
1+1 National Library
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquiSitions el
Bibliographie services Branch des services bibliographiques

395 WclllnQlon Strcel 395. rw WclllrlQlon
Onaw.J.Oiilano 0:tawa (Onr<lnO)
K1AON': KlADNo:.

NOTICE

~. ,.' p,'.' \. .'r·,· ,,",''''''. "

( 't" ',,,. ... '~ .•' ......,,"\ ','

AVIS

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Sorne pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c. C-30, and
subsequent amendments.

Canada

La qualité de cette microforme
dépend grandement de la qualité
de la thèse soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser à
désirer, surtout si les pages
originales ont été
dactylographiées à l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, même partielle,
de cette microforme est soumise
à la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



• INTERFACIAL TENSION IN POLYMER BLENDS:

MEASUREMENTS AND ANALYSIS

by

NICOLE RAYMONDE DEMARQUETTE

A Thesis Submited to the Faculty ofGraduate Studies and Research in Partial Fulfillment
of the Requirement for the Degree ofDoctor ofPhilosophy

Depannent of Chemical Engineering
McGiII University
Montreal. Canada December 1993

Copyright © Nicole Raymonde Demarquette (1993)



I~I National Library
of Canada

B,bliotMque nationale
du Canada

Acquisitions and Direction des acquisitions et
Bibliographie SelVices Branch des selVices bibliographiques

395 Wellington Streel 395. rue WclhnQlon
Qtt;wa. Onlano Onawa (OntariÔl
Kl.A ON4 K1AQN4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute. or sell copies of
hisjher thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in hisjher thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
hisjher permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-94610-5

Canada



•

•

To my Parents and Vocezinho•



• ABSTRACT

Interfacial tension is one of the most important parameters that intluence the

morphology of polyrner blends. However. few data are available regarding interfacial

tension between polyrners due to experimental difficulties.

Two devices. one based on the pendant drop method and another based on the

spinning drop method. were construeted in this work to conduet an experimental study of

interfacial tension between polyrners. With both instruments. it was possible to view the

drop in rcal time and to calculate the interfacial tension on-line. The following aspects

were considered: special syringe design.. the necking and capillary effects. in the pendant

drop method. and sealing of the rotating tubes and density measurement in the spinning

drop method. The two devices were shown to be reliable and complementary. A method

to infer interfacial tension !Tom transient measurements was suggested.

Interfacial tension was meast:red for d;fferent polyrner pairs. The effects of

temperature, molecular weight, bimodal blending and molecular weight distribution were

evaluated. The effect of adding compatibilizers was also studied. Surface analysis of the

interfaces was performed using E.S.CA. to explain the experimental results.

The experimental results were compared with the predictions of lattice theories

and the square gradient theory. A strategy to evaluate the Flory-Huggins interaction

parameter between polyrners was developed. When this strategy was employed,

theoretica1 predictions and experimental d'lta showed good agreement for the influence of

temperature and molecular weight on interfacial tension. However, the theory could not

prediet the effeet ofpolydisof;rsity on interfacial tension.
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RESUME

La tcpsion imcrfhcialc cst l'un dcs plus importants paramètrcs qui influcncc la

morphologic dcs mélangcs dc polymèrcs. Ccpcndant. Ics valcurs de tension interfaciale

rcportécs dans 1.\ littcraturc sont rarcs dû à dcs difficultés cxpérimcntalcs.

Dcux machincs. l'une baséc sur Ic principe de la goutte pendante et l'autre sur le

principc dc la gouttc tournantc ont été construitcs afin de conduire une étude

cxpérimcntalc sur la tcnsion interfacialc entre polymères. Avec les deux machines. il était

possiblc dc visualiscr la goutte cn temps récl et de calculer la tension interfaciale

simultanémcnt. Pour ccs dcux instruments. Ics aspccts s:.ivants furent abordés: la

conccption d'unc scringuc spéciale ainsi quc Ics etTets de gouttc tombante et de capillarité

pour l'apparcil basé sur le principe de la gouttc pendante et l'étanchéité des tubes et

mcsurcs dc dcnsité pour l'apparcil basé sur Ic principe de la goutte tournante. Les deux

procédés furcnt démontrés Hables et complémentaires. Une méthode pour obtenir la

tcnsion intcrfacialc à partir dc mesures effectuées lors de l'état transient fut suggerée.

La tcnsion interfaciale fut mesurée pour différentes paires de polymères.

L'influcncc dc la tcmpérature. du poids moléculaire. et de la distribution moléculairc fut

évaluéc. La tcnsion intcrfaciale pour des mélanges bimodaux fut aussi étudiée. Les

dil1èrcntcs valcurs dc tension interfaciale furent comparées, pour les différents ~ystèmes, et

unc cxplication dcs phénomènes observés est présentée. L'inl1uence d'agents

compatibilisants fut étudiée. Lcs interfaces furent étudiées par E.S.C.A afin d'expliquer les

résultats expérimentaux.

Lcs résultats cxpérimentaux furent comparés aux prédictions des théories de lattice

ct squarc gradicnt. Une stratégie, pour évaluer le paramétre d'interaction Flory-Huggins

cntrc dcux polymèrcs fut développée. Quand cette stratégie fut utilisée, les prédictions

théoriques et les données expérimentales concordèrent pour l'inl1uence de la température

et du poids moléculaire sur la tension interfaciale. Cependant, la théorie ne pouvait pas

prédirc l'cffct dc la polydispersité.
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1. INTRODUCTION

Polymer blends have gained popularity in packaging applications, especially to

replace multi-Iayer products. The groWlh in the use of polymer blends is mainly because

they combine the properties of different components to result in a material with optimized

mechanical strength, low permeability to water and to o":ygen, optical properties etc.

Other advantages of polymer blends include low capital cost, single step processing and

aèaptability to recycling of reground products.

When working with polymer blends, it IS Important to obtain at least partial

compatibility between the components of the product. Polymer compatibility is an

important factor in the processing of polymer blends since compatibility governs the

adhesion and the condition of the interface and, thereforc. the morphology and mechanical

properties of the blend, i.e. the final charaeteristics of the blend. Interfacial tension is one

of the key parameters that govern the compatibility between the components and the

morphology of a polymer blend [Wu 1987, Van Oene 1972]. It is the single most

accessible parameter that describes the thermodynamic state and structure ofan interface.

Following Adamson [1967], interfacial tension can be defined as the reversible

work required to create a unit of interfacial area at constant temperature, T, pressure, P,

and number of molecules, n. In thermodynamic terms, interfacial tension may be identified

as an increment in Gibbs free energy per unit increment in area [Wu 1982], and can be

evaluated by the following e.xpression:

êG
y =( CA J,.P

where G is the free energy of the system and A is the interfacial area.

(1.1)

Numerous studies have becn carried out to detennine the effeet of interfacial

tension on the properties ofpolymer blends [Wu 1987, Xanthos et al 1990...]. It has becn

shown that the final charaeteristics ofpolymer blends depend on the micro structure of the

blend, which depends on the size of the dispersed phase and on the interfacial tension

between the components ofthe blend.
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Wu [1987] demonstrated that the dispersed-drop size. in a pvlymer blend

consisting of a matrix and a dispersed phase. is directly proponional to the interlàcial

tension as follows:

l1.2)

where G is the shear rate in the extruder. l'lm is the viscosity of the matrix phase. 11" is the

viscosity of the dispersed phase. 1 is the interfacial tension and d. the avenge diameter of

the droplets in the dispersed phase.

Also interfacial tension has been shown to govern the adhesion bclwccn IWO

phases [Wu 1982]. The work of adhesion between the different phases is givcn by:

W. = cr, +cr,-1 (1.3)

where W. is the work ofadhesion between the two phases. cr, and cr, are the values of the

surface tension for the two components and 1 is the interfacial tension betwecn the two

components.

Very limited data are available regarding the interfacial tension between pairs of

polymers melts. Most of the methods used to measure interfacial tension are based on the

shape of a drop of one polymer immersed into a second polymer called matrix until

equilibrium is reached. The research has becn limited because of some difliculties in the

experimental techniques (inability to ascertain mechanical equilibrium, long equilibration

times that would exceed the time for the melt to undergo degradation and others). Only

few experimental studies are available relating to the influences of temperature and

molecular weight on interfacial tension between polymers [Wu 1974, Escudie 1986,

Anastasiadis 1988]. Moreover, no data have becn reported so far regarding the effee! of

polydispersity on the interfacial tension ofpolymer melts.

Recent theories dealing with interfacial tension between polymers can be divided

into IWO categories. The first are based on the lattice theory of Helfand and Tagami

[1971-1972] and the second on the square gradient theory dcveloped by Cahn and Hilliard

[1958]. In their original form, both theories were unable to predict the effect of molecular
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weight and molecular weight dispersity on interfacial tension between polymers, because

these theories were dcrived under the assumption that the polymers had an infinite

molecular weight. Recently, the theories have been modified and it is now possible to

evaluate theoretically the effect of molecular weight on interf~c!al tension berween

polymers using a new version the lattice theory [Helfand and Bhattacharjee 1989] and the

effect of both molecular weight and polydispersity using a new version of the square

gradient theory [Broseta et al 1990). These theories have not been compared to

experimental data yet.

Enhancement of blends of polypropylene (PP) and ethylene vinyl alcohol

copolymer (EVOH) using maleic anhydride grafted polypropylene (MAgPP) as a

compatibilizer has been studied by the Polymer Group at McGill University. The blends

were tested for morphological structure and mechanical properties; it was suggested that

the enhancement of the properties of the blends due to the addition of the compatibi1izers

was mainly due to the decrease of the interfacial tension berween the components. It is

therefore desirable to study the influence of compatibilisation on the interfacial tension

berween PP and EVOH.

2. OB.JECTIVES

The objectives of this work were

a) To design, construct and operate an apparatus for measuring the interfacial tension

berween pure and commercial polymers. The apparatus should reduce or eliminate the

problems associated with polymer degradation, irregular droplet shape, long equilibration

times and inaccuracy ofidentifYing the equilibrium profile.

b) To study c."Cperimentally the interfacial tension berween polymer pairs that are

commonly used in the polymer industry and to extend the range of data of interfacial

tension between polymers.

c) T0 conduet an c."Cperimental and theoretical study of the influence ofparameters such as

temperature, molecular weight and polydispersity on interfacial tension.

d) To evaluate the influence of compatibilisation on the interfacial tension berween

polymers, in particular berween PP and EVOH.

4
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• 3. ORGANIZATlON OF THE THESIS

The remaining part of this thesis consists of the following chapters. Chapter II

describes the lWO instruments constructed for the determination of the interfacial tension

belWeen polymer melts. Chapter III presents and discusses the experimental results.

lnitially. the materials used in this study and their properties are described (molecular

weight, density...). Then, the experimental data obtained regarding the influences of

temperature, molecular weight and molecular weight dispersity and the effects of

compatibilizers on the interfacial tension belWeen polymers are preseloted. The results of

the surface analysis of the interface are also reported in this Chapter. Chapter IV uses the

results of Chapter III to evaluate available thermodynamic theories for the prediction of

the interfacial tension belWeen polymers. Chapter V includes a summary of the

conclusions of the thesis and recommends the direction of sorne future work on polymer

interfacial studies.

An extensive literature review was conducted during this research. This has been

incorporated directly into the appropriate chapters, so that relevant results from the

literature cao be immediately compared to the present work. A list of the nomenclature is

given at the end ofthe thesis.
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1. CHAPTER OUTLINE

In this chapter, a short review of interfacial tension measurement techniques is

presented. The reasons for choosing the pendant drop and the spinning drop methods for

measurement ofinterfacialtension be!Ween polymers are given. The interfacialtensiometer

based on the pendant drop method is first described. The pendant drop apparatus is

evaluated and tested. Following this, the spinning drop interfacialtensiometer is presented.

The apparatus and experimental procedures are discussed and the spinning drop apparatus

is evaluated. The main characteristics of the !wo instruments are compared. The last part

presents the conclusions ofthis chapter.

2. LITERATURE REVIEW

2.1 Introduction

Some of the early interfacial tension measurements for polymeric materials were

reported in 1969 [Wu 1969, Roe 1969]. Since then, different measurement techniques

have been developed. Previous reviews of these techniques have been reported by Wu

[1974, 1982]. Among the various available methods to measure interfacial tension, only a

feware suitable for polymers because oftheir high viscosity.

In general, the equilibrium static methods are most commonly used. They involve

the evaluation of a profile of either a sessile drop [Staicopulus 1962, 1963, 1967], or a

spinning drop [Pallerson et al. 1971, Elmendorp and Vos 1986] or a pendant drop [Roe

1969, Wu 1969, 1970]. Dynamic methods, based on the thread breaking method are also

used to evaluate the interfacial tension between polymers [Chappelear 1964, Carriere and

Cohen 1989]. Surface light scatlering methods [Sauer 1987, Jon 1986] have been

suggested recently and are now being further investigated. Grassmespacher and Meissner

[1992] and Graebling [1991] developed a theory based on rheological measurements to

infer the interfacial tension between components of a polymer blend. These methods are

discussed in more detail in the ne.'1 section.

Various other methods have been proposed for the measurement of surface and

interfacial tension, among them the capillary rise technique [Shonhom 1966, Edward

1968, Hartford 1969], Wilhe\my plaque [Dettre and Johnson, 1966], Du Nouy ring [Du

8
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Nouy 1919, Newman 1958, Shonhom 1965], the drop weight methods [Padday 1969] and

the maximum bubble pressure [Edwards 1968]. Unfortunately, these methods cannot be

used to measure interfacial tension between polymers because oftheir high viscosity.

2.2. St:ttic Methods

2.2.1. The Pendant Drop Method

The pendant drop method is probably the most convenient, versatile and popular

method used to measureinterfacial tension [Roe 1967, 1969].lt has been used extensively

for the determination of surface and interfacial tension between polymers [Deltre 1966,

Wu 1970, 1971, Roe 1967, 1969, 1970).

The pendant drop method involves the determination of the profile of a drop of

one liquid suspended in another liquid. The profile of a drop ofliquid suspended in another

denser liquid at equilibrium is determined by the balance between gravity (or buoyancy

force in this case) and surface forces. The equation ofBashforth and Adams [1892] which

is based on Lapiace's equation [Bashforth and Adams, 1892], relates the drop profile to

the interfacial tension through a nonlinear differential equation which is given below:

2+B==_I_+ sin <1>
a R, x

(2. la)

a

a'ôpg
B='::""::=

y

a

(2.1 b)

where Ôp is the difference between the densities of the two polymers in contact, g is the

acce1eration due to gravity, y is the interfacial tension, a is the radius of curvature at the

apex ofthe drop, x, Z, <1>, are the coordinates defined as in Figure 2.1, and RI is the radius

ofcurvature at the point with coordinates (x,z).
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• Figure 2.1 : The Pendant Drop Geometry
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The pendant drop method has several advantages. it is an absolute method. the

interface is not disturbed during measurements. the method is independent of the contact

angle and the experimental set-up is simple. Recent improvements in the pendant drop

method relate to computerization for data acquisition and analysis. This will be discussed

in a later section.

On the other hand. the pendant drop method presents the following potential

problems. It requires the knowledge of the density of the materials used; such intbrmation

is scarcely reported for polymerie materials. Also, it is difficult to apply the method when

the densities of the two phases differ by less than 5%, due to potential detachment and

necking of the drop [Demarquette and Kamal 1993]. Other limitations relate to the very

slow approach to equilibrium with polymerie systems and the requirement that the material

with the smaller density has to be transparent.

2.2.2. The Sessile Drop Method

The sessile drop method is very similar to the pendant drop method. A drpp of one

liquid rests on a flat plate which surrounded by another liquid of different density. The

shape of the drop is determined by the balance between gravity (or buoyancy forces) and

surface forces. The Bashforth and Adams equation [1882] relates the drop profile to the

interfacial tension. The form ofthe equation is very similar to the one for the pendant drop

method except for a change in the sign of the gravitational term.

The sessile drop has an advantage over the pendant drop, since the detachment of

the drop is eliminated. However, the time to reach equilibrium is much longer due to the

larger areas ofsolid-liquid contact [Wu 1974].

The sessile drop method has been less widely employed than the pendant drop. It

was used by Sakai [1965] to measure the surface tension of polyethylene (PE) and by Oda

and Hata [1968] to measure interfacial tension between other polymer melts. Few methods

to solve the Bashforth and Adams equation (in order to evaluate the interfacial tension

from the shape of a sessile drop) have been proposed [Staicopulus 1962, 1963, 1967,

Buttler and Bloom 1966, Maze and Burnet 1969, 1971].

11
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• Lau and Burns [19ï2] used a combination of pendant drop and sessile drop for

measurement of surfàce tension of Polystyrene (PS). The advantage of this combined

method is that no air bubble is entrapped when the sessile drop is fonned.

2.2.3. The Spinning Drop Method

The defonnation of a spinning drop of one liquid embedded in another liquid has

been suggested as a method to measure interfàcial tension many years ago [Vonnegut

1942].

The spinning drop method consists of inserting a drop of a lighter phase into a

denser phase in a horizontal tube. The tube is rotated at a known speed about the

horizontal axis. Under the centrifugai acceleration. the lighter drop is squeezed forming an

elongated tube (see Figure 2.2). The final dimensions ofthis elongated drop are a funetion

of the speed of the tube, the difference of density between the IWo phases and the

interfacial tension between the two phases. Therefore, knowledge of the speed of the tube

and the difference between the densities of the two phases allows one to infer interfacial

tension.

y~ Wall of the spinning tube

r ~ . Phase 2". . l x...'.:CPhase.1 H d' :>........• Cw

Figure 2.2: The Spinning Drop Geometry
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At high speeds. when the length of the drop exceeds four times its diameter (see

details in Section 4.1.), a simple relationship between the diameter of the drop, d. and the

interfacialtension y exists:

where 6p is the density diflèrence between the two phases and (0 is the angular speed of

the tube.

Patterson et al. (1971) were the tirst to use the spinning drop method to detennine

the interfacial tension between polymers melts. They determined the interlàcial tension

between polyisobu:ylene and poly(dimethylsiloxane). The method was tùrther developed

by Elmendorp (1986). Verdier (1990) used the spinning drop method to determine the

intert:1eial tension between PE and PS, polymethylmetacrylate (PMMA) and PS. and

PMMA and PE in the temperature range from 2000 C to 2500C. Joseph (1992) developed

a theory to understand the relaxation of the spinning drop.

The spinning drop method is more complicated than the pendant or sessile drop

method because of the rotating mechanism, as well as the measurement of a rotating drop

profile. However. it has the advantage of requiring less complex calculations and less time

for reaching mechanical equilibrium.

2.3. Dvnamic Methods

2.3.1. The Bre:lking Thre:ld Method

The breaking thread method involves a f1uid thread embcdded in another f1uid and

subjected to a perturbation ofwavelength superior to the circumference of the thread. The

perturbation grows with time according to the following equation:

CI. = Cl.o exp(qt) (2.3a)
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whcre u and u., arc the amplitudes at time t and t=O respectively and q is the rate

constant dcfincd as

(2.3b)

where l'lm is the matrix viscosity, y is the interfacial tension, do is the liber diameter and Q

is a function that depcnds on the wavelength and the ratio of matrix and liber viscosity

(Tomokita 1938].

To obtain the interfacial tension, the logarithm ofa. is plotted as a function oftime.

The rate constant is calculated from the slope of the graph and the interfacial tension is

obtained from Equation 2.3b.

This method has the advantage of not requiring the knowledge of IIp. Also the

interfacial tension between materials with the same density can be measured. However, the

main difficulty is in the need to know the zero-shear stress viscosities of the polymers.

The method has been used to measure the interfacial tension between polymeric

materials (Chappclar 1964, Elemans et Janssen 1990], but a probable error of 30% was

rcportcd, which makes this method inaccurate.

2.3.2 Short Fiber Retraction

\Vhen a short liber of one l1uid is embedded in another l1uid the liber contracts into

a spherc [Lord Raleigh 1879, 1892, 1899]. This, in essence, describes, the short liber

rctraction mcthod. The rctraction time t, of the liber can be expressed as:

À. = 6R.ll
Y

(2.4a)

(2.4b)
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where Ro and Lo are the initial radius and length of the cylindrical tiber respectivcly. Tl is

the effective viscosity and 'Y is the interfacial tension.

Carriere and Cohen (1991) used this method to measure the interfaeial tension

between high molecular weight polycarbonate and polymethyl methaerylate resins but

reported a possible error of 26%.

2.3.3. The Surface Light-Scattering Method

The method is based on the fact that capillary waves on an interface have a

dispersive velocity distribution and an exponentially damped amplitude. ln this method. an

electro-capillary wave is generated on the surf.1ce. and an incident beam of light is

scattered by the capillary waves at the interface. The power spectnull of the scattered light

dçpends on the densities and viscosities of the two phases and also on the interfacial

tension between them [Jon. 1986].

This method has the advant~ge of being a non-invasive method. since the interface

is stationary and planar. It also allows the precise control of the concentration of the

additives used with polymers. However. it is limited to low viscosity materials. because in

the case of high viscosity, the spatial damping electro-capillary wave is too rapid to be

detected.

This method has been used to determine the interfacial tension between solutions

ofpolymers [Sauer, 1987].

2.3.4. Interfacial Tension Inferred from Rheological Measurements

The interracial tension between polymers affects the rheological characteristics of

polymer blends. When blends of polymers are submitted to small amplitude oscillatory

shear, they show elastic behavior at low frequency. This has been proven to be caused by

the interfacial tension between phases of the blend. Grassmespacher and Meissner [1992]

and Graebling and Muller [1991] developed a model to evaluate the influence of the

interfacial tension on the storage and loss moduli. They showed that they could infer the
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• interfacial tension from the weighted relaxation spectrum of the blend. This new method

has been tested successfully only for PSIPMMA blends (in the case of Grassmespacher

and Meissner) and for PSI poly(oxyethylene-diol) (POE-PO) blends (in the case of

Graebling and Muller). It remains to be seen if this method can be applied to other blends.

If so, it is of praetical interest to study the influence of compatibilizers on polymer blends.

AIse, it is a very simple method. It should be pointed out, however, that rheological

charaeteristics of blend could depend on the morphology (i.e. dispersed phase

dimensions). Therefore, the results of the rheological measurements may not provide a

unique value of interfacial tension.

2.4. Choire of Methods

In order to study the interfacial tension be!Ween polymer blends, !wo different

methods were chosen: the pendant drop and the spinning drop. For polymer melts which

do not undergo degradation, the pendant drop method can be used to obtain very accurate

interfacial tension data. On the other hand, for polymer melts for which the degradation is .

important, the spinning drop method or accelerated spinning drop can be used (as

described in Section 4). Also, with one or the other instrument, it is possible to measure

the interfacial tension, even if one of the polymers is opaque. If this polymer constitutes

the lighter phase, the spinning drop is used; whereas if it constitutes the heavier phase, the

pendant drop is used. In that sense, the!Wo methods are complementary.

3. THE PENDANT DROP APPARATUS

3.1. Theory

The theory of the pendant drop method is based on the balance be!Ween

gravitational (or buoyancy) and surface forces. The mechanical equilibrium of a drop of

one liquid suspended in another, from which it is separated by an interface, is given by a

modified fonn of Laplace's equation, which inc1udes the effeet of gravity. Stanîng from

Laplace's equation [Bashforth and Adams. 1882], one has:
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(2.5)

where RI is the radius of curvature in the plane of Figure 2-1. R.. is the: radius of

curvature in a plane perpendicular to Figure 2. 1. ô.P is the pressure diflèrence: across the:

curved interface and y is the interfacial tension.

If <Il is the angle between the radius of curvature RI and the Z a..xis. and x is the

abscissa. then the radius of curvature in the plane perpendicular to the plane of Figure 2. 1.

~. is given by:

a

R-2....., - sin <Il

t Z
1

Figure 2.1 : The Pendant Drop Geometry

De

(2.6)
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• The pressure t.Pcan be expressed as:

(2.7)

where ôp is the density difference between the two fluids, g 15 the gravitational

acceleration, and z is the ordinate along the Z-axis.

D.P.. is determined when <1> = 0, z=O, R, = R, = a, a being the radius of curvature

at the apex of the drop. Thus, Equation 2.5 gives:

An _ 2y=.- a

Equation 2.5 can be written as:

_1_+ sin <1> =B=+2
R, x a
a a

where the dimensionless quantity B is given by:

a'gap
B=-

y

(2.8)

(2.9)

(2.10)

Equation 2.9 constitutes the Bashforth and Adams [1882] equation. R, and <1> can be

obtained from geometric considerations and are given below:

•

ds {I+(dz),}%
R =_= dx

1 d<l> d'z
d'x

(2.11)
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(2.12)

In dimensionless form, the Bashforth and Adams equalion can be wrilten as:

with

d<1> = 2 +z- sin <1>
dS B X

dX
-=cos<1>
dS
dl ....
-=sm ...
dS

X(O) = Z(O) = <1>(0) = 0

(2.13a)

(2.13b)

(2.13e)

(2.13d)

with the dimensionless parameters defined as follows:

1

X= xc'
1

Z= zc'
1

S = sc'
! i.\pg

B=ac' =a(-)
y

(2.14a)

(2.14b)

(2.14c)

(2.14d)

(2.14e)

The Bashforth and Adams equation is a nonlinear differenlial equation belween x

and z relating the drop profile to interfacial tension. In the Bashforth and Adams equation,

R" x, a and z appear as ratios of the radius of curvature at the apex. Therefore, for the

same value ofB, the drop keeps the same shape, irrespective ofits volume [Buttler 1966].
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• 3.2. Evolution of the Pendant Drop Method

ln 1882, Bashforth and Adams [1882] derived the theoretical form of a sessile or

pendant drop and caIculated tables of drop contours. These tables can be used to

detennine the interfacial tension by fitting the experimentally measured drop contour to

the theoretical curve. Photographs of the evolving drop could be taken as a funetion of

time for comparison. However, this procedure is very tedious. To simplify this procedure.

the following empirical relationship was proposed by Andreas [1938].

y (2.15)

where y is the interfacial tension. 6p is the density difference. D, is the equatorial

diameter of the drop, H is a correction factor which is related to the shape factor of the

pendant drop, S, defined as:

S= D,
D,

(2.16)

where D. is the drop diameter measured horizontally at a distance D, away from the

vertex of the drop. Stauffer [1965] and Fordham [1948] obtained the values of H by

solving the Bashforth and Adams equation. The above techniques have been discussed by

Adamson [1967]. A more elaborate method was proposed by Roe et al [1967]. It involves

a series ofS values Sn' where:

s = Dn

n D,
(2.17)

where Dn is the horizontal drop diameter measured at a distance of D."~. (with n being
10

an integer 1Sn S 10) from the vertex ofthe drop.

Unfortunately, the above methods use only few measurements to define the entire

shape of the drop. leading to imprecision in the comparison between the experimental
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profile and the numerical solution of the Bashforth and Adams equation. The error

involved in using these methods was analyzed by Roe (1967]. Another problem

encountered in using the above methods of comparison is in the deterrnination of the

instant at which the mechanical equilibrium of the drop is reached. As an example. Wu

[1974] recommends that the variation of ~ in Equation 2.15 should be less than 0.5%

over a period of fifteen minutes.

Recent progress in image analysis and data acquIsItion systems has made it

possible to obtain a direct digitization of the drop image with the aid of a video lbme

grabber or digital camera [Girault 1982. 1984]. The digital signais are analyzed using

different algorithms to deterrnine the interfacial tension from the drop profile [Rotenberg

1983. Anastasiadis 1987]. Girault et al [1982] used a least square comparison procedure

to analyze the profile ofa pendant drop. The parameters B (Equation 2.10) and a (distance

from the ape.x to the center of the drop) are first calculated using the polynomial

approximation of Fordham's table. Theo, using these values. the Bashforth and Adams

equation is integrated. The digital and numerical profiles are compared. changing the

values of B and a in order to optimize the final profile. The drawback of this algorithm is

that the optimization is done on the IWO parameters separately. Also. the optimization

procedure is not very effective (Ieast square optimization).

In another work [1984] Girault et al use the Laplace equation at the inflection

plane of the drop. located by a polynomial technique. However. this method has the

disadvantages of requiring a drop long enough to have an inflection point and of requiring

a perfectly symmetric drop. Also. it places emphasis on the points located between the

capillary tube and the equator.

Huh and Reed (1983) developed an algorithm to compare theoretica1 and

experimental profiles of the pendant drop. using a multiple regression routine. The

applicability of their method was questioned in the cases of large and flat drops [Boyce

and AI. 1984]. Also, the optimization involved only a and B, although an accurate

optimization should be based on five pararneters.

Rotenberg (1983) developed an algorithm to deterrnine interfacial tension from the

shape of the drop. The algorithm is based on the optimization of five parameters as
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• suggested by Huh and Reed [1983], and it could be used in the cases of large and flat

drops. This algorithm has been used for the detennination of interfacial tension between

polymers. However, problems have been encountered in its use [Anastasiadis, 1987]. The

program did not converg" to reasonable solutions. Another drawback of this algorithm is

the long computationai time.

Anastasiadis et al [1987] developed an algorithm that uses the shape comparison

routines of Siegel [1982a, 1982b]. These routines are resistant to outlying points that may

be encountered in case of noisy digitized signais. The programs showed satisfactory

performance in the evaluation of the interfacial tension of polymers. This algorithm is the

one used in the present research for the analysis of the pendant drops. It is described in

Section 3.6.

In the present work, an automatic digitization procedure was used. The drop was
then analyzed using a shape comparison. as in the work of Anastasiadis [1987]. The

digitization and drop shape analysis is rapid and requires less than one minute of

computation time (using a 80486, 33 MHz computer) to infer the interfacial tension value

from the image of the drop.

Cheng et al [1990] and Skinner et al [1989] developed an automatic procedure to

measure the evolution of contact angles and interfacial tension (from drop shape analysis)

as a function of time. After automatic digitization of the drop image they used the

Rotenberg [1983] algorithm to infer the interfacial tension from their drop profile.

Although the method ofCheng is similar to the one employed here, it is more complicated

(it uses adaptive thresholding as descnbed in Section 3.3.5.). This procedure has been

successfully used to study protein solutions [Voigt et al 1991, Miller et al 1993].

3.3. Pendant Drop Apparatus

3.3.1. General Description

•
The apparatus developed for this research consists of a heated sample holder in

which the pendant drop is formeci, an opticai system to capture the image ofthe drop, and

a data acquisition system with a PC computer equipped with an Intel 80486 processor to

compute the interfacial tension from the drop profile. It bas been descnbed in

22



Chapter 2 : EQUIPl\tENT

• Demarquette and Kama! [1992]. Figure 2.3 shows the different parts of the apparatus. A

general view of the apparatus is given in Figure 2.4.

Computer
Frame
Grabber

Monitor

Experimental cell

Lenses Ught
Fiber Source

Camera optic

Figure 2.3: The Pendant Drop Apparatus
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Figure 2.4: General View orthe Pendant Drop Apparatus

3.3.2. The Optical System

A xenon lamp is used for illumination of the drop (fiber optic light source from

Klinger lnc.). The light is conducted by an optical fiber to the target area. The waveiength

of the light source cao be modified using filters (m cases when the drop and the

surrounding medium have a refractive index difference lower than 1%). The lighting is

uniform. allowing a global thresholding for digitization ofthe drop as described in Section

3.5.5.
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• The visualization system consists ofa mono-zoom body (M4C From Klinger Inc.).

a straight tube for video camera adaptation, an optical objective x 1.5 and a compact color

CCD video camera (pulnix CCD camera). The mono-zoom body has a magnitication

factor from 1 to 4. The tube rectifies the image and has a zero angle between the

observation plane and the optical axis.

The light source and video camera arc assembled on a XYZ support. The whole

system is mounted and aligned on a vibration proof table (T500 From Klinger inc.). It is

very important to perform the e.xperiments on a vibration-proof table (Patterson [1971])

to avoid the detachment of the pendant drop. Alignment is very important to avoid any

distortion of the digitized image. A commercial stage micrometer (1 OOxO.01 mm) square

reticule (from Klinger Inc.) was used in order to veritY if the image has any distortion and

to measure the optical enlargement.

3.3.3. The Experimental Cell

The sample holder for the pendant drop consists of an electrically heated. hollow.

cylindrical stainless steel chamber (Environmental chamber. modified unit 100-07-(15)

from Rame-Hart). in which a hollow copper block is inserted (see Figure 2.5). A standard

10 mm path length (45 mm height) adsorption cell is placed in this sample holder and

forms the sample cell Two quartz windows, cut through the mid-plane of the cylinder.

permit iIIuminatior. and viewing of the drop. A proportional temperature controller with a

precision of ±0.50 C (proportional ternperature controller with thermocouple 100-50 From

Rame-Hart) is used to maintain the s:.mple at a temperature up to 3000 C.

It is very important to maintain a neutral gas atmosphere to avoid thermal

degradation of the polymer. In this work, an argon atmosphere was used in the sample

chamber. The outlet of the chamber has a valve that is closed after the initial air inside is

purged and replaced by argon.
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II-+-- Plunger

-j-- Syringe Holder

Syringe Body

Lid

t-- Window

1-++-- Drop

Copper
-1-- Cylinder

Insulating
--Black

Figure 2.5: Pendant Drop Apparatus: the Experimental Cell

3.3.4. The Droi' Insertion Deviee

The drop insertion deviee consists of a specially designed syringe system to avoid

problems encountered by other researchers (such as the necking effect described in

Section 3.5.3 ).

The syringe is heated at the same temperature as the sample chamber. The body of

the syringe is held in place by a stainless steel support (elevated temperature syringe head

100-11/02-115 from Rame-Hart) which is also heated and its temperature is maintained by

another temperature controller (proportional temperature controller 100-50 from Rame

hart).
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• The syringe consists of a stainless steel tube. 1.7 mm in diameter. welded inside the

body of the syringe. lnside the capillary tube. one polymer is melted and pushed using a

plunger into the second polymer that is already melted in the sample cell. The mo\'ement

of the plunger is ï'recisely controlled by a threaded screw mounted on the top of the

plunger. In order to avoid problems such as capillary effects. the plunger has been

specially developed. It has at its tip a small ring of resilient material (rylon) to seal the

capillary tube, once the polymer has becn extruded. Figure 2.6 shows the syringe uscd in

the research. The capillary tube must be straight a10ng its whole length in order to avoid

any asymmetry of the drop. This effect of asymmetry can still be corrected if one fonds the

axis ofsymmetry when analyzing the drop. However. this is not a trivial task [Anastasiadis

1988]. The straightness of the tube was checked with a plumb bob. Another syringe with a

capillary tube of 0.8 mm diameterwas used to study the effect of the volume of the drop

on the interfacial tension.

Plunger in
Stainless Steel

-1-__ Syringe Body
in Copper

Figure 2.6: Pendant Drop Apparatus: the Drop Insertion Device•

0= 1.7 m~I~14-

Ring
in Rulon

Capillary
Tube
in Stainless
Steel

Polymer
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• 3.3.5. The Measurement of Interfacial Tension

Using the above described system (sample holder. syringe. light source.

visualization system) an image of the drop was obtained and digitized by a frame grabber

resident in a 80486 computer. The frame grabber had a resolution of 480x640 pixels. The

different programs used in the caIculation of the interfacial tension from this drop image

are discussed below. Images of the drop cao be taken at a frequency of 1 image per 10

seconds and processed on line for determination of interfacial tension. The digitization of

the image is done by global thresholding. The uniform gray level background of the image

of the drop (because of the choice of the illumination system) allows global thresholding

that requires much Jess computation time than adaptive thresholding used by other

researchers (Cheng [1990]). The whole process. including digitization and computations.

requires less than one minute (computing time) for each image.

3.3.6. Computer Programs

A batch file presented in Appendi.x AI gives the sequence of the programs used for

the determination ofthe interfacial tension. The whole sequence of prograrns cao be run in

less than one minute (with a 486 microcompuler) giving an effective on-line computation

of interfacial tension. The commands of the batch file are described in Appendix AI. Only

the main programs are discussed bellow. The listings of ail the programs written in C

language cao be found in Appendix AI. To write the programs. an image analysis library

(SIl from Coreeo) was used.

The drop analysis consists first of a digitization of the drop. followed by an edge

detection and a smoothing ofthe detected edge. Once smoothed, the experimental contour

is compared to the solution of the Bashforth and Adams equation using a robust shape

comparison. The value of the interfacial tension is estimated and the experimental profile

and optimized solutions of the Bashforth and Adams equation are displayed on the

monitor (for visual comparison ofthe experimental and optimized solutions).

a) Edge Detection

An edge detection program is used after the digitization of the image of the drop

to oblain its contour. The algorithm used scans the image in a raster fashion to detect the

contours of the objects. The program caIculates the areas of the different objects and
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• obtains the contour of the largest object which is the drop Subsequently. the contour of

the syringe is eliminated from the image.

The contour of the drop is detined by the last pixel with a gray level higher than

the threshold value. Some researchers (Girault [I984]) have shown that the intertàcial

tension value is affected by less than 1% if the contour of the drop is chosen based on the

last black (above the threshold) instead of the tirst white (below the threshold) pixel.

b) Smoothing of the Drop

A smoothing program is needed due to the tinite resolution of the frame grabber.

The smoothing routine makes use oflocal polynomial regression methods. The smoothing

is done piece wise (i.e.• point by point replacement) along the whole profile of the drop.

The method and algorithm were tirst used by Anastasiadis [1987]. The description and

calculations of the smoothing program are given in Appendix AI.

c) Shape Comparison

This program makes a comparison of the shapes using the experimental points

after smoothing and the theoretical points found by solving the Bashforth and Adams

equation by a fourth order Runge-Kutta method. The Bashforth and Adams equation is

first solved for a value of B (Equation 2.10) approximated by the empirical formula of

Huh and Reed [1983] or given by the user. The empirical formula of Huh and Reed is

based on the following equation:

1

B ={exp(-6.70905+ 15.30025S-16.44090S' +9. 92425S' - 2. 58504S· )1'; (2.18)

where S is the ratio ~" D, is the equatorial diameter of the drop and D,is the diameter
•

measured horizontally at a distance D, from the apex of the drop (c.r. Figure 2.1).

A robust shape comparison between the experimental and the theoretical profiles is

then performed. The robust shape comparison consists of an optimization on tive

parameters: three parameters for alignment ofthe imaging system to the coordinate system

of the dimensionless drop (an x translation, a z translation and a rotation). one parameter

for the magnification factor of the drop and one parameter for the scaling factor B. The
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optima! value of B is then obtained. and the interfacial tension is calculated from the

following relationship:

ga' t>p
y=--

B
(2.19)

where B is the dimensionless quantity defined in Equation 2.10. t>p is the density

difference between the two f1uids. g is the gravitational acceleration and a is the radius of

curvature at the apex of!he drop.

More details about the calculations used to perfonn the shape comparison are

presented in Appendix A1. This method has been developed by Siegel [1982a, 1982b] for

the shape comparison of skulls of primates. Anastasiadis [1986] used it for drop shape

comparison to measure interfacial tension belWeen polymers.

The robust method was preferred instead of the simple least-square method

because. contrary to the iatter, it is not strongly influenced by atypical data or occasional

incorrect values [Siegel (1982)).

3.4. Experimental Procedures

3.4.1. Preparation of the Polymerie Matenal

Two ways of preparing the polymerie material were used, depending on whether

pure laboratory samples or commercial polymers were used (see Chapter 3, Section 1 for

the description of the materials). In the case of pure labqratory polymers, the specimens

were me1ted in place (in the experimental cell for the lighter phase polymer and in the

syringe for the heavier phase) in a vacuum oven and used immediately afterwards for

experiments. Samples of commercial polymers (which are obtained in pellet fonns) were

first dried for 24 hours. The heavier phase was shaped by e>.:trusion in a capillary

rheometer with a die diameter of 0.8 mm. The polymer with the lowest density was

compression molded and then cut to the dimensions of the experimental cell.. After cutting,

the samples were dried for 24 hours at 750 C in order to avoid bubbles during experiments

and inserted into the cell or syringe.
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• 3.4.2. Experimental Procedure

The syringe containing the heavy phase was assembled in the controlled

temperature support. The syringe (with the sample) and the cell (with the matrix) were

heated up to the desired temperature. The e.xperiment started 15 minutes alter thermal

equilibrium was reached. The syringe was then pushed into the other melt (inside the

sample cell) until the tip of the syringe reached the level of the optical path. The drop of

the polymer with the heavier phase was then gently extruded into the matrix alter 15

minutes. This intervaJ before extrusion minimizes any possible temperature ditTerence

between the polymers.

3.5. Evaluation of the Apparatus

3.5.1. Optical Distortion

The image of the drop was verified for optical distortion using perfectly parallel

lines of a stage micrometer. Different magnification factors of the camera were used. The

optical distortion was Icss than 0.3% for any magnification. It was also verilied that no

lens effect existed when the sample was placed in the cell.

3.5.2. Control of the Temperature

The temperature was maintained constant by two temperature controllers within

±0.50 C. The temperature of the melt was measured immediately alter every experiment.

using a thermocouple. It was observed that the temperature stayed constant during the

experiments. Also. the temperature was measured at different locations in the experimental

œil and no ternperature gradient was found.

3.5.3. Influence of the Syringe

Determination of the interfacial tension between pp and PS at 2300 C was carried

out using two car;!lary tubes with different diameters (the tubes were described in Section

3.3.4). Figures 2.7a and 2.Th show drops ofPS in pp injected with the two syringes. The
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two expt,riments gave the same interfacial tension within 3% (which is within the

expcrimental error), showing that:

(i) The diamctcr of the capillary tube has no influence on the determination of the

interfacial tension. This has been shown experimentally by Stauffer [1969] and

theoretically by Palters"n [1971];

(ii) The size of the drop has no influence on the determination of the interfacialtension.

These conclusions arc supported by the theoretical analysis ofBashforth and Adams.

•

a) Small capillary Diameter 0 = 0.8 mm b) Large Capillary Diameter 0 = 1.7 mm

Figure 2.7. Drop of Polystyrene in Polypropylene at 2300 C
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• 3.5.4. Determination of the Equilibrium State

During experiments. measurements were taken every fifteen minute. until the

mechanical equilibrium of the drop was reached. This was delermined when two

consecutive measurements of interfacial tension from the drop profile varied by less than

2%. Thereafter. measurements were taken every ten minute for two hours; the data were

averaged and reported as the equilibrium interfacial tension value. A method to determine

the interfacial tension (at equilibrium) ITom transient data is presented in Section 3.6.3.

3.5.5. Reproducibility of the Experiments

The reproducibility of the experiments was found to be better th'ln 4% as can be

seen ITom the results presented in Chapter 3 .

3.5.6 Error Analysis

Interfacial tension is given by:

(2.20)

where y is the interfacial tension, a is the distance ITom the apex of the drop to the center

of the drop in cm, a. is the same distance in pixels, 't is the optical magnification factor.

6p is the density difference betwcen the two fIuids, g is the gravitational constant and B is

the parameter defined by Equation 2.10 corresponding to the best fit betwcen the

theoretical and experimental curve.

a) Error in the determination of B

The optimal value ofB was obtained by the robust shape comparison. The step of

optimization between two consecutive B values was O.OOS. Three types of error in the

estimation ofB were evaluated by the program (see Appendix AI). The best value of B

was obtained for the smallest error of each kind. For the three types of error, the values

• ofB for the same measurement differ by less than 0.1%.
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• b) Error in the determination of a

The error in the deterrnination of a was equivalent \ pixel in 300, i.e., 0.3%.

c) Error in the determination of 't

The error IR the deterrnination oh was the same as for a, i.e., 0.3%.

d) Error in the determination of &p

The determination of the density of polymer melts is not an easy task. The

densities of the polymer, in this worle, were determined either by calculation using an

Equation of State or measured with a capillary rheometer, or still using a capacitance

probe device described in the spinning drop section. Depending on the method used, the

error in the deterrnination of density could vary from 0.5% to 2%. The methods used for

each polymer are reported in Chapter 3.

e) Total error in the determination of interfacial tension

The experimental error in the determination of interfacial tension is the sum of the

errors reported above plus the one related to the accuracy of the equilibrium state. The

• 1 • &y .maximum re atlve error, - \s:
y

&y = 0.00\ +2xO.003 +2xO.003 +2xO.02 + 0.02 = 0.073
Y

(2.21)

Therefore, the maximum experimental error involved in the measurement of

interfacial tension is 7.3%. It should be considered that

(a) most of the uncertainty in the determination of the interfacial tension is due to the

uncertainty in the determination ofthe polymer densities;

(b) the maximum experimental error obtained in this work is smaller than previously

reported by other researchers (Sammler 1992].

3.5.7 Comparison oflnterfacial Tension Results

Three systems were studied in order to test the vaiidity ofthe methodlapparatus:

(i) surface tension ofglycerin (i.e. the interfacial tension between glycerin and air)

(ii) interfacial tension between n-hexane and water
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(iii) interfacial tension between n-octane and water

The physical constants for these materials are weil documented and the materials

are readily available. Table 2.1 s!.lmmarizes the e.xperimental values found with the present

method and the values reported in the literature.

Table 2.1 : Comparison between measured and reported values

Materials 6p(glcmJ ) Vdues of the Literature Values
present work (dyne/cm) 1'..,y_llml

(dyne/cm) ond Il....n->l ofo:hcmiwy

ond MW'''' r19l<J1

Glycerine!Air 1.17 62.2±0.2 at 230C 63.4 at 200C
n-Hexane!Water 0.34 49.6± 1.0 at 12°C 51.1 at 200C
n-Octane!Water 0.31 48.4± 1.0 at 220C 49.6 at 200C

The comparison ofthe measured and reported values of surface tension of glycerin

and interfacial tension of n-hexane!water and n-octane!water indicates the accuracy of the

experimental and computational systems (including the frame grabber). The differences

observed between the experimental and reported values are probably due to the

temperature differences between tbis work and available data.

The apparatus was evaluated for measurements between polymers. The interfacial

tension data between polymers obtained with the pendant drop method were compared

with the values obtained with the spinning drop device. These results will be discussed in

Section 5.

3.5.8 Drop Profile Analysis

Figures 2.8a to 2.8d show the typical processing sequence of a èrop using the

system descnoed previously. In this case, a drop of ethylene vinyl alcohol copolymer

(EVOH) in polypropylene (PP) at 2400 C is shown. Figure 2.8a show3 the digitized image

as it appears on the video monitor, once the image is digitized by the frame grabber.

Figure 2.8b shows the same drop after the edge detection prograrns. Figure 2.8c shows

the drop after the profile bas been smoothed. Figure 2.8d gives the superposition of the
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expcrimental data (points) and the theoretica! profile (line) obtained using the Bashforth

and Adams equation and the shape comparison routine. Only half of the drop is shown

hcre sincc the drop is symmetrical. It should be noted thatthe scale on Figures 2.8b, 2.8c,

and 2.8d is diffcrent from the one of2.8a.

a) Digitized Image
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b) Edge Detection
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Figure 2.8: Pendant drop orEVOH in pp at 2400 C
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• 3.6 Experiments with Polvmers

Three aspects of the experiments with polymers are examined here:

a) the evolution of a pendant drop of one polymer into another,

b) the interfacial tension results between polymers and

c) the evolution of the interfacial tension as a function oftime

It should be notee! that, in this section, an exarnple of orny one polymer pair is shown, the

complete set of results is given in Chapter 3.

3.6.1. Evolution orthe pendant drop with time

a) Typical Behavior

Figure 2.9 shows the evolution of a drop of ethylene vinyl a1cohol copolymer

(EVOH) in polypropylene (PP) at 223oC, at different times during the experiment. This is

the typical evolution of a pendant drop of a polymer into another. Figure 2.10 gives the

superposition ofthe theoretical and experimental drops at the beginning of the experiment,

two hours, six hours and fourteen hours after starting the experiment. At the beginning,

the experimental drop and theoretical profile do not compare very weIl. When the drop

reaches equilibriurn, the matching ofthe theoretical drop (obtained from the Bashforth and

Adams equation) ''';th the experimental data is very good.

b) The necking and capiUarity efTects

In sorne cases (for exarnple in the case of experiments with polystyrene (PS) and

polypropylene (PP», experimental difliculties were observed. If the drop (polymer with

the higher density) was smaIler than a certain critical volume, the drop would retraet into

the syringe (capiIlary effeet). Ifthe drop (polymer with higher density) was larger than this

critical volume, it would neck a.,d detach.
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the Experiment to fourteen hours arter
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i) Neeking Effeet

Figure 2.11 shows the "necking phcnomenon". It shows the e\'olution of a drop

of PS.. in pp at 2500 C: a) at the beginning of the experiment. b) aller one hour. c) ancr

one and a hall' hour. d) after two hours. e) after three hours and t) aHcr tom houl's.

The phenomenon of necking has been observed for the same polymers by Escudie

[1986] (PP with a molecular weight of 330,000 and PS with a molecular weight of

220,000) . The necking effect suggests that there is a critical necking volume for drops

that is particular to every polymer. This critieal volume should not be surpassed. otherwise

incorrect deterrnination of the interfacial tension would occur as indicated above.

Reported values of the interfacial tension using the pendant drop method by dinèrent

researchers could therefore be questionable. The critical volume is likely to be related to

the balance between gravity and surface forces.

ii) C:lpill:lry Effeet

Figure 2.12 shows the evolution of a drop of PS.. in pp at a temperature of

2500 C, for a case where the initial drop volume was smaller than the eritical capillary

volume: a) at the beginning of the experiment, b) after one hour and a hall', c) aHer two

hours, d) after three hours and e) four hours after starting the experimenl.

When the drop was smaller than the critical volume, it was found that a line lilm of

polystyrene formed on the internai surface of the plunger. This indicates a capillarity

effecl. The syringe and plunger were redesigned in order to avoid this problem. The new

design, with a resilient ring of material on the plunger was successful. It was possible to

forrn small drops and rcach mechanical equilibrium.
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Figure 2.12: The capillarity effect, evolution of a drop of PS in pp at a Temperature
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3.6.2 Experiment:1I results

The interfacial tension between el:lylene vinyl alcohol copolymer (EVOH) and

polypropylene (PP) was measured for temperatures ranging from 21 DoC to 2500 C. These

polymers were commercial high molecular weight resins. The results are reported in

Chapter 3. Also interracial tension values for the polymer pairs polypropylene (PP) /

polystyrene (PS) and polyethylene (PE) / polystyrene (PS) were measured. Effects of

temperature. molecular weight. molecular weight distribution and blending were evaluated

with the pendant drop method. The temperatures ranged from 13 DoC to 2500 C.

Experiments were also conducted to test the stability of the measured interracial tension

values after equilibrium. In these experiments, the interracial tension was measured up to

eight hours after the equilibrium was reached. The values of interracial tension remained

constant over the whole eight hour period to within ±1% .

It was not possible to measure the interracial tension between EVOH and ma1eated

PP (except for MAgPP2 see Chapter 3, Section 6). In one case. degradation took place

before reaching mechanical equilibrium (for MAgPP1)' In the other cases, the polymer

with the lower density (forming the matrix) was too dark. The pendant drop method

requires a transparent matrix which was not the case for MAgPPx with x>3.

3.6.3 Evolution of r(t)

It was observed that the evolution of the interracial tension with time r(t),

obtained experimentally from the shape comparison, can be fitted by a negative

exponential. For example, Figure 2.13 shows the evolution ofr(t) for commercial pp and

EVOH at 2260 C. The open points represent the experimental values of r(t), and the

continuous line represents the best fit (obtained by least square regression, the fitting was

done using the mathematical tools of Sigma-plot Software. landel Scientific)

corresponding to the following equation:

(2.22)

where r w is the value of r(t) at infinite time, i.e., the value ofinterfacial tension. rois the

value ofr(t) at t". and ml is a constant.
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• Joseph [1992] studied the evolution of the radius of a spinning drop of one

polymer into another. He demonstrated theoreticaily that the evolulion of the radius of the

spinning drop ofone polymer into another cao be fitted by:

(" "')-.-'"

where R(t) is the radius of the spinIÜng drop as a funetion of time. R,. is the radius at

infinite time, i.e., the radius at equilibrium. R. is the radius at 1., and m is a parameler

related to the relaxation times of the polymer. Fitting equation 2.23 to e.xperimental data

of R(t), Joseph could infer the value of R,. at equilibrium and consequently the value of

interfacial tension.
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Figure 2.13: Interracial Relaxation Function for EVOH in pp al 223°C
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• ln this worle, the same rational was applied to the experimental value of the

interfacial tension obtained with the pendant drop. It was anempted to fit an exponential

curve to y(l). This is shown in Figure 2.13. It can be seen that equation 2.22 represents

weil the evolution of the interfacial tension as a funetion oftime for this work.

The interfacial tension, between pp and EVOH at a temperature of 2230 C,

obtained by .he exponential fining is 18.3 dyne/cm which is in agreement with the value

calculated at equilibrium: 17.9 dyne/cm. Table 2.2 shows y~ (obtained by exponential

fining) for some polymer pairs as examples, as weIl as the interfacial tension obtained at

equilibrium. It can be seen that good agreement is obtained between the two sets of data.

Table 2:.2 also shows the values of ml for the different polymer pairs and of the zero shear

stress viscosity, '10, of the polymers used. It can be observed that the values of m are an

increasing funetion ofthe zero shear stress viscosity.

Table 2,2 : Interracial Tension from Transient Measurements

yat Y caJCtÙaled Timc 10 reach
cquilibrium wilh2.22 ml • cquilibrium

'10Rcsins (dynlcm) (dynlcm) (hour-I)
(Pas) (hour)

PP/EVOH (216")

Ma!rixPP 19.63±0.8$ 20.57 1.64 - 8
Iln>pEVOH -

PP/EVOH (223")
~Ialrix pp 18.40± 0.93 17.89 1.5 2.87104 6.8

Iln>p EVOH 4.42103
PP/EV()H (230")

Ma!rixPP 16.43±U.40 16.63 1.06 . 4.75
Iln>pEVOH .

PP/EVOH (240")

MalrixPP 14.83±0.20 15.71 1.08 1.16104 4
Iln>p EVOH 3.73 103
PPIPS (178")

MAltÏXPP 1I.02±0.4 11.34 1.99 5.22104 5
Iln>p PS 7.8$ 103

PPIl'S (226")

Ma!rixPP 8.46±0.45 7.86 1.3 1.53 104 3
Iln>pPS 6.75103

PPIPS. (220")
Ma!rixpp 6.78±0.2S 6.20 0.3 - 1.66
DrvoPS -
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• The values of the zero shear stress viscosity were obtained from dynamic

measurements and analysis with Iris Software [1990] developed by Baumgaertel (1989].

It was observed that at lower temperatures, more time was required to reach

equilibrium. Also, depending on the size of the drop, the time to reach equilibrium would

vary (the smaller the drop the shorter the time to reach equilibrium). These two facts

suggest that the time to reach equilibrium is a funetion of the viscoelastic properties of

polymer melts.

4. THE SPINNING DROP APPARATUS

The pendant drop apparatus described above was used to measure the interfacial

tension for different polymer pairs (pPIPS, PElPS, PPIEVOH). Also, it was used to study

the effect of temperature. molecular weight and molecular weight distribution on

interfacial tension. However, it was not possible to measure the interfacial tension between

maleated polypropylene and EVOH with the pendant drop apparatus and to study the

effect ofcompatibilizers on interfacial tension for the following reasons:

i) In some cases, the polymer would degrade before equilibrium would take place (in the

case ofMAgPP. see Chapter 3, Section 6)

ü) In other cases, the resin with lower density was opaque ( in the case of MAgPPx with

x>2), making it difficult to perform an experiment with the pendant drop instrument.

Therefore. it was decided to build a spinning drop apparatus to determine the

interfacial tension for the above systems.

4.1 Theorv

An analysis of the physic:'.1 basis for the spinning drop method is given below

(following the work ofVonnegut, 1942 and Princen. 1967).

Consider the system consisting of a drop of one fluid 1 (density PI) in a fluid 2

(density P:) placed in a horizontal spinning tube. In the remaining discussion the drop (the

lighter phase) will be fluid 1 and the matrix (the heavier phase) will be fluid 2. The tube is
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• rotated at a known specd about the horizontal axiS. The d.op elongates until the

centrifugai and interfacial forces are balanced. The geometry of the drop satisfies the

following equation:

t>.P =yJ (2.24)

where t>.P is the difference of pressure across the interface, y is the interfacial tension and

J is the total curvature of the interface.

The difference of pressure can be written as:

1 ••
t>.P =t>.P - -CIl-nlp• 2

and the curvature as

J =1 d r
r dr (1 +(dr)')

dx

(2.25)

(2.26)

where Âp is the density difference between the IWO fluids, r is the cylindrical coordinate.

and t>.P. is the difference in pressure at r = 0:

t>.P = 2y
• a

where a is the radius ofcurvature at the origin.

(2.27)

Substituting Equations 2.25, 2.26 and 2.27 into Equation 2.24 yields, after sorne

transformation :

CIl'âp
y=-

4C

where C is a constant to be caIculated from:

(2.28)
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(2.29)

where L o is the equilibrium length of the rotating drop and ro is the initial drop radius.

If the speed is sufficiemly high (if the length of the drop is at least equal to four

ùmes the diameter ofthe drop as derived by Vonnegut). Equation 2.28 tan be reduced to:

(2.30)

where d is the final diameter of the drop.

The effect of gravity can be neglected if the Froude number meets the following

conditions [Than, 1988]:

CIl 'd
F=--»I

2g
(2.31 )

The effect of gravity tends to locate the drop at g: (where g is the gravitational
CIl'

acceleraùon, ris the radius of the drop and CIl is the rotational speed). At very high angular

velocity, the displacement of the drop trom the axis of rotation is very small (251lm at an

angular velocity of6000 rpm) and, therefore, it can be neglected.

4.2 Spinning Drop Method Development

Patterson et al [1971] were the first to use the spinning drop method to determine

the interfacial tension between polymers. They detennined the interfacial tension between

polyisobutylene and poly(dimethylsiloxane). Steady state was not reached even after three

hours for viscous systems (3000-5000 poise). The maximum speed reached was 6500

rpm. However. the researchers noticed that after an iniÙal time varying trom 25 to 480

seconds, depending on the viscosity of the liquids, 10g(L)=f\l/t) was linear (where L is the
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• length of the drop). Extrapolating the line to lIt =0, the} could infer the interfacial tension

in a reasonable time to avoid thermal degradation.

Another approach to reduce the equilibration time was employed by Elmendorp

and de Vos [1986]. They forced the equilibrium to occur by increasing the angular

velocity at the beginning of the experiment. Then they reduced the speed to the level

required for the measurement. Their apparatus could rotate at speeds up to 25,000 rpm. It

was used successfully to measure interfacial tension belWeen different polymer pairs.

Joseph et al [1992] developed a theory of exponential fitting to cope with the

problem of long equilibration times for polymers. They proved that the relaxation of the

polymerie system in the spinning tube follows an exponential decay. When performing an

experiment, they measured the radius of the evolving drop at a fixed value of rotational

velocity. The radius tends exponentially to an equilibrium value according to the following

equation:

R(t)-R" =(R. _R~)e-m(l-I.) (2.23)

where R(t) is the maximum radius of the spinning drop as a function of time., p.. is the

initial radius of the drop, R" is the equilibrium radius, t. is the initial time at which the

experiment started and m is a parnmeter related to the relaxation times of the system.

Joseph et al fit an exponential curve to the data to detennine R~ and m and thus

they were able to infer the interfacial tension. They applied their theory to the results of

Verdier [1990] who measured the interfacial tension belWeen polyethylene (PE) and

polystyrene (PS), and belWeen PE and polymethylmetacrylate (PMMA). and belWeen PS

and PPMA at temperatures ranging !Tom 2000 C to 2500 C. The conclusion was that the

method offitting introduced by Patterson and the method of exponential fitting led to near

agreement. However, only few data were available for comparison.

In the present work, ail three methods were used to caIculate interfacial tension

!Tom spinning drop profiles ofpolymers. i.e.:

(i) increasing the speed ofthe spinning drop (Vonnegut, 1986],

(ii) the interpolation ofPatterson [1971] and

(iii) the theoretical approach ofJoseph [1992].
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• 4.3 Apparatus

4.3.1 General Description

The apparatus consisted of three pans: an experimemal assembly 1lI011l1ted on a

vibration proof table, an optical system to capture the image of the drop. and a d:lta

acquisition system with a PC computer equipped with an Intel 80486 processm to

compute the interfacial tension from the drop profile. A general view of the apparatus is

given in Figure 2.14.

F.'

Figure 2.14 General View orthe Spinning Drop Apparatus
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• 4.3.2 The experimental Assembly

A schematic representation of the experimental assembly is shown in Figure 2.15.

It consists of a motor which rotates the shaft anached to a glass tube containing the

polymers. an oven and a capacitance probe (to measure the volume expansion of the

polymers). The motor and bearings are mounted on precision rods (for precise alignment)

away from the oven to avoid heating. The special high speed bail bearings are Iocated on

cooling fins. The oven sits on a maronite support and does not have any contact with the

linear rods. The different parts of the experimental cell are described below:

Capacitance
ProbeThermocoupleShaft

!!!·!!·!.!I!!!!!.II!!·!!!!!!!!:".··!,i:·I.,I:,:!!:.·,!i!··.!.,·:·,!I:!!:,·:···...

Thermocouple
Brushes

Polymer 2 Spinning Tube
Polymer 1

Alignment
Rod

Figure 2.15: Sketch orthe Spinning Drop Apparatus
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4.3.2.1 The Motor

A brushless OC motor (from Nu-Tech Ind.) was used for rotating the shaft

containing the glass tube with the polymers. The speed of rotation of the motor can be

controlled through its power supply up to 40.000 rpm. The speed is displayed on a digital

RPM readout. The speed of the motor was checked independently using an oscilloscope.

No vibrations of the assembly were noticed when using the motor.

4.3.2.2. Oven and Controller

The oven consists of two parts, the top one being easily removable. A cylindrical

hole runs through the center of the oven and allows the glass tube to rotate freely. The

oven contains two windows (one on each side of the oven), allowing the viewing of the

glass tube and polymer. A light source, located behind the windows, provides the

illumination ofthe polymers. The temperature at the center of the oven is measured with a

thermocouple inserted through the top. The oven can be heated up to 4000 C. The

temperature is maintaineJ constant with a P.1.0. (proportional Integrator Oerivator)

controller (Model EPS-120-2S-2 from Mellen Company) to within ±0.50 C. This oven has

been special1y manufaetured for this project by Mellen company.

There is sorne discrepancy between the temperatures of the polynler and the oven,

because of the poor thermal conductivity of the polymer. For each polymerie material, a

temperature calibration was conducted. In order to deterrnine the temperature of the

polymer, a thermocouple was inserted in the polymer. This temperature was obtaine':!

while the tube was rotating and correlated with the oven temperature.

Ouring an interfacial tension measurement, the calibrated temperature of the oven

was used to infer the ternperature of the polymer. The length of the thermocouple was
varied to verny if there was a gradient of temperature of the polymer along the tube. Less

than O.SoC difference was observed along the whole length ofthe tube.
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• 4.3.2.3. Shaft and Glass Tube

Figure 2.16 shows a sketch of the shaft in which the glass tube containing the

polymer is inserted. The glass tube fits tightly into the shaft. Two "0" rings on each part

of the shaft prevent the glass !Tom breaking during heating and rotation. The glass tube

(manufactured especially by Wilmad Glass company) is made of bore glass (borosillicate

glass). The outside diameter is 1/2 inch and the outside diameter 3/8 inch. The glass tube

is c10sed using one glass plunger in each side. One of the plungers is a1lowed to move as a

result of the expansion of the polymer which reaches about 18%. At the end of this

plunger a system with a capacitance probe was mounted to a1Iow the deterrnination of

density as a function of temperature. The glass dilatation cao be neglected in the

calculation. Once the setpoint in temperature is reached, this plunger is locked in place to

avoid movement during rotation and to prevent polymer and air leakage.

Plunger

Glass Tube
Polymer

Metal iece
Facing
Capacitance
Probe

Figure 2.16: Spinning Drop Apparatus: the Shaft

•
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• 4.3.2.4. The Capacitance Probe

A capacitance probe (HPC-375-A from Capacitec) was used to measure the melt

expansion as a funetion ofthe temperature. The output voltage of the capacitance probe is

direetly proportional to the distance between the plunger and the capacitance probe. Since

the weight and the initial volume of the polymer are known. it is possible to calculate the

melt expansion as a funetion of temperature.

4.3.3 The optical system

The light source used for the spinning drop was the same one used for the pendant

drop. The same camera was also used for the spinning drop apparatus with a TV zoom

lens 17-102 mm instead of the macro-zoom lens used for the pendant drop. The light

source and video camera were assembled on a XYZ support, as for the pendant drop. The

whole system was also mounted and aligned on a vibration proof table. Three rods of

stainless steal of different diameters were used to determine the distortion and the optical

enlargement. The rods were viewed by the camera and digitized by the frame grabber. lt

was possible to calculate the optical enlargement knowing the real dimensions of the rods

and the dimensions (pixels) of the rod digitized by the frame grabber. The edges of the

rods were perfeetly parallel. It was ascertained that they were still parallel after

digitization.

4.3.4 Measurement of Interracial Tension

Using the system described above, images of the spinning drop of polymers were

obtained and digitized by the same frame grabber as in the case of the pendant drop. The

dimensions of the spinning drop obtained with tms system were used in Equation 2.30,

together with data regarding the difference of densities of the two polymers and the

rotational speed, in order to obtain the interfacial tension. The spinning drop was
monitored during the experiment. When the dimensions of the drop remained constant for

more than 1/2 hour, equilibrium was assumed to have been reached.
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• The dimensions of the drop were measured either using a cross-hair cursor that

displays the posÎ'ion of the object on the monitor or, more precisely, with the edge

detection program presented in Section 3.3.S.a.

As in the case of the pendant drop, the whole process of digitizing and calculation

of interfacial tension required less than one minute per image. The evolution of the image

was monitored o~ the screen of the computer and the interfacial tension was inferred from

this image.

4.4 Experimental Procedures

4.4.1 Samples

The polymer with the highest density (forming the matrix (rod), in which a drop of

a second polymer was inserted) was used to form two equal hemicylinde~ that were

obtained by injection molding. A hole was drilled in one of the hemicylinde~. The hole

was filled with the polymer with the lower density to form the drop. The polymer forming

the drop was compression molded and then machined to the proper dimensions. The

excess of polymer in the hole was trimmed so that smooth contact was obtained between

both surfaces of the two hemicylinders. The two hemicylinde~ containing the drop were

inserted inside thl. glass tube. Prior to an experiment, the samples were dried for 12 hou~

at 700C under a nitrogen atmosphere, in order to avoid air bubble during the experiment.

4.4.2 Loading Procedures

When the samples were ready to use, they were inserted in the glass tube between

the two plungers. The tube was then mounted in place in the shaft of the apparatus. The

sample was progressively heated under vacuum, to avoid the formation of any air bubble.

Once the desired temperature was reached. the vacuum pump was disconnected and the

experiment started.

•
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• 4.4.3 Determination of the Correction Factor and Optical Enlargement

The dimensions of the drop had to be corrected for opticai enlargcment and for the

combined refr::ctive index ofpolymer 2 (matrix) and the glass.

Theories have been developed to evaluate the refractive index of the polymer 2

glass assembly involving different optical quantities [Seeto 1977. 1982]. However. it was

simpler to determine the correction factor e.'CperimentaIly as reported in earlier works

[Manning 1976. Verdier 1990]. A rot: was inserted in polymer 2 (matrix) inside the

experimentai tube and the diameter of the rod. dapp• was measured for different

temperatures. The reai diameter of the rod. dreal was known and the correction factor. n.

could be calculated as follows:

d...
n=--

d....
(" ''')_.,)-

The correction factor was measured as a function of temperature and used to

determine interfacial tension. It should be noted that the index of refraction is independent

of the size of the rod. T1ùs has aise been observed by Verdier [1990).

4.5. Results

In this section, three different aspects of the experiments with polymers are

discussed:

(i) the detemlÏnation of the optical correction factor and density;

(ii) the eva1uation of the apparatus; tbis includes '1 determination of the experimentai error

and a comparison ofdata;

(jii) experiments with polymers; tbis includes the study of the evolution of the spinning

drop profile with time, the study of the evolution of the radius of the spinning drop and a

summary ofthe experiments performed with the spinning drop method.

•
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• 4.5.1 Determination of the Optical Correction Factor and Density of the Matrix

When using the spinning drop apparatus. prior to experiment. (wO measurements

had to be performed. as described below.

4.5.1.1 Determination of the Optical Correction Factor

The correction factor was measured as described in Section 4.3. The correction

factor was evaluated for a matrix ofEVOH as a function oftemperalUre; EVOH was used

as the matrix for ail the experiments. The thermal expansion of the rod used for

measurement was negligible.

Figure 2.17. shows the measurements for the correction factor obtained in t1ùs

research. The data points are represented by the dots. The correction factor for a matrix of

EVOH decreases linearly as a function of temperature. Applying a least square regression

to the experimertal data. the following equation gives the best fit:

n = i.58-8.47xlO....T (2.33)

where n is the correction factor and T is the ternperature in degrees Celsius.

1.50

~
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0
0u.. 1.40
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1.20 L-..l-_"":"_.....J:-_..l-_"":"_....J
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Figure 2.17: Optical Correction Factor for EVOH
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• 4.5.1.2 Determination of Density with the Capacitance Probe

Figure 2.18 shows the density of ethylene vinyl alcohol copolymer as a function of

temperature. The line represents the measurements obtained with the capacitance probe.

and the data points represent the measurements obtained with the capillary rheometer.

T1ùs graph shows very good agreement between the results obtained with the capacitance

probe and the capillary rheometer.
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Figure 2.18: Density of EVOH
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4.5.2 Evaluation of the Spinning Drop Apparatus

4.5.2.1 Determination of Experimental Error

The tOlal error in the detennination of the interfacial tension is due to the

combination of ail the different experimental errors that are associated with the

deterrnination of the parameters used in the determination of interfacial tension. The

maximum error associated with each of the measurements involved is given below:

(a) temperature: O.S%.

(b) rotational speed: 0.02%.

(c) density difference: 2%.

(d) deterrnination of the correction factor: 1%.

(e) approximation ofequation 2.30: 0.4% (when the length of the drop is equal to four

times the maximum diameter of the drop). In practice. the length of the drop is a1ways

more than four tir••~ the ma.ximum diameter.

Using Equation 2.30. the maximum relative error in the determination of the

interfacial tension cao be caIculated as follows:

t.y = 0.00S+(0.00025)x3+0.02+(0.01)x3+(0.01)x3 +0.004::; 0.09
Y

(2.34)

The estimated maximum error in the determination of the interfacial tension is

therefore 9%.

4.5.2.2 Comparîson or Data

a) Spinning Drop Measurements at Different Speeds

The interfacial tension between polypropylene and ethylene vinyl alcohol at a

temperature of 2020 C was measured with the spinning drop apparatus using two angular

speeds. The interfacial tension results for the experiment performed at a speed of 16,000

rpm were the same as those obtained during the experiment performed at a speed of

20,000 rpm. The only difference was the time to reach equilibrium. It took ISO minutes to
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reach equilibrium when the drop was rolaled al 16.000 rpm and 100 minules al 20.000

rpm.

b) Comparison with Pendant D..op Measurement

The interfacial tension between polypropylene and elhylene vinyl alcohol was

measured at two temperatures with both the pendant drop apparatus and the spinning drop

apparatus. Table 2.3 shows the results obtained with the two melhods.

Table 2.3: Comparison between the Pendant and Spinning Drop Method

Interfacial Tension Interfacial Tension

Temperature (oC) measured with measured with

pendant drop method spinning drop melhod

202 17.1±0.4 16.9±0.3

224 12.0+01 12.5±0.5

The resu1ts obtained with the pendant drop and the spinning drop assemblies are in

good agreement. The differences between the values obtained for the int~rfacial tension

are witlûn the experimental error. The comparisons of the values of interfacial tension

measured with the pendant drop and the spinning drop methods indicate the accuracy of

the experimental and computationai systems.

4.5.3 Experiments with Polymers

Only three aspects of the experiments performed with polymers are examined here.

The complete set ofexperiments with polymers is given in Chapter 3 Section 6:
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4.5.3.1 Evolution of Drop Profile

Figures 2. 19a to 2.1ge are tracings of a drop of ethylene vinyl a1cohol in

polypropylene at a temperature of 2020 C. They show the evolution of the drop rotated at

16,000 rpm al: a) the beginning of the experiment. b) after 12 minutes, c) after 110

minutes, d) after 210 minutes and e) after 300 minutes. After 150 minutes the drop shape

did not change any more with time, as cao be seen in Figures 2.19d and 2.1ge. Figures

2.20a to 2.20e show the sarne drops as they appear on the monitor after digitization.

C )
C )

c'-- )

a)

b)

c)

d)

(

Figure 2.19: Tracings ofa Drop of PP in EVOH al 2020 C

)
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b)

c)

Figure 2.20 : Evolution of a Drop of pp in EVOn at 2020 C - Digitized Im:lges

4.5.3.2. Compari<on Between Three Calculation Methods

Three approaches were used to calculate the interfacial tension from the profilc

analysis of the spinning drop as described in Section 4.2. The three approaches werc: a)

value at equilibrium; b) method of Patterson and c) method of Joseph. These methods

have been discussed in Section 4.2. As an example, the results of using the threc diffcrent

approaches for the determination of the interfacial tension betwecn pure pp and EVOn at

2020 are reported below.
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a) Value at equilibrium

The value at equilibrium measured experimentally (at times greater than 150 min.)

was 16.2 dynlcm. For ail the experiments performed in this work, mechanical equilibrium

of the spinning drop was reached and the interfacial tension could therefore be inferred

from the dimensions of the drop at equilibrium.

b) Method ofPatterson (1971)

Figure 2.21 shows the evolution of the logarithm of the interfacial tension as a

function of the inverse of time. At times greater than 18 minutes, the logarithm of the

interfacial tension as a function of the inverse of time can be fitted by a straight line as

observed by Patterson. The intercept of this line with the y-axis provides the value of the

interfacial tension, which, for the experimental data of interfacial tension between EVOH

and pp at 202oC. is equal to 16.9 dynlcm. The best fit was obtained of the data was
obtained perfonning a least square regression.
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Figure 2.21: Evolution of the Interracial Tension of a
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c) Method of Joseph (1992)

Figure 2.22 shows the evolution of the radius of the drop of EVOH in pp at

2020 C. The data points are represented by the open circles. The line corresponds to the

fining (obtained by least-square regression, the fining was done using the mathematical

tools of Sigma-Plot Software) of Equation 2.31 with R=1.37 mm and m=0.07 hour. It

yields an interfacial tension value of 16.7 dynlcm.

The analysis of the evolution of the radius of the spinning drop with time was

condueted using the empirical method suggested by Patterson [1971] and the theoretical

treatment suggested by Joseph [1992]. Both methods provide interfacial tension values in

good agreement with the one found at equilibrium. The differences observed between the

results are within the experimental errors.

3.5 ,......---,,.---.---..-....,..---r---.--...,....~

3.0

........ 2.5
E
E

2.0

• Experimental R

- Fit of Joseph

1.5 '----_... ••••• •

•
1.0 l--......:._---"-_....l-_...:...._.l...----i_--"-_....J

o 50 100 150 200 250 300 350 400

Time (Minutes)

Figure 2.22: Evolution of the Radius of a Drop of pp in EVOD at 202°C
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4.5.3.3 Measurement of Interracial Tension between Polymers

The spinning drop apparatus was used to determine the interfacial tension for

different polymer pairs. The results are presented in ehapter 3. Section 6. The following

po!ymers and operating conditions were used:

a) Polypropylene and ethylene viny! alcohol copolymer at 2020 e and 2240 e - in order to

compare with e.xperimental results obtained with the pendant drop apparatus and to

validate both devices.

b) Polypropylene and ethylene vinyl a1cohol copo!ymer at temperatures below 2100 e At

these temperatures, it was not possible to use the pendant drop apparatus to determine the

interfacial tension due to long equilibration times.

c) Maleated polypropylene (MAgPP) and ethylene vinyl a1cohol as a function ofmaleation

content of polypropy!ene. The interfacial tension between these resins could not be

measured with the pendant drop method. For MAgPP t (see ehapter 3, Section 6)

degradation took place before mechanical equilibrium of the drop. The resins with

maleation level higher than 0.15 wt % (MAgPPx with x>2) were opaque. Since the

MAgPP forms the matrix in the pendant drop method, interfacial tension measurements

between MAgPPx with x>2 with the pendant drop method were not possible.

5) COMPARISON BETWEEN THE TWO TECHNIQUES

The two methods presented above, the pendant drop and the spinning drop, were

used to measure the interfacial tension between polymers. They proved to be reliable and

the results of interfacial tension between polymers found with both machines compared

very weil within experimental error, as shown in Table 2.3.

The pendant drop method has the following advantages over the spinning drop for

the determination of interfacial tension between po!ymer pairs:

(a) The solution of the Bashforth and Adams equation used with the pendant drop requires

less assumptions than the solution of the equilibrium equation used for the spinning drop

method (Equation 2.30).
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(b) When the mllœriai with the higher density is opaque. it is not possible to use the

spimùng drop method.

(c) Less polymer is required to perform the pendant drop e."periment.

The disadvantages of the pendant drop method when compared to the spinning

drop method are outlined below.

(a) Equilibrium times are longer, which could prevent sorne measurements due to thermal

degradation of the polymer.

(b) When the material with the lower density is opaque. it is not possible to use the

pendant drop method.

(c) Problems such as the capillary or necking effects can be encountered.

67



•
Chapter 2 : EQUIPMENT

6. SUMMARY

The main achievements reported in this Chapter are summarized below:

(a) Two static methods. the pendant drop and the spinning drop, were chosen among the

different existing methods to measure interfacial tension of polymers. These two methods

present the following advantages over other methods: precision, shorter equilibration time

and reliability.

(b) Two devices. one based on the pendant drop and the other on the spinning drop to

measure the interfacial tension between polymers, were designed. constructed and proven

to be reliable. A1gorithms were chosen and computer programs were written for

digitization of the drops and calculations ofinterfacial tension.

(c) The special design and operating procedure employed with the pendant drop method

have removed complications associated with capillarity and necking effects.

(d) A capacitance probe was employed for the determination of density as a function of

tt;mperature for polymers. "PIe capacitance probe results compared weil with capillary

rheometer measurements.

(e) For both instruments, the possibility ofviewing the drop in real time and calculation of

interfacial tension on-line results in high accuracy in the determination of drop equilibrium

and observation ofeventual degradation.

(f) Measurements of interfacial tension between polymers performed with both

instruments compared weil. The two devices have proven to be complementary and useful

for the determination of interfacial tension between the different polymers used in this

study.

(g) The pendant drop method should be used when there are lirnited quantities of polymer

and the denser polymer is opaque. The spinning drop should be used when thermal

degradation could be a problem and when the lighter polymer is opaque.

(h) It is possible to infer the interfacial tension between polymers from transient

measurements using an exponential fitting of the interfacial tension (pendant drop) or
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radius (spinning drop). This procedure shortens the experirnental time. which helps to

avoid the thermal degradation of the polymers.
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1. INTRODUCTION

Data regarding interfacial tension belWeen polymers are rather scarce. Research in

this field has been limited because of some shoncomings of the experimental techniques

(inability to ascenain equilibrium, long equilibration times that would exceed the time for

the melt to undergo degradation and others) as described in Chapter 2. Most of the

methods used to measure interfacial tension are based on the shape of a drop of one

polymer immersed into a second polymer (the matrix) until equilibrium is reached.

Wu (1974,1982] summarized the interfacial tension data belWeen polymers

published up to Lne early 80's. Later, Escudie [1986] measured the interfacial tension

belWeen polypropylene (PP) and polystyrene (PS) with the pendant drop technique and

studied the etrect oftemperature on the interfacial tension. Anastasiadis [1988] studied the

etrects of both temperature and molecular weight on the following polymer pairs:

poly(dimethylsiloxane) 1 polystyrene (pDMS/PS), poly(methylmethacrylate) 1 polystyrene

(pPMAlPS), polybutadiene 1polystyrene (pBDHlPS).

Experimental studies of the etrect of polydispersity and/or bimodaJ blending on

interfacial tension have not been reponed yet. Some relevant theoretical aspects (Helfand

ct al (1989), Hariharan and Kumar (1990), Broseta et al (1990)] have been reponed.

The work presented here aims at extending the range of temperatures and

molecular weights employed in interfacial tension measurements. It also attempts to study

the effects of bimodal blending and polydispersity on interfacial tension for both pure and

commercial polymers. The etrect ofcompatibilizers on interfacial tension is also evaluated.

1.1 Chanter Oudine

This chapter presents ail the experimental results obtained in this study. The results

reported here relate to the study of the influence of temperature, molecular weight,

bimodal blending. polydispersity and compatibilizers on interfacial tension. In order to

e.'I;plain some of the experimental observations, the results of surface ana1ysis of the

interfaces belWeen dispersed and continuous phase are reported.
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The e.xperiments for the determination of the influence of temperature. molecular

weight, bimodal blending and polydispersity on interfacial tension were conducted using

the pendant drop apparatus described previously. The follo\ving polymer pairs were

considered: polypropylene / polystyrene (pPpur/PS). polyethylene / polystyrene (PElPS).

polypropylene / ethylene vinyl a1cohol copolymer (pP...,!EVOH). The data are discussed

and compared in light ofpreviously published results. A further theoretical analysis of the

data is given in Chapter 4.

Interfacial tension between maleate-grafted polypropylene (MAgPP) with difièrent

levels ofmaleation and ethylene vinyl a1cohol copolymer (EVOH) was measured. in order

to study the dfect ofmaleation on the interfacial tension.

Finally, the results of the surface analysis of the different polymerslblends used in

this work are reported. The surfaces of polypropylene (PP), maleated polypropylene

(MAgPP) and ethylene vinyl a1cohol copolymer (EVOH) were e.xamined by Electron

Spectroscopy for Chemical Analysis (E.S.C.A) and by Scanning Electron Microscope

(S.E.M).

2. SELECTION AND PROPERTIES OF MATERIAL

2.1. Choice of Material

The choice of materials took the following factors into consideration: a) the utility

of the selected polyrner systems for fundamental studies and industrial applications; b) the

absence of information on interfacial tension for the chosen polymer systems; c) the need

for interfacial tension data in this laboratory for the development oflaminar blends.

2.1.1. Pure MateriaIs

Pure polystyrene (PS), polyethylene (PE) and polypropylene (pP~ resins w(.-re

used in order to study the effeets of temperature, molecular weight and polydispersity on

interfacial tension. Table 3.1 lists the pure resins and their molecular weight
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characteristics. PS. PE and pppur< were chosen because they are extensively used

commercially. The interfacial tension was measured for pppu,jPS and PEfPS pairs. The

polymers used in this work had the following characteristics:

a) pppur<: the same isotactic pppur< was used for ail the experiments. The molecular weight

of the polymer was Mw '" 300,000 and M,jM" was 5.54.

b) PS: monodisperse and polydisperse samples of PS were used in this study. The

molecular weight of monodisperse PS varied from 938 to 380,000, in order to study the

effect of molecular weight on interfacial tension over a wide range of molecular weights.

A polydisperse sample of PS was also used to evaluate the influence of polydispersity on

interfacial tension.

c) PE: the samples of PE used in this work were monodisperse and polydisperse with

molecular weight ranging from 700 to 2,000.
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Table 3.1 : Pure Resins used in this Study

Material Mn Mwll\1n Supplier

Polypropylene
PPpure 54.000 5.54 Polyseienees. Ine.

Monodisperse
polystyrene

PSI 938 1.09 Polymcr Labor:lloriCS. Lld
PS2 1,589 1.06 Polymcr Labor:llorics. Lld

PS3 4,755 1.05 Polymcr Labol:lloriCS. Lld

PS. 19,417 1.03 Polyscienees. Ine.
PSs 86,438 1.04 Polyseienees, Ine.
PS6 380,000 1.04 Polyseienees. Ine.

Polydisperse
polystvrene

PS 115,500 2.84 Polyseienees, Ine.

Monodisperse
polyethylene

PEI 680 1.18 Polymcr Labol:llorics. Lld

P~ l,osa 1.20 Polymcr Labol:lloriCS. Lld

P~ 1,870 1.15 Polymer Labol:llorics. Lld

Polydisperse
polyethylene

PE. 770 1.64 Polyscienees, Ine.

P~ 1,050 1.24 Polyseienees, Ine.
PEe 1,950 1.56 Polyscienees, Ine.
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2.1.2 B1ends

ln order to study the interfacial tension of bimodal systems. monodisperse samples

of pure PS were blended. The following blends were made:

a) PS2 (Mn =1,589) with PS. (Mn =19,417) in 3/97, 8/92, 20/80, 50150, 70130 molar

ratios (corrcsponding to 97/3, 9218, 75/25. 50150, 25175 ratios by weight).

b) PSJ (Mn=4,755) and PS l (Mn=86,438) in 2198, 5/95, 15/85. 50150 molar ratios

(corrcsponding to 9515. 75/25. 50150,25175 ratios by weight).

The interfacial tension between each of the above blends and pp1"'''' was measured

exclusively with the pendant drop method, sinc~ the method requires small amounts of the

polymer with the higher density (here the PS, which is available in small quantities). Th,

blends were first obtained by mixing the polymer powders in a mortar, the mixed powdel"!

were then insertcd in the syringe of the pendant drop system and melted in place.

Blends of polydisperse PS were also used. Table 3.2 presents the characteristics of

these blends.

Table 3.2: Blends of polystyrene used in this study

.
Malenal Mn MwlMn Supplier

PS.
First Peak 59,900 2.06 Polysciences, lm:.

Second Peak 655 1.65

PSb
Firsl Peak 66,100 1.91 Polysciences, lnc.

Second Peak 695 1.63

PSc
First Peak 52,700 2.16 Polysciences, lnc.

Second Peak 570 1.29
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The molecular weight distributions of the above bimodal blends were dctermined

in the Chemistry Depanment ofMcGill University. The two peaks for each polymers were

integrated separately. Figures 3.\ to 3.3 show the GPC molecular weight spectra for these

3 bimodal blends of polydisperse jlolystyrene.

MOLECULAR WEIGHT DISTRIBUTION
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• Figure 3.1: Gel Permeation Chromatography Spectrum for PS•
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7.006.005.00

MOLECULAR HEIGHT DISTRIBUTION

4.003.002.00
.000 +-------<,...;...----+----......----+----~_---__<

1.00

5.00

4.00

6.00

01-1
GPC-PRO 3. 13

7.00

3.00

~
Cl
0 2.00::
cx

1.00

1o><

LOG M
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• 2.1.3 Commercial Resins

Products of polypropylene (PP) and poly(ethylene-vinyl alcohol) EVOH are often

used in packaging applications. EVOH is useful in packaging because it is resistant to

perrneation of oxygen and carbon dioxide. It is approved by the Food and Drug

Administration (FDA) for food contact applications. Blends of pp and EVOH are

immiscible and have very poor mechanical properties [Lohfink 1990]. It is possible to use

a compatibilizer such as maleic anhydride to improve the miscibility of the blend

components. Maleic anhydride can be grafted onto the backbone of polypropylene (to

maleate PP). and it has been shown that this transformation improves the mechanical and

structura! properties of PPIEVOH blends [Lohfink 1990, Hozhabr 1991, Arghyris 1991].

It was therefore of special interest to study the interfacial tension between PP and EVOH

and also to study the effect of the addition of maleic anhydride groups to the PP on

interfacial tension between maleated PP (MAgPP) and EVOH. Table 3.3 shows the main

characteristics of the polymers evaluated in this study.

Table 3.3 : Commercial Resins used in this Study

MateriaI Mn MwlMn Supplier

Polvoropylene Northern
(NPP nOO-AF) Petrochemical

Company
PP""", 75,000 5.44

Ethylene vinyl
Alcohol Copo!vmer Usi Chemical

(EP-FIOI)
EVOH 35.000 23.12

Commercial Resins contain a variety of additives and contarninants. Sorne of these

are discussed below.

•
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a} pp,o.. and EVOn

The pp,o.. (NPP nOO-AF) used in this study was a blow molding gr;ll!c

polypropylene. The EVOH (EP-F 10 l) used in this study had 32 mol% ethylene content.

The above commercial resins contain in their compositions some additives such ;lS

antistatic agent. coupling agent and others (antioxydant. catalyst n:sidual). The additives

are incorporated into the pure polymers in order to avoid lint deposit during storage of the

polymer (antistatic agent) or to enhance mechanical propenies (coupling agents). The

composition of these additives was determined by E.S.C.A (Electron Spectroscopy for

Chemical Analysis) and X Ray. The additives were essentially SiO, and SiO, as shown in

Section 7 ofthis chapter.

b) MAgPP

ln order to study the effect of addition of malcic anhydride groups to the 1'1"0'" on

interfacial tension between PP",," and EVOH. six maleated samples of 1'1' were used. The

level of maleation of pp",," varied l'rom 0.067 to 0.262 \Vt % as reported in Table 3.4.

Two commercialy available maleated polypropylene samples \Vere investigated (MAgl'l'.

and MAgPP2)' They were obtained l'rom Mitsui Petrochemical Company 'llld Mitsubishi

Petrochemical Company under the commercial names Admer and Modic. respectivcly.

Maleated polypropylene with other levels of maleation was prepared by mixing a highly

maleated polypropylene (Herkoprime G-20 1 l'rom Himont) with a non-malcated

polypropylene in different amounts to produce diflèrent malcation levcls. The mixing of

pp and maleated PP was conducted in a screw extruder. The cxtrudates were

subsequently pelletized. The determination of the content of maleic anhydride gralled on

the pp was determined by F.T.l.R (Fourier Transform Infra Red) or titration, as dcseribed

in Section 2.3 ofthis chapter.

T:lble 3.4 : Maleation Content of Malellted l'l'

M:lteri:" M:lleation Content (% Supplier
wt)

MAgPP1 0.067 Mitsui Pdroc!u.."tnical Company

MAgPP! 0.098 Mitsuhislli l'ctroclu.."llIicod Company

MAgPP3 0.153 Prcpan..."<.1 ;11 McGill

MAgPP4 0.168 Prcparccl al McGiII

MAgPPs 0.222 l'repan:d ut McGiIl

MAgPP,. 0.262 Pn..-part.-d al McGill
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• 2.2 Molecular Weight

The molecular weights of the monodisperse sarnples of PS and PE were provided

by the suppliers and were confirmed using Gel Permeation Chromatography CG.P.C) atthe

Chemistry laboratories. McGilI University.

The molecular weights of ail the polydisperse sarnples and blends of PS were

determined by G.P.C at the American Polymer Standard Corporation. The molecular

weights of the res;ns used in this slUdy were reponed in Tables 3.2 and 3.3.

The following procedures were employed in the determination of the molecular

weight distributions of the polymer by G.P.C:

Ci) The pp sarnples were dissolved in trichlorobenzene (TCS) at 1350 C; the column used
o

was American GPC (106 + linear + 500A).

Cii) The PS sarnples were dissolved in tetrahydrofuran (THF) at 300 C; the column used
o 0

was American GPC (106 + 500A + 100A).

(iii) The PE sarnples were dissolved in TCS at 1350 C and the column used was AM Gel

Three linear.

(iv) The EVOH sarnple was dissolved in dimethyl formamide (DMF) at 500 C and the
o

column was American GPC (Linear + 500A).

In ail cases, the G.P.C. columns were calibrated with standard polymers.

2.3. Maleation Content

Maleated polypropylene is modified polypropylene by grafting maleic anhydride on

its backbone. The structure ofmaleic anhydride grafted polypropylene is given below:

H 0
1 //
C-C
l "0

H-C -C/
1 ~

H 0

8S
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• Two methods were used to determine the maleation content of the polypropylcne

samples: Fourier Transfonn Infrared spectroscopy (FTI.R.) or titration. These methods

are described below.

a) Fourier Transform Infrared spectroscopy

The I.R. spectrum of maleic anhydride is characterized by the presence of tour

important bands of absorption at 1840 cm- I.I780 cm- I,1050 cm- l and 885 cm- l The

1780 cm-1 ba.'ld is very strong and cao be conveniently used for the quantitative

determination of maleation content in a resin (Trivedi and Culbertson. [1982)). A typical

I.R. spectrum is shown on Figure 3.4. The samples were preheated tor 5 minutes prior to

analysis to remove residual maleic anhydride. Duplicates were run for each of the blends.

'ua 0 CAS IrOl~r"l
U.IoIc ........... bclq...... 1l!I~

'pZ..., IR lU. ut..
"MA II. l,lOI...-.......

~"., ,:ZIG, 140.
1'~1.1 10~11 on 1
Inl.$ ua.. IIU

...
_ ....... '0;'"

- ._._... 1........ ·.r
,Il
:...- ..:oluJOS&n_

. - .- ~ "..

1 1 -.1-- ,.-.1_

.. _ __..-. . ..

• l , •-_.....-

----_....-,- .

• •.... _----.....--- ...-

.~•.••~ .... If ....., ...... , .•. _ ~ __ :--!.•._J.~--1-:-- r, . .
--:----
.?~_.. ~---'-.- '--:--.. ~._ _..:.. -- :--:-~-:--._------- -- _ -_ ---_..':__ ,-- -_:- -- ~---._ ~. -.:. . _.._-_.
-1--... -- --.. :. __.. . ._..__. _
:~:-.. ..~: :~:.::. :-:: ~ ~.~:: ~.~:.~ - -:

NWOL ..•.... . .. :... ... . .. . '. .. ..

Figure 3.4: Typical Spectrum of MAgPP
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• b) Titration

Maleic an:.ydride can be hydrolyzed to maleic acid. The maleic acid produced in

hydrolysis cao be titrated with potassium hydroxide to the two end points at pH =3.7 and

pH = 9.5 (Trivedi and Culbenson. [1982]).

Maleated polypropylene was dissolved in hot. refluxing water-saturated xylene.

The solution was constantly stirred to ensure good homogeneity. The hot solution was

titrated with potassium hydroxide, using thymol blue in dimethyl forrnamide as an

indicator. The end point was deteeted by a change of color from yellow to blue. Excess of

potassium hydroxide was added, and the solution was back-titrated with isopropanic HCI.

The maleation content of the resins used in this study was determined by either of

the above IWO methods. It was verified that both methods gave the same results. The

experimental data are presented in Table 3.4. The errors associated with these estimates

are ±IO%.

2.4. Dens;ty

The density of the resins was needed for the determination of interfacial tension (cf

Equations 2.2 and 2.1). The different methods used to deterrnine the density of each

polymer are presented below. Ail the density values used in this work are presented in

Table 3.5.

2.4.1. Dtnsity ofPolypropylene

The density of polypropylene was evaluated using the equation proposed by Zoller

[1979] and given below:

•

V(P,T)= V(O,T){I-C(T)ln[I+~]}
B(T)

C=O.0894

(3.1)

(3. La)

(3.l.b)
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T.ble 3.5 : Density of lhe polymers used ln lhis sludy

T~..pt,.tun 130 150 160 1" 178 181 116 196 20J 201 211 213 218 224 226 228 2ll HO 241 248
("C)

Mac,rW

pp - - - - 0.759 0.757 0.755 0.751 0.751 0.749 0.747 0.747 0.744 0.742 0.741 0.738 0.73l 0.732 0.731 0.129

PS, 938 - - - - - - 0.9H - - - - - - - - - - - - -PS, l,l89 - - - - - 0.9$1 - - - - - - - - - -
PS, 4,ljl - - - - 0.976 - 0.969 0.963 0.960 - 0.951 - - - - - - - -
PS, 19,417 - - - - 0.984 0.918 0.912 - 0.963 - 0.960 - - - - - - - -PS, 86,438 - - - - - 0.91l 0.980 0.914 - 0.966 - 0.962 - - - -
~, 380,000 - - - - - - - - - - - - - - 0.9lJ 0.911 - 0.943 - 0.938

PS IU,lOO - - - - 0.986 - 0.980 0.914 - 0.966 - - 0.9$1 - 0.9lJ - - - - -
1

PS, 0.986 - 0.980 0.974 0.964 - 0.9l9 - - - - - - -
PS- 1.014 1.001 O.m 0.992 0.91$ - 0.981 0.913 0.966 - - 0.9l9 - - - - - - - -

. PS, - - - - 0.984 - 0.919 0.910 - - - - - - - - - - - -

PE, 1,110 0.789 0.776 0.713 0.169 0.761 - 0.761 - - - - - - - - - - - - -
Pt:, 1,0$0 0.779 0.711 0.764 0.761 0.7l2 - 0.746 - - - - - - - - - - - -
PE, 680 0.712 0.769 0.761 0.159 0.149 - 0.739 - - - - - - - - - - - - -...." ..i..;....

PE, 1,9l0 0.189 0.176 0.113 0.769 0.761 - 0.761 - - - - - - - - - - - - -
Pr.. I,OlO 0.719 0.711 0.764 0.161 0.1l2 - 0.746 - - - - - - - - - - - - -PE, 110 0.712 0.769 0.761 0.159 0.749 - 0.739 - - - - - - - - - - - -Ethyknt \'in\1

Akd>cl Cooohmg
E\'OII 0.910 0.961 0914 0.941 0934
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• Bu = 1520kg/ m' = 1471atm

whe.:re.: P is the pressure. T is the temperature in K and V is the specifie volume.

(3.l.c)

(3.l.d)

Zoller [1979] showed that his experimental data and the equation of state give the

same re.:sults to within 0.001 g1cm3.

The de.:nsity of polypropylene was also measured in this laboratory with a mercury

dilatometer. The.: e.:xperimental data did not differ by more than 3% from the data obtained

using Zoller's equation.

2.4.2. Density of Monodisperse and Polydisperse Polystyrene

The values of the density of PS were taken from an empirical equation of state

proposed by Fox and FIory [1950]. Their equation was obtained for molecular weight

(Mv) between 3,000 an 85,000. The density values taken for the two samples with lower

molecular weights in this work were extrapolated using that equation. Fox and Flory

showed that between 55,000 and 85,000, there was no influence of molecular weight on

the density. Ratzsh [1986] also showed that above Mn of 20.000, the influence of the

molecular weight on density is almost negligible. Therefore, the equations of state taken

for the density as a funetion oftemperature were:

PS(Mw=4,755)

PS(Mw=19,417)

PS(Mw=86,438)

d =1.09 - 0.00068T

d = 1.10- 0.00069T

d =1.l0-0.00068T

(3.2)

(3.3)

(3.4)
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PS(Mw=3S0,OOO)

d = 1.l0- 0.00068T

where d is the density in glcm3 and T is the temperature in oC.

(3.5)

The densities of the polydisperse samples \Vere taken to be the same as those of the

monodisperse samples for molecular weights <Mn) above 60.000. Fox ct al (1950)

reported a difference between the prediction of the proposed equation and the

experimental data ofless than 0.03%

2.4.3. Density of Blends of Polystyrene

The densities of the polystyrene blends presented in Table 3.5 . .vere mcasured \Vith

a calibrated gauge heated in a vacuum oven. The e:<perimental error associated \Vith this

technique is ±5%.

The density of the bimodal blends ofPS with Mn (1,589 and 19,417) and (4,755

and 86,438) could not be determined experimentally due to the small available quantity of

polymers. The density could not be ca1culated since no equation ofstate exists for bimodal

polymers. The densities of the bimodal blends were deterrnined just at 1860 C bccausc

experiments with these materials were perforrned only at this tempcrature, (sec Section 5

ofthis Chapter).

The value of the density chosen for the bimodal blends at 1860 C was 0.980 glcm3

This value is based on the density of the polydisperse polystyrene blcnds prescntcd in

Table 3.2 at I860 C. The density of the monodisperse blends should be at Icast as high as

the one of the polydisperse blends, foUowing the theoretical rulc that the density incrcases

with molecular weight. The density of polystyrene as a function of molecular weight levcls

offat a value of 0.981 glcm-3 at 20,000, as shown by Ratsch [1986]. The use ofeithcr

0.979 or 0.981 results in a diff""cnce ofinterfacial tension of less than 0.5%, and therefore

no ~ignificant error occurs ifeither value is used.
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• 2.4.4. Density of Polyethylene

At temperatures above 1300C. the PE used in this study was in a liquid form. The

density of the polyethylene was measured with a gauged vial of la ml heated in a vacuum

oven. The volume expansion of the glass could be taken as negligible (it is equal to 93.5 x
10-7 K-I).

2.4.5. Density of Ethylene Vinyl Akohol

The density of EVOH was measured with the capaciunce probe as described in

Chapter 2. The error in the evaIuation ofthe density by tbis method is less than 2%.

2.4.6. Density of Maleated Polypropylene

The density of the maleated polypropylene was assumed to the same as for

polypropylene due to the small amount ofmaleic anhydride added to the resins.

3. INFLUENCE OF TEMPERATURE

3.1. Introduction

Interfacial tension is the single most accessible parameter that describes the

thermodynamic state and structure of an interface; therefore it is important to study the

in~~lence oftemperature on interfacial tension.

In general. interfacial tension is experimentally found to decrease with

temperature. The temperature coefficient ~. for polymers (where y is the interfacial

tension and T is the temperature) bas been found experimentally to be approximately 0.03

dyn.cm-1.oC-1 [Wu 1982]. This coefficient is smaller than for shorter molecules because

ofconformational restrictions in polymerie systems [Wu. 1969 and Roe., 1968].
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• 3.2. ResuUs and Discussion

The influence of temperature on the interfacial tension was evaluatcd for pp",fiS.

PE/PS and pp.,.,.,IEVOH polymer pairs. Different types of polystyrene and polyethylcne

with varying molecular weight and polydispersity were used. The resins uscd wcre

described in Section 2.

The interfacial tension results for the different polymer pairs as a funclion of

temperalUre are presented in Figures 3.5 to 3.8. The corresponding experimental data arc

reported in Appendix B. The main conclusions from these experiments are outlined below.

A more extensive theoretical analysis is presented in Chapter 4.

a) Theoretically, interfacial tension belWeen polymers should decrease with

increasing temperalUre. An increase of temperalUre decreases the free energy of mixing al

the interface, resulting in a decrease of the interfacial tension. For ail the cases studied in

this worlc, the interfacial tension decreased linearly with increasing temperature.

b) The coefficients of the linear least square regression of the data (obtained by

fitting the interfacial tension as a function of temperalUre) for the different polymer pairs

are reported in Table 3.6. The coefficients for the monodisperse samples are of the same

order ofmagnilUde as those reported by other researchers Wu [1974).

c) The coefficients in Table 3.6 show a stronger dependency of interfacial tension

on temperalUre for polydisperse systems and for blends than for monodisperse polymers

(for monodisperse systems coefficients in the range of 0.04 compared to 0.08 for

polydisperse systems). Escudie [1986] studied the effect of temperature on interfacial

tension belWeen pp (M,.=235,OOO) and PS (M,.=220,000) "wilh very broad mo/ecu/ur

weight distribution" and reported a temperalUre coefficient of 0.069 dynlcm/K which is in

the range ofthe temperalUre coefficients reported here for polydisperse PP"..fiS systems.

•

d) Anastasiadis [1987] reported that the temperature coefficient decreases when

the overaIl molecular weight decreases. In this study, no conclusion could be made in the

case of the monodisperse system (pSIPE). However, the results of the interfacial tension

belWeen pppun: and the bimodal blends ofPS seem to be in agreement with the observation

ofAnastasiadis.

92



•
Chapter 3 : EXPERIMENTAL RE5ULT5

o Experimental Data
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Figure 3.5: Interracial Tension between pp.... and EVOH
as a Function of Temperature
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o PS2 ( 86,-100)

V PS3 ( 19.400)
o PS4 ( 4,755)

- Besl Fil

oL-.....J..._.l..-.....J..._.l..-___'__~___'__...l.___I

440 450 460 470 480 490 500 510 520 55ù

Temperature (K)

Figure 3.6: Interracial Tension between ppPU" and Monodisperse

Polystyrene as a Function of Temperature
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Figure 3.8: Interracial Tension between Monodisperse Polyethylene

and Monodisperse Polystyrene as a Function of Temperature

e) The value of the coefficient for the ppconIEVOH polymer pair is more than

twice the value of the highest coefficient for the other polymer pairs. This can be

attributed to the large polydispersity of EVOH. to the effect of additives such as

compatibilizers and anti-static agents in the commercial resins and also to the polar groups

in EVOH.

f) The values of the interfacial tension of ppconIEVOH polymer pairs are much

higher than that for PP....,..IPS. This is very likely because of the very high value of the

Hildebrand solubility parameter of EVOH. The interfacial tension between two polymers

is directly proportional to the difference between Hildebrand solubility parameters of the

!wo polymers (see Chapter 4). The soIubility parameters ofPS. PE and pp are respectively
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• 187. 16.4. and 17.8 (J.cm·3)111 [Cowie 1991] and the solubility parameter of EVOH is

22.8 (J cm·3)111 as estimated from the sum of the various molar attraction constants

tabulated by Smail and Hoy [Cowie 1991] (See appendix Bz). Thus. the interfacialtension

between PP,...., and EVOH is expeeted to be significantly higher than the interfacialtension

between PPPU"' and PS or PE and PS.

Table 3.6. : Linear Regression coefficients of r = a - bT

Pol)'mer pairs a b r'
Polwropvlene & Monodisperse
Polvstvrcne

PP~~ 4.755 13.34 0.0430 0.983
pp.,.,..!J'S. 19,417 14.95 0.0471 0,998
PP"..,.!!'Ss 86,438 15.35 0,0456 0.989
PP~S6 380.000 14.70 0.0374 0.991

Pohproovlene & Polvdisperse
Polystyrene

PP~S 115.500 23.81 0.0708 0.993

Polyproovlene & Blends orPolYmTCne
pp~S. 24.64 0.0825 0.992
pp....JPSt, 19.89 0.0740 0.996
PP~S< 13.74 0.0433 1.000

Monodisperse Pol"""TCne &
Monodisperse Polvethvlene

PS 4.755 1P~ 1.870 11.31 0.0325 0.981
PS 4.755 1PE: 1.050 12.00 0.0402 0.995
PS 4.755 1 t'El 680 Il.99 0.0430 1.000

MonodiS!lC!Se PolvSl\TCne &
Polydisperse Polyethvlene

PS 4.755 1PE. 770 16.84 0.0728 0.999

Pol,propylene and Eth,'lene Vinl'I
Aleohol Cooolvmcr

PP"",,/EVOH 121.12 0.2110 0.993

•
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• 4. INFLUENCE OF MOLECULAR WEIGHT

4.1. Introduction

Very few studies have been reported regarding the influence of molecular \wight

on the interfacial tension between polymers. An increase of the molecular weight of cither

one of the polymers involved in the interfacial tension measuremcnt gencrally results in an

increase of the interfacial tension belWeen the polymers [Wu. 1974. 1978, 1982 and

Anastasiadis 1986] e.'Ccept for cases where the end group of the chain is highly polar ln

that case, the molecular weight dependence is reversed [Koberstein 1986. Paul 1991] The

increase of interfacial tension with molecular weight is probably due to an increase of the

configurational restriction on the chains. This leads to a decrease of the entropy of mixing.

thus to an increase of the Gibbs free energy of mixing. which results in an increase of the

interfacial tension. A more detailed theoretical analysis of the effect of molecular weight

on interfacial tension is presented in Chapter 4.

Several empirical relationships belWeen interfacial tension and molecular weight

have been proposed. Two of the most important equations are discussed below.

Gaines and coworkers [1975. 1978] slUdied the effect of molecular weight on the

interfacial tension for the systems n.a1kaneslperfluoroalkane(C'2.5F2'}' poly(dimethyl

siloxanes) (POMS)/(C'2.5F2') or CsF,s and ethanes with poly(dimethyl siloxanes} and.
found that the interfacial tension is proportional toM.-'. A similar empirical relationship

between surface tension and molecular weight has been used with polymers.

Anastasiadis [1988] proposed the foUowing relationship for the influence of

molecular weight on the interfacial tension. based on measurements involving

poly(dimethylsiloxane) 1 polystyrene (pOMS 1PS). poly(methylmetacrylate} 1 polystyrene

(pPMA 1PS). polybutadiene 1polystyrene (pBOH 1 PS) polymer pairs:

y =C, - C,M.-z (3.6)

where y is the interfacial tension and Cl' ~ and z are adjustable constants. However.

Anastasiadis concluded that the value of the exponent could not be quantified. This

exponent is a function of the polydispersity of the system. For polydisperse systems, the
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• exponent is close to 0.5 which implies a weaker dependence on molecular weight. He

suggested that in a polydisperse system, there is a preferential migration of the low

molecular weight species to the interface. For monodisperse systems, a relationship of the
,

order of Mn ï was observed. For very high molecular weights, the dependence changed

to Mn -1. However, Anastasiadis suggested that further experimentation was needed to

fully examine the value ofz.

4.2. Results and Discussion

The effect of molecular weight on interfacial tension was studied for the following

polymer pairs: a) pure pp (cf Section 2 of this Chapter) with monodisperse polystyrene

with molecular weights ranging !Tom 900 to 400,000 and temperatures ranging !Tom

1780 C to 2400 C; b) monodisperse PE with molecular weights ranging !Tom 700 to 2100

with PS) attemperatures ranging !Tom l300 C to 1600 C.

Figures 3.9 and 3.10 show the effeet of molecular weight of PS and PE

respeetively on interfacial tension. The main conclusions !Tom these experiments are

summarized below. A more detailed theoretical analysis of the influence of molecular

weight on interfacialtension is presented in Chapter 4.

a) At any temperature, the interfacial tension increases for both polymer pairs as

the molecular weight of one of the components increases, as expeeted thennodynamically.

A similar trend has been reported in the Iiterature [Wu 1969, Anastasiadis 1988] for a

limited range ofmolecular weights.

•
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• b) The experimental data appear to suggest that the interfacial tension between

ppp.", and PS starts to level offwhen the molecular weight of PS exceeds 30.000. This

value of 30,000 corresponds to the value at which entanglements start to occur for PS

(Welygan (I982]). Sauer and Dipaolo (I990] observed similar beha~;or (leveling oft) for

dependence of the surface tension of poly(dimethylsiloxane) (PDMS) on molecular

weight.

c) Figure 3.11 shows a plot of interfacial tensions of PPPU'" and PS (varying the

molecular weight of PS) and of PE and PS (varying the molecular weight of PE) versus.
M.-ï. According to Gaines and coworkers [1975, 1978], the resulting curves should be

straight lines. The interfacial tension data for PEIPS appear to follow the M.-;

dependence. It is interesting to note that these data were obtained over a narrow range of

molecular weights, which is also the case for the data of Gaines and Coworkers. On the

other hand, the interfacial tension data for PPpu'/pS systems do not follow the M.-, rule

of Gaines and Coworkers, if the whole range ofmolecular weight (from 980 to 380,000)

is considered. It is worth notins. however, that the PPpur/PS data appear to follow the.
M.-ï rule over a narrow range oflow molecular weight values.

d) The hard lines of Figure 3.9 and 3. 10 represent the best fit to equation 3.6

(obtained by least-square regression, the fiiting was done using the mathematical tools of

Sigma-Plot)

y = C, _C:M.-z

where y is the interfacial tension and Cl' C. and z are adjustable constants.

(3.6)

Table 3.7. presents the coefficients CI' C: and z for the different polymer pairs at

dilferent temperatures. It can be seen that the coefficients z for PPIPS polymer pairs are

much smaIler than for the PEIPS polymer pairs. This is probably due to the broad range of

molecular weight for the PPIPS polymer pair.
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Table 3.7: Coefficients of Equ:ltion 3.6.·

Polvmer Pairs C. C, z

PPIPS at 186°C 70.09 70.08 0.009

PPIPS at 213°C 74.00 74.86 0.008

PEIPSJ at 130°C 7.20 5444 US

PEIPSJ at 150°C 6.77 3216 1.20

PElPS, at 160°C 7.57 135 0.62

5. INFLUENCE OF POLYDISPERSITY AND BLENDING ON
INTERFACIAL TENSION

5.1. Introduction

The polymers used for industrial applications arc scldol11 monodisperse. Il is

therefore. useful to study the influence of polydispersity on the interl'lcial tension. No

experimental study on the effect of polydispersity has been pllblished to date. Only

theoretical studies have been reported [Hariharan and Klll11ar (1990). Brosela et aL

(1990)]. These theories are reviewed in Chapter 4.

In order to understand the effect of polydispersity on the interlilcial tension

between polymers. the interfacial tension between PPp"" and bil110dal blends of PS was

considered. The polydisperse PPp"", was the same as that used for the above study of

temperature and molecular weight effects. The bimodal blends of PS are blends of PS2 and

PS4 and ofPSJ and PS5.as described in Section 2 ofthis Chapter.
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• 5.2. ResuUs and Discussion

The interfacial tension between pppu'" and bimodal blends of monodisperse PS was

measured as a function of the molar concentration of the bimodal blends at a temperalUre

of 186oC. Also, the interfacial tension between 3 polydisperse bimodal blends of PS and

pp was measured as a function of temperalUre.

Figures 3. 12 and 3.13 show the interfacial tension between the bimodal

monodisperse blends of PS and pppIU'C as a function of the molar composition of the blends

for both bimodal blends studied (PS2 (Mn=1,589) and PS. (Mn=19,417»; and (PS3

(Mn=4,755) and PS l (Mn=86,438». The open circles represent the experimental data. The

full line represents the interfacial tension caJculated as if the values of interfacial tension

between the bimodal blends of PS and the PPp"'" were weighted averages of the values of

the interfacial tension between the unimodal PS and the ppp"",. Figure 3.7 presents the

interfacial tension between the bimodal blends of polydisperse PS and PPp"'" as a function

oftemperalUre.

It can be seen ITom Figures 3.12 and 3.13 that the interfacial tension between

bimodal blends of monodisperse PS and pp is higher (up to 20%) than the weighted

average of the interfacial tension between the unimodal PS and the ppp"",. The difference

is increasing with increasing molar fraction of the material with the bighest molecular

weight until it reaches a maximum for a criticaJ molar fulction of the material with the

highest molecular weight. At concentrations bigher than tbis criticaJ concentration the

difference between the interfacial tension for bimodal blends of PS and pppIU'C and the

weighted average of the interfacial tensions between the unimodal PS and pppIU'C becomes

smaller.
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At ~ach temperature, the interfacial tension betw~en the billlodai or polydispers~

PS and PPl''''' is much higher than the weighted average of th~ intert;lcial t~nsion between

the unimodal PS and l'Pp"". In this case, the molar proportion of the eOlllpon~nt with th~

highest molecular weight is very slllall (less than 5% in each case).

The experimental observations mentioned aboye ;tre in disagreelllent with the

theoretical treatment of Broseta et al [1990] which predicts that the interl;tcial tension

between a binary blend and another polymer is equalto the Illean average of the interlàcial

tension between the components of the blend and the other polymer. Yct, the dil1èrence

between our experimental data and the theory is unlikcly to be duc to experilllentai error

or the mixing process since the experiments were repea:ed with dil1èrent blends.

A possible explanation of the behavior obseryed experilllentally could be the

migration of the small molecules of the blends (colllponents of the low~r Illoleclliar

weight) to the interior leaving the interface mainly occllpied by the Illolccllies with the

higher molecular weighl. Thus, the smaller molecllies wOllld not Illake the expected

contribution to reducing the interfacialtension.

More experiments should be performed at higher telllperatllre, 10 sec if the same

phenomena occur.

5.3. ElTect of Polvdispersitv

The effect of polydispersity on interfacial tension was studied using two dinèrent

polymer pairs: a) PPp"fiS and b) PEIPS

a) PPp",/PS
Figure 3.14 shows the interfacial tension between PP""" and dinèrent samples of

PS as a function of temperature. The data for two monodisperse (M,,=380.000 and

Mn=86,438) and one polydisperse (M,,=IIS,SOO, M.IM.=2.84) samples of PS are

presented. The data of Escudie [1986] are also ploued in this graph (the PS used by that

author had a molecular weight of 220,000). However, the author dlles not specify the

index ofpolydispersity.
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The interfacial tension belw~en polydisp~rse PS and PP is hi~h~r than th~
l'Utl:' ...

interfacial tension between monodisp~rs~ sampl~ of PS and PP ~\'~n wh~n Ih~ tllol~clliar

weight of the monodisperse sample (380.000) is high~r than th~ mol~clliar wdght of lh~

polydisperse sample (115,000). The interfacial tension \'alu~s b~tw~~n Ih~ polydisp~rs~

PS and PP (for both the data of this work and th~ data of Escudi~) show a stron~~rpurI: ..

dependence on the temp~rature than the int~rtàcial t~nsion b~lw~~n th~ tllol1odisp~rs~ \'s
and PPpur<.

b) PEIPS polymer pair

Figure 3.15 shows the interfacial tension between PE and \'S as a fllnction of

temperature for one monodisperse sample of pE and on~ polydisp~rs~ PE of th~ S;II11~

molecular weight.
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• The interfacial tension between polydisperse PE and PS showed a stronger

dependence on temperature than the interfacial tension between monodisperse PE and PS.

At temperatures below 436 K. (intersection of the two Iinear regressions) the interfacial

tension between polydisperse PE and PS is higher than the interfacial tension between

monodisperse PE and PS. At temperatures higher than 436 K. the interfacial tension

between monodisperse PE and PS is higher than the interfacial tension between

polydisperse PE and PS.

A possible explanation of the above observations could be that, at low

temperatures. the small molecules of a polydisperse system tend to stay in the interior and

that, as the temperature increases, the smaller molecules tend to migrate to the interface to

act as surfactants Thus, it would appear that the theoretical prediction of Broseta [1990].

that there is a migration of the shorter chain to the interface leading to a decrease of the

interfacial tension. is only valid at high temperatures..

6. EFFECT OF COMPATIBILIZER

This section presents the interfacial tension results obtained when compatibilizers

and additives (that are normally used in commercial polymers) were mixed with pure

polymers.

Interfacial tension between maleate-grafted polypropylene (MAgPP) with different

levels of maleation and ethylene vinyl alcohol copolymer (EVOH) was measured at [WO

temperatures (2180 C and 1320 C). The effect of maleation on the interfacial tension

between MAgPP and EVOH was studied. Interfacial tension values between pure pp and

EVOH and commercial pp and EVOH were obtained under the same conditions. The

difference obtained in the values of the interfacial tension for those [WO polymer pairs is

discussed.

•
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• 6.1 Background

6.1.1 Introduction

The last decade has seen a large increase in the use of blends of polymers that are

normally not compatible. These blends combine the properties of different polymers to

obtain a material with optimized properties.

When two polymers are in contact. it is important that the interface be small

enough for the material to oe considered macroscopically homogeneous; the interlàce

should also be strong enough to assimilate stresses and strains without disruption of the

morphology. The polymers that constitute the blend should be at least partially miscible. in

order to result in a finer morphology that produces better mechanical properties. This

partial miscibility is directly ciependent on the interfacial region between the components

of the blend. Good compatibility is acbieved when the interfacial tension between the

components of the b:ends is low. However. partial miscibility is seldom achieved in

polymer blends. Thus. it becomes necessary to enhance the compatibility between the

components of the blend. It should be noted that the compatibilisation of polymer blends

does not induce thermodynamic miscibility of the polymers. which would cause the

polymers to e.'CÏst in a single homogeneous phase [Coran and Patel 1983].

There are severa! methods to improve the miscibility of polymers (use of

compatibilizers, mechanical treatment...) in a blend [Utracki 1989]. Two of the most

popular methods to acbieve better compatibility involve the addition of a block (or graft

copolymer) to a blend and the functionalization ofone of the components of the blend.

6.1.1.1. Addition of Copolymer

The presence of a block or graft copolymer can lower the interfacial tension

between (wo polymers, thus increasing their miscibility. If a third component (a block

copolymer) with segments capable of specific interaction or chemical reaction with the

blend constituents is added to the blend., tbis third component tends to concentrate at the

interface and act as an emulsifier as shown in Figure 3.16.

•
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Figure 3.16 : Addition of block or graft copolymer to

immiscible polymer pair A-B (paul 1978]

6.1.1.2 Functionalization

It is possible to modify a polymer by grafting an additive on the backbone chain.

This modified polymer will possibly fonn a better blend with a second polymer that

originally was not compatible with the unmodified first polymer. This is called

functionalization. Specifie interactions or chemical reactions probably occur at the

interface and a copolymer is fonned in situ. acting then in the same manner as a separately

added copolymer. Figure 3.17. shows an example of compatibilisation by

functionalization.
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Figure 3.17: In situ Formation ofgraft copolymer as a result

ofreaction between OH and MAR groups

It has been shown by severa! researchers [sec references quoted in 6.1.2] that the

addition ofa compatibilizer (either block or graft copolymer or functionalization of one of

the polymers i~ the blend) improves the mechanical properties of the blend. Unfortunatcly,

the compatibilizers and/or functionalised polymers are expensive. A1so, in some cases,

sorne properties such as permeability deteriorate at high compatibilizers levcls. It is

therefore of interest to maximize the efficiency of these additives. Thus, it is very

important to understand the influence ofthe compatibilizers on interfacial tension between

polymers.

6.1.2 Influence of Compatibilizers on Blend Properties

Barentsen [1970,1973,1974], Heikens [1977] and Locke [1973] studied the

enhancement of properties of polystyrene (PS) Ilow densit'J polyethylene (LOPE) blends

through the addition of a graft copolymer. They reported an improvement in the

mechanical properties of the blend and a finer morphology of the same as the
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• concentration orthe graft copolymer was increased. The improvement orthe properties is

shawn in Table 3.X.

T:lble 3.8: Enh:lncement of PS/LDPE blend properties through :lddition of graft

copolymer (Locke 1973)

Blend Yield Stress Elongation at Yield Size of Disperse

PS / LOPE /Graft (kg/cm2) (%) Phase

ülm)

75/25 / 0.00 170
., , 2.60-.~

75/23.5/ 1.25 204 '., IA8~.-

75/ 17.5/7.50 262 2.8 0.83

Fayt and Jerome [1981.1982,1986.1987] studied the compatibility between low

density polyethylene (LOPE) and polystyrene (PS). They showed that the compatibility

between PE and PS could be improved by adding as little as 2% by weight of

poly(butadiene-b-styrene) (b stands for block). This amount was sufficient to reach the

optimum improvement in physico-mechanical properties of the PS/LOPE blend. They also

showed that a further increase in the compatibilizer concentration did not improve further

the properties of the blend. Fayt and Jerome also studied the composition of the interface

lIsing a marked block copolymer (with OS04)' They studied the morphology of the blend

with T.E.M (Transmission Electron Microscopy) and were able to observe that the block

copolymer was located al the interface. Molau [1965] explained the migration of the

copolymer to the intertàce as follows: due to the incompatibility between the two

polymers. the only place for the copolymer to be is at the interface. where each of the two

blocks of the copolymer is compatible to one of the two homopolymers forming the blend.

Fayt and co-workers [1986] also reported results for PS / polymethyl metacrylate

(PMMA) moditied by poly(styrene-b-isoprene-b-methyl metacrylate). In that case. at least

5% ofadditive was needed to obtain a finer morphology.

Ouhadi et al [1986] studied the effect of adding poly(methyl metacrylate-b-cx

methyl styrene) to polyvinylidene fluoride (PVF2) / poly(cx-methyl styrene) (pcxMS)

blends. The conclusions obtained were similar to those reported above. They showed that
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a small addition (2%) of block copolymer greatly reduces the l'article size of the

dispersion, improves the interfacial adhesion and the mechanical properties of the blend. A

further increase of the additive concentration to 12% improyes only slightly the properties.

whereas a further increase of the concentration did not show any improyemenl.

Yamamoto [1990] deycloped new techniques to prepare block and gral1

copolymers by using special types of organic peroxides. He studied the el1èct of adding

these copolymers to incompatible polyblends and reported. for more than 20 polymer

pairs, improvement of mechanical properties and a tiner morphology.

Numerous studies have been conducted on the el1èct of maleation of one polymer

to improve the compatibility of the components of the blend. Maleation of one polymer

consists in grafting maleic anhydride (MAH) on the backbone of onc of thc polymcrs in

the blend. Ide and Hasegawa [I974] studied the et1èct of malcating polypropylcnc (PP) in

a Nylon 6 (N6)/PP blend. They showed that the mcchanical propcrtics of thc systcm

maleated polypropylene (MAgPP)1N6 improved substantially. For cxamplc. the yicld

strength increased from 3300 Ibf/in2 to 5500 Ibf/in2 and thc c1ongation at brcak thml 5 to

28 % when the concentration ofMAH grafted on thc backbonc of PP incrcascd Irom 0 to

3.6%.

Hozhabr [1991] showed that maleation of polypropylenc improvcs the mcchanical

properties of blends of polypropylene 1 poly(ethylene-vinyl alcohol) copolymcr. He

showed that when the concentration ofMAH was increased lrmll 0 to 0.2 %wt, the blends

acquired a tiner morphology. He also showed that there was a substantial improvemcnt in

the mechanical properties of the blends when the conccntration of MAH was inereased up

to 0.2 %wt. No further improvements were observed if the concentration W,IS further

increased. The impact strength increased from 330 N/mm for a MAli levcl of 0.07% to

above 500 N/mm at 0.2% and decreased to about 440 N/mm as the concentration of

MAH was further increased.

Several other authors used grafting with maleic anhydride for compatibili7.ation,

among them Spector [199u] who used maleated polystyrene to improve the properties of

PSIEVOH blends, Kim [1991] who studied the m<>rphological changes of

polyethylene/nylon-6 blends and Carrot [1991] who used it to improve the properties of

polyamide-6 with ABS. Maleic anhydride has also been used to improve adhesion capacity

ofpolymers on metal. More details can be found in Shultz et al [1989].
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• In the above cases. it is believed that the enhancement of the blend properties is

due to a chemical reaction ofMAH with Nylon 6( N6 in the case of Ide) or with EVOH (in

the other cases) atthe interface. as shown in Figures 3. I8a and 3.18b

o

M
H-C~

~ "0 + H,N'"'""'"'
( /
( Hr-C. ~

o

~-~:~-NH~
è' JOOH

Figure 3.18a : reaction between MAH and N6

H 0
1 a
C-C-Q
1

H-C-C - Q-H
1 1
H 0

H
1 #0
C-C
l '0

H -C -C ....
1 "0
H

Figure 3.18b : reaction between MAH and EVOH

•
Xanthos et ai [1990] studied pp 1 polyethylene teraphtaiate (PET) blends and

evaluated the effect of funetionaiizing the polypropylene with reaetive acrylic acid. They
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observed a liner morphology with PP-g-AA (polypropylene grafted with acrylic acid) than

obtained with PP.

Other additives were used to promote the properties of blends. Favis and Willis

[1988,1990] investigated the influence of the addition of an ionomer (Surlyn 9020 l'rom

Dupont) on the morphology of polyolelinlpolyamide blends. They showed that the

addition of only 0.5 wt % of an ionomer to the blend would reduce the dimensions of the

disperse polyamide by a factor of three. However, a further increase of the concentration

of compatibilizer did not lead to further improvement.

It can be seen frÇlm ail the above studies that a small concentration (about 0.5%

wt) of compatibilizing additive can improve the mechanical properties of the blend and

produce a liner morphology. However, when the concentration of additive is further

increased, no additional improvement in the morphology or of the mechanical properties is

observed.

6.1.3 Errect of COlllp:ttibilizers on Interf:tci:tl Tension

The use of block (or graft) copolYlller or the compatibilisation of one of the

components in polymer blends has been shown to modify the morphology and improve the

mechanical properties of blends. The mechanisms rcsponsible lor the improvement of

these properties in multi-phase systems are not clcarly understood yel. Improved

knowledge of these mechanisms requires morc detailcd information about the intcr(;lce

region. It is, therefore, of interest to study the cITcct of compatibilizers on intcrf.,cial

tension between polymers. Unfortunately, only fcw studies have been conductcd to

understand the eITect ofcompatibilizers on interfacialtcnsion.

Anastasiadis [1987] showed that by adding as liule as 1.29 wt % blcnd copolymer

poly(styrene-b-I,2 butadiene) (P(S-b-B» to a polystyrcnclpolybutadiene system, it is

possible to reduce the interfacial tension by around 40%. When the copolymer

concentration is further increased, no decrease of the interfacial tension was found. This,

according to Anastasiadis, was a.'l indication of a saturation of thc interface with the

copolymer.
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• Gaillard and coworkers [1980. J982] studied the effect of adding a block

copolymer poly(styrene-b-butadiene) to a polysryrene-po1ybutadiene-styrene ternary

system. The interfacial tension tirst decreased with increasing the amount of copolymer

and then leveled off.

Patterson et al [J 971] studied the effect of functionalizing poly(dimethyl siloxane)

(PDMS) on the interfacial tension between PDMS and poly(oxyethylene-b

oxypolypropylene) (POE-PO). The interfacial tension between PDMS and POE-PO is

reduced by 63% with the addition of 10% carboxyl groups to the alkyl side chains of the

PDMS molecules. However. doubling the number of carboxyl groups did not produce

further reduction the interfacial tension.

Wu (1987] reported a 40 times reduction of the interfacial tension between nylon

and ethylene-propylene (EP) rubber using modified EP. However, he did not measure the

interfacial tension directly but inferred it from the size ofthe dispersed drop in the blend.

Xanthos et al [1990] indicated that the interfacial tension between polypropylene

(PP) and polyethylene terephtalate (PET) was reduced four times when the PET was

functionalized with acrylic acid. However, the interfacial tension values reported were

determined using empirical relations relating the interfacial tension to the surface tensions

ofthe components [Wu 1971,1974].

Chen et al (1991] measured the interfacial tension between different polyrner pairs

before and after functionalization using the pendant drop method. For ail the cases studied

by these authors. the interfacial tension was shown to decrease when one of the polyrner

was functionalised.

Many researchers have studied the improvement of blend properties involving

polypropylene by maleation of the PP. The influence ofmaleation on the interfacial tension

of blends involving polypropylene has not been reported yet. The results presented in the

present work show the influence of maleation of polypropylene (PP) on the interfacial

tension between PP""" and ethylene vinyl a1cohol copolyrner (EVOH) as a function of the

weight percentage of the maleic anhydride grafted on the polypropylene; the data are

given below.

•
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• 6.2 Experimental Conditions

The interfacial tension values between maleated commercial polypropylene

(MAgPP) with different levels ofmaleation and ethylene vinyl alcohol copolymer (EVOH)

were measured at a temperature of2180 C. The level ofmaleation varied from 0.067 "1 0·0

to 0.262 wt %, as shown in Table 3.4. Interfacial tension between MAgPP: and EVOH

was also measured at a temperature of2400 C.

The interfacial tension between MAgPP and EVOH was determined with both the

pendant drop and the spinning drop instruments described in Chapter 2. for maleation

levels zero and 0.09 wt % (pP and MAgPPz). For the other levels of maleation, the

interfacial tension between MAgPP and EVOH was determined with the spinning drop

instrument. It was not possible to use the pendant drop device because:

i) thermal degradation ofMAgPP1took place before equilibrium was reached. and

ii) the maleated polypropylene was brown for MAgPPx with x>2.

When performing the e.'Cperiments with the spinning drop devices, it was ncccssary

to increase the rotation speed of the tube at the beginning of the experiment. for MAgPP,

with x>2, in order for the equilibrium of the drop to be obtained before thermal

degradation took place. The measurements of interfacial tension were carried out at a

speed of 16,000 rpm, and it was nccessary to use speeds up to 20,000 rpm at the

beginning ofthe experiment.

6.3 Results

The values of the interfacial tension between MAgPP and EVOH are presented in

Table 3.9. The two tech::iques gave comparable results, as can be seen for EVOHIPP and

EVOHIMAgPP: at 2180 C.

Figure 3.19 shows the interfacial tension between MAgPP and EVOH as a

funetion ofthe level ofmaleation. The open points represent the experimental data and the

continuous line the best fit obtained by linear regression.

•
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Table 3.9: Interf:lcial tension between MAgPP and EVOH.

Maleation Interfacial Interfacial
Matenal Content T(°C) Tension Tension

(% Wl) (dvnlcm), (dvnlcm):

EVOHIPP 0 218 18.6±0.4 18.4±0.9
EVOHIPP 0 .,-., - 14.8±0.1-~-

EVOH/
MAgPP I 0.067 218 17.9±0.2 -
EVOH/
MAgPP, 0.098 218 16.7±0.2 16.3±0.4
EVOH/
MAgPP: 0.098 .,-., - 12.0±0.2-~-

EVOH/
MAgPP3 0.153 218 13.1 ±0.2 -
EVOH/

MAgPP. 0.168 218 11.5±0.2 -
EVOH/

MAgPPs 0.222 218 12.3±0.1 -
EVOH/

MAgPP, 0.262 218 11.9+0.3 -

1: Measured with the spinning drop apparatus
2: Measured with the pendant drop apparatus

The interlàcial tension decreases as a function of temperature as seen with

EVOI-UPP and EVOI-UMAgPP:. The interfacial tension between MAgPP and EVOH at

21 soC decreased lincarly with increasing % Wl of MAH up to 0.17 % Wl. The equation

describing the best fit of the data obtaincd by least square regression is given below:

y= 19.-1-0.ne r' = 0.9-1 (3.8)

where y is the intertàcial tension and C is the maleation content (% Wl).
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Figure 3.19: Interfacial Tension between MAgPP and EVOH as

a Function of Maleation Level

The maximum decrease ofinterfacial tension was found when 0.17 % wl ofmaleic

anhydride was added to the polypropylene. When the maleation content of PP was higher

than 0.17 % wt the decrease ofinterfacial tension leveled off. This suggests a saturation of

the maleic anhydride. The corresponding decrease in interfacial tension was about 35%.

This decrease in the interfacial tension was of the same order of magnitude as that

observed by Anastasi~dis [1988] for systems of PSIPBD and copolystyrenelpolybutadiene

as copolymer.

The resu1ts shown above are in agreement with the results reported by Hozhabr

[1991] for the morphological and mechanical properties ofMAgPP and EVOH blends. He

reported a finer dispersion for blends of MAgPP and EVOH than for blends of pp and
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EVOH for concentrations of MAH up to 0.2 % wt. Funher increase in the maleation

concentration did not result in funher improvement of the blend.

It has been suggested previously by other researchers that a chemical reaction

between MAgPP and EVOH occurs at the interface, as shown in Figure 3.18.b. In order

to veritY such hypothesis and the eventual migration of the maleic anhydride group

towards the interface, analysis of the interface between MAgPP and EVOH was

conducted. This is the subject of the ne:<t Section.

The maleic anhydride groups appear to act as surfactants. The maleic anhydride

groups probably migrate towards the polar material (EVOH), as shown schematically, in

Figure 3.20. The interfacial !Tee energy between MAgPP and EVOH is then reduced.
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Figure 3.20 : Migration of Maleic Anhydride Group towards Interface

The interfacial tension between .EVOH and pp decreased by II.4 % at 2180 C

when 0.098 % wt ofmaleic anhydride was grafted on the polypropyiene and by 18.9 % at

232°C, indicating a faster migration of the maleic anhydride towards the interface or a

more efficient reaction at higher temperatures, as expected.
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• 6.4. Influence of other Additivp. :lIre:tdv present in Commerd:ll pp

The interfacial tension between pure pp and EVOH was compared with the

interfacial tension between commercial pp and EVOH at 2180 C and 2320 C This

comparison was conducted in order to study the influence on the intertàcial tension of

other additives already present in the commercial PP. Table 3.10 shows the values of the

interfacial tension for this polymer pair and commercial PP and EVOH at the two

temperatures.

Table 3.10: Interfacial Tension between Pure and Commerci:tl Resins

2180 C 2320 C

Pure PPfEVOH 16.30±O.35 10 70±O.40

Commercial PPfEVOH 18.40±O.93 14.83±O.O2

It cao be seen that. for both temperatures, the interfacial tension between

commercial PP and EVOH is greater than the interfacial tension between pure PP and

EVOH. This difference is too large to be due to the small differences in the molecular

weight or polydispersity ofthe two samples. However, it may be attributed to the presence

of additives such as anti-static agents, coupling agents and others in the commercial

polypropylene.

Different methods of analysis were used to determine the differences in

composition between pure PP and commercial PP.

a) Elemental analysis was performed on both the commercial and pure PP to veritY

the presence of those additives. The method was not accurate enough to detect any

difference between the two resins. The results of the analysis are summarized in Table

3.11.
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Table 3.11 : Results of Elementai Analysis

%C %H % Residue

Pure PP 85.75 14.08 0.17

Commercial PP 85.56 14.33 0.11

b) X ray analysis was performed on both pure and commercial samples. Figure

321 shows the spectrum of the commercial PP. It cao be seen that besides carbon (and

hydrogen which cannot be detected by this method), it contains aluminum, silicon and

chlorine. Both the aluminum and chlorine are contaminants from the sample holder and the

glue to mount the sample. The spectrum ofpure PP did not show the presence of silicon.
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• c) Both samples were analyzed by Electron Spectroscopy for Chemical Analysis

(E.S.C.A). It was observed that pure pp contained only carbon and hydrogen. whereas the

commercial pp contained silicon and o:l.]'gen in the form of SiO, or SiO: is commonly

used as antistatic agent. The detailed results of this analysis are reported in the next

section. Neither chlorine nor aluminum was detected in this analysis. In this test. silver

glue was used to hold the sample

On the basis of the above analysis. it seems that the commercial polypropylene

contained SiO" which probably contributed to increasing the interfacial tension between

pp and EVOH.

7. SURFACE ANALYSIS OF INTERFACES

7.1 Objectives of Surface Analvsis Studies

7.1.1 Analysis of Compatibilizer

It has becn shown in the previous section that the interfacial tension between

polypropylene (PP) and ethylene vinyl alcohol copolyrner (EVOH) could be reduced by

35% if 0.17% wt maleic anhydride acid was grafted on the backbone of the PP. It was

suggested that this decrease of interfacial tension was due to a chemical reaction betwccn

the maleic anhydride group and EVOH at the interface. In order to verify this hypothesis.

it was decided to conduct surface analysis of PPcorn' MAgPP and EVOH before and after

they were in contact.

One of the bcst methods to analyze polyrner surfaces, in order to study the effect

of composition, is the Electron Spectroscopy for Chemical Analysis (E.S.C.A). Sorne of

the advantages ofthis technique are outlined below:

i) It cao provide information on the clemental compositions of the surfaces and of the

chemical state ofthe elements over a depth ofa few Angstrom.

ii) It is one ofthe few non-destructive methods for analyzing polyrner surfaces.
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• 7.1.2. Difference between Pure and Commercial PP

It was reported in the previous section that the interfacial tension values between

commercial pp and EVOH and between pure pp and EVOH differed by 10% to 27%,

according to the temperature used for the experiment. X-ray analysis was then performed

to identitY chemical differences between the IWO samples; the presence of silicon was

detected. as mentioned earlier.

ln order to understand the influence of silicon on the interfacial tension, E.S.C.A.

analysis of the pure and commercial samples of pp was performed, before and after

contacting EVOH. The two resins were also studied using a Scanning Electron

Microscope.

7.1.3. Observation of the Interfaces between Polymers

The interfacial tension data reported in this study. can vary from 3 to 18 dynlcm

depending on the polymer pair used. It was therefore of interest to see if any difference

(morphological or physical) could be observed in the interfacial regions. In order to do

this, the samples were studied using a Scannïng Electron Microscope (S.E.M).

7.2. Surface Analysis ofPolymers

7.2.1. Existing Methods for Surface Analysis

Several techniques have been developed and employed to perform surface analysis

such as Fourier Infrared Spectroscopy (F.T.I.R), Auger Electron Spectroscopy (A.E.S),

Secondary Ion Mass Spectroscopy (S.I.M.S), Electron Spectroscopy for Chemical

Analysis (E.S.C.A), Ion Scanering Spectroscopy (I.S.S) and others. A good review of

these methods can be found in [Clark 1977].

•
The only non-destructive proven methods which can be used for polymer surface

ana1ysis are:

i) F.T.I.R. which averages the composition ofthe polymers from the surface down to 200

3000 nm.
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ii) E.S.C.A.: the depth of observation is 1-2 nm using this method.

For this work. the use E.S.C.A. was prefered, fi.1r its sensitivity. its quantitative

potential and non distructive nature. lt was not possible to use F.T.I.R. because the sample

would need to be a film.

7.2.2. Electron Spectroscopy for Chemical An:llysis (E.S.C.A)

7.2.2.1. Description of the Method

A good review of E.S.C.A can be found in Briggs r1983]. During analysis by

E.S.C.A. the surface to be analyzed is bombarded with a mono-energetic beam of X-rays.

The photons of the X-rays interact with the molecules of the surlàce. and c!eetrons are

ejected. The electrons are collected on special grids where their binding energy will be

determined. The binding energy is specific to each clement and to the chemical bonds

presents on the surface. The analysis of the encrgy spectrum provides a method of

conducting chemical analysis.

7.2.2.2. E.S.C.A. and Polymers

E.S.C.A is an excellent tool for polymer surface analysis [Clark 1973-1977].

Polymer surfaces are known to be relatively stable when bombarded by X-rays during

E.S.C.A. analysis. However. because the X-ray gun in some instances becomes very

warm. thermal degradation can be observed and yellowing of the samplc can occur. Carc

should be taken to avoid exposing the sample for extended periods of times. When

analyzed by E.S.C.A. polymeric materials can charge electrically (because they are good

insulating material). This results in a shift of the emission peaks which should be taken into

consideration when performing the analysis of pOlyOlers.
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7.2.3. S.E.M.

Numerous morphological studies of polymer blends have been conducted using

S.E.M [Fayt et al 1981. 1982. 1986. 1987. Lohfink 1990. Arghyris 1991. Hozhabr 1991

and others]. The instrument can provide enlargements up to 200,000 times. Sorne care

should be taken to avoid thermal degradation using S.E.M; long exposure times and high

voltage should be avoided.

7.3. E.S.C.A. Analvsis

7.3.1. Experimental Procedures

Four dinèrent polymers were studied by E.S.C.A: pure PP (pppurc)' commercial PP

(PP"",,). MAg,ppl. EVOH. The four polymers were analyzed before an experiment for the

determination of interlàcial tension and after contacting the other complementary polymer

(pp1""jEVOI-I. pp,..,,/EVOH. MAgpplIEVOH) in the pendant drop apparatus.

The preparation of the polymers for E.S.C.A. analysis was as follows:

a) Polymers before :\11 interfacial tension determination. the polymers were

analyzed by E.S.C.A. as received. the pp"."•. the MAgPp2• the EVOH were in pellet form

and the PPpurc in powder form and were dried in a vacuum oyen for 24 hours at 70·e prior

to el'perimc:nt.

b) Polymers after :\11 interf:lcia1 tension determination at 232oC. In the

el'periment for interfacial tension determination. the EVOH was always the drop inserted

in a matril' of either PPpurc' pp"•., or MAgpp2' After the el'periment, the sample was

eooled and the drop was removed from the matril', eut and analyzed. The matril' was also

eut and analyzed. The analyses were conducted in the interface region. Ail the

composition results discussed in this section refer to the interface region.

The malealed resin studied with E.S.e.A. was MAgpp2• because it was the only

one that could be used \Vith the pendant drop method. The geometry of the spinning drop.

which \Vas used for the other level of maleation \Vas not adequate for E.S.e.A.

mcasurements. The surface analysis was done at the Escalab of Ecole Polytechnique de

Montreal in the Physics Department.

The polymerie samples were glued on the sample holder with a silver glue in order

to avoid contamination by silicon. Il has been shown that. very often, silicon present in the
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glue to mount the samples migrates to the surlàce of the sampl~s [Clark 1977]. The X-ray

source used was a 12 kV source ofMgBE 20 mA The vacuum used \Vas') 10'" Torr.

7.3.2. Results and Discussion

Composition analysis was conducted tirst. :\ typical composItion spectnlm

obtained for EVOH is shown in Figure 3.22. The main peaks arc identilied. Table 3.12

gives the atomic percentages of the elements contained in the dinèrent polymers.

Table 3.12. : Element:11 An:llysis orthe SalllJllcs (in ·Y.)

C 0 Si N S F

pp pure 100 - - . - .
PP corn 93.1 6.4 0.5 - - -
MAoPP, 94.5 2.8 2.5 - 0.2 -
EVOn 74.9 21.1 0.7 1.2 2.1 -

pp pure 1

EVOn 92.8 4.8 1.6 - 0.8 -
pp corn 1 89.9 6.3 ~ ., - 0.6 -~.-

EVOn 91.4 5.5 2.4 - 0.7 -
MAgPP2 87.2 7.1 5.3 - 0.4 -
1EVOn 86.7 6 7.3 - - -
EVOnl 86.9 8.6 4.6 - - -
pp pure 88 12 - - - -
EVOHI 75.1 20.2 3.9 - 0.3 0.4

PP corn 72.7 .,., ~ 2.5 - 2.5 ---.~

EVOHI 77 18.9 2.1 - 2.0 -
MAl!:PP, 73.7 18.6 5.3 1.1 1.3 -

In Table 3.12, the tirst polymer listed in the tirst column is the one analyzed. For

example, in the EVOH/PPcom case, the polymer analyzcd is EVOH which has been in

contact with ppcom' Two different samples were analyzed for cach of the polymcrs used in

the interfacial tension determination experiments, as shown in the Table.
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Figure 3.22: E.S.C.A. Spectrum of Ethylene Vinyl Alcohol Copolymer

It can be seen !Tom Table 3.12. that there is good reproducibility in terrns of

compositions of the duplicate samples. The analysis of the polymerie samples studied here

showed the presence of three elemental impurities: N. F and S. The first two elements N

and F were present in very small quantities in 1 or 2 samples. The presence of S seems to

be due to a contamination of one of the two batches used for the analysis (the first batch

was analyzed in October 1992 and the other one in December 1992). The multiplex

analysis of the elements C. 0 and Si did not show any bonding with N. F or S. Therefore.

these three elements (N. F. and S) were considered as impurities. For all the samples

studied here. the analysis of the silicon multiplex shows that the silicon is in SiOzforrn.
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• 7.3.2.1. Differences between Pure and Commercial PP

It has been observed that the interfacial tension value between pp1"'''' and EVO\-l

was lower than the interfacial tension between PP""" and EVO\-l. It was therefore of

interest to study the dilference in surface composition between PPru'" and PP""" bel'ore and

after contact with EVOH.

Table 3.12 shows the dilference in composition between the pure and commercial

polypropylene (PP). The pure PP contains just carbon and hydrogen. whereas the

commercial PP contains also oxygen and silicone. which could be an anti-static or a

nucleating agent or a residue of the catalyst used for polymerization. The multiplex of 0

and C showed that 95% of the 0 present was in the fonn of SiO, and that 5% of the 0

was linked to carbon. .--

It can be seen from Table 3.12 that the elemental composition of tl.e PP",,,, bel'ore

and after contacting EVOH is the same. The elemental analysis of PP1"'''' after contacting

EVOH shows the presence of oxygen that did not exist in the PPru'" bel'ore contacting

EVOH. Also, it can be seen frOIn Table 3.12 that EVOH after contacting PPru'" contains

less oxygen than before contacting. This could be interpreted as a loss of oxygen l'rom the

EVOH to the PPpu"" In order to further investigate this possibility, it was decided to

perfonn multiplex analysis of the 0 and C elements, for EVOH and PPru'" bel'ore and after

contacting each other.

Table 3.13. shows a comparison between the multiplex 01'0 of EVOH bel'ore and

after contact with PP pure or PP commercial. The numbers in Table 3.13 indicate the

percentage ofthe type ofbonding involving O. L represents the atomic percentage 01'0 as

presented in Table 3.12 (in other words, L=2l.l means that 0 represents 2l.l% of the

total components ofthe sample).
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Table 3.13: Multiplex analysis ofO(ls) for EVOH

Emission i':ncr~' (cV) 529.9 533.6

C-O OH,
I)ol)'nu.'r =C

EVOII(~=21.1) - 100

EVOII .rter euUI:let wilh PI'

cultlmcrci:11 (>:=22.3) 5 95

EVOII :Ifccr conl;U:1 "'Îlh I»P

liure (~=IX) 25 75

lt can be seen li'om the results that the number of OH bonds decreases
1

=C

when EVOI-j is in contact with PPr.",. The multiplex analysis ofC for EVOH corroborated

this conclusion. The multiplex analysis of C and 0 lor ppru'" after contacting EVOH

showed that the totality orthe oxygen \Vas bonded to carbon either as C-OH or Co~-Co

The results presented here indicate a loss of oxygen l'rom the EVOH to the PPr.",.

Either there was a contamination of EVOH to ppru'" or this suggests that a chemical

reaction between EVOH and pp1"'''' occurred at the interface and that after separation, the

o remained attached to ppru"" This chemical bonding is likely to be responsible for the

lower value of the imerlàcial tension between EVOH and PPru", when compared to EVOH

and PP~UCll'

7.3.2.2. Influence of the Comp:ltibiIizer

i) An:llysis of pp"on, :\IId MAgPP2

The results presented in Table 3.12 do not show any composition differences of

the commercial polypropylene bel'ore and after contacting with EVOH. This is an

indication that no chemical reaction occurred between PP,.m and EVOH.
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Table 3.14 presents the results of the analysis ofC/O ratio in the MAgPP, bcfore

and after contacting EVOH.

Table 3.14: CIO for MAgPP,

CIO before contacting EVOH

33.8

CIO after contactil\l~EVOH

12.3

It can be seen that the CIO ratio decreased after contacting EVOH. This suggests

either a migration of the maleic anhydride groups towards the interface or a gain of 0

from EVOH and most likely a combination of the two. Il should be noticed that the resins

contained similar amounts of silicon. It was decided to funher investigate the 0 bonds to

verify ifthere is a chemical reaction occurring at the intertàce.

Table 3.15 shows the results of the multiplex analysis of 0 for MAgPP, before and

after contacting EVOH. As in the case of Table 3.13. the numbers refer to a percentagc

of the type of bonds involving O. L represents the atomic percentage of 0 as prescnted in

Table 3.12.

Table 3.15 : Multiplex An:l1ysis of O(ls) for MAgl)I),

Emission Encr~,Y 529.7 531.5 532.7 533.H

<eV) C-O 5iO, 5iO, 011
1

Polymcrs =c

MAJ:PP2bcforc

contact with 9 23 (.X -
EVOH Œ=2.8)

MAgPP2 after

contact with - - 94 6

EVOHŒ=7.1l
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• It seems that, for both sampies, most of the oxygen is linked to Si. The rem..ining

oxygen is incorporated in C-O bonds before the sample was in contact with the EVOH

ann in a OH, once the sample has been in contact with EVOH. The analysis of the carbon

=C

multiplex corroborated this conclusions. It was observed that, before contacting. no C-OH

was present and that after the contact, C bonds in the forrn ofC-OH were detected.

The above two results confirrn the possibility of a chemica1 reaction as shown

below. This reaction involves a decreases of the C-O bonds and an increase in the OH,
bonds. =C

H 0
1 n
c-c-o
1

H-C-C-O-H
l ,

H 0

+
H 0
1 //
C-C
l '0

H-C-C/
1 ~

H 0

Maleated Polypropylene EVOH

As mentioned before (last section), this chemica1 reaction is likely to be responsible

for the decrease of the interfacial tension when comparing ppcern and MAgPP2 with

EVOH. As expected, chemica1 bonds are forrned between the !WO polymers and the

interfacial tension decreases.

ii) Analysis of EVOH

The analysis of EVOH is a complement of the analysis reported above . The sarne

conclusions as for ppcern and MAgPP2 shouid be reached for EVOH. Table 3.16 shows the

anaIysis ofthe CIO ratio for the EVOH before and after contacting ppcern or MAgPP2.
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Table 3.16.: Evolution of the CIO ratio for EVOn

Polvmers CIO ..

EVOH 3.55

EVOH after conlact wilh PP commercial 3.72

3.26

EVOH after conlact wilh MAgpp2 4.07

3.%

Tables 3.17 and 3.18 show the results orthe analysis of the multiplex for 0 and C

ofEVOH before and after contact with PP or MA~I'P,.
~ .

Table 3.17: Multiplex Analysis of 0 for EVOn

Emis.·dnn Enc...~' 529.9 S33.6

C-O OU
1

Pol\'mcr ;C

EVOII(~;21.1) - 1lI0

EVOII :lfler cont:lct wilh pp

eommerci:ll œ;22.31 5 tJ5

EVOII :lfler cont:lct with

MA"PP, œ=18.9) 1lI0 -

Tllble 3.18: Multiplex Anlllysis ofC for EVOII

Emission Ellc"'~' 28S.1I11 286.(, 287.9

C-C C-OII or ·C=O

Polvmer C-O,C

EVOHœ=74.91 26 52 22

EVOH :lfler conmct

with pp commerci:ll 67 29 -
œ=72.7)

EVOH :Ifter conl:lcl

with MA"PP, (~=771 82 18 .
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• It can be seen from both Tables that the number of carbons chemically bonded to

oxygen are less after contact with MAgPP2 which can be due to a Ioss of oxygen to

MAgPP2. The multiple;~ analysis of C for EVOH shows that the number of C-OH bonds

decreases. This indicates that the chemical reaction depicted above probably occurs.

7.4. S.E.M. Analysis of the Samples

Interface regions belWeen ppcon/EVOH, MAgPPIEVOH and pppu"'/pS were

observed with a scanning eleetron microscope. The regions observed were the interfaces

belWeen a pendant drop and the matrix obtained when performing an interfacial tension

measurement.

Pendant drops of one polymer in another were formed; the mechanical equilibrium

of the drop was reached, and the sample was left to cool to ambient temperature. Then the

polymers were cut at the region ofthe interface. The slabs ofpolymer to be observed were

then mounted on S.E.M. sample holders. The samples were then coated with colloid

graphite and placed in a sputtering device to be coated with an a1loy of Pd-Au. This

coating was needed in order to avoid charging of the polymer samples, since they are non

conductive. The samples were observed with an accelerating voltage of 15 ar.d 20 kV and

at a working distance of39 mm.

Figures 3.23 and 3.24 show a drop of EVOH in pp commercial and a drop of

EVOH in MAgPP2, respeetively, after cooling from 2230 C to ambient temperature. It

seems from these photographs that the interface of EVOH with MAgPP2 is less "visible"

than the interface belWeen EVOH and PP. Figures 3.25 and 3.26 show the interface

belWeen the same polymers and it seems that there is a gap of about 1 !lm belWeen the

EVOH and the PP whereas the EVOH and the MAgPP2 seem to be in very close contact.

These observations were uniform ail around the drop. Unfortunately. it was not possible to

see the interface belWeen EVOH and MAgPP2 at higher optical enlargement because of

the lack ofresolution of the microscope (see Figure 3.27). However. there is an indication

ofbetter adhesion belWeen EVOH and MAgPP2 than between EVOH and PP. Therefore,

it appears • as expeeted, that a lower value of interfacial tension between !WO polymers

leads to better adhesion between the resins. ln general, these findings tend to support the

chemical reaction hypothesis proposed above between EVOH and MAgPP2•
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Figure 3.23: S.E.1\>I. Image of:1 Drop of EVOl! iu Pl....""

Figure 3.24: S.E.M. Image of:1 Drop of EVOII in MAgPP2
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Fi~un~ 3.25: S.E.M. Image of a Drop of EVOH in PP...n•

Figure 3.26: S.E.M. Image of:1 Drop of EVOH in MAgPP2
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Figure 3.27: S.E.M. Im:lge of:l Drop of EVOII in MAgPP,
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• 8. CONCLUSIONS

The main conclusions of this chapter are outlined below

3.\. Erreet of Temperature

a) The interfacial tension between polymers decreased linearly as a funetion of

temperature for every polymer pair studied in this work. The temperature coefficient
ây lor was between 0.003 and 0.008 dyn.cm·1oC·1 for the pppur/PS and PEIPS polymer

pairs.

b) No systematic dependence of the temperature coefficient on the molecular weight could

be established on the basis of experimental data.

c) The polyàisperse systems or bimodal systems showed a strcnger dependence on

temperature than the monodisperse systems.

8.2. Errect of Moleeular Weight and Polvdispersitv

d) The interfacial tension between polymers increased with increasing molecular weight of

one ofthe polymers for the two polymer pairs studied in this work: pppur/PS and PEIPS.

•
e) The interfacial tension between polymers did not al\Vl1Ys follow the Mn-~ dependence

over ail the range ofmolecular weights considered.

f) The interfacial tension follows a po",,<:r law of the molecular weight. if the molecular

weights are low and the range of molecular weight is narrow, in such a case, the power is

close to -2/3.

g) The interfacial tension between pppure and PS appears to level off at higher molecular

weight ofPS.
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• h) The interfacial tension at a temperature of 459 K of bimodal blends of PS and ppr"'''

was higher than the weighted molar average of the interfacial tension between the

equivalent unimodal PS and pppu",'

i) The interfacial tension between polydisperse PS and ppPU'" was higher than the

interfacial tension between monodisperse PS and pppu", for similar molecular weight tor ail

temperature studied.

j) The interfacial tension between polydisperse PE and PS was higher than the interfacial

tension between monodisperse PE and PS at temperature lower than 436 K and lower at

temperatures above 436 K.

8.3. Effect of Compatibilizers

k) The interfacial tension between PP""" and EVOH was shown to decrease linearly with

increasing concentration ofmaleic anhydride grafted on the backbone of the polypropylene

molecules for concentrations up to 0.17% wt. A 0.17 % wt concentration of maleic

anhydride grafted on the backbone of PP""" decreases the interfacial tension betwcen

PP""" and EVOH by 35%. When higher concentrations of maleic anhydride graft were

used, no further decrease of the interfacial tension was observed.

1) The effect of grafting maleic anhydride on the backbone of PP""" on the interfacial

tension between ppcom and EVOH was shown to be greater at higher temperatures.

8.4. Surface Analysis

m) The interfacial tension between pure pppun: and EVOH was shown to be lower (30%)

than the interfacial tension between commercial PP""" and EVOH. X-ray analysis and

E.S.C.A results have shown that the commercial polypropylene contains silicon in the

form of SiO.. This is prob:ùlly the reason for the increase of the interfacial tension when

using commercial samples.

n) The silicon found in the different polymers was always in the form ofSiO", Si02.
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• 0) The only difference in the elemental analysis of the pure and commercial polypropylene

is the presence of silicon in the form of SiO. in the commercial sample.

p) The elemental analysis ofPPpu", after contacting EVOH showed the presence ofoxygen

that did not exist in the pppu", before contacting EVOH. On the other hand, the EVOH

after contacting pppu", contained less oxygen than before contacting pppu",' The two

results suggest that either a loss of the oxygen of the EVOH to ppPU"' or a chemical

reaction between the EVOH and the pppu", occurred. This chemical bonding of oxygen is

likely to be the reason for the lower interfacial tension between EVOH and ppPU"' when

compared to EVOH and pp,......

q) The composition of the PP""", before and after contacting EVOH did not change; the

composition ofEVOH before and after contacting PP""", did not change either.

r) The surface of MAgPP2 after contacting EVOH was richer in oxygen than before

contacting, suggesting that either a migration of the maleic anhydride to the interface or a

gain of oxygen of MAgPP2 from EVOH, and most probably a combination of both

occurred.

s) The oxygen present in the MAgPP2' not bonded to silicon, was in the forrn of C-O

before contacting EVOH and in the forrn of OH after contacting EVOH. The number of
1

=C

OH bonds in EVOH decreases when EVOH is in contact with MAgPP2.

=C

The two former results suggest the occurrence of a chemical reaction at the interface as

shown in Figure 3.24. Thi~ chemical bonding was likely to be the reason for the lower

value of the interfacial tension between EVOH and MAgPP2'when compared to EVOH

and PP""",.

t) The scanning eleetron microscope studies showed better adhesion betweer. the maleated

polypropylene and the ethylene vinyl alcohol copolymer than between the polypropylene

and the ethylene vinyl alcohol copolymer.
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• I. CHAPTER OUTLINE

In this chapter, the theoretical aspects of interfacial tension are reviewed. The

results obtained in the present work and presented in Chapter 3 are compared with the

lattice theories of Helfand et al [1971, 1972, 1975, 1976, 1990] and with the square

gradient theories [Cahn and Hilliard 1958, Broseta et al 1990] for the influence of

temperature. molecular weight and molecular weight dispersity. It was not possible to

compare the interfacial tension results for the influence of compatibilisation with

theoretical predictions because no theory has been developed so far to evaluate the effect

of functionalization on interfacial tension. In order to estimate theoretically the interfacial

tension between two polymers, it is necessary to determine the Flory-Huggins interaction

parameter, 1(. between the two polymers. A strategy is proposed to evaluate 1( for the

polymer pairs used in this study.

In this chapter, the thermodynamics of polymer blends and interfaces are first

reviewed, then the existing theories for the prediction of interfacial tension are presented.

Subsequently, the results of the present work are compared with the theoretical

predictions ofHelfand and Tagami lattice model [1990] and with the theoretical prediction

of the square gradient theory [Broseta et al 1990). The last part presents the conclusions

ofthis chapter.

2. THERMODYNAMICS OF INTERFACES

Interfacial tension can be defined as the energy required to produce a unit of

interfacial area at constant temperature, T, pressure, P, and number of molecules, n. The

thermodynamic treatment of the interfacial tension, following the work of Adamson

[1967] is discussed below.

According to the first law of thermodynamics, when a unit of interfacial area is

produced. the change ofenergy dE ofthe system is:

where liw is the work done by the system and liq is the heat absorbed by the system.•
dE=liq -liw (4.1)
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The work done by the system can !Je divided Înto two pans:

cSw = PdV +cSw~""'J\' (4.~)

where P is the pressure, dV is the change of volume, and CSW~"'rJ\' is the work no!

associated with change of volume.

The second law of thermoaynamics for reversible processes gives:

where T is the temperature and S is the entropy of the system.

Therefore,

dE= =TdS-PdV -llw~"""v

An expression of the Gibbs free energy ofmixing is given by:

The differential of the Gibbs free energy is given by:

dG =dE+ PdV+ VdP - TdS-SdT

Substituting Equation 4.4 into 4.6 gives:

(4.3)

(44)

(4.5)

(4.6)

dG... =TdS - PdV -llwnonPdV + PdV + VdP - TdS + SdT (4.7)

At constant temperature and pressure Equation 4.7 becomes:

dG =-<lWnonPdV

llwnonpdV can be identified as -ydA, and accordingly:

(4.8)
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(4.9)

Equation 4.9 defines the interfacial tension as an increment in Gibbs !Tee energy

per unit increment in interfacial area. Therefore, in order to derive a theoretical expression

for the interfacial tension. one has estimate the Gibbs !Tee energy.

3. THEORIES OF POLYMERIC INTERFACES

3.1. EmpiricaI Theories

One of the earliest theories to evaluate interfacial tension is the rule of Antonoff

r1942] which states that the interfacial tension between two materials is the difference

belween lhe lWO surlàce tensions of the two materials. This empirical relationship is not

valid for polymers [Wu 1974].

Later, it was proposed [Girefalco and Good 1957] that the interfacial tension

between two materials could be expressed as follows:

y=cr,+cr,-w. (4.10)

where w. is the work of adhesion between the two phases and cr 1 and cr, are the surface

tension values for the two components.

Good and Girefalco [1958,1960,1964,1970] started l'rom Equation 4.10 to derive

the following expression for the interfacial tension:

where w.

(4.11)

(4.12)
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• where W" and W,' represent the work of cohesion for the two components. and <1>,;" is

the Good and Girefalco interaction parameter which can be evaluated in ternIS of the

molecular constants of the individual phases. Unfortunately. this approach to calculate

interfacial tension is limited by the paucity of information on the values of <1>,,,,. Wu

[1969,1970] tabulated some values of <l>e", for polymers pairs based on the measured

values ofinterfacial and surface tension. They range between 0.5 and 1.2 [Wu 1974].

An alternative theory that has been proposed is the fractional polarity theory. [Wu

1971,1973], where the intermolecular energies are assumed to consist of additive non

polar (crd
) and polar (crP) parts:

cr =cr" +crP (4 13)

The interfacial tension between two phases with similar polarities (which is the case for

polymers) is then expressed as.

4 d" 4 P P

( cr,cr,) ( cr,cr,)y =cr +cr. - -
1 .. er~+O'~ (jr+(j~

or as:

where 1 and 2 represent the two polymers.

(4.14)

(4.15)

Wu [1970] studied the influence oftemperature on interfacial tension. He showed

that the temperature coefficient of the interfacial tension can be obtained from the

temperature coefficients of the surface tension (after differentiation of equation 4.11) and

assuming that cP is independent of temperature. Good agreement was found with

experiment [Wu 1969,1970,1971,1973]. However, there is no relationship between the

perturbation occurring at the surface of the polymer and at the interface between two

polymers. Thus, the above relationships relating interfacial tension to surface tension have

to be considered as empirical.

•
152



Chapter4: THEORETICAL CONSIDERATIONS

• 3.2. Microscopic Theories of Polvmeric Interfaces

3.2.1. Lattice Theory

Severa! laltice theories have been proposed for polymer-polymer interfaces [Roe

1975, Helfand 1975-1976, Weber 1976 and Helfand and Tagami 1971-1972].

Unfortunately, most of them cannot be verified experimentally. because of the lack of

knowledge of the required laltice parameters.

Helfand and Tagami [1971, 1972] introduced a theory to analyze the interface

between polymers A and B. This theory is indistinguishable from the other lattice theories.

but it has the advantage of not requiring the knowledge of lattice parameters. It is based

on a self-consistent mean field. which determines the configurational statistics of the

polymer chain. in the interfacial region. Also it assumes that. in the interfacial region. the

interface energetic forces (determined essentially by polymer A 1 polymer B segmental

interaction parameter X [Flory (1941, 1953)]) tend to drive the A and B molecules apart.

This separation. however, must be achieved in such a way as to prevent a gap from

opening between the polymer phases. With these assumptions, they determine a self

consistent mean field which determines the configuration of the polymer chain at the

interface. The polymers satisfy a diffusion equation which is solved asymptotically for an

infinite degree of polymerization and low degree of compressibility. This treatment yields

the foUowing expression for the density profiles of the polymers at the interface (the

complete derivation of the theory cao be found in Helfand and Tagarni [1972]):

witl:

P... (x,x) &'
=--,

Po 1+&-

1

(6'Y)'x
& =exp[ A. ]

b

(4.16)

(4.17)

(4.18)
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where P" and PB are the densities at the interface of molecules A and B. p" ;s the

monomer density. x is the distance from the plane of the interface. X is the Flo,!'-Huggins

interaction parameter. b is the effective length of the monomer units. From the above

density profiles. Helfaad and Tagami inferred a measure of the effective intertàcial

thickness:

2b
1

(6xF

(419)

Using for the interfacial tension the expression given in Equation 4.20 and the density

profile they obtained:

which yields:

kT 1 .~

Y=-f dÀ fXP" (x.ÀX)PB(x.ÀX)dx
Po 0 -CI)

1

Y=(~)'bPokT

(4.20)

(4.2\ )

where k is the Boltzman constant. T is the temperature. the values of band P.. at the

interface are approximated by the geometrical means of the values of these constants for

the two polymers.

To derive the above equations for the interfacial tension, Helfand and Tagami had

to make the fol1owing restrictive assumptions:

(i) the polymer chains have an infinite molecular weight;

(ii) the systems are symmetric; they calculated the monomer density and the effective

length as the geometrir. average ofthese constants for the two polymers; and

(iii) the systems were considered to be incompressible (K the compressibility is considered

to be about 5 x JO.ll cm2/dyne).

\54



Chapter 4: THEORETICAL CONSIDERATIONS

• The interfacial tension, as calculated by the theory, was originally compared

[Helfand and Tagami (1971)] to the experimental values of interfacial tension of Roe

(1969] and Wu [1970] for three polymer pairs at 1500C: polystyrene / poly(methyl

metacrylate) (PSIPMMA), PMMA / poly-n-buryl methacrylate (pnBMA) and PnBMA /

polyvinyl acetate (PVA). The experimental and theoretical results were in good

agreement, but only three data points at only one temperature were compared.

Helfand and Sapse [1975] extenàed the theory for non-symmetric systems and

obtained:

(4.22)

1 .. 1 ..
where a is the mixing parameter (a =X(POAPOB )') and Pi =6Po,b,-.

The theory was compared to experimental data and the agreement was reasonable with a

tendency of the theory to give lower values than the experiments.

Later, Tagami [1980] extended the theory to the case of compressible non

symmetric systems, but the resulting equations are too complicated and the results do not

dilfer significatively !Tom those predicted by Helfand and Sapsc.

Anastasiadis [1986] compared his experimental data for the influence of

temperature on the interfacial tension between polystyrene and polybutadiene with the

theoretical values predicted by Equations 4.21 and 4.22. He showed that the theory

predicted the correct order of magnitude for the interfacial tension but not the correct

trend. The theoretical value of the interfacial tension was shown to increase with an

increase in temperature. The author suggested that the failure of the theory was due to the

determination of the Flory-Huggins interaction parameter. For the determination of this

parameter he used the relationship between the Flory-Huggins interaction parameter and

the Hildebrand solubiliry parameter derived by Flory [1953]:

• (4.23)
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where X is the Flory-Huggins interaction parameter. 0,\ and 0" are the Hildebrand

solubility parameters for the two polymers. p" is the monomer dcnsity dclined as the

geometric average of the monomer densities for the two polymcrs. k is the Boltzman

constant. and T in the temperature. Anastasiadis daims that a proper temperature and

molecular weight dependence of the Flory Huggins interaction parameter could lead to

good agreement with the theory. However. he was not able to compare his experimental

data in respect to molecular weight. since the thcories assume infinitc molecular weighl.

Helfand and Bhattachatjee [1989] proposed a theory that calculates the correction

to the concentration profile and the interfacial tension for a phasc binary system when the

molecular weight is large but finite. They modified the original modcl of Hclfand and

Tagami [1970-1971] by considering the behavior of chain cnds at thc interfacc and

evaluating its influence on the entropy of mixing. The resulting equation for the ir.tertàcial

tcnsion is given below:

(1 210g2)
Y=Y. - XN (4.24)

where y is the interfacial tension, Y. is value of the intcrfacial tcnsion as calculated in

Equation 4.21. X is the Flory-Huggins interaction parameter and N i;; the degree of

polymerization. The predictions of this theory have not been compar~d to experimental

data sc far.

3.2.2. Theories based on Square Gradient

These theories were first introduced by Cahn and Hilliard (1958). In this approach.

the interfacial tension is related to the Gibbs free energy of mixing. The local free energy.

g, is a function of the local composition and the local composition derivatives. because g

depends on the local composition as well as on the composition of the immediate

environment. In the case of one-dimensional composition gradient and a flat interface. G.

the total free energy, can be written as:
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(4.25)

where the free energy is assumed to be a funetion of the local composition. cll. and its

derivatives. g. is the tirst term ofa Taylor series expansion ofg (the local free energy). i.e.

the free energy density of a uniform system of composition cll, and x is the distance from

the interface. K is given by:

(4.26)

The interfacial tension is the difference per interface unit area beIWeen the actual free

energy of the system and that which it would have if the properties of the phases were

homogeneous throughout. Thus. the interfacial tension, y , is given by:

.~ dcll
Y =J[~g(4))+K(-)']dx

_~ dx
(4.27)

where ~g(cll) is the free energy density of the uniform system of composition cil with

respect to a standard state of an equilibrium mixture of the IWO phases, A and B, without

the interface given by:

(4.28)

•

where nA and nBare the number densities ofmolecules oftype A and B, ~IlA and ~IlBare

the changes in the chemical potentials of A and B, and cil< is equal to the composition of

either cllAand cllB ofthe IWO phases A and B at equilibrium.

At equilibrium, the composition variation will be such that the integral in Equation

4.27 is a minimum. Therefore, using Euler equation, we obtain:
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• d<l> •
lig(<l»= K(-)'

dx

The final expression for interfacialtension is:

... 1

Y= J2[Klig(<l»]' d<l>
t.

(4.:!9)

(4.30)

The theOl'Y has been widely used to prediet the surface tension of liquids [Yang

1976, Carey 1978] and polymer melts [poser 1979, Sanchez 1983. Dee 1991] and to

prediet the interfacial tension between polymers [poser and Sanchez 19S1].

The theory has been further developed during the last fifteen years in ordcr to

evaluate the interfacial tension between polymer melts. Poser and Sanchez [1981]

reviewed the theory in conjunetion with the compressible lanice f1uid model of Sanchez

and Lacombe [1976-1978]. Anastasiadis [1988] used the generalized square gradicnt

approach in conjunetion with the FIory-Huggins theory of the free energy of mixing.

Anastasiadis evaluated numerically the theoretical e.xpression of the interfacial tension and

compared bis experimental results to the theory and saw good agreement bctween his

experimental data and the theory. However, the theory seemed to be only valid at high

molecular weight. He suggested that the discrepancy was probably due to the difficulty in

evaluating the FIory-Huggins free energy (evaluation of the Flory Huggins interacti'.~ll

parameter) or possibly to structural deficiency ofthe square gradient theory itself

Broseta et al [1990] extended the work ofAnastasiadis and co-workers [1988] and

provided analytical expressions for the interfacial tension for finite molecular weight

polymers. They also investigated the effects of polydispersity on interfacial tension

between polymers. After integration, they obtained, for the interfacial tension between two

polymers with finite molecular weight, the following expression:

lt2 1 1
Y=Yœ[l--(-+-)+... ]

12 CIl A CIl B
(4.31)
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where "( is the interfacial tension, "( '. is the interfacial tension as calculated in Equation

4,21, and W A and WB are the incompatibility degrees defined as w,\ =x""N,\and

W" = X,\l,N", with X,\llbeing the FlOly-Huggins interaction parameter and NAand NB

being the degrees of polymerization ofpolymers A and B. respectively,

ln the same publication. Broseta et al [1990] derived an expression for the

interfacial tension of bimodal blends. For large incompatibilities but for C>w small

(t>w being the difference ofcompatibility be!Ween the!Wo polymers). they obtained:

where

n'
y =y~[I--+.... ]

6w n

(4.32)

(4.33)

•

where w,. w, are the incompatibility pararneters of the !wo fractions of the polymer. and

X o is the volume fraction ofmonomers belonging to small chains.

Equations 4.32 and 4.33 show that the interfacial tension is lowered by the

presence of small chains. which play the role of a surfactant. The interfacial tension is

therefore predicted to be lower for polydisperse systems than for monodisperse systems.

Similar behavior has been predicted when considering the surface tension [Hariharan

1990].

The results of the above theoreticai approaches have not been compared to

experiments 50 far. The experimental results of this work are compared to the predictions

ofthe square gradient theories in Section 4.

3.3. Em~cts of Compatibilizers

Very little work bas been done to evaIuate the effect of compatibilizers on

interfacial tension. The only attempt that has been ceported so far is the work ofNoolandi
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and coworkers [1980-1982,1984] and Leibler [1982] who studied the effeet of the

addition of copolymers on interfacial tension. Hong and Noolandi [1980-1981] first

derived a theory to evaIuate the polymer density profile at the interface for a system of

IWO polymers and a solvent. Then. they used statistical thennodynamics to describe the

mixture polymer A 1 polymer B 1 copolymer AB [Hong and Noolandi 1982]. They

evaIuated the relative importance of the contnbutions of thennodynamic quantities, such

as entropy and enthalpy of mixing of the IWO immiscible polymers and co;>olymer. that

influence the interfacial tension reduetion [1984]. An extension of this theory was

proposed by Vilgis and Noolandi [1990]. They evaIuated the interfacial tension reduction

and charaeterized the interfacial tension profile for a blend containing homopolymer A,

homopolymer B and an arbitrary copolymer CXY.

Up to now no theoretical work on the influence of funetionalization on interfacial

tension has been reported.

4. COMPARISON WITH THEORY

The experimental results were compared with the new development of the square

gradient theories (Equations 4.31 and 4.32). It will be shown later in this chapter that both

theories (Helfand's lattice theory and the new development of the square gradient theory)

although conceptually different, provide essentially the sarne results. In both theories.

there is a correction factor ..!.. to account for the finite molecular weight. where III is the
III

incompatibility degree as defined in Equation 4.32. The only difference beIWeen the results

given by the IWo theories is the replacement of the factor 7[' of Equation 4.31 by log 2
12

(Equation 4.26). because ofa slightly different treatment of the entropy ofmixing.

4.1. Evaluation of the Parameters

The different expressions used for the detennination of the interfacial tension

(Equations 4.21,4.31 and 4.32) require the knowledgç of the number monomer density.
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P•• the Kuhn statistical segment length. b. the degree of polymerization, N. and the Flory

Huggins interaction parameter X (or o.).

4.1.1. Evaluation of Po' band N

The number monomer density. PO' is calculated using the density data presented in

Chapter 3 and the geometric average as suggested by Helfand and Tagami [1970-1971):

(4.34)

where P" and PB are the densities of the polymers A and B respectively, and m" and mB
are the molecular masses of the repeating units ofA and B, respectively.

The Kuhn statistical segment lengths are estimated using the charaeteristic ratios
1

([< r; > IMW];), which cao be found in Brandrupt [1990], and the relation:

1

b· =m[<r' >/MW];, , . (4.35)

1

The values of mi' ([< r; > IMW];), b, used in this study are reported in Table 4.1.

The values of Ni are the degrees of polymerization of the polymers. They are

given by:

Ni=Mn

mi
(4.36)

•
where Mn is the number average molecular weight and mi is the molecular ma:ss of the

repeating unit.
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• 4.1.2. Evaluation of the F1ory-Huggins Interaction Parameter

The determination of the F1ory-Huggins interaction parameter is essential for the

theoretical evaluation of the interracial tension using the new version of the square

gradient theory. Three aspects of the interaction parameter are reviewed here:

i) the definition ofthe parameter

ii) the determination of the parameter

iii) the values taken for this research

Table 4.1. : Values of the Number Monomer Density and

Kuhn Statistical Segment for the Polymer used in this Study

Polymer ml 1 b l li
«r; >/MW)i

(glmol) (nm) (J.cm-3)112
(nm).

SoIaIll1lIy r.r-t.r

Polystyrene !Tom 17.4

PS 104 0.Q70 0.71 to 19.0 ...

Polyethylene !Tom 15.8

PE 28 0.107 0.57 toI7.1 ...

Polypropylene !Tom 16.8

PP 42 0.Q75 0.49 to 18.8 ...

.: Values obtained !Tom Brandrupt [1990]

...: Values obtained !Tom Van Krevelen [1976]

4.1.2.1. Definition

The Flory-Huggins interaction parameter. x. was introduced in the lanice model of

Flory-Huggins. The F1ory-Huggins model was originally developed to evaluate the Gibbs

!Tee energy of mixing for polymer/solvent systems [FIory 1941] and later generalized to

polymer systems [FIory 1953].

According to the Flory-Huggins theory.· the expression for the !Tee energy of

rnixing ofhomopolymer A and homopolymer Bis:

162



•
Chapter 4 : THEORETICAL CONSIDERATIONS

(4.37)

(4.38)

(4.39)

where t:.G~. Mi~ and t>S~ are. respectively. the Gibbs free energy. the enthalpy and the

entropy of mixing. NA and NB are the degrees of polymerization for the A and B

polymers. <PA and 4>B are the volume fractions of polymers A and B. XAS is the F1ory

Huggins interaction pararneter. V is the total volume of the system and UA is the

segmental volume.

It was suggested that the F1ory-Huggins interaction pararneter may be related to

the solubility pararneter as follows:

(4.40)

where 01 and 0: are the Hildebrand solubility pararneters of the two polymers, Pois the

monomer density as calculated from Equation 4.34. k is the Boltzman constant, and T is

absolute temperature.

4.1.2.2. Validity of the Expression for X

Few experimental determinations of the F1ory-Huggins interaction pararneter have

been reported to date. and. in particular, no data have been published for the polymer pairs

studied in the present work. The scarcity of data forces the use of Equation 4.40 to

determine the X parameter necessary for the evaluation of the interfacial tension with the

theories presented previously (Helfand and BhattachaIjee's lattice theory and the new

version ofthe Square gradient).
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In Equation 4.40, the Hildebrand solubility parameter, 15, is lleeded. Aithough the

Hildebrand solubility parameter should vary with temperature, there is no relationship

reported yet between (; and temperature. Therefore, the parameter has to be assumed

temperature independent. This could result in an error in the deterrnination of the Flory

Huggins interaction pararneter. Also, the values of the Hildebrand solubilily pararneter are

reported with relativeiy wide range of variability (see Table 4.1: as an e.'Cample, values of

the Hildebrand solubility pararneter for polypropylene vary from 16.8 to 18.8 (J.cm·J)lt:

[Van Krevelen 1976 Dcausing uncertainty in the value of the X pararneter.

The validity of Equation 4.40 was examined for the few published data of Flory

Huggins interaction parameter of polymer pairs. Ronca et al [1985] measured the

interaction pararneter for polysryrene (PS) 1 polybutadiene (PBO) polymer pairs. They

found that the interaction parameter could be e.'Cpressed as:

where T is the temperature in Celsius.

116
X=-0.2024+

T
(4.4 I)

The Flory-Huggins interaction pararneter was calculated using Equation 4.40. P..

was calculated using Equation 4.34 and the density as deterrnined in Chapter 3 for PS, and

as deterrnined by Anastasiadis [1988] for PBO. The Hildebrand solubility parameters. (;.

used were respeetively 16.6 (J.cm·3) I12 for PBO and 17.9 (J.cm·3)112 for PS. With the above

data, the calculated value of the Flory-Huggins interaction parameter is 0.044 (Equation

4.40) whereas the measured experimental value is 0.95 [Ronca 1985]. It can be seen that

there is more than one order ofmagnitude difference between the two values.

Somani [1983] measured the quantity XPokT for LOPE 1 PS polymer pairs. He

reported a molecular weight dependence for this quantity. which, according to Equation

4.40 is equal (Ô WPE -Ôps ): with ÔWPE and Ôps being the solubility pararneters of LOPE

and PS, respeetively. This is contrary to what is expected from Equation 4.40, since no

influence of molecular wei~ht on the Hildebrand parameter has been reported. The

difference between the solubility pararneters is equal to 1.4 (J.cm·3)II2, taking the values of

Table 4.1, whereas Somani reported values of XPokT ranging from 7 to II(lcm·3)1I2,

depending on the polysryrene molecular weight.
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Dependence of the Flory-Huggins interaction parameter on molecular weight has

also been reported by other researchers [Kaddour 1987. Narasimhan 1989]. This is not

taken into account when evaluating X with Equation 4.40. The only molecular weight

dependence ofX. as calculated by Equation 4.40, is the influence on the density.

From the few examples mentioned above, it can be seen that the F1ory-Huggins

interaction parameter cannot be estimated accurately using equation 4.40 because the

Hildebrand solubility parameter is known only at one temperature and for a specifie

molecular weight.

It has been shown that X should, in fuct, be expressed as the sum of an enthalpie

and an entropie contribution [FIory 1970, Huggins 1971, Jelenie 1984] in order to take

into account the non-figurational entropy of mixing. An expression of X can then be

calculated as:

(4.42)

•

where XH i~ the enthalpie contribution to the interaction parameter, Xs is the entropie

contnbution, and T is the temperature. This functional forro of the X parameter has beell

successfully used to describe phase diagrams of polymer/polymer systems [Rounds 1970],

and interfacial tension between polymers [Anastasiadis 1988].

It has also been shown that the F1ory-Hugeins interaction parameter is probably a

function of the molecular weight of the polymers [Burns and Kim 1988, Kaddour 1987].

This dependenee should be taken into account in the interaction parameter values used for

the calculation of the interfacial tension.

The F1ory-Huggins interaction parameter for polydisperse systems has been shown

to be the same as the one for monodisperse polymers [Narasimhan et al 1986] at the same

value ofM,..
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4.1.2.3. Values of X used for this Research

Regardless of the theory used for the evaluation of the interfacial tension

(He1fand's lanice theories or the square gradient theories). it is necessary to estimate the

Flory-Huggins interaction pararneter, X. It has becn shown that X cannot be calculated

from Equation 4.40. The most likely expression for X should be Equation 4.40. Due to the

lack of experimental values for XH and Xs, a strategy had to be developed for the

evaluation ofthese pararneters. It was assumed that the modified square gradient theory is.
correct. The interfacial tension was experimentally measured at two ditrerent

temperatures. With these (wo interfacial tension values, the values of Xll and Xs were

estimated using Equations 4.31 and 4.42. The values of Xll and Xs were then used to

determine the dependency of X on temperature, i.e. the theory was checked for other

temperatures.

The temperatures used for. the PPIPS polymer pairs were 2080 C and 2130 C e,'Ccept

for PPIPS6 for which the temperatures taken were 1260C and 2280e. The temperatures

used for the PEIPS polymer pairs were 1300C and 150°e.

Table 4.2 shows the values of Xli and Xs determined using the strategy described

above for the different polymer pairs studied in this work.

Table 4.2. : Interaction Parameter used in this Study

Polymer pair Xli Xs

PPIPS3 563 -1.03

PPIPS. 804 -1.52

PPIPS, 949 -1.79

PPIPS6 1,007 -1.82

PE1IPS3 538 -1.04

PE:z/PS3 452 -0.829

PE,IPS, 452 -0.828
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• 4.2. Comparisons for the PPIPS Polvmer Pair

4.2.1. Temperature Influence

The influence oftemperalUre on interfacia1tension belWeen PP and PS was studied

theoretically using the updated version of the square gradient theory in conjunction with

the F1ory-Huggins pararneter defined by Equation 4.40. The molecular weight of the

polystyrene was 86,436. The values of the Hildebrand solubility pararneter for both
polymers were either li.. = 17.8 (J.cm·3)1r. and li ... = 18.7 (J.cm·3)1.'1 or li.. = 17.3

(J.cm3)11'1 and li ... = 22.5 (J.cm·3)11'1 [polymer Handbook 1989]. The theoretical predictions

were compared with the experimental results. This is shown in Figure 4. 1.
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Figure 4.1: Interracial Tension between pp and PSsas a Function or Temperature:

Comparison between the Predictions orthe New Development orthe Square

Gradient Tbeory and the Experimental data - X rrom Equation 4.40
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It can be seell that, depending on the values of the Hildebrand solubility parameter

chosen, the interfacial tension values predicted using the theory vary bi almost an order of

magnitude. Also, using the new version of the square gradient theory in conjunction with

the Flory-Huggins parameter defined by Equation 4.40, the correct trend is not observed.

The interfacial tension increases with increasing ternperature. This is opposite to what has

been observed experimentally. The same observations could be made for ail pp/PS

polymer pairs with different molecular weight ofPS. Anastasiadis [1987] showed the same

trend comparing his experimental values with theoretical predictions for hydrogenated

polybutadiene 1po:ystyrene polymer pairs.

In a second approach. the influence of ternperature on interfacial tension between

pp and PS was studied theoretically, using the updated version of the new square gradient

theory in conjunction with the F1ory-Huggins parameter obtained using the strategy

mentioned in section 4.1.2.3. Figure 4.2 shows the comparison between the predictions of

the square gradient theory (Equation 4.32) and the experimental data of interfacial tension

for polypropylene (PP) 1 polystyrene (PS) polymer pair.

Figure 4.2 shows very good agreement between the prediction of the theory and

the experimental data, suggesting that the new version of the square gradient theory is

valid for predicting the interfacial tension between PP and PS, as long as a correct

expression for the F1ory-Huggins interaction parameter is usee!.

In order to compare the new version of the square gradient theory with the other

theories mentioned previously, the interfacial tension between PP and PS for PSs
(M,.=380,OOO) and P~ (M,.=4,755) was calculated as a function oftemperature using the

foUowing theories:

i) Helfand and Tagami: this theory assumes symmetry of both polymers and infinite

molecular weight.

ii) Helfand and Sapse: this theory is a correction of the theory of Helfand and Tagami for

non-symmetric systems.

üi) Helfand and Bhattacharjee: this theory is a correction of the theory of Helfand and

Tagami for systems with linite molecular weight.

iv) The new version of the square gradient theory: this theory introduces a correction in

the c1assical square gradient theory in order to consider polymer with finite molecular

weight.
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Figure 4.1: Interfacial Tension between ppand PS as a Function ofTemperature:

Comparison between the Predictions of the New Development of the Square

Gradient Theory and the Experimental data - X from Table 4.2

The results of interfacial tension between pp and PSs (M,.=380,000) and pp and

PS3 (M,.=4,755) are presented in Figures 4.3 and 4.4, respectively:

AIl the above theories require the use of the Flory-Huggins interaction parameter,

X. The values of Xwere detennined using the strategy described Section 4.1.2.3,

The following conclusions cao be made on the basis ofthe results shown in Figures

4.3 and 4.4.
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i) With the Flory-Huggins interaction parameter calculated as the sum of an enthalpie and

an entropie part, the four theories predict the correct trend of the influence of temperature

on the interfacial tension.

ii) For both polymer pairs presented here, the differences between the predictions of

Helfand and Tagami (Equation 4.21) and Helfand and Sapse (Equation 4.22) are very

small, suggesting that the system PPIPS is relatively syrnrnetric.

iii) The correction in the thecry for use with polymers having finite molecular weight is

more important in the case of the lower molecular weight as expected.
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Figure 4.3: Interracial Tension between pp and PSsas a Function ofTemperature:

Comparison between the Predictions of the New Development of the Square

Gradient Theory, Helfand and Tagami, Helfand and Sapse, Helfand and

BhattbachaJjee and the Experimental data - X from Table 4.2
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4.2.2. Molecular Weight Influence

The influence of moIecuIar weight on interfacial tension betWeen pp and PS was

theoretically studied with the new version of the square gradient theory. The only other

theory capable afpredieting the influence of moIecuIar weight is the theory deveIaped by

Helfand and Bhattacharjee [1990) which results in a similar expression for the interfacial

tension as the new deveIopment ofthe square gradient theory: Since the new development

ofthe square gradient theory can also predict the effect ofpolydispersity. it was decided to
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use this theory to study the influence of both molecular weight and polydispersity. The

effeet of molecular weight on the interfacial tension between pp and PS. as a funetion of

the molecular weight of PS, was evaluated at a temperalUre of!860C.

ln a first approach. the influence of molecular weight on interfacial tension

between pp and PS at 1860C was theoreticaIly studied with the new version of the square

gradient theory in conjunetion with the F10ry Huggins parameter defined by equation 4.38

(X =ft65) ). The values of the Hildebrand solubility parameter for both polymers were

either ôpp = 17.8 (J.cm·3)112 and ô"" = 18.7 (J.cm.J)ll2 or ôpp = 17.3 (J.cm·3)ll2 and ô"" =

22.5 (J.cm·3)ll2 [polymer Handbook (1989»). The theoretical predictions were compared

with the experimental results. This is shown in Figure 4.5.
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Square Gradient Theory - X rrom Equation 4.40
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It can be seen that the theory predicts qualitatively reasonably weil the effect of

molecular weight on interfacial tension between pp and PS. However. for both sets of the

Hildebrand solubility pararneters. the theory underestimates the interfacial tension. The

theory predicts that th~ interfacial tension between pp and PSI is negative. implying

miscibility of the two polymers. which was not supported experimentally, since two phases

were always present during the experiments.

In a second approach. the influence of molecular weight on interfacial tension

(between PP and PS at 1860C) was theoretically studied with the new version of the

square gradient theory in conjunction with the Flory Huggins pararneter calculated with

the strategy descnèed in Section 4.1.2.3. In this comparison. six different polystyrene (PSI

to PSJ polymers were used with molecular weights ranging from 938 to 380,000. The

Flory-Huggins interaction pararneters for PP and PS3, PS., PS$' PS6 (the four polystyrenes

with the highest moiecular weight) were calculated using the results of the strategy

mentioned above. The same strategy could not be used to determine the Flory-Huggins

interaction parameter between PSI (M,,= 938) and PP and PS2 (M,,= 1,589) and PP,

because only one interfacial tension value was measured for PS.IPP and PS~P polymer

pairs and two values are needed for this determination. Another method was therefore

developed to determine the Flory-Huggins interaction pararneter between PSI and PP and

between PS2 and PP at 1860 C.

It has been suggested that the Flory-Huggins interaction parameter depends on the

molecular weight of polymers [Kaddour 1987, Kim and Burns 1989) according to the

following relation:

(4.43)

•

where:x: is the Flory-Huggins interaction parameter, M. is the number average molecular

weight and a and b are constants.

The Flory-Huggins interaction pararneter between PP and PS was plotted as a

function of the molecular weight ofpolystyrene for the four PS polymers·with the highest

molecular weight and fitted to Equation 4.43. This is shown in Figure 4.6. The values ofa

and b were respeetively 0.05684 and 0.1443. Using this equation. it was possible to

evaluate the Flory-Huggins interaction parameter for PSI and for PS2 at 1860 C. With
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these values of r.. the interfacial tension values between pp and PSI and PP and PS~ at

1860 C were calculated using the new version of the square gradient theory (Equation

4.31).
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Figure 4.6: F1ory-Buggins Interaction Parameter between pp and PS

as a function ofMolecular Weight ofPS

•

Figure 4.7. shows the interfacial tension betWeen PP and PS as a function of

molecular weight ofPS. It can be seen that there is good agreement betWeen the theory

and the experimental data The experimental values of interfacial tension betWeen PP and

PSI and PP and PS~ are in good agreement with the theoretical predictions of the new

square gradient theory (Equation 4.31), as can be seen in Table 4.3, suggesting that the

new square gradient theory is valid. as long as the correct value of the F1ory-Huggins

interaction parameter is used.
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Table 4.3. : Interfacial tension values between pp and PSI or PS, at 1860 C

Experimental Results Theoretical Predictions

Polvmer Pair 1

PPIPS, 4.26 4.29

PPIPS. 4.64 4.78

, l

o Experimental Data
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• 4.2.3. Polydispersity Influence

The ooly available theory to predict the effeet of polydispersity on interfacial

tension is the new development of the square gradient theory. To evaluate the effeet of

polydispersity on interfacial tension. Broseta et al [1990] considered a bimodal blend and

derived an expression of the interfacial tension as a function of the incompatibility

parameter and volume fraction of the two fractions of the polymer. The interfacial tension

between a bimodal blend and another polymer was then calculated to be:

where

(4.32)

(4.33)

•

where (Il 1 and Q): are the incompatibility parameters of the two fractions of the polymer

and x. is the volume fraction of small chain monomers.

Using Equations 4.30 and 4.31, Broseta et al [1990] concluded that the interfacial

tension ofpolydisperse systetns is lowered by the presence of small chains migrating to the

interface. This was not observed by Goldblatt [1988] who studied the surface composition

ofpolystyrene compared to the bulk by S.I.M.S (Second Ion Mass Spectroscopy).

In Chapter 3. experimental data regarding the interfacial tension between pp and

bimodal blends of PS were reported. These results indicated that the presence of small

chains increases the interfacial tension. in contrast to the theoretica1 predictions just

mentioned above.

The discrepancies between the experimental and theoretica1 results could be

explained as follows. In the new version of the square gradient theory, it is assumed that

the incompaooility parameters of the two polymer fractions should be similar in value (5,

10 would be considered close, although no specific range has been defined by Broseta et al
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• [1990]). Tlùs is not the case for the bimodal blends used in the present work as can be

seen in Table 4.4.

Table 4.4 : Incompatibility Parameter of the Polymer Fractions

of the Bimodal Blends at 1860 C

Polvmer Blends Fraction with lower Mn Fraction with hi2her Mn

PS2 1,5891 PS4 19,417 2.52 43.83

PS. 4.755 1PS. 86.438 9.01 231.28

The assumption of incompressibility used by Broseta et al for the development of

the theory is probably not observed for the polymer used. AIse, it has been observed

experlmentally that the temperature has a stronger influence on the interfacial tension for

polydisperse systems than for monodisperse systems. The theory does not take this factor

into consideration.

4.3. Comparison for the PEIPS Polymer Pair

4.3.1. Temperature Influence

The influence of temperature on interfacial tension between PE and PS was first

studied theoreticaily, using the updated version of the square gradient theory. The

comparisen of the theoreticai predictions of the new version of the square gradient theory

with experiments for the PEIPS polymer pair supported the observations made for the

PPIPS polymer pair.

•
When the new version of the square gradient theory was used in conjunetion with

the Flory-Huggins interaction parameter defined by Equation 4.40 (X =fl:6ô}). the

theoreticai results were in reiativeiy good quantitative agreement with the experimental

results. However, the theory predieted !hat the interfacial ~ension should increase with

increasing temperature, wlùch is the opposite ofwhat has been observed experimentally.
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When the new version of the square gradient theory was used in conjunction with

the Flory-Huggins interaction parameter calculated using the strategy presented in 4.1.2.3.

the theoretical predictions were in very good agreement with experimental observations.

This is shown in Figure 4.8.
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Figure 4.8: Interfacial Tension between PE and pp as a Function ofTemperature

Comparison between the Predictions of the New Version of the Square Gradient

Theory and Experimental Data - X from Table 4.2

The new version of the square gradient theory was a1so compared with the other

theories [Helfand and Tagami 1970. Helfand and Sapse 1975. Helfand and BhattachaIjee

1990] for the PEIPS system. The Flory-Huggins interaction parameter. x. used in

conjunction with these theories was determined using the strategy described in section
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• 4.1.2.3. As in the case of PPIPS polymer pairs. the four theories predict the correct

influence of the temperature, when the Flory-Huggins interaction parameter is calculated

as the sum of an enthalpie and an entropie part. For both PEIPS poiymer pairs presented

here. the differences between the predictions of Helfand and Tagami (Equatio.1 4.21) and

Helfand and Sapse (Equation 4.22) are larger than in the case of the PP/PS polymer pair.

indicating that the system is less symmetric than the PEIPS polymer pair. The results of

the comparison for P~IPP and PEtIPP polymer pairs are shown in Figure 4.9 and 4.10,

respeclively.
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4.3.2. Molecular Weight Influence

The effect ofmolecular weight ofPE on the interiàcial tension between PE and PS

was evaluated at a ternperature of 160oC. using the new version of the square gradient.

Three ditTerent molecular weights of PE were used ranging trom 680 to 1,870. The

theoretica1 predictions were compared to the experimental results.
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The results of this comparison supported the conclusions obtained for the PPIPS

polymer pair.

When the theory was used in conjunction with the Flory-Huggins interaction

parameter as calculated by Equation 4.40 (X = ft68)), qualitative agreement between the

theory and experiment was obtained. However, with the values of the Hildebrand

solubility parameter chosen. the interfacial tension between PE and PS was calculated to

be negative. On the other hand. when the theory was used in conjunction with the Flory

Huggins interaction parameter as evaluated by the strategy presented in section 4.\.2.3,

good agreement between the theoretical predictions and the experiments was observed.

The results ofthe comparison are shown in Figure 4. Il.
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The Flory-Huggins interaction parameter was plotted as a function of the

molecular weight of polyethylene. The data could still be fitted by Equation 4.43. The

values of a and b were, respeetively, 0.1282 an 0.0700. Figure 4.12 shows the Flory

Huggins interaction parameter as a function ofmolecular weight.
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Figure 4.12: F1ory-Huggins Interaction Parameter between pp and PS as a Function

of Molecular Weigbt of PE
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5. CONCLUSIONS

The main conclusions ofthis Chapter are outlined below.

a) The comparisons of the predictions of the lanice theories and square gradient theories

for interfacial tension with the experimental values of the interfacial tension for PPIPS and

PEIPS polymer pairs indicated that the expression usually employed to correlate the Flory

Huggins interaction parameter t.o the Hildebrand solubility parameter is inadequate

(Equation 4.38). If this expression for the F1ory-Huggins interaction parameter is used in

the new version of the square gradient theory, the calculated interfacial tension value

increases with increasing temperature, contrary to experimental observations.

b) In order to compare the theoretical predictions of the Helfand and Bhattacharjee and

Square ~"t'adient models to the experimental data of interfacial tension. it was necessary to

evaluate the F1ory-Huggins interaction parameter for the polymer pairs studied. A strategy

was developed. The F1ory-Huggins interaction parameter was assumed to be of the forrn:

(4.42)

•

where XM is the enthall'ic contribution to the interaction parameter. Xs is the entropie

contn"bution. and T is the temperature. The values of XH and Xs for the PPIPS and PEIPS

polymer pair studied here were calculated using two interfacial tension values determined

experimentally at two different temperatures and assuming the theory of the square

gradient to be correct.

c) The predictions of the new version of the square gradient theory for the influence of

temperature on interfacial tension were shown to be in good agreement with experimental

data for PPIPS and PEIPS polymer pairs, as long as the correct expression for the F10ry

Huggins int~ction parameter was used. The F1ory-Huggins interaction parameter was

expressed as the sum ofan enthalpie and an entropie part.

d) It was shown that the system PPIPS was relatively symmetric since the interfacial

tension evaluated theoretically for symmetric system (Eqùation 4.21) was the same as the
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one evaluated for non symmetric systems (Equation 4.26). On the other hand, the system

PEIPS was shown to be relatively non symmetric, since there were larger differences

between the predictions ofthe !wo equations.

e) The Flory-Huggins interaction pararneter was shown to be a function of the molecular

weight for the !wo polymer pairs studied here (pP/PS and PElPS). The dependence could

be expressed as:

X(T,M.) = aM.b (4.43)

•

where X is the Flory-Huggins interaction pararneter, M. is the number average molecular

weight, and a and b are constants.

f) The predictions of the new version of the square gradient theory for molecular weight

influence on interfacial tension were shown to be in good agreement with experimental

data for PP/PS and PEIPS polymer pairs, as long as the correct expression for the Flory

Huggins interaction pararneter was used.

g) The experimental results for the interfacial tension be!Ween bimodal blends of PS and

pp were compared with the new version of the square gradient theory. The theory prediets

that the interfacial tension be:ween a bimodal blend and another polymer is lowered by the

presence of the small chains. The experimental results presented in Chapter 3 showed that

the interfacial tension was increased by the presence ofsmaller chains. Possible reasons for

the discrepancy be!Ween the experiments and theory were presented.
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Chapter 5 : CONCLUSION

• 1. CONCLUSIONS

The conclusions have beeil presented at the end of each chapter of the thesis. A

briefsummary ofthese conclusions is presented below.

a) Two instruments to measure interfacial tension between polymers. one based on the

pendant drop method and the other on the spinning drop method. were constructed and

shown to be reliable. It was possible to view the spinning and pendant drops and to

calculate the interfacial tension on-line. A specially designed syringe effectively eliminated

problems associated with "capiIIary" and "necking" effeets. usually encountered with the

pendant drop method. A capacitance probe attached to the spinning drop apparatus. made

it possible to determine the density ofpolymers as a funetion oftemperature.

b) The interfacial tension between polymers may be inferred trom transient measurements

using an exponential fit of the interfacial tension (pendant drop) or radius of the drop

(spinning drop).

c) The interfacial tension between polymers decreased linearly as a function of

temperature for every polymer pair used in this work. The temperature coefficient, (:),

for the dependence of the interfacial tension, y, on temperature, T, varied between 0.003

and 0.008 dyn.cm·1•OC·I. The polydisperse systems and bimodal systems showed a higher

dependence on temperature than monodisperse systems.

d) The interfacial tension followed a power law of the molecular weight for the polymer
,

pairs used in this work. The interfacial tension did not always show a Mn' dependence, as

observed by other researchers. This was probably due to the wider range of molecular

weights employed in this study. When a narrow range of molecular weights was studied, a
:

M:) dependence was found.

e) The interfacial tension (at 459 K) between polypropylene and bimodal blends of

polystyrene was higher than the weighted molar average of the interfacial tension between

the unimodal polystyrene and polypropylene.
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• f) It was shown that the interfacial tension between polydisperse polystyrene and

polypropylene was higher than the interfacial tension belWeen monodisperse polystyrene

and polypropylene for similar molecular weight. Similar results were obtained for the

polyethylenelpolystyrene polymer pair at temperatures lower than 436 K.

g) The interfacial tension between polypropylene and ethylene vinyl alcohol copolymer

decreased with increasing concentration of maleic anhydride grafted on the backbone of

polypropylene for concentrations up to 0.17% wt. If higher concentration of maleic

anhydride was used. no further decrease of the interfacial tension was observed. Surface

analysis using E.S.C.A. suggested the occurrence of a chemical reaetion at the interface

between the MAH groups of the maleated polypropylene and the OH groups of the

ethylene vinyl alcohol copolymer. Better adhesion was observed with S.E.M. between

maleated polypropylene and ethylene vinyl alcohol copolymer than between polypropylene

and ethylene vinyl alcohol copolymer.

h) The interfacial tension belWeen pure polypropylene and ethylene vinyl alcohol

copolymer was shown to be lower by 30% than the interfacial tension between

commercial polypropylene and ethylene vinyl alcohol. X-ray analysis and E.S.C.A. results

have shown that the commercial polypropylene contains silicon in the forrn ofSiOx.

i) The expression correlating the F1ory-Huggins interaction parameter to the Hildebrand

solubility parameter was inadequate for evaluating the Flory-Huggins parameter since the

Hildebrand solubility parameter is known at only one temperature. AIso, X should be

expressed as the sum ofan enthalpie (XI!) and an entropie (Xs) part. A strategy to calculate

the Flory-Huggins interaction pararneter for the polymer pairs used in this work was
developed. The values of Xli and Xs for the polypropylene 1polystyrene and polyethylene

1 polystyrene polymer pairs used in this work were calculated. The Flory-Huggins

interaction parameter was shown to follow a power law dependence on the molecular

weight of the polymer.

1

j) The experimental results presented in this work were shown to be in good agreement

with the predictions of the new version of the square gradient theory (developed by

Broseta et al) for the influence of temperature and molecular weight on interfacial tension,

as long as a suitable expression for the F1ory-Huggins interaction pararneter was used.

However. the theory could not predict the effect ofpolydispersity.
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• 2. RECOMMENDATIONS FOR FUTURE WORK

Sorne important areas for future research are listed below:

a) More fundamental studies of the transient behavior during the determination of

interfacial tension with the pendant drop method: more fundamental understanding of the

apparent exponential variation of the transient interfacial tension values and modeling of

the evolution of the drop shape.

b) The study of interfacial tension for bimodal blends and polydisperse systems should be

extended to various blends with different compositions at various temperatures.

c) The study of the influence of compatibilisation should be extended to dillèrent

temperatures.

d) The surface analysis of the interface should be extended to different concentrations of

maleic anhydride grafted on the backbone of polypropylene for eventual quantitative

correlation with interfacial tension. Also, analysis combining Second Ion Mass

Spectroscopy (S.LM.S.) and Electron Spectroscopy for Chemical Analysis (E.S.CA)

could help to determine the composition of the sample, as a function of distance from the

interface.

e) The Flory-Huggins interaction parameter for the polymer pairs used in this work should

be determined experimentally.

f) The new version of the square gradient theory should be modified, with respect to its

predictions of interfacial tension for polydisperse systems.

g) Theories capable of predicting the effect of compatibilisation on interfacial tension

between polymers should be developed.
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• 3. CONTRIBUTIONS TO KNOWLEDGE

a) A special syringe to eliminate "necking" and "capillary" effects usually encountered in

measurement of interfacial tension of polymer melts with the pendant drop apparatus was

designed, tested and found effective.

b) It was shown to be possible to infer the interfacial tension between polymer meits from

transient measurements using an exponential fit of the transient interfacial tension data, for

both the pendant drop method and the spinning drop method.

c) Interfacial tension values were measured for polymer pairs that have not been

previously reported. In particular, the interfacial tension values between polypropylene and

polystyrene, polyethylene and polystyrene, polypropylene and ethylene vinyl a1cohol

copolymer and maleated polypropylene and ethylene vinyl a1cohol copolymer were

obtained. The measurements covered a wider range of temperatures and molecular

weights than reported before.

d) It was confirmed that the interfacial tension decreases as a function of temperature in a

linear fashion, for the polymer pairs studied. However, the temperature coefficient of

interfacial tension depends on polydispersity.

e) It was shown that the interfacial tension increases with increasing molecular weight for
:

the polymer pairs used in this study. It was demonstrated experimentally that the M:)

(Mn number average molecular weight) dependence ofthe interfacial tension is not a1ways

observed.

f) Experimental values of interfacial tension for bimodal blends and polydisperse systems

were presented.

g) The use of maleic anhydride grafted on the backbone of polypropylene as

compatibilizer was shown to decrease the interfacial tension between polypropylene and

ethylene vinyl a1cohol copolymer. It was shown, using surface anaIysis. that tbis decrease

in the interfacial tension values was probably due to a chemical reaction occurring at the

interface.
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• i) The new version of the square gradient theol)' and lallic.: theol)' w.:r.: compar.:d to

experimental data. The predictions of the theol)' were found to be in agr.:.:ment with

experimental data for temperature and molecular weight. when a strategy propos.:d in this

work is employed to calculate the Flol)'-Huggins interaction param.:t.:r. Th.: Flory

Huggins interaction parameter used in the theol)' should be a function of t.:mperature and

ofmolecular weight.
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NOMENCLATURE

A

C

: Interfacial Area

: Constant

De : Diameter of the Pendant Drop at the Equator

Dn : Diameter of the Pendant Drop !ocated at Dex!/n of the Equator of the Pendant

Drop (n Integer)

Ds : Diameter of the Pendant Drop ameasured horizontally at a distance De from the

Apex of the Drop

E : Energy ofMixing

EP : Ethylene Propylene

E.S.C.A: Electron Spectroscopy for Chemical Analysis

EVOH : Ethylene Viny! A1coho! Copolymer

F : Froude Number

G : Shear Rate in an Extruder

G : Gibbs Free Energy

H : Correction factor for the Pendant Drop

H : Enthalpy

1 : Index ofPolydispersity

J : Total CUlVature of the Interface ofa Spinning Drop

LDPE : Low Density Polyethylene

Lo : Initial Length ofFiber

MAgPP: Maleated Polypropylene

MAgPP\: Maleated Polypropylene with 0.067 Maleation Content

MAgPP2: Maleated Polypropylene with 0.098 Maleation Content

MAgPP3: Maleated Polypropylene with 0.153 Maleation Content

MAgPP4: Maleated Polypropylene with 0.168 Maleation Content

MAgPP5: Maleated Po!ypropylene with 0.222 Maleation Content

MAgPP6: Maleated Polypropylene with 0.262 Maleation Content

MAH : Maleic Anhydride

~ : Number Average Molecular Weight

Mv : Viscosity Average Molecular Weight

Mw : Weight Average Molecular Weight

N : Degree ofPolymerization

N6 : Nylon six

P : Pressure
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PaMS : poly(a-methyl Styrene)

PBDH : Polybutadiene

PDMS : Polydymethyle Siloxane

PE : Polyethylene

Pi::. : Polydisperse Polyethylene with a number average molecular weight of 770

P~ : Polydisperse Polyethylene with a number average molecular weight of 1,050

PE. : Polydispp.rse Polyethylene with a number average molecular weight of 1,950

PEI : Monodisperse Polyethylene with a number average molecular weight of 680

P~ : Monodisperse Polyethylene with a number average molecular weight of 1,050

PE3 : Monodisperse Polyethylene with a number average molecular weight of 1,950

PET : Polyethylene Teraphtalate

PP-g-AA: Polypropylene grafted with Acrylic Acid

PMMA: Polymethyl Metacrylate

PP : Polypropylene

PPPU'" : Pure Polypropylene

PP,,,,,, : Commercial Polypropylene

PS : Polydisperse Polystyrene

PS. : Blend ofPolystyrene (M,,=59,900 and M,,=655)

PSb : Blend ofPolystyrene (M"=66,100 and M"=695)

PS. : Blend ofPolystyrene (M"=52,700 and M"=570)

PSI : Monodisperse polystyrene with a number average molecular weight equal to 938

PS2 : Monodisperse polystyrene with a number average molecular weight equal to

1,589

PS3 : Monodisperse polystyrene with a number average molecular weight equal to
4,755

PS4 : Monodisperse polystyrene with a number average molecular weight equal to
19,417

PSs : Monodisperse polystyrene with a number average molecular weight equal to

86,438

PS6 : Monodisperse polystyrene with a number average molecular weight equal to
380,000

PVF2 : Polyvinylidene Fluoride

R : Gaz Constant

R. : Initial Radius ofthe Fiber, or ofthe Spinning Drop

RI : Radius ofCurvature ofthe Pendant Drop

~ : Other Radius ofCurvature in the Pendant Drop
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R~ : Radius of the Spinning Drop at Infinite Time

R(t) : Radius of the Spinning Drop as a Function ofTime

S : Dimensionless s Coordinate

S : Entropy

S.E.M. : Scanning Electro Microscope

SJ.M.S: Secondary Ion Mass Spectroscopy

T : Temperature in Kelvin

X : Dimensionless x Coordinate

V(T,P): Specifie Volume

y : Dimensionless y Coordinate

W. : Work of Adhesion

W, : Work ofCohesion

Z : Dimensionless z Coordinate

a : Radius of Curvature at the Apex

b : Effective Length of the Monomer Unit

d : Diameter of the Spinning Drop

d.pp : Apparent Diameter of the Spinning Drop

d. : Average Diameter ofthe Dispersed Phase in a Polymer Blend

d""'l : Real Diameter ofthe Spinning Drop

g : GravitationaI Constant

g" : First tenn ofa Taylor serie Development of the Gibbs Free Energy ofMixing

m : Relaxation Time

ml : Constant

mA : MoIar Mass ofPolymer A

n : Corrective Factor and Optical Enlargment of the Spinning Drop

q : Rate Constant in the Breaking thread Method

r : Cylindrical Coordinate

r. : Initial Spinning Drop Radius

< r; >/MW: Characteristic Ratio

s : Curvilign Coordinale

t : Time

t. : Time al the Beginnintl

x : x coordinate in the system (O,X,Y,Z)

X. : Volume Fraction ofthe Monomer with the lowest Molecular Weight

z : z coordinate in the system (O,x,Y,Z)
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!J.Gm : Gibbs Free Ener&'Y ofMixing

MIm : Enthalpy of Mixing

/1.<;m : Entropy of Mixing

!!.P : Difference of Pressure across the Interface of a Pendant Drop

!!.P 0 : Difference of Pressure across the Interface of a Spinning Drop at r=0

!!.lJ. : Change ofChemical Potential
!J.p : Density Difference

<1> : Angular Coordinate
<1>CG : Good and Girefalco Interaction Parameter

a. : Amplitude of the Oscillation for the Breaking Thread Method
a.o : Amplitude of the Oscillation for the Breaking Thread Method at t =0

o :Solubility Parameter
oq :Heat Absorbed by the Thermodynamical System

OW : Thermodynamical Work
ow..~",: Work Associated to the Change ofVolume

y : Interfacial Tension
y~ : Value of the Interfacial Tension at Infinite Time for a Pendant or Spinning Drop

y(t) : Interfacial Tension as a Function ofTime

À. : Time Scale

X : Flory-Huggins Interaction Parameter
X" : Enthalpie Contribution ofthe Flory-Huggins Interaction Parameter

X. : Entropie Contribution ofthe Flory-Huggins Interaction Parameter

11d : Viscosity of the Dispersed Phase in a Polymer Blend

11m : Viscosity of the Matrix in a Polymer blend

11 : Effective Viscosity

v : Segmental Volume

cP : Local Composition

p : Density
PI : Density ofthe Spinning Drop

P, : Density ofthe Fluid Surrounding the Spinning Drop

Po : Monomer Density

a : Surface Tension

ad : Non Polar Part ofthe Interfacial Tension

ar : Polar Part ofthe Interfacial Tension

't : Optical Magnification Factor
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APPENDIX A

This Appendix presents the programs used for the determination of interfacial

tension with the pendant drop apparatus and the determination of the intcrfacial tcnsion

with the spinning drop apparatus.

1. PENDANT DROP APPARATUS

A batch file called savenick.bat cal1s the different programs useful for the

determination of the interfacial tension trom a pendant drop e.xperiment. It requires the

knowledge ofthree arguments:

1) The number ofgray level for the digitization of the image (0 corresponds to 16. 1 to 64

and 2 to 256).

2) The name of the file in which ail the transformed profile after transformation by the

different programs will be stored with different extensions.

3) The threshold value for the edge detection. This value ranges trom 0 to 255.

The listing of the batch file is given at the end of this appendix. Bclow the

programs called by the batch file are described one by one. They are written in "c
language" and need the functions of the S.lI (Standard Image Interface) Iibrary. The

listings of all the programs are also given at the end ofthis appendix.

1.1. od20 and odvga

od20 and odl'Ka are !wo executable programs provided by Coreco Inc. with the

frame grabber and the S.lI library. They Joad the Oculus Driver (the frame grabber) and

the VGA driver. The arguments of the programs correspond to specifications of the

equipment.
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1.2. (}(/20r:rab

od20grab is also a program provided by Coreco Inc. with the S.I.I library. It

digitizes the image of the drop. It can digitize an image in 16, 64 gray levels or 256

colours. The calibration for brightness and contrast is done automatically: the program

perforrns calculations and sets the brightness and contrast to maximize the image quality.

The programs is called with three arguments:

%1 0:

1:

2:

-c

%2

16 levels ofgray

64 levels ofgray

256 colors

ifan automatic calibration is required

second argument in the batch file; here name ofthe tifffiie.

1.3 tif(

tif! is again provided by Coreco with the sn library. The programs stores, loads

and displays the header of the tiff file obtained after digitization done by odgrab. Here, it

displays on the screen the digitized image ofthe drop.

The program is called with two arguments:

-t 0:

1:

2:

%2

Saves a tiff file

Loads a tiff file

Displays the header ofa tifffile

Name ofthe tifffiie. (second argument of the batch file)

1.4 edge-det

edge_det makes the edge detection of the pendant drop. The program extracts

binary objects contours and their area from the image. The a1gorithm is based on the

location and extraction ofthe binary contour (cntr) of the object. The a1gorithm scans the

image in a raster fashion until it reaches a 'faIse' (pixel with a gray leve1 above the

threshold value) to 'true' (pixel with a gray level below the threshold value) transition not
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already marked. A marked transition indicates a previously e"1racted cntr. The algorithm

extracts then the contour. by following the "edge" of the object until it rctums to thc

starting position. Therefore. the edge of ail the objects are detected. Thc program thcn

ealculated the area of ail the objeets detected and stores the chain code of the biggcsl

object whieh is the drop.

1.5. put in Q

pucin_Q retrieves the edge file of the drop generated by edge_det and convcrts

the chain code of the points in an ASCII fonnat and stores the edge file of the drop. The

edge detection is then displayed on the screen.

1.6. sorter

sorter sorts the experimental points ofthe drop in an order that is needed to do the

shape comparison. The user is prompted to enter the y coordinate at which he wants the

profile to start (in order to remove the syringe).

The points of the drop profile are sorted in the arrow direction (cf. Figure A.I).

The median A ofail the points is found and Band C are located 28 above A. The value 28

is chosen arbitrarily in function of the resolution of the screen. For the portion of the drop

that is above B the first points from the Ieft side are kept, for the points between Band C

the 'first points from the bottom are kept and for the points above C the tirst points from

the right are kept.

·lililil·:lill~illlll·iililllli.illlli~lllllllillll:

cB

2S Pixels
.%..__~~--:::: ..,x

Figure Al : Pendant Drop
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1.7 smootlter

A smoothing program is needed because of the finite resolution of the frame
grabber.

The smoothing program is done piece wise (i.e. point by point replacement) along

the whole profile of the drop. The program requires three parameters: the order of the

polynomial for smoothing (quadratic or cubic), npow, the number of data points in the

local target group, ns, the number ofoverall smoothing cycles, ntimes. The program starts

by identifying ns contiguous points along the drop profile. The program iterates the

smoothing Joop by operation on the first ns points. The angle Ol made by those ns points

with the horizontal axis is detenTÙned by a linear lcast square regression. The middle point

is rotated and transJated according to the transformation beJow:

[
x'= (x - Xm)COSOl +(y -ym)sinOl

y'= (y-Ym)cosOl-(x-xm)sinOl

(A la)

(A. lb)

where (x',y') are the coordinates ofthe points in the second coordinate system

(x,y) are the coordinates ofthe points in the first coordinate system

(x",.ym) are the coordinates ofthe middle point in the first coordinate system.

The points are then smoother in the new coordinate system. After smoothing the

coordinates of the midpoint in the tirst coordinate system are given by:

[

xSm = xsm' COSOl - YSm' sinOl + xm
YSm = xsm'sinOl +ysm'COSOl +Ym

(A2a)

(A2b)

where (xsm,ysm) are the coordinates of the midpoint after smoothing in the tirst

coordinate system

(xsm',ysm') are the coordinates of the midpoint after smoothing in the second

coordinate system,

(xm,ym) are the coordinates of the midpoint before smoothing in the first

coordinate system.
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Each iteration produces the smoothed value for the midpoint of the target group.

Therefore. the tirst nsl2 and last nsl2 points are not smoothed.

This program is based on the work of Anastasiadis [1 9SS].

1.8 Shape Comparison

After a description of the main program. three aspects of the drop shape

comparison program are discussed. a) the algorithm. b) the choice of the points for drop

shape comparison, c) the type oferror for evaluation of the drop shape comparison

1.8.1. Description of the program

The program shape makes a shape comparison between the experimental points

after smoothing and the theoretical points found by soIving Bashforth and Adams equation

by a fourth order Runge-Kutta method.

Bashforth and Adams is tirst solved for a value ofB (see Chapter 2) approximated

either by the empirical formula ofHuh and Reed [1971] or by the user. The empirical

formula ofHuh and Reed is given by:

1

B = [exp(-6.70905+ 15.300255-16.447095' +9.924255' - 2.58503554
)], (A.3)

where S is the ratio D. , where D, is the maximum diameter of the drop and D.is
D,

the diameter of the drop located at D, from the apex (see Figure 2.1). B is the

dimensionless quantity detined as:

B= ~pga'
y

(A.4)
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• where t.p is the difference of the density between the two polymers, g is the

gravitational constant taken as 980.41 cm/s2, a is the distance !Tom the apex to the center

of the drop, y is the interfacial tension.

A robust shape comparison between the experimental and the theoretical profile is

then done. Three kinds of error are evaluated (they are discussed in 2.8.4). Theo, the value

of B is incremented and the comparison is perforrned "gain. For every kind error the

optimal value ofB is found.

The interfacial tension is then obtained !Tom:

t.pga'
y =-'-"-'''-

y
(A4)

where t.p is the difference of density be!Ween the !wo polymers, g is the

gravitational constant, a the distance of the apex !Tom the center of the drop and y is the

interfacial tension.

The algorithm ofthe program is mainly based on Anastasiadis'work.

1.8.2 Robust Shape Comparison

To compare n homologous points of!Wo shapes (x;,y;) and (ui,v) one set of

points has to be transforrned to correspond to the other one. The points to be transforrned

are rotated throus~ e, scaled through "t and translated by (Cl,~) as follows:

[u;'HaL"trc~se -sineui]
Vi' ~f lsme cose Vi

(AS)

Then Cl, ~, "t and e have to be chosen for the best fit. In the present prograrn the

optimization is done on five parameters since B has also to be optimized. The four

parameters are evaluated separately and then the parameter B for the best fit is evaluated.
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The optimization of the four scaling parameters is done in a similar way. as an

example the optimization oh is explained below:

For each pair ofhomologous points i and j, a value 'ij that is the scale factor can be

detined as follows:

't .. ={(xj-x,f-(Yj-Y,)'}

" {(uj -uY -(Vj -v,)'}
(A6)

where (xi,y,) and (xj,y) are the coordinates of the two points in the tirst shape and

(ui, v,) and (u j , v) are the coordinatc.s ofthe homologous points in the second shape.

Comparing the n homologou:. points 1/2n(n-1) values ohij can be evaluated. They

are combined taki::g the doubly repeated median; the scale estimate is then equal to:

't = med(med'tij )
')

The rotation factor is evaluated sinùlarly as:

e = med(medei))
ij

And the translation factor are taken as the simple medians:

{

lX = m~d{xi -'t(u i cose - v,sine)}

13 =med{Yi - 't(uisine + v, cose)},

(A7)

(A8)

(A9a)

(A9b)

The robust shape comparison method was tirst used by A.F. Siegel [1982] to

compare skulls ofprimates. A listing ofthe program written in FORTRAN can be found in

bis book [1982].
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1.8.3. Choosing of the Points

To perform the shape comparison it is essentia! 10 choose poinls from the

theoretical and the experimental profile thal can be compared (in other words il is

important 10 compare bananas with bananas and nOl v..ilh coconuts). In this program. Ihe

position of the points in reference to the apex is taken as a reference point.

To determine the apex il is necessary to determine first the axis of symmetry of the

drop. If the drop is not aligned with the camera. the axis of symmetry is determined by

statistical analysis (the algorithm of this routine can be found in Press [I990]). The

intersection of the axis ofsymmetry and the bottom ofthe drop determines the apex of the

drop.

Then, the slopes of ail the line segments from the selected points to the apex for

the experimental profile are calculated. The theoretical points are then chosen in order to

match the slopes of ail line segments connecting ape.x and chosen points of the

experimental profile:.

1.8.4 Types of Errors

To evaluate the shape comparison analysis three types oferror were calculated:

1 [ 1" ' , ]!SRR=F NLJ(u,-x;)-+(v,-y,t] ,
,

TES 11,,[ , ,~
N E= F[N-1 L) (ui -x;)-(ui_. -xi_,)]- +[(v; -y;)-(vi., -Yi-,)n]-

,
with

F=[ L(U~+X~)-*N[L(ui+x;) ]'+L(V~+y~)-*N[L(v;+y;)]' ]~
t - 1 1 - 1

(A ID)

(AlI)

(A.l2)

(Al3)
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• where N is the number of points compared. (u,. v,) and (x,.Y,) arc the coordinatcs orthe

two sets of points to be compared.

SR represents a simple root mean square residual. SRR is delined so that it is more

resistant to outlying points. TENSE measures the "stress" required ta "defoml" the drop.

1.9 theoreti

Once the best value of B is determined theoreti prompts the user to enter it and

displays the experimental profile and half of the theoretical prolile superposcd.

1.10 diselav

Display is a program that can display up to ten drops superposed.
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• 2. SPINNING DROP APPARATUS

The digilizalion of the spinning drop image is done by the same programs as the

digitization of the pendant drop. The measurement of the diameter of the drop is done

either manually with a program called CUTS or with a program called spinning.

Both programs are discussed briefly below:

2.1. CUTS

CUTS is a programs provided by Coreco with the S.LI library. A cross hair cursor

can be manipulated. The position and level of gray of the pixel the cursor points can be

indicated.

2.2 spinning

This program detects the edge of the spinning drop, the distance between the two

straight lines of the drop is calculated and the interfacial tension is calculated from:

ÔPCll 'd'
"Y = 32 (A. 14)

where Ôp is the difference of the densities of the two polymers, CIl is the angular

velocity of the spinning drop apparatus and d is the diameter ofthe drop.
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•
APPENDIX BI: EXPERIMENTAL DATA

APPENDIX BI

This Appendix inc1udes the experimental results of interfacial tension between

immiscible polymer pairs as discussed in Chapter 4.

The results reported are divided into four categories:

a) polypropylene 1ethylene vinyl alcohoI copolymer

b) polypropylene 1polystyrene

c) polyethylene 1polystyrene

d) polypropylene 1blends ofmonodisperse polystyrene

For aIl the results presented here the uncertainty in interfacial tension measurement

represents the reproducibility ofthe experiment.
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•
APPEND1X BI: EXl'ERIMENTAL DATA

Table Bl.l : Interracial tension between pp and EVOH

Temperature (oC) 202 211 218 224 232 241
(K) 475 484 491 497 505 514

Materials
Commercial

Pohpropvlene &
Ethvlene Vinvl Aleohol . 19.63± 0.85 18AO± 0.93 16A3± 0040 14.83±0.O2 1l40± 0.10

PP/EVOH

Pure Polvoropvlene &
Ethylene Vynil AIC('~ol

PPp 1EVOH 17.00±O.lO . . 12.25±0.25 . .

BI.2



•
Table 81.2 : Interracial tension between polystyrene and polypropylene

•

tl:l....
w

Ttmp<nrun("q 178 181 186 196 103 108 113 118 126 128 HO H8
(K) 451 455 459 469 476 481 486 HI 499 ~I ~tJ !Ill

MatuWs

PohJ!lOPYlme A
Monodispme polyShTtne

P'p/PSI 938 - - U6±0.lO - - - - - - - -

PPp/PSI l,ll9 - - 4.6HO.OI - - - - - - - - -
PPp/PS3 4,1ll J.11±0.29 - J.23±0.Ol J.OI±Ml 4.l±0.29 - 4.26±0.Ol - - - - -

PPp/PS4 19,411 6.61±0.30 - 6.11 ±0.20 l.?J± 0.33 - l.Il±0.29 4.91±0.JO - - - - -

PPp/PS, 16,438 - 1.06±0.30 6.83 ± 0.07 6.46±0.4l - 6.oo±0.JI l.l3±0.30 - - - - -

PPp/PS6 310,000 - - - - - - - - 6.30±0.1I 6.IHolO H7±oll H7±OlO

r.I!i!!Mlrne 1\;
Polydispme po!utyrme

PPp/PS IIJ,loo Il.0H.H - 10.10± .24 10.10±.19 9.1HO.29 - - 8.46± 0.06 7.7Ho.17 - -

Pohpropy1me A ntmds of
Polvstrrme

PPp/PSI 9.84±.29 - 9.36±.01 8.6H .Il - 1.2H.17 - 6.71± .12 - - - -

PPp/PSb 6.84±.08 - 6.0H.Ol HI±.ll HI ± .10 - 4.2J±.Ol - - - -

"
PPp/PS. 6.03±.20 - l.66±.12 l.2l± .Dl - - - - - - - -
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•
Table 81.3 : Interfacial tension between polystyrene and polyethylene

•

ttl-
~

Temperalure (OC) 130 ISO 160 169 178 186
(1<) 403 423 433 442 451 459

lIfalerials

-
MonodimtrK PohmrnKA
Monodisoqy Poh'tthvtme

PS,4,755 1 PE,I,870 7.00tO.20 6.41 tO.21 6.2S±O.l2 6.00tO.30 S.4ltO.33 S.16tO.OS

PS,4,755 1 PE, 1,050 6.70tO.19 6.06tO.22 5.SStO.OS S.33tO.09 4.79±O.lO 4.47±O.1O

PS,4,755 1 PEI 680 6.40tO.20 S.SHO.30 5.11 tO.42 - - -

MonodiKltIH Pol\,lI\Ttnt IL
rol\'disrmt rolwtll\'lme

PS,4,7S5 1 PEe 1,950 - - - - - 54·ao os

PS,4,755 1 PI>" 1,050 - - - - - 4 SU 0.40

PS, 4,755 1 PE, 770 - - S.20tO.13 4.49±O.OS 3.91 tOOS 32StOOS
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•
APPENDIX B, : EXPERIMENTAL DATA

Table B1.4: Interfacial tension between blends ofPS and pp at a temperature of
1860 C as a function of composition for the blend PS/PS.

PcrccnL1gc ofPol)1Ocr
\\ith Highcr Molccu13r

Wcighl (%)
0/100 3/97 8192 20/80 50/50 70/30 100/0

Blcnds

PS2 1.589/PS4 19,417 4.64±0.08 6.14±0.20 7.70±0.34 9.15±0.25 9.8±0.70 8.40±0.4 6.11±0.20

B1.5
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APPEl\'DIX B, : EXPERIMENTAL DATA

Table BI.S : Interracial tension between blends of rs and pp at a temperature of
I860 C as a function of composition for the blend PSiPSs

Pcrccntagc ofPolyrncr
\\ith Higbcr Molccular

Wcigbt (%)
0/100 2198 5/95 15/85 50/50 lQO/O

Blcnds

PS3 4,7SSIPSS 86,438 S.23±0.05 7.01±O.l9 8.60±0.18 9.23±O.49 9.20±O.20 6.83±O.O7

BI.6



•
APPENDIX B, : SOLUBILITY PARAMETER.

APPENDIX B2

This Appendix gives an estimation of the solubility parameter for ethylene vinyl

alcohol copolyme~ (EVOH) from the group molar attraction constants of Small [1953]

and Hoy (1970).

According to Small [1953] and Hoy [1970] the solubility parameter for a polymer,

Ô. can be estimated as:

ô = <LF)p/Mo (B2.1)

where F are the various molar attraction constant for the different chemical groups, p is

the polymer density and Mo is the molar mass ofthe repeat unit of the polymer.

The chemical formula ofethylene vinyl alcohol copolymer is:

OH
1

[CH:t - CH:t]p-[CH:t - CH]q

The ethylene vinyl alcohol copolymer used in this study has 32% of alcohol, i.e.

q=0.32 and p=0.38.

The density and molar mass for ethylene vinyl alcohol copolymer are:

p = 1.15 glcm3

M.=33.12g

The contributions of the Hoy and Small values are

B2.1



•
Group

CH
1
OH

APPENDIX B, : SOLUBILITY PARAMETER.

F

0.6Sx2x269+0.3::!x269

462x0.32

L=656

and thus the estimation of the dilution parameter for ethylene vinyl alcohol copolymcr is:

1

li =656x1.l5/33.12 =22.S(Jcm')'
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