heated. The other parts of the apparatus include the light source, an optical system to

capture the digitized image of the drop, and a data acquisition system with a PC computer

to compute the interfacial tension from the drop profile. Figure 4.3 shows the different

parts of the apparatus. The apparatus has been described in more detail by Demarquette

and Kamal (129).

Computer programs are used for edge detection, smoothing the drop profile and finally

shape comparison program, which provides the optimal value of the dimensionless

parameter ofB (134). The value of a, radius of the curvature at the apex of the drop, is

obtained using a curve fitting program. The entenon to aceept the value of ais, having

overall error of less than 1% between the experimental drop profile and the fitted circIe,

with the biggest radius of curvature at the apex. Then, the interfacial tension is obtained

from the following equation:

•
a2gÂp

Y=--
B

(4.8)
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Figure 4.3 : Experimental assemblyfor pendant drop apparatus (134)

where B is the dimensionless quantity described by Equation (4.5).

4.1.5.1.3 Experimental Procedure

The heavier phase cPA-6 and EVOH) was shaped by extrusion in a Capillary Rheometer

using a die with diameter of 0.762 mm. The less dense polymer (HOPE and ADMER)

was compression molded and then eut to the dimensions of the experimental celL The

samples were dried in a vacuum oven overnight at 80°C. The syringe (drop insertion

device) containing the higher density polymer was assembled in the controlled temperature

support. The syringe (containing the heavier phase) and the cell (containing the lower

density phase) were heated up to the desired temperature. The syringe was then pushed



into the pool (less dense polymer) until the tip of the syringe reached the level of the

optical path. The experiment started 15 min after thermal equilibrium was reached. The

drop of the polymer with higher density was then gently extruded into the pooL The

experlmental cell was sealed and was kept under a small positive pressure of argon ta

protect the polymers from degradation.
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The drop profile was analyzed every 15 min during the experiment until two

consecutive measurement of interfacial tensio~ using Equation (4.8), varied by less than

2%. Thereafter, measurements were taken every 10 min for 2 hr. Ifno variation of more

than 2% between the measurements was observed, it was assumed that the mechanical

equilibrium of the drop was reached, and the value of interfacial tension during the last 2

hours were averaged and reported as the interfacial tension at the desired temperature.

4.1.5.2 Spinning Drop Method

4.1.5.2.1 Theory

Tlùs method was first introduced by Vonnegut (135) and later was modified by different

investigators (131, 132, 136 and 137). In this method a drop offluid 1 (lighter phase) is

made to rotate inside a glass tube wlùch is filled with fluid 2 (denser phase). The axis of

the cylinder is strictly horizontal and rotation speed is high enough for gravity effects to be

negligibie. The drop elongates until it reaches its equilibrium shape. Interfacial tension y

can be determined by doing a balance between the centrifugal forces and tension due to

interfacial forces (Figure 4.4). This results in the following equation:

•
where

Apm2d 3

r = 8J
D
(IId)

r = interfacial tension (dyne/cm)

(4.9)
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Figure 4.4: Schematic ofan e/ongatedspinning drop

~p =density difference (P2 - Pl) between the two fluids (gr/cm)

co = rotational speed (rpm)

d =the diameter ofthe cylindrical droplet (cm).

ID is a constant which is equal to 4 where Vd > 4 , as reported in Seeto (138). If the

rotation speed is sufficiently high and/or the initial volume of the drop is selected properly,

Vd> 4 could be satisfied. Thus, Equation (4.9) can be reduced to:

!:ipo;2d3

r= 32
(4.10)

•

It has been shawn that Equation (4.10) introduces an error of about 0.4% when Vd=4

(138). More details about the evaluating ID (Vd) can be found in Manning (139).

4.1.5.2.2 Experimental Apparatus

The apparatus consists of a motor that rotates the shaft attached to a glass tube containing

the polymers, an oven and a capacitance probe. The motar was a OC motor (tram Nu-



Tech Ind.), and rotation speed was controlled with the power supply up to 40,000 rpm.

The speed of the motor was checked independently using a Tachometer. The motor and

the bearing are mounted on precision rads (for precise alignment) away from the aven ta

avoid heating. The special high speed ball bearings are located on cooling fans. The aven

consists of two parts, the top one is removable and the bottom one sits on a maronite

support ta thermal1y isolate it from the aluminum table. It contains two windows (one on

each side of the oven), allowing the viewing of the glass tube and polymer. A light source

provides the illumination of the polymer. Two thermocouples inserted at the center of the

aven, connected to two P.I.D. controllers, provide the accurate control of the aven

temperature ta within ±O.SoC. The glass tube with outside diameter of 1/2 inch and inside

diameter of 3/8 inch is made of borosilicate glass. A schematic representation of the

apparatus is shown in Figure 4.5. More details about the different parts of the apparatus

are available elsewhere (134).
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• Figure 4.. 5: Schematic ofthe spinning drop apparatus (134).
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4.1.5.2.3 Experimental Procedure
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The denser phase (EVOH and PA-6) was extruded in the shape of the rods using a single

screw extruder. The extruder was a Brabender type 125-25 with a screw diameter of

31.75 mm and a LlO ratio of 25. The diameter of the rod was controlled through

changing the speed ofthe take-off system. Theo the extruded rod was eut to the desired

length and a hole was drilled in the center. In order to keep the melted polymer inside the

hale, the hole length was shorter than the diameter of the rod. The polymer forming the

drop (ADMER and HDPE) was prepared using a twïn-screw extruder. The twin-screw

extruder was a 25 mm, co-rotating intermeshing extruder and LID ratio of 28 was used.

The extrudate was led into a pelletizer to get the cylindrical pellets with desired diameter.

Then a pellet was inserted inside the hole ofthe cylinder made from the heavier phase.

The polymers were dried in a vacuum oven at SO°C overnight. Then they were

introduced inside the glass tube between the two plungers. One plunger is sealed using

vacuum grease and the other one is left unsealed to apply vacuum ta the glass tube. The

tube was then mounted in place in the shaft of the apparatus. The vacuum was applied and

the sample was heated progressively to prevent the glass tube from breaking by thermal

stresses. Once the polymers were melted, the vacuum was discontinued and the polymers

were left to reach the desired temperature. When the set point in temperature was

reached, the plunger was locked in place to avoid movement during rotation and to

prevent polymer and air leakage. Using the OCULUS-TCX/MX frame grabber software

from CORRECO, the image of the drop was taken every 10 min and the length and

diameter of the drop was measured. To record the rapid changes of the drop at the early

stages ofthe experiment, the image was taken every 30see. Once the diameter of the drop

did not change for 1 br, it was assumed that the equilibrium has been reached and the

vaIues of diameter during the last 1 hour were averaged and interfacial tension was

calculated using Equation (4.10). As there is sorne discrepancy between the temperature

of the polymer and the measured temperature of the oven, a temperature calibration was

conducted for each polymer.
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4.1.5.2.4 Measurement of Optical EnIargement and Correction Factors
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The measured dimensions of the drop should be corrected for optical enlargement of the

system and for the combined refractive index of polymer 2 (matrix) and the glass. A

standard rad was used to obtain the optical enlargement factor. There are two methods

for measuring the optical correction factor. Although, theoretical approaches have been

developed ta evaluate the combined refractive index oftwo materials (138), it is easier to

determine the optical correction factor experimentally as reported in earlier work (139). A

standard rod with known diameter (d rod) was inserted in polymer 2 (matrix) inside the

glass tube that was filled ~ith molten polymer. The apparent diameter of the rod, d app was

measured at different temperatures. The optical correction factor was defined as follows:

(4-11)

•

4.2 Processing

4.2.1 Processing Equipment

4.2.1.1 Twin-Screw Extruder

The twin-screw extruder was used for compounding the materials prior ta processing in

the single screw extruder and ta achieve desired level of distributive mixing, while

avoiding extensive dispersive mixing. The twin-screw extruder was a 25 mm, co-rotating

intermeshing extruder with L/D ratio of28, manufaetured by BERSrORFF (model ZE25).

The twin-screw extruder was used either for compounding ofPEO with PE2 to obtain the

desired level of maleation or for compounding ofPEO, PE2 and PA-6 and for preparing

pellets ofblend ta feed ta the single screwextruder.
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4.2.1.2 Single Screw Extruder
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The single screw extruder was a Brabender 125-25 with screw diameter of31.75 mm and

LID ratio of 25. Two types of screw design, metering and mixing, were used to

demonstrate the feasibility of developing laminar morphology in both cases. The two

screws were designed to provide the same extrusion characteristics, except in the metering

zone where the mixing screw had an extra channel with higher pitch which provides more

rnixing. Detailed design ofscrews and barrel are given in Appendix A.

4.2.1.3 Die Unit

The single screw extruder was equipped with a slit die, specifically designed for producing

extensional defonnations, which are believed to assist in stretching the minor phase

partic1es and developing laminar morphology (18). The die and adapter were designed so

that the dispersed phase undergoes two-dimensional stretching in the plane of the tlow, as

shown in Figure 4.6. In sections A and C, the flow field is dominated by converging

extensional flow; in section B shear flow is dominant; in section D (in the X-Y plane),

shear flow is dominant, while in the X-Z plane, diverging extensional tlow prevails. In

section E, converging extensional flow becomes dominant again, while in section F shear

flow prevaiIs. Therefore, in sections A, C and Ethe tluid particles are stretched in the

tlow direction and in section D in the transverse direction. This biaxial stretching is

expected to produce platelets and ta develop laminar morphology. Detailed analysis of

tlow kinematics inside the die (18) has verified the defonnation pattern indicated. Ta

evaluate the effeet ofcoalescence on the obtained morphology, two adapters with 30° and

70 0 were used.
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Figure 4.6: Schematic ofthe die unÎt (18).

4.2.1.4 Take-off system

A variable speed fiat belt conveyer served as the take-off system. The take-off speed was

adjusted to be the same as extrudate velocity, in order ta prevent stretching af the

extrudate after exiting from die. Two different systems of caoling were used: air-cooling

and water-caoling. In the case of air cooling, a series of air fans were used. In order to

prevent sticking of polymer melt to the cooling apparatus, TEFLON coated rads were

used for the support.
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During the mixing process, pellets of the minor phase undergo five main stages of

deformation and breakup which can be summarized as follows (118):

Shear Sbeet Drown Breakup

Pellets ~ Sheets .. Fibers ~

Reat Hole Growth

Compatibilized
Droplets ~

Uncompatibilized

Coalescence Inhibited

•

"'----.... Coalescence

To develop laminar morphology, it is necessary to stop the above steps ofdeformation and

breakup after the sheets of the minor phase are formed. Ta achieve this goal, the

temperature in the screw zone should be kept as low as possible and preferably below the

melting point of the minor phase (Le. the higher melting point component). In order to

assure the melting of the polymer mass before entering the die, the last zone should be

kept above the melting point of the minor phase. In view of the above, it is important to

have precise control of process heaters, shear rates, shear heating, and residence time of

the melt inside the extruder.

4.2.2.1 HDPEIPA-6

4.2.2.1.1 Single Screw Extrusion Using Dry Blends

Due to the large difference between the melting points of the two components (135°C for

HOPE and 220°C for PA-6), the processing window is wide enough to satisfy the desired

temperature profile in the screw zone. To evaluate the effeet of processing temperature

distribution, five different temperature profiles along the barrel and die were examined.

AIthough, a die temperature of 250°C provides the viscosity ratio of about unity (section

5.1) that is believed to produce maximum deformation of PA-6 particles, two ether die

temperatures, 230 and 270°C were aIso examined. Beth mixing and metering screws were

used to demonstrate the feasibility ofproducing laminar morphology in the twe cases.
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Table 4.3: Processing Conditionsfor HDPEIPA-6 Blends: Single Screw Extrosion
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Processing Parameter Tested Condition

Temperature profile #1: 215,220,225,230 Die=230°C
Temperature profile #2: 220,230,240,250 Die=250°C
Temperature profile #3: 220,240,260,270 Die=270°C
Temperature profile #4: 190,200,210,230 Die=250°C
Temperature profile #5: 180,190,200,225 Die=250°C

Screw Design (single screw extruder) Mixing, Metering

Die Exit Gap (mm) 0.25, 0.5, l.0

Adapter Angle ( 0) 30,70

RPM 30,60

Composition (HDPEIPA-6 wt %) 90/10, 80/20, 70/30

MAR Content 0.0, 0.0035, 0.007, 0.014, 0.028, 0.056

Different MAR contents were utilized, in order to find the optimum level ofMAR needed

to achieve both good mechanical properties and good barrier properties. A summary of the

processing conditions is presented in Table 4.3. Detailed processing conditions for each

sample are listed in Appendix B.

4.2.2.1.2 Twin-Screw Compounding

In order to optimize twin-scre\v compounding, three important parameters should be

manipulated carefully. These parameters are screw configuration, temperature profile, and

blending sequence.

Ca) Screw Configuration: In order to obtain good distributive mixing while maintaining low

dispersive mixing, it was decided to use ooly conveYing elements throughout the screw



length. The temperature profile was chosen in a way that melting of PA-6 is delayed until

the last zone of extruder. To ensure the melting of the polymer mass before entering the

die, a kneading block was placed as the last element. This screw configuration provides

both low shear rate and minimum residence time inside the extruder.
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The following screw configuration, which is shown in Figure 4.7, was used for all the

twin-screw runs:

lx25mm

S.w.

7x37.5

S.E.

2x37.5

S.w.

8x25

S.E.

6x25

s.w.

lx37.S

•

Where S.W. stands for self-wiping, S.E. for simple element, and K.B. for kneading block.

Using the above screw configuration at 60 RPM and feeder rate of 350 provides a

residence time ofabout 50 sec.

TOTAL LENGTH =750 mm

:::i ~~~l:':!~l:':!~~l:':!~~~~~ ~ ~ ~ ~ ~ ~ N ~ ~ t!-~ ""' ................................................................. ..... ..... ..... ..... ..... ..... ..... ..... ..... ...
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Figure 4. 7: Optimized serew configuration for twin-serew compmmding ofHDPEI PA-6

blends



(b) Processing Temperature: The temperature profile along the screw should be chosen in

a way that the dispersed phase melted just before entering the die. Considering the melting

point ofPA-6, Le. 220°C, after sorne preliminary runs, the following temperature profile

was round to be close to the optimum processing temperature to achieve the desired goals:
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zone 1 zone 2 zone 3 zone 4 zone 5 head flange

•

Therefore, it is expected that melting of the dispersed phase (PA-6) particles starts in zone

#5, and before any extra mixing the melt reaches the end of the screw zone and enters the

die. Considering the total residence time of 50 sec., it is estimated that the residence time

ofmelted PA-6 in the screw zone should be less than 10 sec.

Cc) Blending Sequence: To evaluate the effect of sequence of blending, different methods

were used to mix the components of the blend (Le. PEO, PA-6, and PE2). Figure 4.8

shows the different sequences ofcompounding and extrusion that were used.

4.2.2.2 PPIEVOH

As the temperature difference between the melting points of the two components is small

(160°C for ADMER and 181°C for EVOH), the processing window is narrow for this

system. Therefore, it was not easy to satisfy the conditions explaîned in 4.2.2 in single

screw extrusion of AD:MERIEVOH blends. Based on the previous research at McGill

University (17-21), the processing conditions shown in Table 4.4 were used. ADMER, Le.

a maleic anhydride grafted polypropylene with maleation content of0.07 wt%, was used as

the matrix for all the blends. Hozhabr (19) found that the maleation content of 0.07 wt%

was the optimum value, considering both barrier and mechanical properties for PPIEVOH

blends. Twin-screw compouncling oftbis system was not considered.
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Figure 4.8:Altenlative sequences ofcompoundillgandextnlsionfor HDPElPA-6 blends
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Tested condition Processing parameter

Temperature profile #1: 180,200,210,220 Die=215°C
Temperature profile #2: 180,205,215,230 Die=225°C
Temperature profile #3: 180,205,220,235 Die=230°C
Temperature profile #4: 160, 160, 170, 180 Die=225°C

Screw Design Mixing, Metering

Die Exit Gap (mm) 0.25, 0.5, 1.0

Adapter Angle ( 0) 30,70

RPM 30,60

Composition (pP/EVOH wt%) 80/20, 75/25, 70/30

Cooling System Air Cooling, Water Cooling

4.3 Product Characterization

4.3.1 Microstructural Analysis

Laminar structure implies that the minor phase exhibits large deformations both parallel

and perpendicular to the flow direction. Thus, samples were examined in both the flow

and transverse directions. Figure 4.9 shows the sample locations chosen for the

microstructural study of the extruded ribbons. Samples 1 and 4 are parallel to the f10w

direction, and samples 2 and 3 are perpendicular to the tlow direction. To evaluate the

morphology variations across the width of the sample, locations 1 and 2 are chosen at the

center ofthe ribbon, while locations 3 and 4 are selected close to the edge ofthe ribbon.
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4.3.1.1 Sample Preparation
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Samples were cut from the above locations using a cutter, and the relevant faces of the

samples were marked. In arder ta obtain undeformed plane face, the samples were

microtomed cryogenically using a Reichert UItracut S/FCS. A temperature of -170°C was

selected for HDPEIPA-6 blend, and for the PP/EVOH blend, the set temperature was

-100°C. In the case ofHDPEIEVOH blend, HOPE has the lowest Tg., Le. -110°C, and PP

with Tg of-25°C has the lowest Tg for the PPIEVOH blend. Cooling the polymers below

or near their Tg, increases their stifthess and makes them less Iikely to deform and smear

during microtoming. Subsequently, the dispersed phase was etched out using appropriate

solvent. The HDPEIPA-6 blends were etched for 1 heur with 88% formic acid, while

1,1,1,3,3,3,-hexafluro-2-propanel was used for the same period te etch the PPIEVOH

blends. Theo, ta prepare the samples for scanning electron microscopy, they were coated

with a gold/palIadium alloy under vacuum in an Anatech Ltd. Hummer VI sputtering



system. The samples were coated to provide an electrically conduetive layer, ta suppress

surface charges, to minimize radiation damage and to increase electron emission.•
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4.3.1.2 Scanning Electron Microscopy (SEM)

The morphology of the samples was studied using a Jeol 840 scanning Electron

Microscope. After testing different accelerating voltages between 10 and 20 KV, an

accelerating voltage of 20 KY that appeared to provide optimum resolution, was used. A

working distance of 39 mm was used throughout this study. In order to view the whole

length of the elongated particles, especially in HDPEIPA-6 samples, the minimum

magnification that provided good resolution was used. Depending on the morphology of

the sample, this magnification was between 80X and 600X. The areas where the dispersed

phase was etched out, appeared as dark areas, whereas the matrix was more paIe.

4.3.1.3 Image Analysis

A TN-8500 image analysis system was used to analyze the morphology quantitatively.

Since larger particles play a more important role in determination of final product

properties than smaller ones, an "area weighted average" was used ta obtain the numerical

values for aspect ratio (LIT) and average particle area (LxT) of dispersed phase particles.

These two parameters were defined as follows:

•

"
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where:

A=total area covered by aU particles

N= total number ofparticles

a, =area of ith particie

a; =(UT)1 =aspect ratio of ith particle

L = length or maximum projection ofthe particle

T = thickness ofthe particle
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(4-14)

(4-15)
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The obtained numerical results were then used to evaluate the effect of processing

conditions on morphology.

4.3.2 Toluene Permeability Measurements

4.3.2.1 Sample Preparation

To obtain smooth samples, as needed for permeability measurements, extruded ribbons of

individual resins and blends of HDPEIPA-6 and ADtvŒRlEVOH were compression

molded at Iow temperature and pressure. The main restriction was to avoid changing the

morphology ofthe samples. Therefore, temperature and pressure were controlled strictly

to prevent such changes. The compression molding was done at temperatures below the



melting point of blend components and close to the melting point of the matrix, Le. the

lowest melting point component. The pressure was set at a value such that the surface

area of the sample after compression molding was about 15% more than the original area

before compression molding. Therefore, the particles of the dispersed phase were

stretched less than 4% during compression molding. It is believed that this small amount

ofdeformation does not affect the penneability measurements considerably. To verify this

cIaim, permeability of the samples before and after compression molding was compared

and the result showed that the difference was less than 5%, which is within the

experimental error of the test. The conditions used for compression molding of the two

systems are as follows:

1- HDPEIPA..6: As the melting point ofHDPE is about 135°C, the following conditions

were used for compression molding ofHDPEIPA..6 system:

- temperature: 120°C±4

- pressure: 750 psi ±50

- pre..heating time: 7 min.

.. heating time: 2 min.

.. cooling time: 6 min.

Tap water was used as the coolant. As mentioned above, the compression molding

temperature is well below the melting point of the dispersed phase (PA-6), Le. 220°C.

Thus, the dispersed phase morphology is not affected significantly by the compression

molding.

2- ADMER/EVOH: The melting point of the ADMER is 161°C; therefore, the following

molding conditions were used:

- temperature: 148°C±4

.. pressure: 1500 psîoC100

- pre..heating time: 8 min.

•

•
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- heating time: 2 min.

- cooling time: 7 min.
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4.3.2.2 Toluene Permeability Setup

Toluene permeability ofthe samples was measured according to ASTM F739 method with

the help of a gas-chromatograph (GC) supplied by Hewlett Packard (type 5890 series II)

which was equipped with additional accessories. As the permeability of sorne ofthe resins,

especially EVOH, depended on the relative humidity of the test sample, the samples were

conditioned at 23°C and 50% relative humidity for 96 hours. Then the sample was placed

in a glass cell. Thus, the cell was separated ioto two chambers by the sample. One side of

the sample was filled with toluene, while the other side was flushed with helium as the

carrier gas. Toluene diffused through the polymer film and after a breakthrough time, it

appeared on the other side of the cell. The helium carried the diffused toluene to the FID

detector (flame ionization detector) of the GC, and the mixture was analyzed for the

concentration of toluene. Due to low permeability of the samples with lamioar

morphology, long time was needed to reach steady state. Therefore, the setup was

designed to measure the steady state penneability of4 samples simultaneously.

Figure 4.10 shows a schematic of the toluene permeability measurement setup.

When valve #2 is oft: the helium carrier gas (helium stream #1) goes directly ta the

detector to provide the baseline. At the same time, depending on the position of valve #1,

stream #2A or 2B fills the loop and is clirected ta the loop vent while another stream goes

ta the cell vent. When sufficient time has elapsed (50 min.), valve #2 is turned on in arder

ta purge the loop from the previous run. The helium carrier tlow (stream #1) is direeted to

the loop and then to the FID deteetor. Therefore, the gas sample is analyzed and the

concentration ofthe toluene will be known.
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Figure 4.10: Schematic ofthe toluene permeability measurement setup

Permeability can be calculated using the following equation:

F
q=c-

A
(4.16)

•
where q is toluene permeation rate in mg/m2.min, c is the concentration of toluene in the

gas mixture, F represents the flow rate ofhelium and A is the exposed area of the sample



ta toluene, Le. 18.86 cm2
• The permeability coefficient depends on the thickness of the

sample as defined below:•
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p=qxt
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(4-17)

where p is permeability coefficient in mg.mrnlm2.min, and t is the thickness of the sample

in mm. As permeability is a function of temperature, room ternperature was monitored

and the permeability results were corrected for the effect of temperature using an

Arrhenius type equation as follows:

(4.18)

•

4.3.2.3 Calibration of the Apparatus

To calibrate the Ge for toluene permeability measurements, standard 10 liter Mylar bags

were filled with air. Then specifie amount of toluene, 10-50 J.lI, was injected into the air

filled bags. Therefore, the concentration of toluene in the bags was already known. The

mixture was left for at least 4 hours to forro a homogeneous gas mixture. Then, the

mixture was pumped into the system under the same conditions that were used during the

sample runs. The pump produced constant and accurate tlow rate. Using different

concentrations of toluene, the required parameters including retention time and

amountlarea were found. The Ge provided accurate results for the concentration of

toluene in the different bags. A standard deviation of 1% for the same bag , and 2% for

different bags was achieved. Table 4.5 shows the pressure and related tlow rates for

calibration and sample runs.
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•

Gas Cylinder Pressure (!<pa) Flow Rate (ml/min)

Pneumatic air 414 -

Air 241 350

Hydrogen 107 30

Helium #1 (detector) 276 30

Helium #2 (cell #1) 276 50

Helium #3 (cell #2) 276 50

4.3.3 Oxygen Permeability Measurements

4.3.3.1 Sample Preparation

The procedure explained in section 4.3.2.1 was used for providing the smooth sample for

oxygen permeability measurements. Then, the sample was sandwiched between two

aluminum foil masks with an opening of 18.86cm2
• The standard aluminum foil masks

have an opening of 5cm2
, which is not large enough for samples with low permeability

such as EVOH resin. Thus, the obtained voltage was too low for the detection.

Therefore, a mold was made to provide aluminum foil masks with larger opening of

18.86cm2
• The samples were conditioned at 23°C and 50% relative humidity for 96 hours

prior to measurements.
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4.3.3.2 Oxygen Permeability Apparatus
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A Macon coulometric axygen detector incorporated into a device similar to Ox-Tran

mode 100, as shown in Figure 4.11 J was used to measure the oxygen penneability of the

samples. The apparatus consisted of a cell separated fito two chambers by the sample.

One side of the sample was flushed continuously with extra dry oxygen. On the other side

of the sample, dry nitrogen carrier gas containing 3% hydrogen swept the permeating

oxygen molecules to the sensor. Through an electrochemical reaction, sensor produced a

current, which is a linear function of the mass flow rate of oxygen into the sensor. The

nitrogen gas carrier contained 3% hydrogen, which by passing through a platinum catalyst

caused the hydrogen to react with any residual oxygen in the system. Both oxygen and

carrier gas vented directly to the atmosphere, and when the mass flow rates are identical,

there is no pressure difference across the sample. To remove any absorbed oxygen in the

samples and aluminum foil masks, the cell was conditioned between 12 and 48 hours, with

dry nitrogen passing on both sides of the sample. When no voltage was observed, it was

assumed that the sample was free of absorbed oxygen. The temperature of the cell was

monitored, and the results were corrected for the effect oftemperature using the Arrhenius

equation, as indicated earlier (see Equation (4.18)).

4.3.4 High Speed Instrumented Impact Testing

Impact performance of polymerie materiais is of great importance in many applications.

Impact strength of polymer blends is a good indicator of the quality of adhesion between

blend components. A Rheometrics Variable-Speed Impact Tester (RIT-8000) was used

to evaluate the impact properties of the samples. RIT-8000 is a controlled velocity impact

tester, in which an eleetrically controlled hydraulic system drives a dart shape probe to

impact a flat specimen fixed between sample retaining rings. The force exerted on the

probe, as a result of impaeting the specimen, is measured by a load cell positioned at the

tip ofthe rod and is plotted against the distance traveled (displacement). The test imposes



•
CHAPTER 4: Experimental 71

~ ~.
Tube Tubi

t
~

CcTIer =Gu AoamNl
t'7.. Hz3_Sz

t

Figure 4.11: Diagram of the coulometric system llsed in measurements of orygen

permeabi/ity coefficient.

•

a biaxial fiexural deformation on the sample that is sinillar to the Ioading conditions which

are encountered in many applications. The extruded ribbons were conditioned at 23oC and

50% relative humidity for 96 hours. The average thickness of the samples was measured

with a micrometer within 0.01 mm precision and tests were done at room temperature.

Samples were clamped between the 3.15 cm diameter rings. A hemi-spherical probe with

diameter of 1.26cm was used for all the tests. Based on previous research (20), impact



speed of0.432 rn/sec (1000 in/min) was used. As the probe impacted the specimen, force

was measured as a funetion of displacement and was displayed on a CRT screen. The

shape of the load-defleetion curve depends on the behavior of the material under impact

load and it may consist of all, or portions ot: the idealized stages shown in Figure 4-12,

which is explained below.
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- Stage A: Perturbations; are usually smalI.

Stage B: Linear load-deflection deformation; where specimen behaves elastically.

.. Transition B: Yield point; plastic deformation ofsample starts.

Stage C: First major permanent deformation; where, because of distributed damage, a

decrease in load is not observed.

- Transition C: Maximum load; which is usuaUy associated with the first appearance of

visible cracks in the specimen.

.. Stage D: Stable defonnation; which is after the maximum load.

.. Transition D: End oftest; the specimen looses its structural integrity.

The following data were collected and discussed for all the samples:

- The ultimate force (transition C), which shows the rigidity ofthe samples.

.. The ultimate energy, which is the area under the curve up to point C, and is an

indication of impact strength ofthe samples.

A nOffilalization procedure was used (Appendix D) to compare the samples with different

thicknesses. The values presented in this study are averaged over 10 samples.
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Figure 4.12: Idealized deformation stages and transitions for impact testing using RIT­

8000.
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CHAPTER5

ANALYSIS OF MATERIAL PROPERTIES

5.1 Rheological Analysis

5.1.1 Steady Shear Viscosity

The review in chapter 2 indicated that viscosity of blend components or the viscosity ratio

of the dispersed phase to the matrix phase is one of the most important parameters that

affect the deformation and breakup of dispersed phase particles. Developing laminar

morphology in polymer blends deals with large deformations of dispersed phase particles.

Therefore, knowledge of the rheological behavior of blend components is a necessity in

this study.

5.1.1.1 HDPEIPA-6 Blends

The viscosity-shear rate data for resins were obtained using both Bagley and Rabinowitsch

correction factors. These data for PEO, PEI, PE2, and PA-6 at three different

temperatures of230, 250, and 270°C are shown in Figures 5.1- 5.4. The viscosity-shear

rate curves of the three grades ofHDPE, Figures 5.1-5.3, are simiIar, and none ofthem

could be fitted weil ta the power law model aver the whale range ofshear rates. AIso, the

viscosity-shear rate curve of the PA-6, Figure 5.4, could not be fit to the power law

model. While PA-6 viscosity shows strong temperature dependency (Figure 5.4), the

viscosities of PEO, PEI, and PE2 resins (Figures 5.1-5.3) do not change significantly in

this temperature range. This is an advantage ofHDPEIPA-6 blend and provides flexibility

in optimizing the processing temperature in the screw zone and inside the die region for
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obtaining ideal viscosity ratios.
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As mentioned earlier, the viscosity ratio of dispersed phase ta the matrix phase CÀ.)

is an important parameter that affects mixing charaeteristics in the screw zone and

consequently, the size of the dispersed phase particles entering the die. It is aIso an

important parameter in detennination ofdeformatian of dispersed phase particles in the die

region. Figure 5.5 shows the viscosity ratio ofPA-6 ta the PEO and PE2 vs. shear rate at

different temperatures. Due to strong dependency of the viscosity of PA-6 to the

temperature, a wide range of viscosity ratios (0.2-2.1) is observed. The shear rate at

various parts ofthe die has been calculated and reported in Appendix E. The range of the
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Figure 5.5: Viscosity ratio ofPA-6IPE vs. shear rate at different temperatures



shear rate encountered in different parts of the die is between 0.5 and 160 S-l. As Figure

5.5 shows, for this range of shear rate at temperature of 23 DoC, the viscosity ratio is

greater than one (À>1). It can he seen that at 250°C, the viscosities ofthe dispersed phase

(PA-6) and matrix (PEO) are closely matched. Thus, the viscosity ratio at temperature of

250°C is close ta unity (0.7> À. >1.3) and its value decreases at 270°C. As discussed

earlier, a viscosity ratio greater than unity in the screw zone, is desirable in order to avoid

size reduction ofPA-6 particles, and a viscosity ratio ofclose to 1 in the die region, is the

ideal condition for the large deformations that are needed in this study (81,82).
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As explained in section 4.2.2, a low temperature profile below the melting point of

the dispersed phase cPA-6), Le. 220°C, is preferred in the screw zone. For providing a

homogenized polymer melt entering the die, it is necessary to raise the temperature in the

last zone of the extruder. Although, this temperature rise is essential, a temperature of

23 DoC that provides a viscosity ratio greater than unity is recommended in arder ta

prevent any size reduction, even in the last zone of the extruder. This temperature is not

likely to cause significant breakup of the dispersed phase particles As the objective of tbis

study is to develop laminar morphology which requires large defonnations of dispersed

phase particles, a die temperature ofabout 250°C, which provides a viscosity ratio close ta

unity, is expected to yield maximum defonnation of PA-6 particles in the die. Since the

viscosities of PEO and PE2 are similar, the above conditions are applicable to both resins

and blends thereot: Thus, it should be easy to manipulate compatibilizer content with

using the same extrusion conditions.

5.1.1.2 PPIEVOH Blends

The viscosity-shear rate data for ADEMR and EVOH at two different temperatures of200

and 230°C are shawn in Figure 5.6 (18). It is apparent that the dispersed phase materiaI,

EVOH, exIubits higher viscosity at both temperatures for the whale range of shear rate.

This observation is clearer in Figure 5.7 that shows the viscosity ratio of the dispersed
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phase ta the matrix phase as a function ofshear rate. Figures 5.6 and 5.7 aIso indicate that

the viscosities of the ADNIER and EVOH do not change significantly at different

temperatures. As a result, changing the temperature by 30°C in Figure 5.8, does not

change the viscosity ratio considerably. Therefore, the viscosity ratio is above one (Â>1)

for the all shear rate range and throughout the processing window for ADMER/ EVOH

blend. This is not an ideal condition for large defonnation of the dispersed phase, which is

needed inside the die region for developing laminar morphology. This is a disadvantage of

the present ADMERIEVOH blend wruch limits the possibility of achieving maximum

barrier properties for this system. Using other grades of maleated polypropylene and

ethylene vinyl alcohol (EVOH) with closer viscosities in the processing range could help in

achieving larger defonnations.

•
CHAPTER 5: Analysis ofMaterial Properties 80

•

5.1.2 Dynamic Measurements

Elasticity of blend components is one of the important material characteristics that affect

morphology development during processing of polymer blends. In oscillatory rheometry,

the dynamic storage modulus (G') represents the elastic component of the viscoelastic

melt. Therefore, the G' ofblend components were used to compare their elasticities.

5.1.2.1 HDPEIPA-6

Figure 5.8 presents the dynamic shear storage modulus, G', ofPEO, PE2, and PA-6 resins

and one ofthe prepared blends, Le. PEOIPE21PA-6 (60/20/20), as a function of frequency

at two different temperatures of 250 and 270°C. At both temperatures, the matrix, Le.

PEO, has higher elasticity than PA-6, which forms the dispersed phase. Although, due ta

limitations of the apparatus, the data do not cover higher frequencies, it is clear that the

crossover happens out of the range of shear rate (frequencies) encountered inside the die

(0.5-160 S·l). Chin and Han (88,89) observed that a highly viscoelastic medium gave rise

to large deformations ofdroplets. Therefore, the elasticity ratio ofthis system is aIso in
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Figure 5.8: Shear storage modu/us for PEO, PE2, PA-6 resins and PEOIPE2/PA-6

(60/20/20 wt%) blendat two temperatures of250 and 270 CC-



favor of providing the large drop deformations that are necessary for developing laminar

morphology. The storage modulus ofPE2 is smaller than PEO, while the storage modulus

ofthe blend lies between moduli ofthe PEO and PA-6 resins.
•
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Figure 5.9 shows the complex viscosity of the individual resins and a typical blend,

l.e. PEOIPE2/PA~6 (60/20/20 wt%). The complex viscosity curve results from the

following equation:

l177*1 =-IG*I
OJ

(5.1)

where 111*1 is the magnitude ofcomplex viscosity , co is frequency (radis), and 1G*1is the

complex modulus defined as follows:

(5.2)

•

where Q' and G" are the storage and 105s moduIi, respectively.

The camplex vi5cosity ofPA-6 at 270°C is lower than the viscosity of PEO for the whole

range of frequency. The viscosities of PA-6 and PEO resins are closer to each other at

250°C, and the viSC05ities are almast identical for the frequencies higher than 10 rad/s.

The graphs show that the viscosities ofPEO and PE2 obey the power law model, however,

the viscosity ofPA-6 does not. The viscosity of the blend lies between the viscosities of

PEO and PA-6 resins and it can not be fitted ta the power law modeL

S.I.2.2 PPIEVOH

Figure 5.10 shows the storage modulus, G', of ADhJŒR, designated in this figure as

MAPP2, and EVOH resins as a funetion offrequency at two different temperatures of200
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Figure 5.9: Camp/ex viscosity, /1J*/, vs. frequency for PEO, PE2, PA-6 resins and

PEOIPE21PA-6 (60/20/20) blendat temperatures of250 and 270 'C.



and 230°C (18). At 20aoC, the shear modulus or elasticity of ADMER (MAPP2), is

higher than the elasticity of EVOH at Iower frequencies and a crossover happens at a

frequency ofabout 1a rad/s. Above this frequency, in the range of shear rates encountered

in the die region, the EVOH, Le. the dispersed phase, is more elastic than the ADMER

matrix. Based on Van Oene's Theory (70) and Chin and Han (88,89), this condition is

generaIly not favorable for large defonnations of the dispersed phase particies. The

situation is slightly improved at 23aoc, where the crossover point can be marked at

frequency of 50 rad/s. Thus, both the viscosity ratio which is higher than unity (Figure

5.7) and the elasticity ratio of AD?vŒR and EVOH resins are not in favor of large

deformations ofEVOR particles, as needed for developing laminar morphology.
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5.2 Analysis orthe PVT Behavior of Resins and Blends

5.2.1 Equations of State

A number of equations of state have been proposed for predicting the specifie volume of

polymers as a function of pressure and temperature. The purely empirical Tait equation of

state bas been used frequently with a wide range of polymers, both in the glassy and melt

states (123). Another empirical equation of state is the Spencer-Gilmore equation of state

(140), which nonnaIly leads ta larger deviations. Among the theoretical equations ofstate

for melts, the Sirnha-Somcynsky equation (141) consistently gives the best representation

of the data over extended ranges oftemperature and pressure (142). In this study, the Tait

equation of state has been used for fitting the PVT data of all the individual resins and

HDPEIPA-6 blends, with the exception of PA-6 resin, for which the Spencer-Gilmore

equation ofstate provided better predictions.

5.2.1.1 The Tait Equation

The Tait equation (143) predicts the volume along an isotherm in terms of the volume at

zero pressure, V (0,T), and the Tait parameter B (T), which depends only on temperature.
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It is generally written as

v(p. T) = V(O, T) x [l-CIn[l + PIB(I)J]

86

(5.3)

C is a constant and its standard value is 0.0894. Although, it may not be suitable for

describing PVT data for ail polymers, it may be estimated by fitting PVT data to the

equation. The temperature dependence ofB (T) is exponentia!:

B(I) = Boexp(-BJ(T))

For V (O,n, a polynomial similar to Equation (5.5) is normally used

(5.4)

(5.5)

The Tait equation does not yield a good representation of compression isotherms of sorne

semi-crysta1line polymers. Therefore, sometimes it is used with a Tait parameter that

decreases linearly with temperature rather than exponentially. In the present report, both

fits were examined and the exponential fonn yielded smaller standard deviation.

The Tait equation and a suitable fit ta the zero-pressure isobar together provide fairly

simple expressions for the derived quantities of the isothermal compressibility K(p,T) and

the volume or thermal expansion coefficient a.(p,T).

•

1 av ]K(P,T)=-(ôlnVlap)r =--(-)r = [C/(P+B) .[I-Cln(I+PIB)]v BP

and

(alnV) (av)a(P,T)= M p = (1 IV) ôT p =a. -P·B·K(P,T)

where CXo is the zero-pressure thermal expansivity, given by the expression for V(O,T).

(5.6)

(5.7)
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1
a" = x(Al +2~T)V(O,T)

5.2.1.2 The Spencer-Gilmore Equation of State

The Spencer-Gilmore equation ofstate (140) can be written as:

RT
(P+ 1!)(v-œ)=-

M

87

(5.8)

(5.9)

where P is the pressure in bar, v is specifie volume in cm3/g, T is the temperature in K, and

R is the universaI gas constant in cm3 bar morl k· l and 1t, co and M are equation parameters

that are calculated by fitting the equation to the experimental data using the least square

method.

5.2.2 HDPEIPA-6 Blends

Figure 5.11 presents the specifie volume of HDPEIPA-6 (80/20) blends versus maleation

content ofHDPE at room temperature. The additive mie as defined in Equation (5.10) is

aIso shown for the comparison purposes.

(5.10)

•

Where Wi is the weight fraction of each component, Vi is the specifie volume of each

component and Vb is the specifie volume of the blend. Mixing different proportions of

PEO and PE2 in the twin screw extruder produces the different levels ofMAH content. At

low concentration of MAH between 0.01 and 0.1 wt%, the specifie volume of

compatibilized blends follows a linear relationship with the MAH content. However,

deviation ofup to 0.008 cm3/g from the additive rule is observed. There is an important
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Figure 5.11: Specifie volume ofHDPElPA..6 (80/20 wt%) b/end al room temperature vs.

MAR content (wt%) ofHDPE

difference between the compatibilized and non-compatibilized blends, Le. the blend with

MAR content ofzero. The non-compatibilized blend shows a positive deviation from the

additive rule, while the compatibilized blend presents a negative deviation. This difference

is aIso evident in Figure 5.12, for the variations ormelt specific volume with temperature

at atmospheric pressure. The negative deviation from the mixing rule is referred to as

negative excess volume in the literature, which is defined as follows:

•
(s.11)
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where VE
, Yb, and Yi are the exeess, mixture, and eomponent specifie volumes,

respectively. Sorne studies on PVT behavior ofpolymer blends (144-147) have reported

a negative excess volume for eompatibilized polyphenylene oxidel polystyrene (pPO/PS)

blends. Sueh a negative excess volume of mixing has been taken as an indication of

specifie interactions favoring compatibility. As indicated, the negative excess volume for

compatibilized blends ofHDPE/PA-6 in this study could be a sign of compatibility of the

system. WlùIe, in the case of non-compatibilized blends, a positive exeess volume

suggests Jack ofany interaction at the interface.



Table 5.1: Coefficients of Tait Equation and Spencer-Gi/more Equation of states for

Individual Resins:•
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•

Material PEO PEO PE2 PA--6

Boxl0·z (MPa) 3.603 2.078 2.030 -
Bt xl0J (OC) 5.239 5.387 5.290 -

Ao (cmJ/g) 1.048 1.157 1.170 -

A1xl0J (cm3/g0 C) -0.0529 0.6855 0.5129 -
Azxl0' (cmJ/g°C) 5.322 0.76814 1.2650 -
C 0.08931 0.08916 0.08940 -

sn 0.0026 0.00035 0.0008 0.0007

T(°C) 30-120 159-294 160-287 -

P(MPa) 0-100 0-100 0-100 0-100

1t (Bar) - - - 4585

rD (cm3{g) - - - 0.7893

M - - - 33.5

Table 5.1 presents the coefficients of Tait and Spencer-Gilmore equations of state

for the individual resins. There is good agreement between the experimental and predicted

values from the Tait equation for the PE's and from the Spencer-Gilmore equation for the

PA..6. A maximum standard deviation of 0.0026 cm3/g is observed for the solid state of

PEO.

To evaluate the effect of compatibilizer level on the PVT behavior of the

HDPEIPA-6 resins, extensive studies were done on the PEOIPA..6 (80/20 wt.%) blends

with different levels of compatibilizer, Le. the PE2. The Tait equation, which was used



successfully for the PE resms, was found ta he applicable for the blends of PE and PA-6

resins. Due to the high concentration of PE in the blend, i.e. sa %wt., this is ta he

expeeted. Three transition points that should he considered in planning PVT experiments:
•
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- Glass transition temperature (Tg )ofthe PA-6 resin (60°C)

- Melting point (Tm) ofthe HOPE (135°C)

- Melting point (Tm) ofthe PA-6 (220°C)

Therefore, four different temperature zones were used to fit the experlmental data to the

Tait equation:

- 30-S0°C, Le. T < "Tg of the PA-6 resin"

- 6S-110°C, Le. "Tg ofthe PA-6 resin" < T < "Tm of the HOPE"

165-213°C, Le. "Tm ofthe HOPE" < T < "Tm ofthe PA-6"

- 233-276°C, Le. T > "Tm ofthe PA-6"

Table 5.2 presents the parameters of the Tait equation for HDPEIPA-6 resins containing

different levels of compatibilizer. As indicated by the small values of the standard

deviation (maximum of 0.0005 cm3/g) , the Tait equation with appropriate parameters,

provides good prediction of the PVT behavior of HDPE/PA-6 resins. The range of

pressure for aIl the blends and resins is 0-100 lvfPa. The value of the Tait parameter CC)

for all the blends is close to the standard value of 0.OS94. Error analysis of PVT

measurements is given in Appendix C. The reproducibility ofthe measurements was found

to be better than O.OOS cm3/g.

Figure 5.13 presents the cross-plotted isobars (based on the isothermal data) of

PEO in pressure increments of20 MPa. At zero pressure, the PVT data show a melting

point of 137°C which is 2°C higher than the Tm reported by the supplier based on DSe
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Table: 5.2: Coefficients a/Tait Equation olstates/or PEOIPE2IPA-6 B/ends

92

•

~lend Camp.80/0/20 80/0/20 ~O/O/20 80/0120 ~0/10/20 70/10/20 rrO/lOnO 70/10120 ~onono ~ono12o

JtEOIPE2JPA-6

lBox10·z (MPa) ~.4831 ~.3746 2.2256 2.1780 ~.516 4.786 2.362 2.186 3.5922 ~.0915

~lxl03 eC) ~.215 ~.789 5.233 5.01 ~.013 8.56 5.514 4.98 4.231 9.408

At (cm'/g) 1.10417 1.03669 1.113 1.135 1.02982 1.01963 1.10999 1.1333 1.09302 1.02808

AIx103 -3)685 .0.3398 0.5660 0.4683 .0.9525 kJ.2379 p.3922 p.5153 ~3.7781 -0.4122

Kcm3/g0 C)

~lxl06 0.4545 ~.190 p.8682 0.9836 15.19 5.642 1.352 0.8723 ~7.09 p.607

Kcm'/g°C)

C p.08906 0.08875 0.08908 0.08922 p.08877 0.08954 0.089 0.08943 0.08945 0.08857

SD P.00013 0.00049 0.00048 0.00044 0.00014 0.00047 0.00042 0.00032 0.00010 0.00044

rreC) 30-50 68-110 166-213 ~33-275 30-50 68-110 165-213 230-275 30-50 68-110

li' (MPa) 0-100 0-100 0-100 P-I00 0-100 P-IOO 0-100 0-100 0-100 0-100

IBlend Camp. 60120120 60/20/20 ~0/40120 ~0/-&0120 40/-&0120 ~0/40120 ~180/20 0/80/20 ~180/20 0/80/20

lBox 10·z (MPa) ~.2898 ~.2536 ~.6162 5.0996 ~.3042 2.0226 ~.66825 4.94284 ~.27384 2.30212

1B1X 10' (oC) ~.44 ~.169 ~.901 9.622 ~.389 4.66 5.964 9.887 ~.366 5.229

iAo (cmJ/g) 1.10638 1.11217 1.094 1.02215 1.10436 1.16546 1.03352 1.03224 1.12634 1.15435

~lxlO3 0.4669 0.541 -3.764 .0.2268 0.4836 0.1009 -0.7931 .0.3163 0.2833 0.2095

~cmJ/g°C)

~2xl06 1.155 0.8234 46.84 5.597 1.067 1.686 14.14 5.218 1.624 1.488

~cmJ/g°C)

t 0.08888 0.08922 p.0826 0.08850 0.08891 p.08911 0.08930 0.08858 0.08907 0.08925

SD 0.00051 0.00057 0.00160 0.00043 0.00046 0.00037 0.00011 0.00041 P.00042 0.00043

rreC) 166-213 ~32-275 30-50 58-110 165-213 232-274 30-50 58-110 165-213 ~3-276

P (MPa> 0-100 0-100 0-100 0-100 0-100 0-100 0-100 0-100 0-100 P-100



measurements. This small difference bas been reported for ather seoù-crystalline polymers

(148). Increasing the pressure shifts the melting point of the PEO towards higher

temperatures, and increasing the pressure by 100 MPa results in the raising the melting

point by up to 20°C. The Clausius-Clapeyron equation (149) gives a good theoretical

estimation ofthe effect ofpressure on Tm:

•
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(5.12)

where Tm0 is the crystallization temperature at zero pressure; IlVm and IlHm are the volume
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Figure 5.13: Crossplotted isobars of PEO resin along with predictions of the Tait

equation



and enthaIpy changes upon crystallization; and ~ is a constant. Van Krevelen (ISO)

showed that for large pressure variations:•
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(5.13)
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where a and c are constants. For high density polyethylene, Tm0 = 409°K, a ::::3 Kbar and

c= 4.S. This gives a rise in Tm of 200 K at 1 Kbar (IOOMPa), which confirms the

experimental findings.

Figure S.14 shows the experimentaI and predicted isotherms for PEO resin.

Although, the isothermal experiments were one in increments of 10°C, due to better

resolution ofthe data output, only sorne of the isotherms are shown in this figure. There is

a good agreement between the predicted and experimentaI results. However, the

agreement is better for the melt state than the solid state. The Tait equation, like other

equations of state, cannot predict the PVT behavior of polymers during the transitional

melting stage.

Figure S.IS shows the cross-plotted isohars (based on the isothermaI data) for PA­

6 resin. It seems that, within the pressure range tested in this study, Le. 0-100 ~a, the

pressure does not have an important effeet on the melting point ofPA-6 resin. The zero

pressure data yield Tm of 222°C, wlùch is very close to the reported Tm of 220°C by the

supplier using the DSC method. The Spencer-Gilmore equation of state was judged to

give satisfactory prediction for the PVT behavior ofPA-6 resin in the melt state.

Figure 5.16 presents the experimental isotherms aIong with the predictions of the

Spencer-Gilmore equation of state for the PA-6 melt. The agreement benveen the

experimental and prediction values for temperatures lower than 270°C is good. However,

the experimental isotherm at 285.4°C, seems to give slightly higher values than the

predieted values. Possibly, sorne degradation at high temperatures could explain this small

disagreement, although we had no direct evidence for degradation. It has been reported



that sorne polymer samples degrade, producing higher than expected volumes especially at

low pressures (151).•
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Figure 5.14 shows that the increase in the specific volume of PEO during the

melting is larger and sharper than in the case ofPA-6, Figure 5.16.
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Figure 5.14: Comparison of the Experimental lsotherms with Predictions of Tait

Equationfor PEO Resin
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Figures 5.17 to 5.21 present the experimental isotherms ofPEIPA..6 (SO/20 wt%)

blends with different levels of compatibilizer. The Tait equation yields very good

predictions for both the solid and the melt states of these blends. This is to be expeeted,

because SO% of the blend is polyethylene and the Tait equation describes the PVT

behavior ofPE weIl. The specifie volume ofPEO at different temperatures and pressures

match closely the literature reports (152).

•
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5.2.3 PP/EVOH Blends

100

Figure 5.22 presents the specifie volume of malten EVOH and AD:MER at zero pressure

and different temperatures. The data show the specifie volume up to 250°C. Due to the

possibility ofthermal degradation ofEVOH above 240°C, extra care shauld be taken when

using the data abave this temperature. Sînce short residence time was emplayed above

this high temperature in the present warle, the risk ofdegradation has been reduced.
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Figure 5.22: Melt specifie volume ofADMER and EVOH resins versus temperature at

atmospheric pressure
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Table 5.3: Coefficients ofTait Equation ofslale for ADMER andEVOH:

Material ADMER EVOH

Boxl0·2 (MPa) 1.6828 4.0454

B1xl03 (oC) 4.901 3.691

Ao (cm3/g) 1.152 0.8599

A1xl03 (cm3/g0 C) 0.7342 0.1986

Azxl06 (cmJ/g°C) 0.6360 0.8236

C 0.0894 0.0894

sn 0.0002 0.0001

TCOC) 188-249 188-249

P (MPa) 0-100 0-100

101

•

Table 5.3 shows the coefficients of the Tait equation for molten ADMER and

EVOH resins for the pressure range of0-1 00 MPa. As indicated by the small vaIue of the

standard deviation (0.0001-0.0002), there is good agreement between the experimental

results and the predictions of the Tait equation. For both ADMER and EVOH, the

standard value of Tait parameter, Le. 0.0894, provides good predictions of the specifie

volume at different temperatures and pressures. The values of isothermal compressibility

K(P,T) and thermal expansivity a(p,T) coefficients for ADMER and EVOH could be

obtained, using Equations (5.6) and (5.7). The numerical values of the parameters are

presented in table 5.3.

Figure 5.23 presents the cross-plotted isobars (based on the isothennal data) of

ADMER in pressure increments of 20 MPa. Due ta the wide temperature interval (20°C)

of the isothermal experiments, it is not possible to identify the end of melting precisely.

The pressure dependence of the end of Metting interval cannat be measured in the



isothermal mode of experimentation employed in this study. The predicted specifie

volume by the Tait equation matches closely the experimental data.•
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Figure 5.24 shows the experimental isotherms for solid and molten ADMER, Le.

from room temperature to 249°C. Again, the Tait equation provides good prediction of

the PVT behavior ofmolten ADMER at different pressures and temperatures.

Figure 5.25 presents the cross-plotted isobars (based on the isothermal data) for

EVOH resin in pressure increments of20 !vfPa. AIthough, the pressure dependence of the

end of melting interval cannat be measured in the isothennal mode, it is shawn, as in the

case of PA-6 resin, that the melting point of EVOH does not change significantly with

pressure. The predictions of the Tait equation are in good agreement with the

experimental data. Figure 5.26 shows the experimental isotherms along with the

predictions ofTait equation for molten polymer. It confinns the good agreement indicated

above.
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5.3 Analysis of Interfacial Tension Results

105
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The purpose of interfacial tension measurements in this study is to evaluate the effect of

temperature and compatibilizer level on the interfacial tension ofPElPA-6 and PPIEVOH

systems. This should help in the optimization of the interfacial adhesion between phases

and, consequently, the mechanical and barrier properties of Iaminar blends of these

polymers can be improved. Ta our knowledge, there are no reports of such

measurements in the literature.

5.3.1 Spinning Drop Results

Due to the limitations indicated in sectio.n 4.1.5, the spinning drop method was used for

interfacial tension measurements. In particular, this method was chosen versus the

pendant drop method due to the high viscosity ofthe resins and aIso high interaction at the

interface of compatibilized systems. However, the pendant drop method was used for

evaIuating the accuracy of the spinning drop technique, and ta compare the two

techniques.

Based on Equations (4.10) and (4.11), four parameters need to be measured in

arder to find the value of interfacial tension. These are the density difference between the

two phases, the angular velocity, the diameter of the spinning drop, and the composite

index of refraction for the glass and matrix resin. Among the above, the angular velocity is

the easiest ta measure. The rotation speed of the motor is shawn digitaIly and a

tachometer has been used ta calibrate the motor.

5.3.1.1 PEIPA..6 System

5.3.1.1.1 Density Measurements

The results extracted from section 5.2.2 were used to calculate the density ofPE and PA-6

resins at atmospheric pressure. Figure 5.27 presents the melt densities ofPEO and PA-6

resins at atmospheric pressure and different temperatures. In the same figure, the



difference in the densities of the two resins, Le. âp, is plotted, tao. Least square curve

fitting was used to describe the densities ofPE and PA-6 resins as weIl as the difference in

the densities, Llp. Due to over1apping of the density curves for PEO and PE2, the PE2

curve is not shown in this figure. The following equations describe the behavior of the

resins at atmospheric pressure:

•
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(160<T<290°C) PPEO =0.8683 -5.664 x 10-1T (5.14)

(16D<T<290°C) PPE2 =0.8738 - 5.664 x 10-1 T (5.15)
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(226<T<286°C) PPA-6 =1.1178-5.464xl0-4T (5.16)

(230<T<286°C) âp = PPA-6 - PPEO = 0.2495 + 2.00 x 10-5 T

(230<T<286°C) tip =PPA-6 - PPE2 =0.2440 +2.00 x 10-5 T

(5.17)

(5.18)

where T is temperature in oC and p is density in g1cm3
. For different mixtures of the PEO

and PE2, the additive rule (based on wt% ) was used to calculate the density and density

difference. As Figure 5.29 shows and also the small value of temperature coefficient in

equations 5.17 and 5.18 indicates, temperature does not affect ~p significantly. This is

due to the similar and small temperature coefficients for densities of PE and PA..6 resins,

as shown by equations 5.14, 5.15, and 5.16.

5.3.1.1.2 Measurement of the Optical Correction Factor

To obtain the real diameter of the spinning drop from the apparent diameter

measurements, it is necessary to evaluate the combined refractive index or optical

correction factor at different temperatures. The optical correction factor was measured

based on the method explained in section 4.1.5.2.4. The thermal expansion ofthe rod was

found negligible. Figure 5.28 shows the optical correction factor as a function of

temperature for PA-6 resin. The optical correction factor decreases linearly with

temperature. Applying a least square regression to the experimental data leads to the

following equation:

•
n =1.558-3.9xlO~T (5.19)



where n is the optical correction factor and T is temperature in degrees Celsius. This

equation is valid within the temperature range of230-270°C.•
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5.3.1.1.3 Measurement orthe Interfacial Tension ofPEIPA-6 Pair

Two methods were used to evaluate the value of interfacial tension using the spinning drop

technique. The tirst method is applying the equilibrium diameter of the spinning drop in

Equation (4.10). This method is believed to provide the most accurate results for most of

the polymer pairs. AlI the results presented in this study are obtained using this method.
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Figure 5.28: Optica/ correctionfactor (n) vs. temperature for PA-6 resin



Another method that has been found useful for temperature sensitive polymers is the

method of Joseph (132). Joseph and co-workers developed a theory of experimental

fitting to cape with the long equilibrium time needed for sorne polymers. This method is

aIso useful for the polymers that may degrade before reaching mechanical equilibrium.

Joseph proposed the following exponential equation:

•
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R(t) =Ra) + (Ra - RrIJ)e -m{f-lo>

109

(5.20)

where R(t) is the radius of the spinning drop at time t, R:o is the equilibrium radius, Ra is

the initial radius of the drop, and ID is a parameter related to the relaxation time of the

system.

Figure 5.29 presents the radius ofa spinning drop of maleated PE in the matrix of
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Figure 5.29: Evolution ofthe radius ofa drop ofPE in PA-6 at 250 'C



PA-6 resin at 250°C as a funetion of time. If we consider the equilibrium value of the

radius, Le. the fust method, an interfacial tension value of 2.3 dyne/cm is obtained. By

using the fit of Joseph ta the tirst SO min of experimental data, the values of m and Re are

obtained as m=0.OS3 and Ro =2.05 mm. This method yields a value of2.7 dyne/cm, which

is a fair estimate for the interfacial tension of this system. If this method is used with the

first 60 and 120 min ofthe experimental data, interfacial tension values of 2.S and 2.4 are

obtained, respectively. However, for systems which are sensitive ta the temperature,

longer times are not recommended.

•
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5.3.1.1.4 Effect ofTemperature

The influence of temperature on the interfacial tension of the PEIPA-6 pair was studied,

and the results are presented in Figure 5.30. The study covers the practical processing

temperature range for PEIPA-6 blends, Le. 230-270°C. Theoretically, raising the

temperature decreases the free energy of mixing at the interface, resulting in the lower

interfacial tension values. Therefore, it is expected that the interfacial tension should

decrease with increasing temperature. As Figure 5.30 shows, this theoretical trend has

been verified. The interfacial tension decreases Iinearly with increasing temperature.

Applying a least square regression ta the experimental data, results in the following

equation for the temperature dependency of interfacial tension ofthe PEIPA-6 pair:

r =29.04 - 0.036T ~=O.966 (S.21)

•

where y is the interfacial tension in dyne/cm, and T is temperature in degrees Kelvin. The

temperature coefficient of 0.036 of interfacial tension is in the range of temperature

coefficients reported for most of polymer pairs (153, 154). This equation gives a value

ofll.O dYne/cm for the interfacial tension ofPElPA-6 pair at 230°C. This value is slightly

smaller than the reported value of 12.30 dyne/cm by Chen and White et al (105) using the
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pendant drop method. This difference could be due ta the small amount of additives that

is usually added to commercial grades of resins. However, we shalI show later that the

spinning drop technique tends to yield lower interfacial tension values than the pendant

drop method.

5.3.1.1.5 EfTect of the Maleation Content

The magnitude of the interfacial tension is determined primarily by the disparity in the

polarities of the two phases. The greater the polarity difference, the greater will be the

interfacial tension. Polyethylene is a non-polar polymer with polarity ofxP=O. On the



other hand, polyamide-6 is a polar polymer with polarity of XP=0.188 (123). Therefore,

the interfacial tension for PEIPA-6 pair would be high. However, modifying polyethylene

with maleic anhydride changes the polarity of this resin and provides polar polyethylene

chains. So, it is expected that maleation would lower the interfacial tension between these

two polymers.

•
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•

Figure 5.31 shows the interfacial tension between PE and PA-6 as a function of

MAR content of polyethylene. Interfacial tension decreases exponentially with increasing

the maleation content of polyethylene and levels offto a value of 1.5 dyne/cm. The figure

indicates that from the economical point ofview, maleation content ofmore than 0.03% is
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Figure 5.31: Interfacia/ tension between PE and PA-6 as a function ofMAH content

(wt.%) ofPEat 250't:.



not necessary. Patterson et al (131) observed this typical behavior for

polydimethylsiloxane and a copolyester fluid. The following exponential equation provides

a good estimate of the dependency of interfacial tension on maleation content of PE at

250°C, within the range ofexperiInental error ofthe technique.
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(5.22)

where Y<X7=1.62, yo=10.35, and n=101.D7. In this equation, nvl is the value of interfacial

tension ofPEIPA-6 pair at the maleation level ofM in dyne/cm, Yr.o is interfacial tension

for high maleation content, ro is the value of interfacial tension for a system with no

maleation, M is the maleation content of polyethylene in wt.%, and n is a parameter that

determines the effectiveness ofthe maleation on lowering the interfacial tension.

5.3.1.2 PPIEVOH System

5.3.1.2.1 Density Measurements

The PVT studies of individual resins, reported in section 5.2.3 were used ta extract the

required data. Figure 5.32 shows the melt densities of ADrvŒR and EVOH resins as well

as the difference between the densities of these two resins. Using least square curve fitting

yields the following equations for the densities of ADMER and EVOH resins within the

temperature range of 188<T<250°C.

•

PADMER =0.8674-5.600 xIO-4T

PEVOH =1.1963 -6.205 x10-4T

!lp =PEYOH -PADMR =0.3289-6.01 xiO-sT

(5.23)

(5.24)

(5.25)
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Due to similar and small temperature coefficients of Equations (5.23) and (5.24), the

temperature coefficient of Equation (5.25), is small. It indicates that the difference

between the densities of the ADMER and EVOH is aImost constant, and it does not

change significantly with temperature.

•
5.3.1.2.2 Measurement orthe Optical correction Factor

Figure 5.33 presents the optical correction factor of EVOH and ADMER resins as a

funetion oftemperature. Similar ta the PEIPA-6 system, the optical correction factor that



is a combined refraetive index effeet, decreases linearly by increasing the temperature. The

following equation, obtained from least square curve fitting ofthe experlmental data, gives

the value ofthe optical correction factor at different temperatures.
•
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n = 1.5555 -3.80 xl0-4T
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(5.26)

This equation is vaUd within the temperature range of210-240°C. However, extrapolation

to lower and higher temperatures can he used ifneeded.
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5.3.1.2.2 Measurement of Interfacial Tension of ADMERIEVOH Pair

116

Figure 5.34 shows the evolution of the radius of a drop of EVOH in the matrix of

ADIVIER at 220°C. The Method of Joseph, Le. equation 5.20, can be used to predict the

value ofinterfacial tension for ADrvŒR-PP(SO-SO)/EVOH pair. ApplYing the fit of Joseph

to the tirst 80 min of the experimental data, yields the value of0.1115 and 2.2879 mm for

the m and Rr" respectively. This method gives a value of 4.1 dyne/cm for the interfacial

tension ofthis system at 220°C. Using the equilibrium value of the radius results in a value

of3.6 dYne/cm for the same system. EmploYing this method for the first 60 and 120 min of

the experimental data yields values of 4.3 and 3.8 for the interfacial tension, respectively.

The second method, Le. the equilibrium value of radius, which proved ta be more accurate

has been used for ail the interfacial tension measurements ofPP/EVOH system.
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Figure 5.34: Evolution ofradius ofa drop ofADMER-PP(SO-SO) in EVOHat 220 'C_•
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5.3.1.2.4 Erreet of temperature on Interracial Tension
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The interfacial tension ofAD~VOHpair was measured within the temperature range

of210-240°C with temperature interval of looe. The results are given in Figure 5.35. As

was expected trom literature reports (153, 154) and also from the results of PElPA-6

system, the interfacial tension decreases linearly with increasing temperature. ApplYing a

least square curve fitting to the experirnental data, yields the following equation for the

temperature dependency of interfacial tension of ADMERIEVOH pair.

r = 47.4-0.087T r2 = 0.988 (5.27)
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• Figure 5.35: Interfacial tension between ADMER and EVOH as a fimction of

temperature



The temperature coefficient of 0.087 for interfacial tension of ADMERIEVOH is higher

than the range of reported temperature coefficients of other polymers (153), including the

reported results in section 5.3.1.1.4 ofthis study for PEIPA..6 pair. However, Kamal et.

al. (154) reported a similar value of 0.08 for the temperature coefficient of PPIPS pair.

The presence of reactive groups of maleic anhydride at the interface and the increased

activity of these groups at higher temperatures, contribute to accelerated lowering of

interfacial tension, thus leading ta the higher temperature coefficients. The temperature

coefficient of the PPIEVOH system might provide information regarding the behavior of

this system at different temperatures.

•
CHAPTER 5: Analysis ofMaterial Properties 118

•

5.3.1.2.5 Effect of Maleation Content on Interracial Tension of PPIEVOH Pair

Polypropylene is a non-polar polymer with polarity of 0.02. On the other band EVOH is a

polar polymer. However, there are no reported data on polarity of ethylene vinyl alcohol

resin. Modifying the polypropylene with maieic anhydride groups increases the polarity of

this resin and provides a smaller polarity difference between pp and EVOH resins.

Therefore, it is expected to obtain lower interfacial tension by increasing the maleic

anhydride content ofpolypropylene.

Figure 5.36 shows the influence ofmaleation content ofpolypropylene on interfacial

tension of PPIEVOH system at 220°C. This figure shows an unusual behavior for

interfacial tension of maleated pp and EVOH. By increasing the maleation content of PP,

the interfacial tension decreases, as expeeted and after a critical maleation content, it

increases. One explanation for this unusual behavior might be the result of a chemical

reaction that causes saturation at the interface. For highly maleated systems, faster

methods of measuring the interfacial tension might be needed. The imbedded fiber

retraction method or the breaking thread method nùght yield the interfacial tension data in

shorter times. They should be explored for these highly maleated systems.
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5.3.2 Evaluation of Spinning Drop Apparatus

•

The pendant drop apparatus that bas been shawn ta yield reliable interfacial tension results

(128-130, 134, 154) was used to evaluate the accuracy of the spinning drop apparatus.

Due ta the high viscosity of PEO, it was not possible ta use this resin with the pendant

drop apparatus. Therefore, it was decided to use a low viscosity polyethylene with the

same PA-6 resin and to carry out the interfacial tension measurements using bath the

spinning drop and pendant drop methods. The polyethylene used was Sclair 2908

produced by Dupont Co. with a melt index of6.0. The complete specification ofthis resin

is reported elsewhere (155). The measurements were conducted at two temperatures:



240 and 260°C. Figure 5.37 presents the interfacial tension as a funetion of temperature

for Sclair 2908 resin/PA-6, with both methods, Le. the spirming drop and pendant drop

methods. For comparlson purposes, the interfacial tension of PEO is also given. The

spinning drop method gives interfacial tension values that are 10..15% lower than the

pendant drop technique. The above difference between the interfacial tension values

obtained using the two different techniques is within the experimental error of the spinning

drop rnethod, Le. 15%. ApplYing the least square curve fitting, the following equations are

obtained for the temperature dependency of interfacial tension ofPE/PA-6 pair.
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r =29.04-0.036T

r=31.03 -0.040T

r =35.2 -0.045T

Spinning Drop, PEOIPA-6

Spinning Drop, Sc/air 29081PA-6

Pendant Drop, Sc/air 29081PA-6

(5.31)

(5.32)

(5.33)

Considering the experimental error of both techniques, the temperature coefficients given

by the different methods and reins are similar with an average of0.04 dyne/cm.oC.

5.3.3 Prediction of Interfacial Tension

There are different thermodynamic theories ta predict the interfacial tension between

polymers (156-160). Among them, the mean field theory and the square gradient theory

are more often used. A recent evaluation of these theories with experimental data has

been reported by Kama! et. al. (154). However, to employ these theories, the value of the

Flory-Huggins interaction parameter for the polymer pairs is needed. In the absence of

reliable experimental Flory-Huggins interaction parameter, the harmonic-mean field

equation theory is shawn to predict well the interfacial tension between polymers (153).

Detailed derivation of this theory has been explained in the same reference and the final

equation is given here:

(5.34)

•
where 112 is the interfacial tension between two polymers, Y1 and Y2 are the surface tension

of two polymers, YiP is the polar, and Yid is the non-polar or dispersive component of the

surface tension and are defined here:



•
and
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(5.31)

(5.32)

(5.33)

•

where "1: is the polarity ofpolymer.

The value of polarities of polyethylene and polyamide-6 are reported zero and 0.188,

respectively. The surface tension values for PE and PA-6 are reported 21.9 and 35.8

dyne/cm, respectively. Applying these values in Equations (5.30) through (5.34), results

in a value of 7.8 dyne/cm for interfacial tension of PElPA..6 at 260°C. Experimental

results give a value of 9.6 dyne/cm for the same system at the same temperature.

Considering the 15% experimental error for the spinning drop method, the theoretical

prediction of hannonic-mean equation is a fair estimate for the interfacial tension of

PEIPA..6 pair. More accurate parameters used in the theoreticaI analysis, and better

experimental results could improve the discrepancy between two approaches.
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CHAPTER6

RE8ULTS AND DISCUSSION

6.1 Morphology of Blends

6.1.1 HDPEIPA-6 Blends

To evaluate morphology development in HDPEIPA-6 blends, three types of blends were

studied:

.. Blends ofPEOIPA-6 without using any compatibilizer.

.. Blends of PEOIPE21PA-6, where PE2 is a maleic anhydride grafted polyethylene and

used as a compatibilizer.

.. Blends ofPEl1PA-6 or PE2IPA-6, where the maleated polyethylene was used as the

matrix.

The main processing parameters that are expected to affect the morphology of extruded

ribbons are given in Table 4.3. These effects are evaluated and discussed in details here.

6.1.1.1 Verification of Existence of Laminar Morphology

To ensure the existence of laminar morphology rather than fibrillar structure in the

extruded ribbons, the samples were examined at 4 locations, bath in the tlaw and

transverse directions, as explained in section 4.2.2. Figure 6.1 shows the morphology of a

70/10/20 (pEOIPE21PA-6 wt%) blend at 4 locations as indicated in Figure 4.9. The

elongated particles of PA-6, shawn in dark color, are present in aIl micrographs.

However, these elongated particles are longer in micrographs "ait and "dit, Le. in the flow



direction. This is due to differences in the extension ratio in the flow and transverse

directions. The extension ratio is 270% in the transverse direction, while in the tlow

direction, for the die exit gap of 1.0 mm, it is 1000%. Although, the stretch ratio in the

transverse direction is relatively small, it is sufficient to the development of layers, which

should result in good barrier properties. The above calculated stretch ratios are for the

matrix, and, depending on the viscosity ratio, the stretch ratio of the dispersed phase may

be higher or lower.
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Figure 6.1: Morphology ofextrudedribbons ofPEO/PE2/PA-6 (70/10/20 wt%) blend

in 4 locations indicated in Figure 4.10.
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6.1.1.2 Variation ofMicrostructure across the Ribbon Thickness

125

•

The morphology changes across the ribbon thickness may vary, depending on the

processing conditions and blend composition. However, a general trend bas been

observed in all the blends and different processing conditions. Across the thickness, the

extruded ribbon is divided into three zones: core, intennediate and skin. Generally the

core and intermediate zones have the same type of morphology, and there is no clear

distinction between them. In these two regions, extensional flow is dominant and layered

structure is observed. Depending on the processing conditions and composition, the

length, thickness and overlapping area of the layers vary. As the skin is approached, the

shear flow becomes dofiÙnant and dispersed phase particles appear as spheres, ellipsoids

and agglomerates. The thickness of skin, core, and intermediate zone depends on the

processing conditions.

Figure 6.2 presents the morphology, in the longitudinal direction, ofthree different

samples ofPEIPA-6 blends across the thickness of extruded ribbons. For all three blends,

the percentage of PA-6 resin was kept constant at 20 wt%. Micrograph 6.2.a is a blend

which prior to extrusion in the single screw extruder, had already been pre-compounded in

the twin screw extruder. In this sample, the skin zone is large, and in the core and

intermediate zone, the layered structure is observed. However, the layers are small in

length and number and overlap is not large. Figure 6.2.b involves a blend with stronger

laminar structure, where the skin region is thinner and, in the core and intermediate zone,

longer particles having more overlap area are observed. Micrograph 6.2.c shows a sample

where a large number of elongated layers of dispersed phase cover all the length of the

picture, and the skin zone occupies a small area. This micrograph presents profound

laminar morphology. Although, the morphologies of these three samples are quite

different, the general trend ofvariation ofmorphology across the thickness ofthe ribbon is

similar.

Figure 6.3 shows the results of the image analysis for micrographs 6.2.a and 6.2.b.

Two parameters, which are important in evaluation ofthe laminar structure, are aspect
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Figure 6.2: Variation of morphology of HDPElPA-6 hlends across the thickness of

extruded ribbon (longitudinal), a-X151T012 b-X1437D2 c-X1537012
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ratio and area ofparticles. These are presented in this figure. The generaI trend observed

in the three micrographs ofFigure 6.2, is verified quantitatively in Figure 6.3. In the core

and intermediate regions, where the extensional flow is dominant, the particles are more

elongated. As the skin area is approached, the shear flow becomes dominant. Therefore,

moving from core ta the skin is associated with smaller aspect ratios. In the case of

sample X143702, the change is gradually, while for the other sample, the core and

intermediate zone show sirnilar aspect ratios. The aspect ratio drops abruptly for the skin

zone. The variations of particle area shows a similar trend. In the case of sample

X143702, which is an uncompatibilized blend, the graduai and smooth change of particle

size might be related to the effect of coalescence. During the flow of blend through the

converging sections of the die unit, the PA-6 particles coalesce more in the core region.

The effect ofcoalescence diminishes as the distance from the wall decreases. Sa, a graduai

decrease in the particle size is observed. In the case of sample X151 TO 12, which is a

compatibilized blend, coalescence does not occur ta the same extent. Thus, the particles

tend to be smaller. The processing temperature in the screw zone used to extrude sample

X151T012, is mostly lower than the melting point of PA-6 resin. Therefore, the PA-6

particles are conveyed as solid during more than 75% of the length of the screw zone.

Moreover, the PA-6 particles do not break in this region, especially, in the core of the melt

mass. However, the particles, which are close ta the watts, Le. close to screw or barrel,

are more likely to experience higher temperatures and shear rates. For the early stages of

mixing, Lindt and Ghosh (113) calculated 40 and 70°C temperature difference between the

solid part in the core with the melt film of the polymer at the screw and barrel surfaces,

respectively. The particles in the melt undergo breakup due ta the stress and strain fields

in the system. This explains the sudden decrease ofparticle size in the skin for this sample.
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•
6.1.1.3 EtTect ofDie Temperature on Morphology

The stretching of spherical particles of the dispersed phase into two-dimensional platelets

occurs mainly in the die unît. As discussed in sections 4.2.2 and 5.1.1, it is generally

agreed that a viscosity ratio of unity provides the maximum deformation of dispersed



phase particles without breaking them up. The processing window for polyethylene is sa

wide that it does not limit the processing window for the PEIPA-6 blends. Therefore,

considering the optimum processing window for PA-6 (161) and taking inta accaunt the

influence of temperature on the value of viscosity ratio, three different temperatures of

230, 250 and 270°C were chosen for the die unît. Preliminary runs revealed that die

temperature of 230°C is very low and is not easy to work with. Therefore, die

temperatures of 250 and 270°C were selected for further studies. Rheological studies in

section 5.1.1.1 showed that a die temperature of 250°C provides a viscosity ratio close to

unity for the range of shear rates encountered inside the die unit. On the other hand, a

temperature coefficient of 0.036 for the interfacial tension of PE/PA-6 pair, presented in

Figure 5.30 and Equation (5.21), indicates that by increasing the temperature from 250 to

270°C, interfacial tension decreases 0.7 dyne/cm. Thus, interfacial tension changes due ta

temperature do not play a major raIe in the defonnation ofPA..6 particles inside the die.
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Figure 6.4 presents a comparison between the morphology of a sample extruded at

die temperature of 250°C, Le. sample X133702, with the morphology of a sample

extruded at die temperature of 270°C, i.e. X143702. The composition and other

processing conditions are the same for the two samples. They are listed in Appendix B.

Figure 6.5 shows the results of image analysis on the same samples shown in

Figure 6.4. Although, the micrographs in Figure 6.4 appears ta be similar, one can

distinguish more elongated particles in Figure 6.4.a, Le. sample X133702, which is

extruded at a die temperature of 250°C. Figure 6.5 confirms this visual inspection. The

size of dispersed phase particles for the sample extruded at die temperature of 250°C is

slightly larger, and the aspect ratio of this sample is about 30% higher than the sample

extruded at die temperature of270°C.

6.1.1.4 EtTect of Screw Zone Temperature on Morphology

As indicated in section 4.2.2, it is important to stop the chain of defonnation and breakup

ofdispersed phase particles right after the formation ofsheets ofnûnor phase. In order to
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Figure 6.4: SEM micrographs ofPEO/PA-6 (80/20 wt%) blends showing the effect ofdie

temperature on morph%gy. a- X133702 b- X143702

achieve this, it is necessary to control and optimize shear rate, residence time, and heat

generation in the melt. Employing an appropriate temperature profile in the screw zone

helps to regulate the heat generation and residence time of the polymer melt inside the

extruder. 1t has been reported that the bulk of size reduction occurs in the very early

stages of melt mixing. (113-120). Therefore, optimizing the temperature profile in the

screw zone is of prime importance.

One of the critical concepts proposed and implemented in this work for the

development of laminar morphology in sheet extrusion of poLymer blends, is to clelay the

melting of the dispersed phase until the last zone of the extruder, just before reaching the

die. In other words, it is important ta keep the processing temperature below the melting

point of the dispersed phase up to the third zone of extruder and to raise the temperature

in the last zone of the extruder. This special temperature profile provides enough

dispersive mixing of the dispersed phase during the soUd conveying and mixing step and

assures melting of dispersed phase particles, before entering the die. 1t should be

mentioned that during the earLy stages of mixing, the temperature should be above the

glass transition temperature (Tg) of the dispersed phase, i.e. 60°C for PA.6. The low
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Figure 6.5: Efftct of die temperature on the aspect ratio and cross section area of

dispersedphase partie/esfor PEOIPA-6 (80-/20 wt%) b/end



concentration of PA-6 and its low Tg made it possible to process the blend below the

melting point of the nûnor component. Figure 6.6 demonstrates the important influence

of the temperature profile in the screw zone on the morphology of PEOIPE2/PA-6

(70/10/20 wt%) blends.
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Micrograph 6.6.a shows the morphology of the sample using the lowest

temperature profile in the screw zone, Le. temperature profile of#5 in Table 4.3. Large

and elongated particles ofPA-6 cover ail the length ofthe mîcrograph at low magnification

of 150X. Even at a magnification of SOX that has been used for image analysis, elongated

PA..6 particles, which are in the order of mm, cover aIl the length of the picture.

Micrograph 6.6.b shows a sample that has been produced using temperature profile #3,

where the temperatures are slightly higher but still up to zone 3, the temperature is kept

below the melting point of PA-6. It is quite clear that the morphology changes

considerably. It seems that melting of the PA-6 phase starts slightly earHer inside the

extruder and earlier melting results in smaller and shorter PA-6 particles. In Figure 6.6.c,

where temperature profile #2 has been used, the PA-6 particles melt in the earlier stages

inside the extruder and morphology changes dramatically. The size and length of PA-6

particles have decreased dramatically. The die temperature in all three temperature

profiles of 2, 3, and 5 was kept at 250°C, which was found ta be the optimum die

temperature for maximum defonnation of the dispersed phase particles inside the die unit.

These micrographs support the microstructure pattern in the early stages of mixing in a

single screw extruder reported by Lindt and Ghosh (113).

Figure 6.7 shows the same results quantitatively. The aspect ratio of PA-6

particles changes more than one arder of magnitude, by changing the temperature ofzo~e

3 from 200 to 240°C. Tlùs is even more dramatic for the particle size, since cross section

area changes more than 1.5 order of magnitude. This dramatic change ofaspect ratio and

particle size indicates a substantial dependence of the morphology of samples extruded on

extrusion temperature profiles.
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Figure 6.6: SEM micrographs of PEO/PE2/PA-6 (70/10/20 wt%) blends showing the

effect ofscrew zone temperature on morphology: a- XI537012

b-XI037012 c-X1337D12
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6.1.1.5 Influence of Screw Design on l\'lorphology

135

Shear rate is a parameter that changes the intensity of mixing of blend components and the

extent ofparticle breakup. Consequently, it affects the particle size of the dispersed phase.

Different screw designs provide varying ranges of shear rates in the different zones of the

extruder. Therefore, it would be of interest ta compare the morphological patterns

obtained with a mixing screw to those obtained with a low mixing screw, i.e. metering

screw.

Figure 6.8 compares the microstructure obtained using mixing and metering screws

for identical processing conditions. The temperature profile #2, where the screw zone

temperature is above the melting point ofPA-6, has been used for bath screw designs. In

micrograph 6.8.a (the mixing screw case), the PA-6 particles are smaller and are more

uniformly distributed in the matrix. However, only in the core and a part of the

intermediate region, layered structure is observed. In large sections of the micrograph, the

particles are small, and they are not elongated. Micrograph 6.8.b shows the morphology

of a sample obtained using a metering screw. In this sample (the metering screw case);

a

skin

core

b

•
Figure 6.8: SEM micrographs of PEO/PE2IPA-6 (70/10/20 wt.%) blends showing the

effect ofscrew design on morph%gy. a- Mixing screw b- Metering screw



PA-6 particles are larger and layered structure is observed in the entire core and

intermediate region. In a small area close to the skin, where shear tlow is dominant, PA-6

particies are not elongated and they are present in the shape oforiented ellipsoids. Lohfink

(18) obtained similar results for PPIEVOH system.
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Figure 6.9 presents the results of the image analysis on the same micrographs of

Figure 6.8. Both the aspect ratio and particle size for the sample obtained with the

metering screw are larger than for the sample produced with the mixing screw. Aspect

ratio of the sample obtained with the metering screw is 80% higher than for the other

sample, and particle size is higher by more than 100%. Therefore, under usual processing

conditions, where the screw zone temperature is above the melting point of both

components, the metering screw produces better layered structure. However, as discussed

in section 6.1.1.4, the desired temperature profile for developing Iaminar structure requires

the screw zone temperature to be mostly below the meiting point of PA-6 resin. It is

believed that under this condition, due to short residence time of the polymer melt in the

screw zone, the effect of screw design couid be less significant.

6.1.1.6 Effect of Die Exit Gap on Morphology

The special die design used in this study incorporates diverging and converging sections, in

order to produce extensional tlow in the die unit. The existence of extensional flow is of

great importance in stretclùng the spherical particies of the dispersed phase entering the

die, to generate two-dimensional platelets and develop Iaminar structure. Therefore, the

dimensions of the die exit gap become an important parameter in determination of

performance of extensional tlow inside the die unît. Therefore, it is necessary to

investigate how changes of die exit gap size influences the microstruetural pattern in

extruded ribbons of laminar blends. Although, three different gap sizes of 0.25, 0.5, and

1.0 mm were used in this study, it was not possible to work with a gap size of 0.25 mm

due to high viscosity of blends and technicallimitations of the extruder. However, other

studies revealed that there is no advantage in using this low gap size.
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Figure 6.9: Effect ofscrew design on the aspect ratio and cross section area ofdispersed

phase partic/esforPEOIPE2IPA-6 (70/10/20 wt%) bien!!



Figure 6.10 presents the effec! of die exit gap size on the morphology of extruded

ribbons in the flow direction. rYIicrograph 6.10.a reveals the morphoLogy of a sample

obtained with a gap size of LO mm where the extension ratio is 10.3 in the flow direction

and 2.7 in the transverse direction in the plane of extrusion. In micrograph 6.10.b, the

morphology ofa sample obtained using die exit gap of 0.5 mm is indicated. The extension

ratios are 20.7 and 2.7 in the flow and transverse directions, respectively. Using the small

gap size of 0.5 mm results in very high extension ratios that might originate the disruption

of PA-6 particles. The existence of shorter and smaller particles of PA-6 in the

micrograph of 6.10.b verifies this assumption. Subramanian (26) reported similar trend in

developing laminar morphology in blow-molded containers of HDPEIPA-6 blends. He

recommended an elongation of 100 ta 300 percent. He added that avoidance of excessive

stretching is important as far as excessive elongation of the melt may lead to rupture of the

dispersed phase particles.
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Figure 6.11 displays the quantitative analysis of micrographs shown in the previous

figure. Reduction of aspect ratio about 20% and particle size up to 50%, confirms the

hypothesis that increasing the stretch ratio beyond a critical value, might lead to breakup

a (1.0 mm)

skin

core

b (0.5)

•
Figure 610: SEM micrographs of PEO/PA-6 (80/20 wt.%) blends showing the effect of

die exit gap size on morphology. a- X133702 (1.0 mm) b-X533702 (0.5 mm)
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of dispersed phase partides. Therefore, it seems that extension ratios in the range of 10

are more desirable to develop laminar morphology in blends of HOPE and PA-6, and

increasing the extension ratio much beyond this value is not recommended.
•
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6.1.1.7 Effect of PA...6 Content on Morphology

Figure 6.12 presents the influence of PA-6 content on the morphology of extruded ribbons

of HDPEIPA-6 blends. Micrograph 6.12.a and 6.12.b reveal the microstructure for a

78.6111.4/10 (pEO/PE2/PA-6 wt%) blend and 70/10/20 blend, respectively. AlI the

processing conditions and level of compatibilizer are kept constant for both blends. In

micrograph 6.12.a, where the percentage of the dispersed phase is lOwt%, the PA-6

particles are small in size and number, although they are generaIly elongated. At this low

concentration, PA-6 particles are not present in aIl the area. In micrograph 6.12.b, where

the amount of PA-6 is 20wt%, large and long particles of the dispersed phase cover more

area and produce a tortuous path that is expected ta reduce the permeability dramatically.

Figure 6.13 shows the image analysis results for the same samples of Figure 6.12. By

a
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•
Figure 6.12: SEM micrographs of PEO/PE2IPA-6 b/ends showing the effect of PA-6

content on morph%gy: a- X1537011 (78.6/11.4/10 wt%)

b-X1537012 (70/10/20 wt%)



changing the PA-6 content from 10 to 20wt%, an increase of 300% in aspect ratio and

600% in particle area is observed.•
CHAPTER 6: Results and Discussion 141

The above results suggest that, at larger concentrations of the dispersed phase, the

additional PA-6 is distributed so that both the number and size of droplets increase. The

increase in number ofdrops is a direct result of the rise in concentration. The size of the

drops is probably partIy a result of coalescence, which becomes more likely as the

proximity of the particles increases due to larger concentration. However, it has been

reported that the coalescence frequency is less likely for highly compatibilized blends

(54,102,118). On the other hand, there is a possibility that the required heat for melting

the PA-6 phase is provided earlier for low concentration blends. Therefore, the residence

time ofPA-6 melt in the screw zone rises and accordingly the particle size decreases.

The significant change of aspect ratio can be explained by the theories of drop

defonnation and interfacial tension. Acrivos and Lo (38) obtained the fol1owing

relationship for large drop defonnations using the siender body theory and the volume

conservation conditions:

(6.1)

•

where K is the capillary number. This equation implicitly relates the dimensionless length,

ç=LÀl13/a, to the flow strength. It can be seen that a large capillary number indicates large

drop diameter for the same shear rate and matrix. Therefore, large drops are associated

with large 'ç', and consequently, large values ofUa. The same conclusions can be made

using the Cox Theory (35). However, Cox theory is proved to be valid for small

deformations. It has been aIso observed (18) that larger particles of EVOH are easier to

defonn in the pp matrix in the shear and experimental fields encountered in the adapter

and die unît.
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6.1.1.8 Effect ofMaleation Content on Morphology
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It is weIl known that using a compatibilizer in blends reduces the interfacial tension

between the two components (104-110). The extensive investigation regarding the

interfacial tension ofPEIPA·6 in section 5.3 reveais that increasing the maIeation content

of polyethylene, reduces the interfacial tension between PE and PA-6 dramatically, and

then it levels off. Therefore, under usuaI processing conditions, increasing the maleation

content of PE facilitates the defonnation and breakup of PA-6 particles and provides

smaller particles, which is not desirable for developing laminar morphology. Due to the

special processing conditions used in this study, as a result of short residence time and Low

temperature in the screw zone, the particles of the dispersed phase entering die tend to be

large, even for a compatibilized blend. Theo, under the extensional tlow prevailing inside

the die unit, deformation of PA·6 particles in a matrix of maleated PE is greater than in a

matrix of standard PE. Therefore, it is expected to have thinner and longer particles of

dispersed phase for compatibilized blends.

Figure 6.14 shows the influence of maleation content of PE on the morphology of

PEOIPA-6 (80/20 wt%) blends, fed as a dry blend and extruded under the low temperature

profile (#5). The mixing screw and a die exit gap size of 1.0 mm were used for extruding

ail the samples. By increasing the maleation content from zero in micrograph 6.14.a ta

0.028 wt% in micrograph 6. 14.d, the PA-6 particles become thinner and larger in area. In

micrograph 6.14.a, where thick and large particles are present, the interface is smooth,

suggesting poor adhesion at the interface. In micrographs c and d, where maleation

content is 0.014 and 0.028 wt%, respectively, elongated particles cover the entire length of

the picture. However, due to thinner particles in micrograph d, larger particle area in the

plane of extrusion is expeeted. Both micrographs c and d, show a rough interface that

indicates good adhesion and thus potentially better mechanical properties.

In Figure 6.15, the image analysis results for these 4 micrographs are shown. It is

seen that by increasing the maleation content, both the aspect ratio and particle area in the

plane ofextrusion increases. Thus thinner and larger platelets ofdispersed phase, Le. PA­

6, are spread in the PE matrix. This is expected to increase the tortousity of the sample



towards the diffusion of gases and hydrocarbons and thus reduces the permeability

considerably. It appears that maleation content between 0.014% to 0.028 wt% is the

optimum range of maleation for developing laminar morphology in dry blended alloys of

PE and PA-6. Figure 5.31 that presents an optimum value of 0.03 wt% for the maleation

content, on the basis of interfacial tension measurements, is in agreement with

morphological findings.
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Figure 6.14: SEM micrographs showing effect of ma/eanon content of PE on the

morph%gy ofPEOIPE2IPA-6 b/ends. Q- 80/0/20 wt% b-75/5/20 wt%

(MAR content 0.007 wt%) c- 70/10/20 wt% (MAR content 0.014%) d­

60/20/20 wt% (MAR content 0.028%)
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6.1.1.9 Influence of Pre-compounding on Morphology
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The twin- screw extruder is known to be an efficient commercial mixer for polymer blends.

In order to obtain more homogeneous blends and in order ta supply a feed ta the extruder

in the form of blend pellets, which is preferred by industry rather than a dry mixture of

pellets of the individual components, a blend was produced in the twin-screw extruder.

The objective was to attain a maximum amount of distributive mixing and to avoid

excessive dispersive mixing. The effect of sequence of blending on the morphology of

PEIPA-6 blends was investigated using an optimized twin-screw configuration and

temperature profile as explained in section 4.2.2. Figure 4.8 presents the different

sequences ofblending and extrusion used in this study.

Figure 6.16 reveals the morphology of sampIes obtained employing 4 different

methods of blending, and Figure 6.15 presents the quantitative analysis of these

micrographs. In picture 6. 16.a, dry blending was used, while in micrograph 6.16.b, PEO

was first mixed with the compatibilizer (PE2) in the twin-screw extruder to provide the

required level of maleation. Then the pre-blended PE was dry-mixed with PA-6 and

extruded using the single screw extruder. Sequences 3 and 4, which employ one pass and

two passes in the twin-screw extruder, respectively, were used to obtain micrographs

6.16.c and d. Micrograph 6.16.a, shows that dry-blending provides elongated and large

particles of the dispersed phase. By increasing the mixing intensity, the PA-6 particles

become smaller and shorter. Thus, rnicrographs 6.16.c and d are as expected. However,

the morphology obtained in picture 6.16.b and the corresponding image analysis results of

condition 2 in Figure 6.1S,were not anticipated. If micrograph 6.16.a, designated as

condition 1 in Figure 6.15, is compared with pieture 6.16.h, designated as condition 2, it

may be concluded that the pre-mixing of PEO and PE2 reduces bath the aspect ratio and

particle area by SO%. It seems that when PE2 is pre-mixed with PEO, Le. condition 2, the

contact between the PA-6 and compatibilized matrix is more effective, suggesting a lower

overall interfacial tension that promotes particle breakup. On the other hand, when all the

components are mixed in one step, Le. condition 1, there is smaller chance for the PA-6

particles to contact the compatibilized polyethylene, suggesting that the effective



interfacial tension is higher in comparison to condition 2. Lim and White (104) found that,

due to the high viscosity of the polymer matrix, a much larger quantity of compatibilizer

than actually needed, is required for interface covering. Therefore, the PA-6 particles

exhibit more resistance ta breakup and remain larger. Although, bath the aspect ratio and

particle area decrease substantially by passing the blend through the twin-screw extruder,

reduction of particle area is more severe. This may be due to differences in residence time

ofthe polymer melt in the screw zone, which increases for any extra mixing step.
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Figure 6.16: SElvlmicrographs showing effect ofpre-compounding on the morph%gy of

PEOIPE2IPA-6 (70/10/20 wt%) blends. a- dry-blending b- PEO and PE2

were pre-mixed c- PEO, PE2, and PA-6 were pre-mixed in one pass d­

PEO,PE2, andPA-6 were pre-mixed in two passes



Figure 6~17 shows the distribution ofthe number of particles in the same locations

as in Figures (6.15) and (6.16). As indicated, dry blends yield a wide distribution of

particle size with smaller number of particles. By increasing the mixing, narrower size

distribution and a larger number of particles are observed (compare Figures 6.17.a and

6.17.d.)
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It is recommended that using a twin-screw extruder with shorter length and

incorporation of external lubricants like paraffin waxes to reduce shear heating and lower

processing temperatures, would contribute ta improved laminar morphology oftwîn-screw

compounded blends ofHDPE and PA-6.

6.1.2 PPIEVOH Blends

Due ta the small difference between the melting points of the matrix, Le. ADMER with a

melting point of 160°C, and the dispersed phase, Le. EVOH with a melting point of

181°C, the approach of using low temperature in the screw zone in not readily applicable

ta tbis system. Therefore, the generation of laminar morphology is more difficult than for

the PEIPA-6 blend. Other researchers (16-20) have investigated the influences of sorne

parameters on the morphology of PPIEVOH blends. The present study attempts to

evaluate a novel approach to improving laminar morphology in tbis system, particularly by

employjng a lower temperature profile in the screw zone. It also attempts ta overcome

sorne of the limitations of earlier rnorphologjcal studies by emploYing etching of the

dispersed phase and obtaining quantitative image analysis data.

6.1.2.1 Variation of Microstructure Across the Ribbon Thickness

Figure 6.18 presents a SEM micrograph ofa sample extruded using the mixing screw with

die exit gap size of0.25 mm, in conjunction with temperature profile #2 described in Table

4.4. Detailed processing conditions used to produce this sample are listed in appendix B.

Although, the obtained morphology is not as good as the morphology oflaminar blends of
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Figure 6.17:Distribution of cross section area for SEM micrographs of Figure 6.16

showing the effict ofpre-compounding on particle size ofPEOIPE21PA-6

(70/10/20 wt%) b/ends. a- dry-b/ending b- PEO and PE2 were pre-mixed

c- PEO, PE2, and PA-6 were pre-mixed in one pass d- PEO,PE2, andPA-6

were pre-mixedin two passes



HOPE and PA-6 resins, the general trend explained in section 6.1.1.2 is aIso observed in

this micrograph. In the core and intermediate regians, elongated partic1es of EVOH are

present, while close ta the surface; defarmed droplets and agglomerates of dispersed phase

are observed. However, layers of EVOH in the core and intermediate regions are not as

long as in the previous system, especially in the intermediate region. The area close to the

surface, where deformed droplets of dispersed phase are dominant, is larger. In other

words, the intermediate zone includes bath layered and droplet morphology. As in the

HDPEIPA-6 system, due ta migration of the dispersed phase particles towards the axis,

the content of the EVOH phase decreases near the surface. Figure 6.19 provides the

image analysis results for the micrograph shawn in Figure 6.18. Contrary ta the PE/PA-6

blend, moving from the core towards the intermediate region, a noticeable decrease in bath

aspect ratio and cross section area is observed. On the other hand, in the PEIPA-6 system,

the intermediate and core regions show similar layered structure with comparable aspect

ratio and particle size. These parameters are much smaller than the PEIPA-6 system

indicating the importance of special low temperature processing conditions employed in

extrusion ofPEIPA-6 blends.
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Figure 6.18: SElvf micrograph of ADMERIEVOH (75/25wt%) blend showing the

variation ofmorphology across the thickness ofextntded ribbon
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6.1.2.2 EfTect of Die Temperature on Morphology
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It was suggested earlier that a viscosity ratio ofunity is desirable for large deformations of

dispersed phase particles, which are needed for developing laminar morphology. However,

Figure 5.6 showed that at both 200 and 230°C, over the entire range of shear rates, the

viscosity of EVOH is higher than the viscosity of ADMER. Therefore, as shown in

Figure 5.7, the viscosity ratio of EVOH/ADrvrER is always larger than unity, in the

praetical processing range. Also, higher elasticity ofEVOH at higher shear rates (Figure

5.10) does not favor large drop deformations.

Figure 6.20 presents the influence of die temperature on the morphology of

ADMERIEVOH (75/25 wt%) blends. A1though, the EVOH particles are stretched in the

flow direction, the number, size and aspect ratio of dispersed phase particles are smaller

than for the PEIPA...6 system. Figure 6.21 shows the image analysis results of morphology

shown in the micrographs ofFigure 6.20. It seems that the die temperature does not play

a major role in developing laminar morphology in extrusion of ADNŒRlEVOH blends.

However, it appears that higher temperature results in minor improvement of layered

structure by providing slightly longer and larger particles. Increasing the die temperature

leads to viscosity ratios closer ta unity that might be responsible for minor improvement of

layered structure. The crossover of elasticity of matrix and dispersed phase occurs at

higher shear rates for higher temperatures, thus is expected to observe minor improvement

of laminar morphology at lùgher temperatures.

Temperature aIso affects the interfacial tension, as shown in Figure 5.35 and by the

large temperature coefficient of interfacial tension of the ADMER/EVOH pair depicted in

Equation 5.27. This etfect is large enough to have sorne impact on the deformation of

EVOH particles in the matrix of ADMER. Smaller interfacial tension enhances

deformation ofEVOH particles under the extensional tlow inside the die unit, thus results

in longer and larger particles ofdispersed phase at higher temperatures.
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Figure 6.20: SEM micrographs of ADlvfER/EVOH (75/25 wt.%) blends showing the

effectofdie temperatureonmorphology: a-215"C b-225'C c-23DCC



•
CHAPTER 6: Results and Discussion 154

_ Mlxnlng SCrew

_ Metar1ng SCrew

15

0"'"""""'"......----.........................
200 205 210 215 220 225 230 235 240

5

Die Temperature ~C)

140 r'""I""""~"""""""""""r""""""""""""r--"""'--''''''''''...........--:-'--....-.r'''''''''----:~''''''''

130 111 MlJcnlng SCrew

120 - Metenn; SCrew

110

_100

"! 90-I! 80
.<
S 70

] 60

~ :
30

20

10

0 .........................................
200 205 210 215 220 225 230 235 240

Die Temperature \C)

•
Figure 6.21: Effect ofdie temperature on the aspect ratio and area ofdispersed phase

partic/esfor ADMERJEVOH (75/25 wt%) blends.



6.1.2.3 Influence of Screw Design on Morphology

The mixing screw used in this study has an extra channel with higher pitch in the metering

zone. This design results in improved mixing efficiency of the mixing screw compared to

the metering screw. Therefore, the EVOH particles entering the die unit should be

smaller than the particles exiting the metering screw zone. With the metering screw, it is

expected to obtain larger and longer particles of dispersed phase in the extruded sample.
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Figure 6.22 reveals the microstructure of two samples, WX51325 and WT51325,

extruded under the same processing conditions, except the screw design. Figure 6.20

presents the image analysis results done on the same micrographs. As shown in Figure

6.20, aspect ratio and particle size of the dispersed phase increase by 40 and 50%,

respectively, by using a metering rather than a rnixing screw. Screw design changes the

microstructure pattern across the thickness. In the core region of the sample obtained

employing a metering screw, Le. micrograph 6.22.b, large elongated particles are

observed, while the mixing screw gives more homogeneous distribution of dispersed phase

in picture 6.22.a.

a

+-core

core-)o

b

•
Figure 6.22: SEM micrographs showing effect of screw design on the morph%gy of

ADMERIEVOH (75/25 wt%) Q- Mixing screw b- Metering screw
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6.1.2.4 Influence of Low Temperature Screw Zone on lVIorphology
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The approach of using lo\v temperature profile in the screw zone was successfully

employed with the PEIPA-6 system. The processing window for this approach is as wide

as the temperature difference between the melting points of dispersed phase and matrix.

For the PEIPA-6 system, the processing window in the screw zone is 135-220°C, i.e. the

melting points ofHDPE and PA-6, respectively. This processing window is wide enough

for using this technique. However, for the ADrvŒRlEVOH system, the processing

window is between 160 and 181°C, i.e. the melting points of ADrvIER and EVOH,

respectively. The processing window becomes even narrower, considering the necessity of

keeping the temperature weil below the melting point of EVOH up to zone 3 of the

extruder. Therefore, temperature profile #4, where zone 3 of the extruder was kept at

170°C was the lowest practical temperature profile.

Figure 6.23 presents the morphology of a sample extruded using temperature

profile #4, where temperature of zone 3 tS 170°C. [n comparison ta samples extruded

under LlSUa! processing conditions, the particles ofdispersed phase are much larger. rmage

analysis results showed an aspect ratio of 10 and particle area of 275~Lm2 , which is twice

Figure 6.23: SEll/[ micrograph of ADlvlER/EVOH (75/25wt%) blend showing the

microstructure obtainedat low temperature screw zone.



the range of particle areas obtained for other samples. Figure 6.23 reveals a clear

distinction between AD:MERIEVOH and PEIPA-6 bLends, extruded using the technique of

low temperature screw zone. Contrary to the PEIPA-6 micrographs, Large particles of

dispersed phase are observed only in the core region of Figure 6.23. Using a Low

temperature profile in the screw zone for PEIPA-6 blends resuLts in large and elongated

particles of dispersed phase in the core and intermediate regions. 1t appears that EVOH

particles close ta the walls, i.e. barrel and screw, are melted before reaching zone 4 of the

extruder, causing breakdown to smaLl particles. Due to technical limitations of the

extruder and high torque, it was not possibLe to employ Lower die gaps using the Low

temperature profile #4. However, employing appropriate lubricants might enhance the

processing of ADrvrERJEVOH at Low temperatures and aLso prevents breakdown of

EVOH particles.
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6.1.2.5 Effect of Die Exit Gap Size on l\tlorphology

Figure 6.24 presents the effect of die exit gap size on the morphology of ADNIERJEVOH

(70/30 wt%) blends. Contrary to the PEIPA-6 bLends, higher extension ratios provided by

lower die exit gap, result in longer and thinner particles of the dispersed phase, i.e. EVOH.

Figure 6.25 shows image analysis results obtained for the same micrographs. Both aspect

Figure 6.24: SEM micrographs showing efftct ofdie exit gap size on the morph%gy of

ADNlERIEVOH (70/30 wt%) b/ends. a- 0.25 mm b- 0.5 mm•
a

~core

core-)o

b
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partie/esfor ADMERIEVOH (70/30 wt%) b/ends.



ratio and cross section area of the sample obtained with the gap size of 0.25 mm are

considerably larger than for the sample extruded with die gap size of 0.5 mm. Smaller gap

size produces stronger extensional flow and higher extension ratio, which is responsible for

the larger and thinner particles ofthe dispersed phase.
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Rheological studies in section 5.1 might help ta explain some of differences

between the PEIPA-6 and AD:MERIEVOH blends. As the viscosity ratio is close ta unity

in PEIPA-6 blends, the extensional flow is more efficient in deforming the dispersed phase

particles. Therefore, it is expected that strong extensional flow provided by low gap size

would lead to break up ofthe dispersed phase particles, Le. PA-6, and smaller particles are

fonned. On the other hand because of the high viscosity ratio in ADrvŒRJEVOH blends,

even strong extensional flow generated in the small gap size (0.25 mm), is not sufficient to

break up the EVOH particles. However, the stronger extensional flow leads to larger

deformations ofEVOH particles, which produces longer particles.

It has been reported that high elasticity of droplets enhances resistance to

deformation and breakup (76.). Chin and Han (8S) reported that highly viscoelastic

medium gave rise to large defonnation of droplets. The shear storage modulus ofofPA-6

shown in Figure 5.8, which is related to its elasticity, is always lower than the storage

modulus of PEO. On the other hand, the storage modulus of EVOH is larger than of

ADNIER for frequencies larger than SOS·l (Figure 5.10). Therefore, EVOH particles are

expected to show higher resistance against the high extensional flow, whereas the higlùy

elastic matrix of PEO produces large deformations that might lead to breakup of PA-6

particles.

6.1.2.6 EtTect ofCooling System on Morphology

When the particles ofdispersed phase that have been stretched by the extensional flow exit

the die region, there is great chance ofrelaxation and retuming to the original contraeted

position. Therefore, depending on the efficiency of cooling system, elongated particles of

the dispersed phase exiting the die unit might experience different amounts of relaxation.
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Figure 6.26: SEM micrographs showing effect of cooling systent on the morphology of

ADMERIEVOH (70/30 wt%) blends. a- air cooling b- water cooling

Thus, it is important ta evaluate the influence of cooling system on the obtained

morphology. Figure 6.26 shows a blend of 70/30 wt% of ADMER and EVOH extruded

under the same conditions except for the cooling system. ft appears that a water cooling

system, which is more efficient in cooling the extruded ribbon, produces longer and larger

particles of EVOH. In Figure 6.25, the image analysis results for the same micrographs

are presented. The aspect ratio of water-cooled samples is higher than the air cooled

samples by more than 60%, and enlargement of particle area is slightly smaller

6.2 Permeability Results

The barrier properties of polymer blends are determined by the chernical structure and

physical properties of individual resins, the chemical nature of the penetrant, and by the

system morphology. Also, orientation and crystallization of polymers influence the barrier

properties of the material as a result of the increased packing efficiency of the polymer

chains (162). However, their influence on the barrier properties is minor, in comparison
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Table 6.1: Toluene and oxygen permeability ofindividuaI resins
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Resin Toluene Tolueoe Oxygen Oxygen

Permeability Permeability Permeability Permeability

(Measured1
) (Literature) (Measured1

) (Literature)

PEO 24.8 27.08 (@22.8CC) 23.5 26.25 (@25°C)

PEI 30.7 .. .. ..

PE2 32.9 .. 25.0 ..

PP 163 98.6 (@22.8°C) 48.0 65.2 (@23°C)

ADMER 176 .. 61.5 ..

PA-6 0.11 .. 0.6 0.71 (@23°C)

EVOH 0.004 .. 0.01 0.006@20°C

1.. unit: mg.mmlrnz.min

2 .. 3mm1 2da tm.. umt. cm. m. y.a

with the above factors. Barrier materials are needed in applications such as food

packaging and gasoline tanks. Two blend systems of HDPElPA..6 and PPIEVOH are

evaluated for their barrier properties against oxygen and toluene as a typical hydrocarbon.

Various parameters influencing system morphology including processing conditions and

material characteristics have been investigated and will be presented in the following

sections.

Qxygen and toluene permeability of individual resins used in this study were

measured and reported in Table 6.1. AlI the reported values are for 50% relative humidity

and a temperature of 23°C. The reproducibility of toluene permeability measurements

was better than 5% and the oxygen penneability measurements were reproducib~e within

8%. For comparison purpose, reported values in the Iiterature are also shown (122, 123).



Considering all the uncertainties like different crystallinity, orientation, relative humidity

and test temperature; measured values agree with reported results reasonably.•
CHAPTER 6: Results and Discussion 162
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As known, EVOH exhibits excellent barrier properties against both oxygen and

toluene. PA-6 shows good barrier properties against toluene but it is not a good barrier

for oxygen. General1y, increasing the maleation content of both polyethylene and

polypropylene, raises oxygen and toluene permeability ofthese resins. However, it appears

that oxygen permeability of maleated polypropylene increases more rapidly. One

explanation might be the higher branching of these resins, that leads to lower packing

efficiency of maleated polyethylene and polypropylene. Among the resins used as the

matrix, AD!v1ER shows the highest permeability to both oxygen and toluene.

6.2.1 Toluene Permeability ofHDPEIPA-6 Blends

Laminar blends of HOPE and PA-6 have shawn promise as solvent and hydrocarbon

barriers. In order to evaluate the effect ofdifferent processing conditions and composition

on barrier properties, toluene permeability of extruded samples was measured. Also, to

evaluate the gas barrier properties ofthese blends, oxygen permeability of selected samples

was measured.

6.2.1.1 Effect of Die Temperature on Permeability

It was shawn in section 6.1.1.3 that, at a die temperature of 250°C, larger and longer

particies of the dispersed phase, Le. PA-6, were produced. Figure 6.27 reveals the

influence ofdie temperature on toluene permeability ofPEIPA-6 (80/20 wt%) biend.

Figure 6.27 shows about 30% Iower toluene permeability values at die temperature

of 250°C for bath of compatibilized and non-compatibilized blends. This findings is in

agreement with morphologica1 studies, where higher aspect ratio was observed for samples

produced at a die temperature of 250°C in Figure 6.5. Also it confirms that the die
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Figure 6.27: Elfeel ofdie temperature on toluene permeability ofPElPA-6 (80/20 wt%)

blends.

temperature of250°C, which is associated with viscosity ratio close to unity in Figure 5.5,

gives good barrier properties.

Figure 6.27 also demonstrates the effect of compatibilizer or maleation content of

polyethylene on the barrier properties of blends extruded under usual processing

temperatures. A compatibilized blend that incorporates 20% of PE2, shows 3-4 times

higher toluene permeability than the non-compatibilized blend. Lower interfacial tension

of the compatibilized system leads to finer dispersion of dispersed phase. The smalIer

particle size is responsible for the observed reduction in barrier properties.
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6.2.1.2 Effect of Screw Temperature on Permeability
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In section 6.1.1.4, the key role of the temperature in the screw zone in development of

laminar morphology during ribbon extrusion of polymer blends was discussed. The

morphological studies and image analysis results presented in Figures 6.6 and 6.7 revealed

the substantial increase ofaspect ratio and particle size ofthe dispersed phase at low screw

zone temperatures. Therefore, it is expected that the technique of low screw temperature

leads to substantial improvement ofbarrier properties ofPEIPA-6 laminar blends.

Figure 6.28 shows the dramatic influence of screw zone temperature on toluene

permeability ofPEO/PE2IPA-6 (70/10/20 wt%) blends. Ali three samples have the same

composition and were extruded using the mixing screw and a die gap of 1.0 mm. Die

200 210 220 230 240

•
Temperature ofZone 3 of Extruder lC)

Figure 6.28: Effect ofscrew zone temperahlre on to[uene permeability ofPEOIPE21PA-6

(70/10/20 wt%) blends



temperature was kept at 250°C for all sampIes. By reducing the temperature ofzone 3 of

the extruder from the usuaI processing temperature of 240°C to 200°C, the toluene

permeability of the blend is decreased about 30 times. The change in permeability is aIso

substantial from 210 to 200°C, where over such a small temperature difference, the

permeability decreases from 3.5 to 0.62 mg.mm/m2
•min. These results show the

effeetiveness ofthe low screw temperature approach in improving the barrier properties of

polymer blends. The substantial change in permeability over a small window of screw

temperature confirms the results of Sundaraj et al (116), Lindt and Ghosh (113), and Lim

and White (104). Their common findings showed major morphological changes during the

initial softening stages and the importance of seconds of residence time or millimeters of

screw length during the initial stages of melting.
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6.2.1.3 Influence of Screw Design on Permeability

Figure 6.29 presents the impact of screw design on the barrier performance of

PEOIPE2IPA-6 (70/10/20 wt%) blends. The metering screw produces samples that exhibit

25% lower permeability to toluene than the mixing screw. Figures 6.8 and 6.9 indicated

80% reduction in aspect ratio and 100% in particle size of samples when switching to the

mixing screw from the metering screw. This explains the improvement in barrier

properties of blends by changing from the mixing to metering screw. However, it should

be pointed out that the mixing screw produces more efficient mixing ofblend components,

and is more likely to deliver the compatibilizer to the interface of polyethylene and

polyamide. Therefore, samples obtained with the mixing screw might exhibit better

adhesion at the interface. Consequently, both barrier and mechanical properties are likely

to be enhanced. Therefore, despite the significant differences between the morphologies of

samples extruded with the metering and mixing screws, the barrier properties are not

affeeted notably.
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Figure 6.29: Influence of screw design on toluene penneabi/ity of PElPE2/PA-6

(70/10/20 wt%) blends

6.2.1.4 Effect of Die Exit Gap Size on Barrier Performance

•

Figure 6.30 presents the results of toluene permeability measurements for the same

sampIes ofFigures 6.10 and 6.11 along with two other samples incorporating 10% of PE2

as compatibilizer. The compatibilized blend was obtained using a metering screw and

temperature profile number 2. As was concluded from morphological analysis in Figures

6.10 and 6.11, the high stretch ratio prevailing in the small 0.5 mm gap, leads to breakup

of PA-6 particles. Accordingly, sma1ler particles of the barrier dispersed phase result in

lower barrier performance of blend. Permeability results, shawn in Figure 6.30, confirm

morphological observations. Samples obtained with a gap of 0.5 mm show toluene

penneabilities as high as twice the permeability ofsamples obtained with a gap of 1.0 mm.

The trend is simiIar for both ofcompatibilized and non-compatibilized blends. However,
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Figure 6.30: Effect of die exit gap size on to/uene permeability of PEDIPE2IPA-6

(70/10/20 wt%) b/ends

for bath gap sizes, compatibilized blends obtained at the usual processing temperature

profile of number 2, exhibit higher toluene penneability. This suggests that a stretch ratio

above 10 inside the die unit is not recommended for developing laminar morphology in

blends ofHDPE and PA..6 resins.

The permeability of samples extruded at a gap of 0.5 mm increases more than

expected ftom the morphologica1 analysis. It is believed that this difference May be

attributed to crystallinity. Thinner samples obtained with a 0.5 mm gap experiences

higher cooling rates than thicker ribbons obtained with a 1.0 mm gap. Therefore, it is

expected to obtain higher crystallinity with the 1.0 mm gap. Crystallinity is known to

improve the barrier properties ofpolymers (162).
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6.2.1.5 Influence ofComposition on Permeability
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Figure 6.31 presents the impact ofPA-6 content on toluene permeability of Iaminar blends

of HDPE and PA-6 resins. In this figure, toluene penneability of 78.6/11.4/10 and

70/10/20 (pEOIPE2IPA-6 wt%) blends along with the toluene penneability of non­

compatibilized blends obtained at high temperature profile of number 2 are shown. As

expected, frOID morphological comparisons in section 6.1.1.7, samples extruded using the

low screw zone temperature exhibit substantial improvement of one order of magnitude in

toluene permeability, by increasing the PA-6 content from 10 to 20 wt%. It will be shown

that the penneability of samples having 20 wt% PA-6 using the low screw zone

temperature is comparable with co-extruded material. Therefore, it is not necessary to

increase the PA-6 content beyond this value.

1111 Law Temperature. CampaUblllzed

_ Hlgh Temperature, Nan-Campatfblllzed

10 20 30

PA-6 Content (wt%)

40

•
Figure 6.31: Effect of PA-6 content on to/uene permeability of HDPF./PA-6 laminar

h/ends



The effeet of PA-6 content on non-compatibilized blends is similar, suggesting a

leveling off at around 20 wt% PA-6 content. The results aIso confirm the important role

of interfacial adhesion in improving the barrier performance of laminar blends. It is

believed that Iack ofadhesion at high PA-6 content above 20 weight percent is responsible

for the relatively high values ofpermeability in non-compatibilized blends.
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6.2.1.6 Influence of l\-IAH Content of PE on Permeability

Generally, by increasing the amount of interfacial agent, the partic1e size of dispersed

phase decreases and smaller partic1es are expected to diminish the barrier performance of

larninar blends. However, the low screw zone temperature approach proposed in tlùs

study demonstrated that, the particIe area in the plane of extrusion and aspect ratio were

increased upon increasing the MAR content of polyethylene. Furthennore, higher

maleation content improves the interfacial adhesion in the solid state that should improve

the barrier performance ofthese laminar blends.

Figure 6.32 shows the effect ofmaleation content ofPE on toluene penneability of

samples extruded using the low temperature profile ofnumber 5 in Table 4.3. The Mixing

screw and a die exit gap of 1.0 mm were employed. The toluene penneability ofnon­

compatibilized blend, Le. zero maleation content, is very high. When the maleation

content is raised ta 0.007 wt%, permeability decreases by one order of magnitude. By

increasing the maleation content, more reduction in permeability is observed and above the

maleation content of 0.014%, permeability levels off Therefore, considering both

morphologicaI analysis and barrier performance, it seems that the optimum level of

maleation content of polyethylene is in the 0.014-0.028 wt% range. The toluene

permeability of blends within this range of MAR content, is 45 times lower than for the

unmaIeated PE matrix.
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Figure 6.32: Effect ofmaleation content and pre-compounding on toluene permeability

of PEDIPE2IPA-6 (70/10/20 wt%) blends extnided al low screw zone

tempera/ure.

6.2.1.7 Effect of Pre-compounding on Permeability

Morphological studies in section 6.1.1.9 revealed the influence of pre-compounding on

particle size and aspect ratio of dispersed phase. It was concluded that longer residence

time of polymer melt inside the screw zone and excessive mixing results in particle break­

up and leads to microstructure that incorporates much smaller PA-6 particles than dry

blended samples.

Figure 6.32 shows the toluene permeability of samples the morphology of which

was given in Figures 6.15 and 6.16. Penneability result supports the morphological

findings. The addition ofmixing steps prolongs the residence time ofthe polymer melt in

the screw zone, and thus tends to raise toluene penneability of laminar blends. However,



applying optimum screw configuration in twin-screw compounding of blend components

in combination with low screw zone temperatures in both extruders, i.e. twin and single

screw extruders (condition #3), results in one arder of magnitude reduction in toluene

penneability ofpolyethylene.
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6.2.1.8 Effect of Screw Speed on Permeability

Changes in screw rotational speed influence the residence time or f10w rate and shear rate.

Raising the RPM (rotation per minute) reduces the residence time of the polymer melt in

the extruder and increases the average shear rate applied to the particles of dispersed

phase. As long as the PA-6 particles are melted before entering the die and the interfacial

agent wets the interface of two phases, a reduction in residence time of the polymer melt

inside the extruder should lead to larger particles entering die unit, which is desirable for

developing laminar morphology. On the other hand, higher RPM associated with higher

shear rate could produce finer particles of the minor phase which is not advantageous.

Therefore, the balance of these two etfects detennines the net effect of RPM on

morphology. It should be kept in mind that, for commercial extrusion lines, where

production rate is an important consideration, higher RPM is generally desirable.

Figure 6.33 reveals the toluene penneability oftwo samples extruded at 30 and 60

RPM. Ta the extent possible, other processing conditions, including composition, are kept

identical. The Mixing screw, in conjunction with high temperature profile # 3, was used

with these samples. Raising the RPM from 30 to 60 leads to a 30% increase in toIuene

permeability. Yet, it may be possible to obtain different results for samples extruded with

low screw zone temperature profile.
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Figure 6.33: Effect ofRPM 011 toll/ene permeability ofPEOIPA-6 (80/20 Wl%) laminar

blends

6.2.1.9 Influence of Adapter Angle on Permeability

Streamlined flow in the converging cone tends to promote coalescence of minor phase

particles (93). The amount of coalescence depends on the strength of convergence of

cone, Le. the angle ofthe cane. However, it has been reported that coalescence occurs ta

a smaller extent WÎth compatibilized systems (69).

In this study, two different adapter angles, 30 and 70°, were used. Particles exiting

the metering screw are coarse; thus, a 30° adapter angle was used for most of the runs

with the metering screw. The mixing screw tends ta provide finer particles; therefore, an

adapter with 70° angle was employed to enhance coalescence to form larger particles.

Two compatibilized samples using adapter angles of30 and 70° were extruded. AIl other



processing parameters were identical. Results of toluene permeability measurements

showed only 5% difference between two blends, which are considered identical within

experimental error ofmeasurements.
•
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6.2.2. Permeability of ADMERJEVOH Blends

In general, the processing variables influence morphology, and therefore, the permeability

of ADMER/EVOH extruded sheets in the same way as for PE/PA-6. Therefore, in the

following discussion, we shall not repeat the arguments that were given in the preceding

sections. Emphasis will be placed on presentation of the results and indicating and

explaining ditferences in the pattern ofbehavior from those exhibited by PE/PA-6 blends.

6.2.2.1. Effect of Die Temperature on Permeability

Figure 6.34 shows the influence of die temperature on toluene permeability of

ADMERIEVOH (75/25 wt%) blends. It appears that, within the temperature range of215

to 230°C, die temperature does not affect toluene permeability substantially. As

mentioned earlier, the viscosity ratio is larger than unity for the entire range of shear rates

and processing temperatures covered in Figure 5.7. Such conditions are not ideal for the

large deformations needed for good barrier perfonnance. However, it seems that a higher

temperature yields slightly better barrier properties. Lower interfacial tension at higher

temperatures enhances defonnation of EVOH particles. This might explain the minor

improvement in barrier properties at higher die temperatures. These findings are in

harmony with morphologica1 results discussed in section 6.1.2.2.
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wt%) blends

6.2.2.2. Influence of Screw Design on Permeability

•

Figure 6.35 shows the effeet of screw design on toluene and oxygen penneability of

AD~R/EVOHblends. This graph aIso presents the influence of composition on toluene

permeability. Two different compositions were tested for toluene permeability and one

blend composition was tested for oxygen permeability. For aIl the samples tested for

toluene or oxygen permeabilities, the mixing screw provided lower permeability. This

supplies samples exhibit 15-25% lower permeability than the samples obtained with the

metering screw. Although, Figures 6.20 and 6.21 revealed larger and longer EVOH

particles for metering screw samples, it appears that lack of adhesion at the interface of

AD~Rand EVOH phases, tends to cause deterioration ofbarrier properties.
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6.2.2.3. Influence of Die Exit Gap Size on Permeability

Variations of die exit gap size might affect the barrier performance of blends in two

competitive manners. As shown in Figures 6.24 and 6.25, smaller gap size leads to

stronger extensional flow that gives Iarger and longer particles of dispersed phase, Le.

EVOH. Thus, morphological analysis determines better barrier properties at lower gap

size. On the other hand, extruded ribbon produced using smaller gap size, incorporates

less crystallinity. Therefore, it diminishes the barrier performance ofblend.

•
Figure 6.36 presents the effeet of die exit gap size on the toluene and oxygen

permeabilities ofADMER/EVOH (70/30 wt%) blends using temperature profile number 2

and the water cooling system. Toluene permeability is increased by 15% for the small gap
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Figure 6.36: Influence of die exit gap size on barrier performance of ADMERIEVOH

(70/30 wt%) b/ends

size, while oxygen permeability is reduced about 10%. Considering the experimental

errors, it appears that the two competitive parameters (laminar quality and crystallinity)

tend to balance each other, as discussed in earlier sections. Therefore, barrier properties of

two blends produced using gap sizes of 0.25 and 0.5 mm are considered similar ta each

other. Further studies on the effeet ofcrystallinity on the oxygen and toluene permeability

ofindividual resins might help to explain these observations.
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6.2.2.4. Influence of Cooling System on Permeability

177

In Figure 6.26, it was shown that water cooling in comparison ofair cooling, could restrict

relaxation ofstretched particles ofEVOH exiting the die. This produces larger and longer

particles of the minor phase. On the other hand, it is likely that water cooling would lead

ta lower crystallinity than air cooling, due to the higher cooling rates.

Figure 6.37 shows the effect of the cooling system on toluene and oxygen

penneability of ADrvŒRlEVOH (70/30 wt%) blends extruded using a mixing screw. Air­

cooled samples exhibit lower toluene and oxygen penneabilities. Toluene penneability

was reduced byabout 50%, while oxygen penneability decreased by 40%. Therefore, it

appears that the influence of crystallinity is more important than the minor improvement of

laminar morphology, with regard to the barrier properties ofextruded ribbons.

6.2.3. Comparison of Permeability Results of HDPEIPA-6 Blends with

Predictions of Theoretical ModeIs

The penneability coefficient is defined as the product of the effective diffusion, D, and

solubility, S, coefficients

P=D.S (6.2)

•

A reduction ofthe solubility parameter or an increase ofthe length ofdiflùsion path (tortuosity)

caused by lanûnar structure may decrease penneability. The tortuosity factor, 't , is generally

defined as the ratio ofthe effective path length for permeation to the thickness ofcomposite or

blend (1<t<oo).

Presently, there is no general reliable, predictive model for transport through a

composite medium ofarbitrary morphology (163). However, the penneability ofhomogenous

blends may be estimated by a treatment similar to Maxwell's analysis of conduetivity for

systems containing conduetive spherlca1 partîcles dispersed in a conducting matrix (164).
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(70/30 wt%) b/ends

According to this analysis:

r = 1+ tPd
2 (6.3)

where 'r is tortuosity and tPd is the volume fraction ofdispersed phase .

•

A commonly used estimation for the ratio between the permeability of a blend or

composite and that of the conduetive matrix phase as a function of the tortuosity and the

volume fraction of matrix polymer, <I>m, bas been proposed by Michaels and BixIer (165) and

Barrer (166):

(6.4)
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wherePr:. andpm are the permeabilities ofthe composite (blend) and matrix, respectively.

For homogenous systems, penneability is given by (167):

wherePd is the permeability ofthe dispersed phase.

179

(6.5)

For morphologies consisting of laminates stacked in series, as in the case of coextruded

structures, Nielson's treatment (168) may be used:

(6.6)

where L and Tare length and thickness ofthe platelet, respectively.

Penneability in this arrangement ofphases is given by (168, 169):

_1 =!l:L+ (lm
Pc Pd Pm

we shalI refer to this as the series model.

(6.7)

•

By comparingEquations of(6.3) and (6.5) with (6.6) and (6.7), it is observed that thin platelets

with a large, but finite, ur ratio can reduce pe1ll1eability clramatically, even for small volume

fractions. On the other band, it is obvious that reduction ofpermeability in homogenous bIends,

even with a substantial volume fraction ofthe minor phase, is small.
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6.2.3.1. HDPEIPA-6 Blends

6.2.3.1.1. Toluene Permeability of HDPEIPA-6 Blends
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Figure 6.38 presents the variation oftoluene penneability ofextruded blends ofHDPElPA-6, at

various concentrations of PA-6 along with predictions of Maxwell and Series models.

Appendix B provides the detailed processing conditions for each sample code. As observed,

depending on the processing conditions, a wide range of toluene penneability values might be

obtained. Samples extruded under low screw temperature conditions, i.e. Xl53701 and

X153702, exlubit the lowest penneability values c10sely approaching co-extruded nbbon

penneability Ievels for PA-6 content above 15 vol%. As mentioned earlier, by using extemal

lubricants at slightly lower screw temperature, it might even be possible to achieve penneability

40

Figure 6.38: Variation of toluene permeability with respect ta PA-6 content along with

Maxwell andSeries modelpredictions/or HDPElPA-6 blends.•
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values comparable ta co-extruded material at lower PA-6 contents. Due ta incorporating lOto

20 wtOlD ofPE2 resin as interfacial agent in these systems, it is expected that the samples would

also exhtbit good mechanical properties. Toluene penneability of compatlbilized blends

obtained onder usual processing conditions Ce.g. sample X133701) resembles that of

homogeneous mixtures. The above suggests the possibility of obtaining a dramatic

improvement in barrier properties, comparable ta that achievable by co-extrusion, by causal

extrusion of blends. Such a possibility would lead ta significant reduction in capital and

operating costs in the manufaeturing ofbarrier materials.
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6.2.3.1.2. Oxygen Permeability ofHDPEIPA.-6 Blends

Although, as shawn in Table 6.1, PA-6 resin is not a good oxygen barrier, oxygen

permeability measurements were done on selected samples, for comparison purposes.

Figure 6.39 shows the oxygen permeability ofselected PEOIPE2IPA-6 blends as a function

ofvolume percent ofPA-6, aIong with the predictions ofMaxwell and series models. The

experimental results are close to the predictions of the series mode!. Yet, due to the high

oxygen permeability of PA-6, Le. only 40 times lower than PE, the reduction in oxygen

permeability is not large. A maximum reduction of 4 times in oxygen penneability of

sample X1537012 is obtained. Therefore, PEIPA..6 lanûnar blends are not a good

candidate for applications where oxygen barrier property is needed.

6.2.3.2. ADMERIEVOH Blends

6.2.3.2.1. Toluene Permeability of ADMERIEVOH Blends

In Figure 6.40, the toluene permeability of ADl\1ERIEVOH blends is compared with the

calculated penneability for conventional homogeneous blends and co-extruded materials;

as predicted by the Maxwell and Series models, respectively. The barrier performance of

sample X1437A, which is extruded using the low screw temperature, approaches that of
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Figure 6.39: Variation ofoxygen permeability wilh respect 10 PA-6 cOlltent a!ong with

Maxwell and Series mode!predictions/or HDPE PA-6 blends

co-extruded materials. A maximum reduction of 9 times in toluene permeability is

obtained, which is 3 times better than results reported by Hozhabr (19). However,

considering the excellent toluene barrier properties of EVOH.. i.e~ 0.004 mg.mm/m2.min,

which is 28 times lower than toluene permeability of PA-6, these results are not very

encouraging. The narrow processing window, a viscosity ratio larger than unity, large

elasticity ratio, weak adhesion at the interface, and relatively high permeability of maleated

polypropylene are among the factors that limit barrier performance of ADl\1ERlEVOH

blends. To overcome sorne of these problems, it is suggested that manipulation of the

molecular weight of PP, combined with changes in the type and concentration of

compatibilizer, might lead to significant improvement. Changes should be oriented
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Figure 6.40: Variation of toluene permeability with respect 10 EVOH content along with

Maxwell and Series mode!predictionsfor ADlvIER/EVOH b!ends

towards widening the processing window, improving the barrier characteristics of the

compatibilizer, reducing the elasticity ratio, and lowering the viscosity ratio towards unity.

AIso, using lubricants might prevent extra shearing in the screw zone, thus reducing

particle breakup. The manipulation of cooling rates ta enhance crystallinity may prove to

be helpful.

6.2.3.2.2. Oxygen Permeability ofADl\1ERlEVOH Blends

•
Figure 6.41 shows the oxygen permeability of ADMERJEVOH blends with respect to

volume percent ofEVOH along with predictions ofthe Maxwell and Series models.
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Sarnple X1437A, extruded with the low temperature profile number 4, yields maximum

reduction of 4 times in oxygen permeability of the ADrvŒR matrix. AIthough, the

resultsare not fully satisfactory, significant improvement in oxygen barrier performance are

obtained in comparison with the results ofLohfink (18) and Hozhabr (19).

6.3. Evaluating Mechanical Performance of Blends

The instrumented impact test was used for evaluation of mechanicaI strength of extruded

samples. The instrumented impact test provides force, deflection, stiflhess, and energy

data for each sample. Depending on the application, one of these parameters or a

combination ofthem might be the controlling variable during an impact event. However,



among them, energy, which is the area under the load-deflection curve, is used more often

as critical variable for the ultimate strength of materials (170). Bath of ultimate energy

and ultimate force are presented below.
•
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There are problems associated with impact testing of specimens with different

thicknesses (171). Thin specimens tend ta fail in flexure (either tensile fracture or

compressive buckling), while thick specimens fail in shear (one or more delaminations

running along the length of sample). Genera11y, thicker specimens exhibit higher impact

energies, although not always with the same ratio from one materia! ta another. Sînce this

study involves samples with different thicknesses, a normalization procedure, explained in

Appendix D, was used to normalize the impact properties with reference to a thickness of

1 mm.

6.3.1. Impact Strength ofHDPEIPA-6 Blends

Both polyethylene and polyamide-6 exhibit ductile fracture in the impact test. Samples of

load-deflection curves are given in Appendix F. Influences of different parameters on the

impact strength of blends were studied and are discussed here. A standard deviation of

15% was observed for samples having medium to good impact properties. While, for the

non..compatibilized blends, which showed poor mechaJÙcal properties, larger standard

deviations up to 25% was observed.

6.3.1.1. Influence of Die Temperature

Figure 6.42 shows the ultimate energy and force versus die temperature for both

compatibilized, Le. PEOIPE21PA..6 (60/20/20 wt%), and non-compatibilized blends of

PEOIPA-6 (80/20 wt%). It is evident that adding 20% ofcompatibilizer, correspondîng to

a maleation level of0.028 wt%, increases impact properties substantially. It appears that

higher temperature results in a minor increase ofultimate force or energy. The maximum

increase of about 15%, which observed for the compatibilized blend, is within the
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Figure 6.42: Influence of die temperature on ultimate force and energy of PElPA-6

blends



experimental error of tests. Lower viscosities at elevated temperatures could lead to

improved coating ofinterface with the compatibilizer and a lower interfacial tension, which

result in minor improvement ofmechanical properties. However, Figure 5.30 reveals that

interfacial tension of PEIPA-6 is not very sensitive to variations of temperature. It should

be mentioned that a die temperature of 250°C produced better laminar morphology and

barrier properties. Thus, considering the minor improvement in mechanical properties, and

taking into account both barrier and mechanical properties, a die temperature of 250°C is

favored.
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6.3.1.2. Effect of Screw Design and Screw Zone Temperature

Figure 6.43 reveals the effect of screw zone temperature and screw design on impact

properties of HDPEIPA-6 blends. By lowering the temperature of zone 4 of the extruder

from 250 to 230°C, the ultimate energy and force reduced. This follows the general trend

observed for the effect ofdie temperature. Reducing the temperature ofzone 4 from 230

ta 225°C and applying the method of low screw zone temperature changes the direction of

variations. Samples extruded using low temperature profile # 5 showed improved laminar

morphology and extraordinary barrier properties, and show improved impact properties

comparable ta the PEO matrix. This issue will be discussed in more details later.

In the same figure, the effect of screw design on impact properties is also

presented. Within the experimental error oftests, the ultimate force and energy of samples

obtained with different screw designs are similar. However, standard deviations for the

impact properties ofsamples obtained with a metering screw, are larger, indicating the lack

of sufticient homogeneity in samples. This observation is confirmed by morphological

studies in section 6.1.1.5.
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•
CHAPTER 6: Results and Discussion

6.3.1.3. Influence ofMAH Content ofPE on Impact Properties
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Raising the compatibilizer level improves the interfacial adhesion, which results in

improved mechanical properties ofblends (108,109). Figure 6.44 shows the effect of

increasing the Ievel of maleic anhydride on the ultimate energy and force of dry-blended

samples. Blends without any compatibilizer give poor impact properties, while there is a

substantial increase in ultimate energy and force at a MAH level of 0.007 wt%. As the

level ofMAH is raised further, the ultimate energy and force become comparable to those

ofmatrix ofPE. In section 6.2.1.6, it was shown that blends having 0.014 to 0.028 wt%

maleic anhydride exhibit extraordinary barrier properties. Figure 6.44 revea1s that the

same levels ofma1eic anhydride, provides good mechanica1 properties.

Enhancement of mechanical properties by increasing the level of compatibilizer follows

the general trend observed for homogenous blends. However, a principal difference exists

between improvement of mechanica1 properties of laminar blends studied in this work and

conventional blends. In homogeneous blends, increasing the compatibilizer level, enhances

the defonnation and break up of dispersed phase particies. Thus, it results in lower

average particle size and better mechanical properties. On the other hand, in the case of

laminar blends studied here, morphological results presented in section 6.1.1.8, showed

longer and larger particles in the plane ofextrusion for highly maleated blends. Therefore,

it is evident that there is an important difference between the mechanisms of toughening in

laminar blends and homogeneous blends. This issue will be discussed below.

6.3.1.4. EtTect ofPre-compounding on Impact Properties of PEIPA-6 Blends

The twîn-screw extruder is an efficient mixer for compounding of blend components. Pre­

compounding of blend components in a twin-screw extruder is expeeted ta yjeld smaller

particles of the dispersed phase and improved distribution of interfacial agent at the

interface. However, the purpose ofusing the twÎn-screw in this work has been ta obtain

good distnoutive mixing ofthe minor phase and ofcompatibilizer, but to limit the extent of

dispersive mixing and size reduction. The speciallow shear screw configuration and low
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screw zone temperature in addition with other optimized processing conditions explained

in section 4.2.2.1.2, are expected to help ta achieve this purpose.•
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Results presented in Figure 6.44 indicating the effect of pre-compounding on the

ultimate energy and force, show a reduction of impact properties by increasing the mixing

intensity, which is opposite to the common trend observed for homogeneous blends. It

shows that samples extruded with Condition # 1, which indicates dry blending, yield higher

energy and force than twin-screw compounded blends. This appears to contradict theories

of fracture mechanics which suggests that, in arder to improve fracture toughness of the

blends, particles of the minor phase should be as fine as possible. The resulting fine

particles can distribute the applied stresses much better than large particles that can initiate

large cracks and result in failure (172). Therefore, another explanation for the results

should be found.

It is weIl known that the mechanical properties of fiber reinforced materials

(173,174) and oûca composites (175,176.) depends strongly on aspect ratio of the

reinforcement. The mast important property improvement attributable to increased fiber

length is fracture toughness. Long fiber reinforced thermoplastics exhibit an order of

magnitude higher impact strength than short fiber composites of similar composition. The

increased impact strength of the long fiber materials is due ta two major factors: reduction

in the number of Griffin flaws and increased pullout force. Substantial increase in flexural

and tensile moduli of mica composites have been reported at higher aspect ratios of mica

particles (175,176).

During an impact event, fiber reinforced materials absorb energy via three major

mechanisms: fiber breakage, fiber pullout, and matrix crack propagation. Reinforcing

fibers form a three dimensional crack arresting network, which tends to shift fallure modes

ta the more highly energy absorptive pullout and breakage modes. The end ofeach fiber,

however, aets as a Griffin flaw and is, therefore, a crack initiation site. By increasing fiber

length, the benefits of the crack arresting network are retained, while substantially (as

much as ten or twenty-fold) reducing the crack initiation sites. The end result is a much



higher energy absorption. As weIl, the reduced number of crack initiation sites provides a

much higher level ofimpact strength.•
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In the case of laminar blends with much larger particles in comparison ta the

conventional blends, it is possible to consider a similar mechanism of toughening. In this

case, the dispersed phase particles aperate sunHar ta fibers or mica particles, and larger

particles which provide less crack initiation sites will result in higher impact strength.

According ta this mechanism, Iarger particles are favored for improving bath mechanical

and barrier properties. We are not aware of earlier research on this aspect of laminar

blends. In a later section, we shaH discuss sorne quantitative aspects for the relationship

between mechanical properties and dimensions ofthe dispersed phase particles.

6.3.1.5. Influence ofPA-6 Content on Impact Properties ofPEIPA...6 Blends

The effect of varying PA-6 content on morphology of laminar blends of HOPE and PA-6

was discussed in section 6.1.1.7. It was aIso shawn in Figure 6.31 that changing PA-6

content from lOto 20 weight percent reduces the permeability by one arder of magnitude.

Despite the large difference between toluene permeabilities of PE and PA-6 resins, the

mechanical properties ofthe individual resins, shown in Tables 4.1 and 4.2, are of the same

arder of magnitude. Therefore, aIthough, varying PA-6 content changes morphology and

permeability substantially, it daes not seem to affect impact properties considerably.

Figure 6.45 shows variations ofultimate energy and force versus PA..6 content for

extruded samples using the mixing screw and low temperature profile #5. Blends

incorporating higher PA-6 content exhibit better impact properties. By increasing the

PA-6 content from lOto 20 weight percent, the ultimate energy increases by 25%, while a

minor improvement in ultimate force is observed. It is believed that the higher ultimate

energy originates from incorporating Iarger PA-6 particles.
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Figure 6.45: Variation ofultimateforce and energy versus PA-6 contentfor HDPElPA-6

blends.

6.3.1.6. Effect ofScrew Speed on Impact Properties ofPEIPA-6 Blends

Figure 6.46 shows variations of ultimate force and energy versus screw speed for non..

compatibilized blends ofPEOIPA-6 (80/20 wt%). The mixing screw, die exit gap size of

1mm and temperature profile # 3 were used for extrusion of these samples. It appears

that, WÎthin the range of experimental error of measurements, screw speed does not

influence impact properties significantly.

6.3.1.7. Influence ofAdapter Angle on Impact Properties ofPEIPA-6 Blends

•
Variations of adapter angle might affect the coalescence of minor phase particles ofnon­

compatibilized blends. Previous studies have shown that for compatibilized blends)

coalescence is inhibited (54, 69). Compatibilized laminar blends of PE and PA-6
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Figure 6.46: Variation ofu/timateforce and energy versus Screw Speedfor HDPElPA-6

blends

introduced in this work revealed superior barrier and good mechanical properties.

Samples having the same composition of PEl/PA-6 (80/20 wt%) were extruded under

identical processing conditions, except two adapter angles of 30 and 70°, were

employed. Impact strength measurements showed variations of less than 10% for the

ultimate energy and force. Thus, it is concluded that the etrect ofadapter angle on impact

properties is small.

6.3.2. Impact Strength of ADMERJEVOH Blends

The load-detlection curve of AD:MER and EVOH are quite dissimilar. Samples of load­

detlection curves are given in Appendix F. The load-detleetion curve ofEVOH is similar

to that of rigid-brittle materials. It has high slope and ultimate force but small detlection,



thus indicating small ultimate energy. Low slope and ultimate force, with large

displacement and lùgh energy, indicate ductility of AD:rvlER resÎD. The effects of

parameters that might influence impact strength but were not studied exclusively in

previous works (18-20) are discussed here.

•
CHAPTER 6: Results and Discussion 195

•

6.3.2.1. Effect of Die Temperature at Various Compositions

Load·deflection curves shown in Appendix F indicate that the sample shows a linear elastic

defonnation and then shatters. Figure 6.47 shows the variations of ultimate energy and

force versus die temperature for ADMERIEVOH (75/25 and 70/30 wt%) blends.

UItimate energy and force for ADIvfER were measured as 2.5 J/mm and 537N/mm,

respectively. High ultimate forces comparable ta the lnatrix, and 40 to 50 percent

reduction in ultimate energy of blends compared to ADMER, indicate brittle impact

behavior.

It is evident that die temperature does not affect either ultimate energy or ultimate

force considerably. By increasing the EVOH content from 25 to 30 weight percent, the

ultimate energy is reduced about 20%. However, within the experimental error of the

measurements, ultimate force does not change considerably. Lack of sufficient adhesion at

the interface and brittle behavior of dispersed phase, Le. EVOH, nùght he responsible for

the inefficient impact performance ofthese blends.

6.3.2.2. Influence of Screw Design at Different Die Temperatures

Figure 6.48 shows the effect of screw design, at different die temperatures, on ultimate

energy and force of ADl\ŒRIEVOH (75/25 wt%) blends. Both ultimate energy and

ultimate force results indicate improvement of impact properties for the samples obtained

with the mixing screw. The influence is more dramatic at lower die temperatures.

Enhanced distributive and dispersive mixing ofa mixing screw and longer residence time
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of the polymer melt inside the mixing screw might be possible explanations for the

improved impact performance ofthese samples.•
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6.3.2.3. Effect of Cooling System on Impact Properties

It has been reported (177) that for a ductile materiallike polypropylene, the presence of a

crystalline phase produces quite different stress-strain curve. The stress-strain curve

changes from that of an uncrosslinked rubber, for low crystallinity, ta one which is similar

ta that of crosslinked rubber, at high crystallinity. At very high degree of crystallinity,

especially if large spherulites are present, the polymer exhibits a stress-strain curve of a

brittle material in many cases.

Figure 6.49 shows the variation ofultimate energy and force versus cooling system

for ADMER/EVOH (75/25 wt%) blends. A water-cooled sample that should have lower

degree of crystaIlinity, yields considerably higher ultimate energy, but ultimate force is not

increased substantially. Load-deflection curves presented in Appendix F show similar

results; however, the water-cooled samples show higher forces and deflections. Although,

it appears that water-cooling produces better mechanical properties, permeability results

showed better performance for air-cooled samples. Further studies are needed to balance

the crystallinity and particle size effects.

6.3.2.4. Influence of EVOH Content at Low Screw Temperature

In section 6.3.1, it was discussed that HDPEIPA-6 blends extruded at low screw zone

temperature exhibit better mechanical performance than samples obtained with higher

temperature profiles. ft was aIso found that, by increasing the PA-6 content from 10 to

20 weight percent, improvement in impact properties was observed. However, in the case

ofADMERIEVOH blends) the opposite trend is observed.
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Figure 6.49: Variation of ultimate energy and force versus cooling systems for

ADMERIEVOH (75/25 wt%) blellds

•

Figure 6.50 shows the impact properties of ADMER/EVOH blends versus EVOH

content. By increasing the EVOH content from 15 to 25 weight percent, a visible

reduction in impact properties, especially in ultimate energy is indicated. Morphological

analysis in section 6.1.2, revealed that contrary to PEIPA-6 blends, ADMERIEVOH

blends extruded at low temperature do not produce large particles of the dispersed phase.

Thus, it appears that these samples do not satisfy the requirements of the toughening

mechanism proposed for PEIPA-6 laminar blends. Short residence tirne of the polYmer

meIt inside extruder and die unit and insufficient amount of functionalized groups at the

interface in addition to the brittle behavior ofEVOH lead to weak mechanical performance

of these blends. In order to develop laminar blends of pp and EVOH with good barrier

properties, larger and longer particles ofthe EVOH dispersed phase are needed. Also, ta

achieve improved mechanical performance of these blends, better adhesion at the interface

is necessary.
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Figure 6.50: Variation of IIltimate energy and force versus EVOH content for

ADMERIEVOH blends extntded al low screw zone tempera/lire.

6.4. Theoretical Prediction of Barrier and Mechanical Properties

6.4.1. Prediction of Permeability of Laminar Polymer Blends From

Morphology

Higuchi (178) proposed the following equation to correlate the penneability of a

composite (c) with the concentration and shape ofdispersed phase Cd):

•
(6.8)



where p=pr:/pm , P2=Pd/pm. m denotes the matrix, <f>d is the volume fraction and "1" is a

shape factor~•
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This is a generalized fonn of the equation of penneability, which is useful to estimate the

penneability of polymer blends with various morphologies. It reduces to the weil-known

equation of Maxwell, Le. Equation (6.5), for spherica1 partic1es with M. AIso, the series

model, Le. Equation (6.7), can be derived from this equation by assuming f=0. For f=I, it

provides the Raleigh relationship for cylindrica1 partic1es (174):

(6.9)

Although there is fixed no physica1 definition for the shape factor of"f', it is an indication of

dimensions and geometrical shape of partic1es of the dispersed phase. For convenience, we

define as follows:

T T1=-+-
LI L1. (6.10)

where Tis the charaeteristic dimension ofthe particle in the direction ofdiffusion and LI and L2

are the charaeteristic length ofthe particles in transverse directions, along a plane nonnaI to T.

ID the case oflaminar morphology, that consists oflaminates stacked in series, the shape factor

can be expressed as:

T 2
f~2-=­

L a
(6.11)

•
where L is the average Iength ofa face ofthe platelets, T is the tlùckness, and a is the aspect

ratio.



Ifone considers the tortuosity of series laminates as given in Equation (6.3), it can be

seen that the shape factor IJ~ varies inversely with tortuosity, which is a commonly used

parameter for characterizing the permeability of composite materials. Therefore, having the

dimensions ofdispersed phase, Le. thickness and length, from image analysis results, enables us

ta ca1culate the shape factor IJ '. With such a value of r:r~ and the penneability values for

individual resins, Le. dispersed phase and matrix, it is possible ta prediet the penneability of a

laminar blend from Equation (6.8). Alternatively, one can manipulate Equation (6.8), to find

an expression for the shape factor of "f":

•
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(6.12)

Theo, in arder ta evaluate the accuracy of this approach, the values of shape factor r1"
may be calculated from Equations (6.11) and (6.12) and compared with each other. This

provides a comparison of values of the shape factor as obtained from permeability data to

values obtained by morphological measurements and associated image analysis. However,

Equation (6.11) is valid for ideal conditions, where there is enough adhesion at the

interface. In arder to consider the effect of adhesion at the interface, which affects the

barrier properties of the blends adversely, we introduce an efficiency factor "A" in

equation (6.11) as follows:

Tf=2­
AL

(6.13)

•

where I~O. A indicates adhesion at the interface and is inversely proportional ta

interfacial tension. Equation (6.13) reduces ta Equation (6.11) for an ideal condition, i.e

A=1. The value of A can be estimated by the ratio of '1" from Equation (6.11) to its

value from Equation (6.12).

Tables 6.2 and 6.3 present the comparison between the 11" shape factor using

these two methods for HDPEIPA-6 and AD:MERIEVOH blends, respectîvely. For the

PElPA-6 system, prO.004, and for ADMERlEVOHblends, P2=O.000023 were calculated.



By comparing the 'yu shape factors obtained from the two different methods, it is

concluded that:

- Allowing for the experimental eITors, especially in calculating the aspect ratio from image

analysis, it appears that the calculated values are of the same arder of magnitude, as the

experimental values.

•
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- The values of tt/u shape factor obtained from the two methods are in better agreement in

the case of ADMERIEVOH blends, i.e. Table 6.3. Shorter particles are observed in the

micrographs ofthese blends. Thus, the measured length of particles and, consequently, the

aspect ratio are estimated more accurately.

- For the PE/PA-6 blends that show superior barrier properties and dominant laminar

morphology, the image analysis method underestimates the length of particles. In faet, the

particles are so long that even at magnifications below 100X, the particles of PA-6 are

longer than the entire length of the micrograph. Therefore, the calculated "f" values are

larger than estimated from permeability measurements.

- For non-compatibilized blends, like X153702, the '1" values calculated from

permeability measurements, are larger than values estimated from image analysis. It

appears that the lack of adhesion at the interface, which is not considered in calculating

Hf" shape factor, using the image analysis method , is responsible for lower '1" shape

factors.

- More accurate image analysis data are needed, especially incorparating bath the length

and width oflayers and allowing for the non-uniformity ofthe layers and their distribution.

-. Values in the last column in both tables, which cao be considered as rough estimates for

the values of"A", shows better agreement for ADMERIEVOH system. More accurate

image analysis results for this system is responsible for this agreement.



Table 6.2: Comparison between '1" shape factors obtained/rom Equations (6.10) and

(6.11)[or HDPElPA-6 blends.•
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Sample
$d Aspect "r' From p=pJpm PexpIPseries "r' From f 6.u/ f 6.11

Ratio (a.) Eq. (6.11) Eq. (6.12)

X133702 0.174 21 0.095 0.181 8.01 0.044 2.1

X143702 0.174 16 0.125 0.294 13.02 0.090 1.3

XI037012 0.174 34 0.059 0.141 6.24 0.031 1.9

X1337012 0.174 8 0.250 0.645 28.6 0.611 0.5

X1537012 0.174 107 0.018 0.025 1.1 0.0005 36.0

X1537022 0.174 122 0.016 0.025 1.1 0.0005 32.0

X1537052 0.174 67 0.030 0.058 2.57 0.008 3.7

X153702 0.174 48 0.042 0.447 19.79 0.199 0.2

T1337012 0.174 16 0.111 0.483 21.39 0.239 0.6

X533702 0.174 17 0.133 0.435 19.26 0.187 0.6

X1537011 0.086 43 0.046 0.218 4.87 0.023 2.0

X15ET012 0.174 51 0.039 0.041 1.81 0.004 9.8

X151B12 0.174 41 0.048 0.124 5.49 0.025 1.9

XlS1T012 0.174 13 0.154 0.447 19.8 0.199 0.8



Table 6.3: Comparison between "f" shape factors obtainedfrom Equations (6.10) and

(6.11) for ADMERIEVOH blends.•
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Sample
et»d Aspect "r' From P=Pc:!Pm PexpIPseries "r' From f 6.11/f 6.12

Ratio (a.) Eq. (6.11) Eq. (6.12)

WX51325 0.201 9.1 0.220 0.517 455 0.370 0.6

WX52325 0.201 8.2 0.244 0.409 360 0.211 1.1

WX53325 0.201 11.0 0.182 0.500 440 0.337 0.6

WT51325 0.201 14.7 0.136 0.443 390 0.251 0.6

X1437A2D 0.201 10.4 0.192 0.130 114 0.053 3.6

WX22330 0.245 16.4 0.123 0.357 392 0.228 0.6

WX52330 0.245 9.6 0.208 0.306 336 0.173 1.2

AX22330 0.245 10.0 0.200 0.189 207 0.085 2.3

-.Since Equations (6.11) and (6.12) did not allow for the nature of the interface and

interphase for bath compatibilized and nan-compatibilized systems, we propose Equation

(6.13) ta account for those effects. More studies are needed for refinement of this

equation. Obviously, other factors are important, since values of "A" are substantially

largerthan 1.0 in sorne cases.

6.4.2. Prediction of Elastic Modulus of Laminar Blends

In section 6.3 .1.4, it was found that 'laminar blends of HDPE and PA-6 having larger

particles af the dispersed phase exhibit improved impact properties. AIso, it was

suggested that the mechanism oftoughening oflaminar blends incorporating large particles



of PA-6 resembles that encountered with platelet reinforced systems, such as nuca

composites. In arder ta evaluate this hypothesis, it was decided ta study the tensile

properties oflaminar blends and to employ modified models of predicting modulus ofmica

composites for prediction tensile modulus oflanùnar blends.

•
CHAPTER 6: Results and Discussion 206

There have been a number of studies to predict the mechanical properties of mica

composites (175, 176, 179.). These studies have shown that the flexural strength and

modulus of mica composites increase rapidly as the aspect ratio of mica is raised up to a

value ofabout 100, after which a plateau is obtained.

The modified rule of mixtures relationship can be written as:

(6.14)

where:

Ec, Efi Em = modulus ofcomposite, tlake and matrix respectively

Vj-= volume fraction of tlake

The Modulus Reduction Factor (MRF) as modified for flakes by Padawar and Beecher

(179) is given by:

(6.15)

where

(6.16)

•
ais the fIake aspect ratio, and Gm is the matrix shear modulus. This equation is based on a

shear lag analysis representing the case for an isolated single tlake, neglecting flake-tlake

interactions. The virtual work analysis of Riley (180), for fiber composites takes fiber

interaction into account. Riley's treatment bas been moclified for a simple lap joint



•
CHAPTER 6: Results and Discussion

(rectangle flakes) with the result that

MRF =1 ln(u+l)
11
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(6.17)

where MRF includes the effects of flake-flake interactions and equals 1 for long ribbons

with large overlapping areas. Equation (6.15) was modified by the efficiency factor K

(K<l) on the basis of microscopie observations. The u values can be described by the

equation:

(6.18)

•

K includes the origin of weakening due to misaIignment, and non-unifonnity of tlake

shape, size and distribution in the matrix. 1t aIso depends on the degree of adhesion

between matrix and reinforcing materiaI. Equation (6.18) reduces to Equation (6.16) for

an ideal system (K=1).

If mica flakes are replaced with platelet particles ofPA-6, the same analogy can be

applied. However, there is two orders of magnitude difference between the modulus of

mica and plastics. In the case of laminar blends, the modulus of PA-6 is about twice the

modulus of HDPE. Therefore, instead of the substantial improvement achieved in

modulus for mica composites by increasing the aspect ratio, it is expeeted that relatively

minor improvement ofmodulus oflaminar blends is achieved by increasing the aspect ratio

ofPA-6 particles.

Tensile moduli of individual resins as weil as the blends were measured and are

reported here. The shear modulus of HOPE was obtained from literature (181). The

following values were used in the calculations:
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Em=702l'APA

Gm=230 :MPA

K=1 (assuming ideal case)

208

•

For the dilute systems encountered in this wor1e, the Padawar and Beecher equation, Le.

Equation (6.15) provides better results. Therefore, substituting numerical values in the

appropriate equations yields:

u=O.200 a.

MRF=l-(tanh u/u)

Eb=212.3 (MRF)+579.4

The latter equation was applied for PEOfPE2fPA..6 (70/10/20 wt%) blends pre­

compounded in the twin-screw extruder and extruded employing low screw zone

temperature of#5. The results are presented in Table 6.4.

As the result show, good agreement is obtained between the calculated and

measured values of tensile modulus. Calculated MRF values are close to 1 for samples

representing high aspect ratios, while for the samples with smaller aspect ratios, smaller

MRF values are obtained. Sînce there is only a small difference between the modulus of

the dispersed phase and the matrix, improvement in modulus, even at high aspect ratios of

more than 100, is not considerable.



Table 6.4: Comparison between predicted and measured elastic modulus for

PEOIPE2IPA-6 (70110/20 wt%) blends.•
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Sample X151T012 X151B12 Xl5ET012 X1537012

a 13 41 SI 107

u 2.6 8.2 10.2 21.4

MRF 0.620 0.878 0.902 0.953

Predicted Modulus 711 766 771 782

(MPA)

Measured Modulus 787 812 779 786

(MPA)



•
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1. Conclusions

The material characteristics, processing conditions and flow field were manipulated in a

manner that ribbon extrusion of polymer blends incorporating a polyolefin matrix such as

high density polyethylene (FE) or polypropylene (PP), and a dispersed phase of a barrier

polymer Iike ethylene vinyl alcohol (EVOH) or polyamide..6 cPA..6) produced samples

exhibiting substantial (up to 45 times) improvement in barrier properties. The reason for

the significant low penneability is the existence of laminar morphology in the extruded

samples, where thin, large and long particles of the dispersed phase were generated in the

plane of extrusion to produce a layered structure that forrned a tortuous path for the

diffusion ofgases and solvents. The above was achieved and optimized by controlling the

mixing and melting steps in the screw zone to maximize the size of melted particles of the

dispersed phase, upon entering the die unit. In the die region, a special design

incorporating converging and diverging sections, causes the large particles entering the die

ta be stretched in bath directions (machine and traverse direction), thus producing platelets

in the plane of extrusion. Large melted particles ofthe dispersed phase at the die entrance

were formed by employing a special low temperature profile in the screw zone. This

approach delayed the melting of the minor phase until it reached ta the last zone of the

extruder. It was also desirable ta employ low shear rates, in order ta minimize the particle

breakup.

In order ta carry out a systematic treatment ofthe above issues, it was necessary to

obtain detailed, reliable information about the characteristics ofthe components, inclucling

viscosity ratio, interfacial tension and elasticity ratio. Also, it was necessary to conduet a



detailed experimental analysis of the relation between morphology, penneability and

mechanical properties ofthe blends. The following conclusions are based on the results of

a large number ofexperiments carried out under a wide range ofprocessing conditions:
•
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1. The mast promising appraach for the development of effective laminar structure in

ribbon extrusion of immiscible polymer blends involves the use of a low

temperature profile in the extruder to delay the melting process until the particles

reach the last zone of the extruder, coupled with the stretching of the large

particles entering the die in two directions by incorporating appropriate convergjng

and diverging sections in the die.

2. Appropriate selection of components with large differences in melting range is

desirable to obtain a broad processing window.

3. Viscosity ratios (dispersed phase! matrix) close ta unity, low interfacial tensions

and small elasticity ratios (dispersed phase! matrix) in the die region favour the

development oflaminar morpho19gy.

4. Among the processing variables, screw design and die exit gap size have a

significant influence on the morphology. The effects of screw speed, adapter

angle, and cooling system are smaller.

5. Compatibilization of the HDPEIPA-6 blend through controlling the maleation level

of polyethylene leads to improved mechanical and barrier properties. A maleation

level between 0:014 and 0.028 wt% provides good mechanical and barrier

properties. However, the proposed low extrusion temperature profile is important

in achieving the desired barrier properties.

6. The interfacial tension measurements of PEIPA-6 system confirm that, from

economical point of view, maleation level of 0.014-0.028 wt%, is close to the

optimum vaIue.

7. PVT studies verify that the Tait equation with appropriate parameters provides

good prediction for the PVT behaviour ofEVOR, maleated pp and PE, and blends



of PE and PA-6 resins. The Spencer-Gilmore equation of state provides better

prediction ofPVT behaviour ofPA-6.•
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7.2. Recommendation for Future Work

The results of this wor1e, in combination with previous efforts, contribute to the pool of

knowledge regarcling the preferred compositional and processing parameters for producing

laminar morphology in nbbon extrusion of polymer blends. Still, many issues and questions

require further classification. Therefore, the following recommendations suggests some

important avenues offuture research in this area:

1. An important application for high barrier plastic materials is fuel system tubing in the

automotive industry. This work can be extended to tube extrusion in annular dies.

2. Reactive compatibilization may be useful. Reactive companbilization can provide

graduai lowering of interfacial tension, which might be helpful in avoiding drop

defonnation in the screw zone. Thus, maximum deformation would be achieved in the

die region. AIso reactive compatibilization may produce more stable structure than the

non-reactive case.

3. The proposed techniques cao be applied successfully ta any pair ofbarrier polymer and

polyolefins, with large difference in melting point and appropriate rheological and

interfacial tension characteristics. It is reconunended ta evaluate these techniques for

developing Iaminar morphology in PEIEVOH or PEIPET systems.

4. Using grades ofpolypropylene with slightly lower melting point and applying external

Iubricants ta limit shear heating in the screw zone might be helpful in improving the

barrier properties ofPPIEVOH system. AIso it appears, that the level ofmaleation that

was used in this wor1e, is not enough for producing good barrier and mechanical

properties. Moreover, due te increased penneability of maleated pp te oxygen, it is

recommended that ather compatibiIizer systems should be considered.



The use of extemal lubricants with the PEIPA-6 system could help to improve the

barrier properties of twin·screw compounded blends. This approach is worthy of

evaluation.
• 5.
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6. The method should be evaluated with the blow·moulding and film·blowing processes.

It is evident that in these two processes, due to controlled stretching in both directions,

there is a great possibility ofextruding laminar morphology.

7.3. Original Contributions

The present work has introduced processing method in sheet extrusion of polymer blends that

May lead to developing laminar morphology. Particular contnoutions include:

1. A low temperature extrusion approach bas been proposed. This approach in

combination with special die design, produces laminar morphology in immisClble

polymer blends.

2. Mec~anical and barrier properties of HDPFlPA-6 laminar blends were improved by

optirnization ofthe level ofmaleation ofPE.

3. Interfacial tension of PPIEVOH and PE/PA-6 system were measured, using the

pendant drop and spinning drop tecluùques. Comparison between the two methods

was done. Also the influences oftemperature and maleation content ofPE and pp on

the interfacial tension were evaluated.

4. Experimental data were obtained regarding the PVT behaviour ofEVOH, maleated PE

and PFlPA-6 blends with various amounts of compatibilizer. Such data are not

available in the literature. Thus, should he useful for the development and evaluation of

equations of state and other thennodynanûc relationships for compatIoilized and non­

companbilized blends.



Various quantitative relationships adapted and evaluated for the estimation of

penneability and tensile modulus of lanùnar blends on the basis of morphologica1

infonnation.
•

•
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Appendix A

Detailed Design of Scre\v and Barrel of the

Single Screw Extruder
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Sample Codes and Processing Conditions

Detailed processing conditions used to extrude PElPA-6 and ADMER/EVOH blends are

listed in Tables BI and B2. On the basis ofMAH content ofindividual resins presented in

Table 4.2, and applying the additive mIe, the maleation level for each blend can be

calculated. Tables 4.3 and 4.4 present the description of temperature profiles used in

Table BI and Table B2, respectively.

Table BI: Processillg conditions ltsedfor extnldillg HDPElPA-6 blends:

Sample Screw Die Gap Temperature Screw Adapter Composition Twin-8crew

Design Sîze (mm) Profile Speed Angle (0) (pEOIPEIIPE2/ Compounding

(RPM) PA~n1%)

X143712 Mixing 1.0 3 30 70 0/80/0/20 No

(A06094)

X143703 Mixing 1.0 3 30 70 70/0/0/30 No

(C06214)

X1437PEO Mixing 1.0 3 30 70 100/0/0/0 NO

(006214)

X143713 Mi.-dng 1.0 3 30 70 ono/0/30 No

(A06234)

X143723 Mixing 1.0 3 30 70 0/onO/30 No

(B06234)
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Table BI: Processingconditions usedfor extnlding HDPElPA-6 b/ends (contiluled):

VI

•

Sample Screw Die Gap Temperature Screw Adapter Composition Twin..Screw

Design Size(mm) Profile Speed Angle (0) (PEOIPEIIPE2/ Compounding

(RPM) PA-6wt%)

X133702 Mixing LO 2 30 70 80/0/0/20 No

X143701 Mixing LO 3 30 70 90/0/0/10 No

X146702 MLxing LO 3 60 70 80/0/0/20 No

X143302 MLxing 1.0 3 30 70 80/0/0/20 No

X143312 Mixing 1.0 3 30 30 0/80/0/20 No

X533702 Mixing 0.5 2 30 70 80/0/0/20 No

X533703 Mixing 0.5 2 30 70 70/0/0/30 No

X5337012 Mixing 0.5 2 30 70 70/0/10/20 No

X5337052 Mixing 0.5 2 30 70 75/0/5/20 NO

X5437PEO Mixing 0.5 3 30 70 100/0/0/0 No

T543302 Metering 0.5 3 30 30 80/0/0/20 No

T543312 Metering 0.5 3 30 30 0/80/0/20 . No

T533302 Metering 0.5 2 30 30 80/0/0/20 No

T533303 Metering 0.5 2 30 30 70/0/030 No

T5333052 Metering 0.5 2 30 30 75/0/5/20 No

T133301 Metering LO 2 30 30 90/0/010 No

T133302 Metering LO 2 30 30 80/0/0/20 No

T13330J Metering LO 2 30 30 70/0/0/30 No
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Table BI: Processing conditions usedfor extnlding HDPEIPA-6 blends (contimled):

VII

•

Sample Screw Die Gap Temperature Screw Adapter Composition Twin-Screw

Design Size (mm) Profile Speed Angle (0) (pEOIPEIIPE2I Compounding

(RPM) PA-6wt%)

T1333052 Metering 1.0 2 30 30 75/0/5/20 No

T1333032 Metering 1.0 2 30 30 77.5/0/2.5/20 NO

T1333012 Metering 1.0 2 30 30 70/0/10/20 No

T143302 Metering 1.0 3 30 30 80/0/0/20 No

X133701 Mixing 1.0 2 30 30 90/0/0/10 No

X133703 Mixing 1.0 2 30 70 70/0/0/30 No

X1337032 Mixing 1.0 2 30 70 77.5/0/2.5/20 No

X1337052 Mixing 0.5 2 30 70 75/0/5/20 NO

X1437022 Mixing 1.0 3 30 70 60/0/20/20 No

X1437042 Mixing 1.0 3 30 70 40/0/40/20 No

X1337022 Mixing 1.0 2 30 70 60/0/20/20 No

X5337022 Mixing 0.5 2 30 70 60/0/20/20 No

T1333022 Metering 1.0 2 30 30 60/0/20/20 Yes

T133302 Metering 1.0 2 30 30 80/0/0/20 Yes

T1333022 Metering 1.0 2 30 30 60/0/20/20 Yes

T1333042 Metering 1.0 2 30 30 40/0/40/20 No

X1337012 Mixing 1.0 2 30 70 70/0/10/20 No

XI037012 Mixing 1.0 4 30 70 70/0/10/20 No
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Table BI: Processing conditions usedfor extrnding HDPEIPA-6 blends (contimœd):

vm

•

Sample Screw Die Gap Temperature Screw Adapter Composition Twin-Screw

Design Size (mm) Profile Speed Angle (0) (pEOIPEIIPE2/ Compounding

(RPM) PA-6 "·1%)

XI037022 Mixing 1.0 4 30 70 60/0/20/20 No

X15370l2 Mixing 1.0 5 30 70 70/0/10/20 No

X15370l Mixing 1.0 5 30 70 90/0/0/10 No

X153702 Mixing 1.0 5 30 70 80/0/0/20 No

X153703 Mixing 1.0 5 30 70 70/0/0/30 No

X1537052 Mixing 1.0 5 30 70 75/0/5/20 No

X1537022 Mixing 1.0 5 30 70 60/0/20/20 NO

X151T012 Mixing 1.0 5 30 70 70/0/10/20 Yes

X15ET012 Mixing 1.0 5 30 70 70/0/10/20 Yes (PEO

&PE2)

X1537011 Mixing 1.0 5 30 70 77.2/0/12.8/10 No

XI03702 Mixing 1.0 5 30 70 80/0/0/20 No

XI037022 Mixing 1.0 4 30 70 60/0/20/20 No

XISITB12 Mixing 1.0 5 30 70 70/0/10/20 Yes



Table B2: Processing conditions usedfor extrudingADMERIEVOH blends (contimled):•
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•

Sample Screw Die Gap Temperature Screw Adapter Composition Cooling

Design Size(mm) Profile Speed Angle CO) (ADIEVOH System

(RPM) wt%)

AT52325 Metering 0.5 2 30 30 75/25 Air

(EXS 3-4)

AT22330 Metering 0.25 2 30 30 70/30 Air

(E04033)

AX22325 Mixing 0.25 2 30 70 75/25 Air

(D15013)

AX22330 Mixing 0.25 2 30 70 70/30 Air

(E20013)

AT52625 Mixing 0.5 2 60 30 75/25 Air

(EXS421)

WT52325 Metering 0.5 2 30 30 75/25 \Vater

(EXS422)

WT51325 Metering 0.5 1 30 30 75/25 Water

(AXS504)

WT53325 Metering 0.5 3 30 30 75/25 Water

(CXSS05)

WT53625 Metering 0.5 3 60 30 75/25 Water

(DXS429)

WX51325 Mixing 0.5 l 30 70 75/25 Water

(EXI030)

WX52325 Mixing 0.5 2 30 70 75/25 Water

(OXI027)



Table B2: Processing conditions usedfor extnldingADMERIEVOH blends (continued):•
AppenclixB x

•

Sample Screw Die Gap Temperature Screw Adapter Composition Cooling

Design Sîze (mm) Profile Speed Angle (0) (ADIEVOH System

(RPM) wt%)

WX53325 Mixing 0.5 3 30 70 75125 Water

(EX1117)

WX51330 Mixing 0.5 1 30 70 70/30 Water

(EX610)

WX52330 Mixing 0.5 2 30 70 70/30 Water

(EX925)

WX22330 Mixing 0.25 2 30 70 70/30 Water

(E26013)

WX53330 Mixing 0.5 3 30 70 70/30 Water

(EX1410)

X1437A2 Mixing 1.0 4 30 70 80120 Air

0

X1437Al Mixing 1.0 4 30 70 90/10 Water

D
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Error Analysis of Experimental Measurements:

Ifa calculated result, y, is a function ofXl, X2, .•. Xn

then the total error in determination ofy is given by:

where el, e2, .•. , En are the errors in the variables Xl, X2, ••. , "n.

C.l. Capillary Rheometry

The true viscosity is given by the following equation:

_'w _JiP /«2L/ R) +e» _ 960.R~.«2LIR) +e»
1]--- -

rw «3+b)/4)r~pp 41r(3+b)R:VE

(C.I)

(C.2)

(C.3)

•
where F is the force in Kg, VE is the speed of the piston in cm/min, Ret and Rt, are the

diameters of the die and barrel, respectively. The error associated with each variable is

estimated to be:
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• VARIABLE VALUE ABSOLUTE ERROR %ERROR

F 40-500 Kg 1 1

VE 0.05-50 cm/min 0.01 0.1

Ri. 0.76, 2.54 mm 0.01 0.7

Rb 0.95 mm 0.01 1

UR 5-40 0.01 0.05

IfEquation (C.2) is applied to Equation (C.3) using the above values for the errors ofeach

variable, the estimated total error in viscosity measurements will he %7.2.

C.2. PVT Measurements

The specifie volume is calculated using the following equation:

v =Y:nit +(L x A)
m

(CA)

where Vin! is the specifie volume at room temperature in cm3tg, L is the deflection of the

LVDT in the PVT apparatus in mm, A is the effective area of the bellows in cm2
, and m is

the weight of the sample in gram. The error in the measured variables is estimated to be:

VARIABLE VALUE ABSOLUTE ERROR %ERROR

Vini 1.0-1.2 cm3tgr 0.001 0.09

L 0.0-4.0 mm 0.001 0.025

A. 1.184 0.001 0.08

m 1.0-1.5 gr 0.00001 0.09

•
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The calculated error for the specifie volume measurements is 0.2%.

C.3. Interfacial Tension Measurements

Interfacial tension, y, is given by equation (C.S) as:

Ap.m 2 .d3 Apm 2
p3

y- -~--

- 32 - 32n3M 3

xm

(C.5)

where P is the number of pixels read from the screen of the computer, M is the

magnification and the other variables have been already identified. The errors associated

with each of the variables are estimated to be:

VARIABLE VALUE ABSOLUTE ERROR %ERROR

L\p 0.8-1.2 0.005 0.5

Q) 20,000-25,000 100 0.4

P 150-300 2 1

n. 1.45-1.47 0.003 0.2

M 955-965 5 0.5

The estimated total error in interfacial tension measurements is % 15.

C.4. Toluene Permeability Measurements

The toluene permeability is calculated using the following equation:

•
F

P =j.t.c. A (C.6)



where "r' is the calibration factor, P is the permeability in mg.mm/m2.min, t is the

thickness of the sample in mm, c is the concentration in mg/cm3
, F is the flow rate of the

carrier gas in cm3/min, and A is the area of the sample under the permeation. The error

associated WÎth each ofthe above variables are estimated to be:
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VARIABLE VALUE ABSOLUTE ERROR %ERROR

f L101x10-s 1x10-7 0.9

t 0.5-1.5 mm 0.01 1

c 0.1-1000 ppm 0.1 0.01

F 50 cm3/min 1 2.0

A 18.2 cm2 0.2 1.01

The estimated total error in toluene permeability measurements is %5.16.

c.s. Oxygen Permeability Tension Measurements

The oxygen permeability is obtained using the follo\ving equation:

P = v.i.! (C.7)

where P is the penneability in cm3.mmlm2.day.atm, v is the voltage in mv, fis a factor

which depends on the area and the resistor used in the apparatus, and t is the thickness in

mm. The errors associated with each of the variables are estimated to be:

VARIABLE VALUE ABSOLUTE ERROR %ERROR

•
v

f

t

0.01-1 mv

53

0.5-1.5 mm

0.005

0.5

0.01

5

0.94

1.0



Thus, it is estimated that a total error of 6.94% is associated with oxygen permeability

measurements.•
AppendixC xv

C.6. Impact Strength Measurements

The impact strength ofthe samples are obtained using the following relationship:

E=F.D/t (C.S)

where E is the impact energy in ft.lbr, F is the force measured by the force transducer in

lb, D is the deflection in mil, and t is the thickness of the sample in mm. It should be

mentioned that the presence of the "t" as the denominator in Equation (C.S), indicates that

the value is normalized for the truckness of 1 mm. The errors associated with each

variable is estimated ta be:

ABSOLUTE ERROR %ERRORVARIABLE

F

D

t

VALUE

10-150

50-300 mil

0.5-1.5

1

1

0.01

1.3

1

1

•

The estimated total error in impact strength measurements is estimated to be %3.3.

7. Image Analysis

The error in determination ofaspect ratio and particle area using the image analysis could

not he calculated, but may he significant. The main linûtation of the image analysis that

can introduce considerable error in the results, is the wide range ofparticle sizes. In sorne

samples, especially samples having dominant laminar morphology, the micron size particies



exist with the mm size particles, simultaneously. The above makes the image analysis

results to be associated with larger errors. AIso, due to the coarse morphology of these

blends, it appears that analysing a sample with area of about 5 mm2 is not a good

representative ofthe sample.

•

•
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Normalization Procedure for Impact Tests

ASTM method D4272-85 report points out that impact tests are comparable only for

specimens with thickness that differ by no more than ± 15%. Since we are dealing with

higher variations in thickness of specimens, a normalization method, explained in this

section, was used to compare the impact strength of samples with various thicknesses. In

order to keep the same conditions that were employed for extruding the blends, extrusion

rather than compression molding was used to produce samples with different thicknesses.

To obtain specimens with various thicknesses, the speed of the take off system was varied

over a wide range. The normalization was done for both the PEO resin and PEOIPE21PA-6

(60/20/20 wt%) blend. Specimens with various thicknesses were tested and the ultimate

force and the energy were plotted versus thickness in Figure Dl and Figure D2 for PEO

and the blend, respectively. A least square curve fitting was used to obtain the linear

relationship between the variables. The following equations were obtained:

PEO:

F=432.2t-39.3

E=1.384t-O.002

PEOIPE2IPA..6 (60/20/20 wt°J'o) blend:

F=S98.5t..199.1

E=2.46t-l.20

r=0.9928

r=O.9783

r=O.9748

r=O.9728

(D.I)

(D.2)

(D.3)

(D.4)

•
where Fis the ultimate force in Newton;, E is ultimate energy in Joules, and t is thickness

in mm.



Then assuming that all the blends follows the same relationship as the tested blend, Le.

PEOIPE2/PA-6 (60/20/20 wt%) blend, and having the thickness of specimen and measured

values of force and energy, the following equations were used ta obtain the values for a

specimen with thickness of 1 mm:

•
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F. =F FN•1mm
Imm l· F.

N.l

E =E EN,lmm
lmm t· E

N,t

XVIII

(D.S)

(D.6)

•

where F1nun and E1mm are the normalized values offorce and energy, respectively, Ft and Et

are the measured values, FN,lmm and EN,lmm are calculated values for thickness of Imm from

Equations (D.3) to (0.4) for the reference tested sample with thickness of 1 mm , and EN,t

and FN,t are those values for thickness oft mm.

1t should he mentioned that, as different draw down ratios and various thicknesses

might lead to different orientation and crystallinity, care must be taken in extrapolating

these data.
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CalcuIation of Shear Rates in Different Parts of the Die

The following equations have been used to estimate the shear rate in different parts of the

die (182):

Tube:

Slit:

• = (3n +1J.( 4Q J
y w 4n !CR3

· (2+hJ( 60 JYw = -3-' Hî"W

(E.1)

(E.2)

•

where "n" is the power law index, "b" is the Rabinowitsch correction factor (b=l/n), Q is

the volumetrie flow rate, R is the diameter of the tube, and H and W are the height and the

width of the slit, respectively. Using one of the above equations, a range of shear rate is

estimated for the converging and diverging section of the die. The power law

approximation has been used for bath systems. Table E.l shows the Rabinawitsch

correction factor (b=l/n) for PE/PA-6 system. Different values of"n" have been used for

the correspondent shear rates. For the AD!vŒRlEVOH system a value of 0.4 has been

used for calculations (19).

Although, the mass flow rates measured during the different experimental runs,

were not identical, but they can fairly be represented by an average vaIue with standard

deviation of less than 10%. The PVT data obtained in section 5.1 is used to calculate the

volumetrie flow rate at the temperatures and pressures inside the die. Based on the

experimental data during the extrusion runs, average pressures of700 psi (4.8 MPA) for
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Table KI: Rabinowitsch correction for PE andPA-6 resins

XXII

•

Shear 0.73 1.46 3.65 7.3 14.6 27.55 55.1 137.8 275.5 551 1371

Rate

(S·l)

Temp. PEO

(OC)

230 1.4 1.54 1.62 1.69 1.78 2.08 2.2 2.3 2.3 2.4 2.7

250 1.52 1.58 1.71 1.73 1.76 2.0 2.05 2.2 2.2 2.5 2.5

270 1.48 1.7 1.68 1.75 1.75 1.9 1.95 2.0 2.2 2.3 2.6

PEI

230 1.12 1.31 1.48 1.54 1.55 1.89 1.83 1.95 2.2 2.46 2.5

250 1.2 1.42 1.53 1.57 1.63 1.85 1.75 1.9 2.2 2.4 2.4

270 1.26 1.5 1.6 1.56 1.57 1.80 1.83 1.84 1.95 2.3 2.5

PE2

230 1.34 1.47 1.56 1.66 1.69 2.0 2.1 2.3 2.2 2.3 2.6

250 1.4 1.53 1.6 1.61 1.67 1.9 2.0 2.1 2.2 2.4 2.4

270 1.47 1.62 1.63 1.68 1.7 1.8 1.85 1.96 2.1 2.4 2.6

PA-6

230 1.0 1.09 1.17 1.25 1.3 1.6 1.5 1.7 2.1 2.6 2.9

250 0.97 1.1 1.2 1.14 1.2 1.60 1.65 1.6 1.7 2.4 2.8

270 1.1 1.2 1.2 1.3 1.25 1.4 1.42 1.45 1.52 1.7 2.2
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Table E.2: Estimated Shear Rates in Different parts orthe Die Unit

xxrrr

•

Part ofthe Die1 Shear Rate (pEIPA-6) Shear Rate (AD~RIEVOH)

A 0.5-18.8 0.5-19.4

B 18.8 19.4

C 18.8-63.6 19.4-65.5

D 13.2-159.2 14.1-168.7

E 13.2 14.1

F 133.7 141.8

1- refer to Figure (4.6)

the PEIPA-6 system and 500 psi (3.4 MPA) for the AD~VOH system were

eonsidered. The volumetrie flow rates were calculated as 1.29 and 1.19 ccm3/sec for the

PEIPA-6 (80/20 wt%) and ADrvIERIEVOH (75/25 wt%) systems, respeetively. Table E.2

shows the estimated shear rates in ditferent parts ofthe die for both systems.
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Typical Load-Displacement Curves of

Individual Resins and Blends
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