! & National Library

of Canada

Acquisiions and

Biblotheque nationale
du Canada

Drrection des acquisttions et

Bibliographic Services Branch  des services bibliographiques

395 Wellingion Street
Ontawa, Ontano
K1A ONS K1A ON2

NOTICE

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.

Some 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,
RS.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, rue Wellington
Ctawa {Ontano)

AVIS

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

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

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

. La reproduction, méme partielle,

de cette microforme est soumise
a 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 of Graduate Studies and Research in Partial Fulfillment
of the Requirement for the Degree of Doctor of Philosophy

Deparment of Chemical Engineering
McGill University
Montreal, Canada December 1993

. Copyright © Nicole Raymonde Demarquette (1993)



I * I National Library

of Canada

Acquisitions and

Bibliotheque nalionale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

385 Wellington Street
Crtswa, Ontano
K14 ON3 K1A ON3

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute. or sell copies of
his/her 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 his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellnglon
Qttawa (Ontarnio)

Your i Ve itltrencn

Our i Nulre rMérence

L’'auteur a accordé une licence
irrévocable et non exclusive
permettant & la Bibliothéque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
these a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre 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 influence the
morphology of polymer biends. However, few data are available regarding interfacial
tension between polymers due to experimental difficulties.

Two devices, one based on the pendant drop method and another based on the
spinning drop method, were constructed in this work to conduct an experimental study of
interfacial tension between polymers. With both instruments, it was possible to view the
drop in real 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 from transient measurements was suggested.

Interfacial tension was measured for different polymer pairs. The effects of
temperature, molecular weight, bimodal blending and molecular weight distribution were
evaluated. The effect of adding compatibilizers was aiso 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 polymers was developed. When this strategy was employed,
theoretical predictions and experimental data showed good agreement for the influence of
temperature and molecular weight on interfacial tension. However, the theory could not
predict the effect of polydisoersity on interfacial tension.



RESUME

La tersion interfactale est 'un des plus importants paramétres qui influence la
morphologic des mélanges de polyméres. Cependant, les valeurs de tension interfaciale
reportées dans la litterature sont rares di a des difficultés expérimentales.

Deux machines, 'une basée sur le principe de Ia goutte pendante et l'autre sur le
principe de la goutte tournante ont été construites afin de conduire une étude
expérimentale sur la tension interfaciale entre polyméres. Avec les deux machines, il était
possible de visualiser la goutte en temps réel et de calculer la tension interfaciale
simultanément. Pour ces deux instruments, les aspects suivants furent abordés: la
conception d'une seringue spéciale ainsi que les effets de goutte tombante et de capillarité
pour l'appareil basé sur le principe de la goutte pendante et I'étanchéité des tubes et
mesures de densité pour l'appareil basé sur le principe de la goutte tournante. Les deux
procédds furent démontrés fiables et complémentaires. Une méthode pour obtenir la
tension interfaciale a partir de mesures effectuées lors de I'état transient fut suggerée.

La tension interfaciale fut mesurée pour différentes paires de polymeres.
L'influence de [a température, du poids moléculaire, et de la distribution moléculaire fut
évaluée. La tension interfaciale pour des mélanges bimodaux fut aussi étudiée. Les
differentes valeurs de tension interfaciale furent comparées, pour les différents systémes, et
une explication des phénoménes observés est présentée. L'influence d'agents
compatibilisants fut étudiée. Les interfaces furent étudiées par E.S.C.A afin d'expliquer les
résultats experimentaux.

Les résultats expérimentaux furent comparés aux prédictions des théories de lattice
et square gradient. Une stratégie, pour évaluer le paramétre d'interaction Flory-Huggins
entre deux polyméres fut développée. Quand cette stratégie fut utihisée, les prédictions
théoriques et les données expérimentales concordérent pour linfluence de la température
et du poids moléculaire sur la tension interfaciale. Cependant, la théorie ne pouvait pas
prédive l'effet de la polydispersité.
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1. INTRODUCTION

Polymer blends have gained popularity in packaging applications, especially to
replace multi-layer products. The growth 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 oxygen, optical properties etc.
Other advantages of polymer blends include low capital cost, single step processing and
adaptability 1o 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 govems the
adhesion and the condition of the interface and, therefore, the morphology and mechanical
properties of the blend, i.e. the final characteristics of the biend. 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 of an interface.

Following Adamson [1967], interfacial tension can be defined as the reversibie
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 expression:

Y= (%jf)r.r (1.1

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

Numerous studies have been carried out to determine the effect of interfacial
tension on the properties of polymer blends [Wu 1987, Xanthos et al 1990...]. It has been
shown that the final characteristics of polymer 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 of the blend.

t
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Wu [1987] demonstrated that the dispersed-drop size, in a polymer blend

consisting of a matrix and a dispersed phase, is directly proportional to the interfacial
tension as follows:

Gnmdd - 4(39_):0 LE} (l?..)
Y N

where G is the shear rate in the extruder, 1, is the viscosity of the matrix phase, n, is the

viscosity of the dispersed phase, v is the interfacial tension and d, the averige diameter of

the droplets in the dispersed phase.

Also interfacial tension has been shown to govern the adhesion between two
phases [Wu 1982]. The work of adhesion between the different phases is given by:

W, =0, +0G, -7 (1.3)

where W, is the work of adhesion between the two phases, g, and g, are the values of the

surface tension for the two components and y is the interfacial tension between 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 been limited because of some difficulties 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 been reported so far regarding the effect of
polydispersity on the interfacial tension of polymer melts.

Recent theories dealing with interfacial tension between polymers can be divided
into two categories, The first are based on the lattice theory of Helfand and Tagami
[1971-1972] and the second on the square gradient theory developed 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 derived 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 interfacial tension between
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 McGiill 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 compatibilizers
was mainly due to the decrease of the interfacial tension between the components. It is
therefore desirable to study the influence of compatibilisation on the interfacial tension
between PP and EVOH.

2. OBJECTIVES

The objectives of this work were
a) To design, construct and operate an apparatus for measuring the interfacial tension
between pure and commercial polymers. The apparatus should reduce or eliminate the
problems associated with polymer degradation, irregular droplet shape, long equilibration
times and inaccuracy of identifying the equilibrium profile,
b) To study experimentally the interfacial tension between polymer pairs that are
commonly used in the polymer industry and to extend the range of data of interfacial
tension between polymers.
¢) To conduct an experimental and theoretical study of the influence of parameters such as
temperature, molecular weight and polydispersity on interfacial tension.
d) To evaluate the influence of compatibilisation on the interfacial tension between
polymers, in particular between PP and EVOH.
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3. ORGANIZATION OF THE THESIS

The remaining part of this thesis consists of the following chapters. Chapter 11
describes the two instruments constructed for the determination of the interfacial tension
between polymer melts. Chapter III presents and discusses the experimental results.
Initially, 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 between polymers are presented. 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 between polymers. Chapter V includes a summary of the
conclusions of the thesis and recommends the direction of some 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 can be immediately compared to the present work. A list of the nomenclature is
given at the end of the 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 of interfacial tension between polymers are given. The interfacial tensiometer
based on the pendant drop method is first described. The pendant drop apparatus is
evaluated and tested, Following this, the spinning drop interfacial tensiometer is presented.
The apparatus and experimental procedures are discussed and the spinning drop apparatus
is evaluated. The main characteristics of the two instruments are compared. The last part
presents the conclusions of this 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
few are suitable for polymers because of their 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 [Patterson 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 interfacia! tension between polymers [Chappelear 1964, Carriere and
Cohen 1989). Surface light scattering 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 interfactal tension between components of a polymer blend. These methods are
discussed in more detail in the next section.

Various other methods have been proposed for the measurement of surface and
interfacial tension, among them the capillary rise technique [Shonhorn 1966, Edward
1968, Hartford 1969], Wilhelmy plaque [Dettre and Johnson, 1966), Du Nouy ring [Du
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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 of their high viscosity.

2.2. Static Methods
2.2.1. The Pendant Drop Method

The pendant drop method is probably the most convenient, versatile and popular
method used to measure interfacial tension [Roe 1967, 1969]. It has been used extenstvely
for the determination of surface and interfacial tension between polymers [Dettre 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 of liquid 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 of Bashforth 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:

z 1 sin®
2+4B-=—+

a R
2

(2.1a)

a

a‘Apg
”

B=

(2.1b)

where Ap is the difference between the densities of the two polymers in contact, g is the
acceleration due to gravity, v is the interfacial tension, a is the radius of curvature at the

apex of the drop, x, z, ®, are the coordinates defined as in Figure 2.1, and R, is the radius
of curvature at the point with coordinates (x,z).
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Figure 2.1 : The Pendant Drop Geometry

10
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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 information
is scarcely reported for polymeric materials. Also, it is difficuit 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 polymeric 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 drop of onc
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 of the 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 of solid-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].

i1
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Lau and Burns [1972] used a combination of pendant drop and sessile drop for
measurement of surface tension of Polystyrene (PS). The advantage of this combined
method is that no air bubble is entrapped when the sessile drop is formed,

2.2.3. The Spinning Drop Method

The deformation of a spinning drop of one liquid embedded in another liquid has
been suggested as a method to measure interfacial 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 centrifugal acceleration, the lighter drop is squeezed forming an
elongated tube (see Figure 2.2). The final dimensions of this elongated drop are a function
of the speed of the tube, the difference of density between the two 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 v : Phase 2 X
CicBhmet [d o e G
zx

Figure 2.2: The Spinning Drop Geometry

12
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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
interfacial tension y exists:

Apw -d*
y =_Ps__,_ (2.2)

where Ap is the density difference between the two phases and « is the angular speed of
the tube.

Patterson et al. [1971] were the first to use the spinning drop method to determine
the interfacial tension between polymers melts. They determined the interfacial tension
between polyisobuzylene and poly(dimethylsiloxane). The method was further developed
by Elmendorp [1986]). Verdier {1990] used the spinning drop method to determine the
interfacial tension between PE and PS, polymethylmetacrylate (PMMA) and PS, and
PMMA and PE in the temperature range from 2000C 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 caleulations and less time
for reaching mechanical equilibrium.

2.3. Dvnamic Methods

2.3.1. The Breaking Thread Method
The breaking thread method involves a fluid thread embedded in another fluid and
subjected to a perturbation of wavelength superior to the circumference of the thread. The

perturbation grows with time according to the following equation:

o =, exp(qt) (2.32)

13
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where « and «, are the amplitudes at time t and 1=0 respectively and q is the rate

constant defined as

q=—— (2.3b)

where 11, is the matrix viscosity, v is the interfacial tension, d, is the fiber diameter and Q
is a function that depends on the wavelength and the ratio of matrix and fiber viscosity
[Tomokita 1938].

To obtain the interfacial tension, the logarithm of « is plotted as a function of time.
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 Ap. Also the
interfacial tension between materials with the same density can be measured. However, the
main difticulty 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
matertals [Chappelar 1964, Elemans et Janssen 1990], but a probable error of 30% was
reported, which makes this method inaccurate.

2.3.2 Short Fiber Retraction
When a short fiber of one fluid is embedded in another fluid the fiber contracts into

a sphere [Lord Raleigh 1879, 1892, 1899]. This, in essence, describes, the short fiber
retraction method. The retraction time t, of the fiber can be expressed as:

t,=AIn{[(L, /R,y -1J/[6(L, /R, )-5]} (2.42)
1:%&3 (2.4b)

14
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where R, and L, are the initial radius and length of the cylindnical fiber respectively, n is
the effective viscosity and v is the interfacial tension.

Carriere and Cohen [1991] used this method to measure the interfacial tension
between high molecular weight polycarbonate and polymethyl methacrylate 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. In this method, an
electro-capillary wave is generated on the surface, and an incident beam of light is
scattered by the capillary waves at the interface. The power spectrum of the scattered light
depends on the densitics and viscosities of the two phases and also on the interfacial
tension between them [Jon, 1986].

This method has the advantage 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
of polymers [Sauer, 1987].

2.3.4. Interfacial Tension Inferred from Rheological Measurements

The interfacial 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 PS/PMMA blends (in the case of Grassmespacher
and Meissner) and for PS/ poly(oxyethylene-diol) (POE-PQO) blends (in the case of
Graebling and Muller). It remains to be seen if this method can be applied to other biends.
If so, it is of practical interest to study the influence of compatibilizers on polymer blends.
Also, it is a very simple method. It should be pointed out, however, that rheological
characteristics 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. Choice of Methods

In order to study the interfacial tension between polymer blends, two 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 two methods are complementary.

3. THE PENDANT DROP APPARATUS

3.1. Theory

The theory of the pendant drop method is based on the balance between
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 form of Laplace's equation, which includes the effect of gravity. Starting from
Laplace's equation [Bashforth and Adams, 1882], one has:
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1,12 2.9)

where R, is the radius of curvature in the plane of Figure 2-1, K, is the radius of

curvature in a plane perpendicular to Figure 2.1, AP is the pressure difference across the
curved interface and ¥ is the interfacial tenston.

If ® is the angle between the radius of curvature R, and the Z axis, and X is the
abscissa, then the radius of curvature in the plane perpendicular to the plane of Figure 2.1,
R,, is given by:

R,= {2.6)

Figure 2.1 : The Pendant Drop Geometry
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The pressure APcan be expressed as:
AP = AP +gzAp 27

where Ap is the density difference between the two fluids, g is the gravitational

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

AP, is determined when ® =0, z=0, R, = R, =a, a being the radius of curvature

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

,
ap, == (2.8)
a

Equation 2.5 can be written as:

__l_+sin<D
R
a

Zz
=B- 2.
x Ba+2 2.9)
a

where the dimensionless quantity B is given by:

B= azf;‘“" (2.10)

Equation 2.9 constitutes the Bashforth and Adams [1882] equation. R, and ® can be
obtained from geometric considerations and are given below:

dz.,32

g o8 UGV
- )
do d*z

d*x

(2.11)
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dz

snd=—H0X (2.12)

dz...;
i+ (,ﬁ.,)' 12
1
dx”
where s is the curviligne coordinate.

In dimensionless form, the Bashforth and Adams equation can be written as:

" .
@ _2 , snd (2.132)
dS B X
with X =cosd (2.13b)
dS
-dE=sin<D (2.13¢)
dS
X(0)=Z(0) = ®(0)=0 (2.13d)
with the dimensionless parameters defined as follows:
l
X =xc¢? (2.14a)
i
Z=1zc? (2.14b)
1
S=sc? (2.14c¢)
I
B = ac? = a(2P8) (2.14d)
Y
c =(ﬂ)* (2.14¢)
i

The Bashforth and Adams equation is a nonlinear differential equation between 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 of B, the drop keeps the same shape, irrespective of its volume [Buttler 1966].
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3.2. Evolution of the Pendant Drop Method

In 1882, Bashforth and Adams [1882] derived the theoretical form of a sessile or
pendant drop and calculated tables of drop contours. These tables can be used to
determine the interfacial tension by fitting the experimentally measured drop contour to
the theoretical curve. Photographs of the evolving drop could be taken as a function of
time for comparison, However, this procedure is very tedious. To simplify this procedure,
the following empirical relationship was proposed by Andreas {1938].

gDEIA" (2.15)

'Y:

where y is the interfacial tension, Ap 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:

o

S==— (2.16)

o

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 of S values S, where:

S, =—» 2.17)

where D, is the horizonatal drop diameter measured at a distance of D,x-i%. (with n being

an integer 1< n < 10) from the vertex of the 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 determination 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 frame
grabber or digital camera [Girault 1982, 1984). The digital signals are analyzed using
different algorithms to determine 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 of a pendant drop. The parameters B (Equation 2,10) and a (distance
from the apex to the center of the drop) are first calculated using the polynomial
approximation of Fordham's table. Then, 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 two parameters separately. Also, the optimization
procedure is not very effective (least 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 theoretical and
experimental profiles of the pendant drop, using 2 multiple regression routine. The
applicability of their method was questioned in the cases of large and flat drops [Boyce

and Al, 1984]. Also, the optimization involved only a and B, although an accurate
optimization should be based on five parameters,

Rotenberg [1983] developed an algorithm to determine 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 determination of interfacial tension between
polymers. However, problems have been encountered in its use [Anastasiadis, 1987). The
program did not converge 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 signals. 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 of Cheng is similar to the one employed here, it is more complicated
(it uses adaptive thresholding as described 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 formed, an optical system to capture the image of the 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 has been described in
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. Demarquette and Kamal [1992). Figure 2.3 shows the different parts of the apparatus. A
general view of the apparatus is given in Figure 2.4,

Experimental cell

Computer
Frame T ]
Grabber Lenses Light
Fiber Source
Camera T

Monitor

. Figure 2.3: The Pendant Drop Apparatus

23



Chapter 2 : EQUIPMENT

Figure 2.4: General View of the 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 Inc.). The light is conducted by an optical fiber to the target area. The wavelength
of the light source can be modified using filters (in 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 of the drop as described in Section

- ==

2.0,
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The visualization system consists of a 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 wvideo camera (pulnix CCD camera). The mono-zoom body has a magnification
factor from 1 to 4. The tube rectifies the tmage and has a zero angle between the
observation plane and the optical axis.

The light source and video camera are 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 experiments 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 (100x0.01 mm) square
reticule (from Klinger Inc.) was used in order to verify 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 quariz windows, cut through the mid-plane of the cylinder,
permit illuminatior. and viewing of the drop. A proportional temperature controller with a
precision of £0.5°C (proportional temperature controller with thermocouple 100-50 from
Rame-Hart) is used to maintain the ss.mple at a temperature up to 300°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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Figure 2.5: Pendant Drop Apparatus: the Experimental Cell

3.3.4. The Drop Insertion Device

The drop insertion device 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. Inside 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 movement
of the plunger is precisely 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 2 small ring of resilient material (rylon) to seal the
capillary tube, once the polymer has been extruded. Figure 2.6 shows the syringe used in
the research. The capillary tube must be straight along its whole length in order to avoid
any asymmetry of the drop. This effect of asymmetry can still be corrected if vne finds the
axis of symmetry when analyzing the drop. However, this is not a tnvial task [Anastasiadis
1988]. The straightness of the tube was checked with a plumb bob. Another syringe with a

capillary tube of 0.8 mm diameter was used to study the effect of the volume of the drop
on the interfacial tension.

—

| N
Plunger in
Stainless Steel
\ | Syringe Body
™ in Copper
LL Capillary
Tube
in Stainless
F= Steel
Ring
in Rulon

Polymer

Figure 2.6: Pendant Drop Apparatus: the Drop Insertion Device
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3.3.5. The Measurement of Interfacial Tension

Using the above described system (sample holder, synnge, light source,
visualization system) an image of the drop was obtained and digitized by a frame grabber
resident in 2 80486 computer. The frame grabber had a resolution of 480x640 pixels. The
different programs used in the calculation of the interfacial tension from this drop image
are discussed below. Images of the drop can 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 less 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 Appendix Al gives the sequence of the programs used for
the determination of the interfacial tension. The whole sequence of programs can be run in
less than one minute (with a 486 microcomputer) giving an effective on-line computation
of interfacial tension. The commands of the batch file are described in Appendix Al. Only
the main programs are discussed bellow. The listings of all the programs written in C
language can be found in Appendix Al. To write the programs, an image analysis library
(SII from Coreco) was used.

The drop analysis consists first of a digitization of the drop, followed by an edge
detection and a smoothing of the 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 of the experimental and optimized solutions).

a) Edge Detection

An edge detection program is used after the digitization of the image of the drop
to obtain its contour. The algorithm used scans the image in a raster fashion to detect the
contours of the objects. The program calculates 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 defined by the last pixel with a gray level higher than
the threshold value. Some researchers (Girault [1984]) have shown that the intertacial
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 first white (below the threshold) pixel.

b) Smoothing of the Drop

A smoothing program is needed due to the finite resolution of the frame grabber.
The smoothing routine makes use of local polynomial regression methods. The smoothing
is done piece wise (i.e., point by point repiacement) along the whole profile of the drop.
The method and algorithm were first used by Anastasiadis [1987]. The description and
calculations of the smoothing program are given in Appendix Al.

¢) 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 +15.300258 — 16.44090S* +9.924258> — 2.585045*)]* (2.18)

where S is the ratio %‘- D, is the equatorial diameter of the drop and D, is the diameter

3

measured horizontally at a distance D, from the apex of the drop (c.f. 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 five
parameters: three parameters for alignment of the 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:

y =.g_a'éﬁ_° (2.19)

where B is the dimensionless quantity defined in Equation 2.10, Ap is the density
difference between the two fluids, g is the gravitational acceleration and a is the radius of
curvature at the apex of the drop.

More details about the calculations used to perform the shape comparison are
presented in Appendix Al. 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 between 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 Polymeric Material

Two ways of preparing the polymeric material were used, depending on whether
purc laboratory samples or commercial polymers were used (see Chapter 3, Section 1 for
the description of the materials). In the case of pure laboratory polymers, the specimens
were melted 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 atterwards for
experiments. Samples of commercial polymers (which are obtained in pellet forms) were
first dried for 24 hours. The heavier phase was shaped by extrusion in a capillary
rhcometer 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 75°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 experiment started 15 minutes after 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 after 15
minutes. This interval before extrusion minimizes any possible temperature difference
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 paratlel
lines of a stage micrometer. Different magnification factors of the camera were used. The
optical distortion was less than 0.3% for any magnification. It was also verified 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
+0.59C. The temperature of the melt was measured immediately after 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
cell and no temperature gradient was found.

3.5.3. Influence of the Syringe
Determination of the interfacial tension between PP and PS at 2309C was carried
out using two capllary tubes with different diameters (the tubes were described in Section

3.3.4). Figures 2.7a and 2.7b show drops of PS in PP injected with the two syringes. The
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two experiments gave the same interfacial tension within 3% (which is within the
experimental crror), showing that:

(1) The diamecter 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 Pattersen [1971];

(ii) The size of the drop has no influence on the determination of the interfacial tension.
These conclusions are supported by the theoretical analysis of Bashforth and Adams.

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

Figure 2.7. Drop of Polystyrene in Polypropylene at 230°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 determined 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) from 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 than 4% as can be
seen from the results presented in Chapter 3 .

3.5.6 Error Analysis
Interfacial tension is given by:

ga*Ap _ga’TAp
B B

'Y‘:

where v is the interfacial tension, a is the distance from 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,
Ap is the density difference between the two fluids, g is the gravitational constant and B is

the parameter defined by Equation 2.10 corresponding to the best fit between the
theoretical and experimental curve.

a) Error in the determination of B

The optimal value of B was obtained by the robust shape comparison. The step of
optimization between two consecutive B values was 0.005. Three types of error in the
estimation of B were evaluated by the program (see Appendix Al). The best value of B
was obtained for the smallest error of each kind. For the three types of error, the values
of B 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 determination of a was equivalent | pixel in 300, i.e., 0.3%.

c) Error in the determination of t
The error n the determination of T was the same as for a, i.e., 0.3%.

d) Error in the determination of Ap

The determination of the density of polymer melts is not an easy task. The
densities of the polymer, in this work, 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 determination of density could vary from 0.5% to 2%. The methods used for
each polymer are reported in Chapter 3.

¢) 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

Ay

maximum relative error, — is:
Y
A—T = 0.001+2x0.003+2x0.003+2x0.02+0.02=0.073 2.21)
Y

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 of the 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 of Interfacial Tension Results
Three systems were studied in order to test the validity of the method/apparatus:

(i) surface tension of glycerin (i.e. the interfacial tension between glycerin and air)
(it} interfacial tension between n-hexane and water

34



Chapter 2 : EQUIPMENT

. (ii1) interfacial tension between n-octane and water

The physical constants for these materials are well documented and the materials
are readily available. Table 2.1 summarizes the experimental values found with the present
method and the values reported in the literature.

Table 2.1 : Comparison between measured and reported values

Materials Ap{g/em?) Velues of the Literature Values
present work {dyne/cm) remys [1973)
(dyne/cm) and Handbouk of chemistry
and phvsies [ 1983}
Glycerine/Air 1.17 62.2+0.2 at 23°C 63.4 at 200C
n-Hexane/Water 0.34 49,6+ 1.0 at 220C 51.1 at 200C
n-Octane/Water 0.31 48.4x1,0 at 22°C 49.6 at 20°C

The comparison of the 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 this 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 Zrop using the

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

(EVOH) in polypropylene (PP) at 240°C is shown. Figure 2.8a shows 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 programs. Figure 2.8¢ shows

. the drop after the profile has been smoothed. Figure 2.8d gives the superposition of the

35



Chapter 2 : EQUIPMENT

experimental data (points) and the theoretical profile (line) obtained using the Bashforth
and Adams equation and the shape comparison routine. Only half of the drop is shown
here since the drop is symmetrical. It should be noted that the scale on Figures 2.8b, 2.8c,
and 2.8d is different from the one of 2.8a.

350

300

¥

Pixels
b) Edge Detection
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Figure 2.8: Pendant drop of EVOH in PP at 240°C
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3.6 Expenniments 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
¢) the evolution of the interfacial tension as a function of time
It should be noted that, in this section, an example of only one polymer pair is shown, the
complete set of results is given in Chapter 3.

3.6.1. Evolution of the pendant drop with time
a) Typical Behavior

Figure 2.9 shows the evolution of a drop of ethylene vinyl alcohol copolymer
(EVOH) in polypropylene (PP) at 223°C, 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 of the 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 well. When the drop
reaches equilibrium, the matching of the theoretical drop (obtained from the Bashforth and
Adams equation) ‘with the experimental data is very good.

b) The necking and capillarity effects

In some cases (for example in the case of experiments with polystyrene (PS) and
polypropylene (PP)), experimental difficulties were observed. If the drop (polymer with
the higher density) was smaller than a certain critical volume, the drop would retract into
the syringe (capillary effect). If the drop (polymer with higher density) was larger than this
critical volume, it would neck and detach.
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i} Necking Effect

Figure 2.11 shows the "necking phenomenon”. It shows the evolution of a drop
of PS, in PP at 250°C: a) at the beginning of the experiment, b) after one hour, ¢) after
one and 2 half hour, d) after two hours, e) after three hours and f) after four hours.

The phenomenon of necking has been observed for the same polymers by Escudic
[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 critical volume should not be surpassed, otherwise
incorrect determination of the interfacial tension would occur as indicated above.
Reported values of the interfacial tension using the pendant drop method by different
researchers could therefore be questionable. The critical volume is likely to be related to
the balance between gravity and surface forces.

ii) Capillary Effect

Figure 2.12 shows the evolution of a drop of PS, in PP at a temperature of
2500C, for a case where the initial drop volume was smaller than the critical capillary
volume: @) at the beginning of the experiment, b) after onc hour and a half, ¢) after two
hours, d) after three hours and e) four hours after starting the experiment.

When the drop was smaller than the critical volume, it was found that a {ine film of
polystyrene formed on the internal surface of the plunger. This indicates a capillarity
effect. 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
form small drops and reach mechanical equilibrium.
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Figure 2.11: The "Necking Effect”, Evolution of a Drop of PS in PP at a

Temperature of 2500C,
a)att=0
b)att=1 hour
¢} at t= L5 hour

d) at t =2 hours
e) at t =3 hours
f) at t =4 hours
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Figure 2.12: The capillarity effect, evolution of a drop of PS in PP at a Temperature
of 25090C.

ayatt=0 d) at t =3 hours

b) at t=1.5 hour e) at t =4 hours

¢)att=2 hours
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3.6.2 Experimental results

The interfacial tension between etaylene vinyl alcohol copolymer (EVOH) and
polypropylene (PP) was measured for temperatures ranging from 210°C to 2509C. These
polymers were commercial high molecular weight resins. The results are reported in
Chapter 3. Also interfacial 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 1300C to 2500C.
Experiments were also conducted to test the stability of the measured interfacial tension
values after equilibrium. In these experiments, the interfacial tension was measured up to
eight hours after the equilibrium was reached. The values of interfacial tension remained
constant over the whole eight hour period to within £1%.

It was not possible to measure the interfacial tension between EVOH and maleated
PP (cxcept for MAgPP, see Chapter 3, Section 6). In one case, degradation took place
before reaching mechanical equilibrium (for MAgPP,). 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 MAgPP,_ with x>3.

3.6.3 Evolution of y(t)

It was observed that the evolution of the interfacial tension with time y(t),
obtained experimentally from the shape comparison, can be fitted by a negative
exponential. For example, Figure 2.13 shows the evolution of y(t) for commercial PP and
EVOH at 226°C. The open points represent the experimental values of y(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, Jandel Scientific)
corresponding to the following equation:

Y=Y = (Yo =Yoo )e MO (2.22)

where v, is the value of y(t) at infinite time, i.e., the value of interfacial tension. vy, is the
value of y(t) at t,, and m, is a constant.

[\



Chapter 2 : EQUIPMENT

Joseph [1992] studied the evolution of the radius of a spinning drop of one
polymer into another. He demonstrated theoretically that the evolution of the radius of the
spinning drop of one polymer into another can be fitted by:

R(1)~R, = (R, =R, )e ™"t (2.23)

where R(1) is the radius of the spinning drop as a function of time, R,, is the radius at
infinite time, i.e., the radius at equilibrium, R,is the radius at t,, and m is a parameter
related to the relaxation times of the polymer. Fitting equation 2.23 to experimental data
of R(t), Joseph could infer the value of R, at equilibrium and consequently the value of
interfacial tension.

160 r T T T .
140 F 4
g o Transient Measurements

E [ of Interfacial Tension
5 120 —— Exponential Fit 1
' 5
g [
3 100 _— -
= L
L [
2 8o - i
I [
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Figure 2.13: Interfacial Relaxation Function for EVOH in PP at 2239C
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In this work, the same rational was applied to the experimental value of the
interfacial tension obtained with the pendant drop. It was attempted to fit an exponential
curve to y(t). This is shown in Figure 2.13. It can be seen that equation 2.22 represents

well the evolution of the interfacial tension as a function of time for this work.

The interfacial tension, between PP and EVOH at a temperature of 223°C,
obtained by the exponential fitting 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
fitting) for some polymer pairs as examples, as well as the interfacial tension obtained at
equilibrium. It can be seen that good agreement is obtained between the two sets of data.
Table .2 also shows the values of m, for the different polymer pairs and of the zero shear
stress viscosity, n,, of the polymers used. It can be observed that the values of m are an
increasing function of the zero shear stress viscosity.

Table 2.2 : Interfacial Tension from Transient Measurements

y at v calculated Time to reach
_ equilibrium with 2,22 m n* equilibrium
Resins (dyn/em) (dyn/em) (hour™!) (Pa.s) ¢hour)
PP/EVOH (216%)
Matrix PP 19.63£0.85 20.57 164 - 3
Drop EVOH .
PP/EVOH (223%)
Mazrix PP 1240093 17.89 1.5 287 104 63
Drop EVOH 4.4210%
PP/EVOH (230%)
Matrix PP 16.43£0.40 1663 1.06 . 475
Drop EVOH .
PP/EVOH (240%)
Matrix PP 1483+ 0.20 1571 1.08 116 104 4
Drop EVOH 3100
PP/PS (178%)
Matrix PP 1102+ 04 1134 199 s2210% ]
Drop PS 7.8510°
PPIDS (226%)
Matrix PP R46E 045 7.6 13 .53 10% 3
Drop PS 6.7510°
PP/PS, (220
Matrix PP 6781025 620 03 . 1.66
Drop PS .
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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 s a function 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 (PP/PS, PE/PS, PP/EVOH). Also, it was used to study
the effect of temperature, molecular weight and molecular weight distribution on
interfacial tension. Flowever, it was not possible to measure the interfacial tension between
maleated polypropylene and EVOH with the pendant drop apparatus and to study the
effect of compatibilizers on interfacial tension for the following reasons:

i) In some cases, the polymer would degrade before equilibrium would take place (in the
case of MAgPP, see Chapter 3, Section 6)

ii) In other cases, the resin with lower density was opaque ( in the case of MAgPP, 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 Theory

An analysis of the physic-l basis for the spinning drop method is given below
(following the work of Vonnegut, 1942 and Princen, 1967).

Consider the system consisting of a drop of one fluid 1 (density p,) 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 speed about the horizontal axis. The drop elongates until the
centrifugal and interfacial forces are balanced. The geometry of the drop satisfies the
following equation:

AP=1v] (2.24)

where AP is the difference of pressure across the interface, v is the interfacial tension and
] is the total curvature of the interface.

The difference of pressure can be wnitten as:

AP = AP, —%m:rzAp (2.25)
and the curvature as
J1d_ ¢ (2.26)
"o Sy
dx

where Ap is the density difference between the two fluids, r is the cylindrical coordinate,
and AP, is the difference in pressure at r = 0:

ap, ==L 2.27)

where a is the radius of curvature at the origin.

Substituting Equations 2.25, 2.26 and 2.27 into Equation 2.24 yields, after some
transformation :

(2.28)

where C is a constant to be calculated from:;
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g(Cro:'+1)
L =.£_

&

T (2.29)
(Cr,’)

where L_ is the equilibrium length of the rotating drop and r, is the initial drop radius.

If the speed is sufficiently high (if the length of the drop is at least equal to four
times the diameter of the drop as derived by Vonnegut), Equation 2.28 can be reduced to:

2,13
y=o4dae (2.30)
3z

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]:

=24 . (2.31)
2g

The effect of gravity tends to locate the drop at g—‘.', (where g is the gravitational
)

acceleration, r is the radius of the drop and s the rotational speed). At very high angular
velocity, the displacement of the drop from the axis of rotation is very small (25um at an
angular velocity of 6000 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 determined 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 initial time varying from 25 to 480
seconds, depending on the viscosity of the liquids, log(L)=f{1/t) was linear (where L is the
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length of the drop). Extrapolating the line to 1/t = 0, they 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. Thetr apparatus could rotate at speeds up to 25,000 rpm. It
was used successfully to measure interfacial tension between 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
polymeric 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™"" - (2.23)

is the
initia] radius of the drop, R, is the equilibrium radius, t, is the initial time at which the

where R(t) is the maximum radius of the spinning drop as a function of time, 2

]

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

Joseph et al fit an exponential curve to the data to determine 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 between polyethylene (PE) and
polystyrene (PS), and between PE and polymethylmetacrylate (PMMA), and between PS
and PPMA at temperatures ranging from 200°C to 250°C. The conclusion was that the
method of fitting introduced by Patterson and the method of exponential fitting led to near
agreement. However, only few data were availabie for comparison.

In the present work, all three methods were used to calculate interfacial iension
from spinning drop profiles of polymers, i.e.:
(1) increasing the speed of the spinning drop {Vonnegut, 1986],
(1) the interpolation of Patterson [1971] and
(iii) the theoretical approach of Joseph [1992)].
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4.3 Apparatus

4.3.1 General Description

The apparatus consisted of three parts: an experimental assembly mounted on a
vibration proof table, an optical system to capture the image of the drop. and a datu
acquisition system with a PC computer equipped with an Intel 80486 processor to
compute the interfacial tension from the drop profile. A general view of the apparatus is
given in Figure 2.14.

Figure 2.14 General View of the 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 attached 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 ball bearings are located 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:

Thermocouple
Brushes Capacitance
Shaft Thermocouple Probe
Cogling Fins Cooling Fins
Oven .
Metallic
Motor

Piece

Polymer 2 Spinning Tube Alignment
Polymer 1 Rod

Figure 2.15: Sketch of the Spinning Drop Apparatus
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4.3.2.1 The Motor

A brushless DC 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 of the 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 400°C. The
temperature is maintained constant with a P.LD. (Proportional Integrator Derivator)
controiler (Model EPS-120-25-2 from Mellen Company) to within £0.5°C. This oven has
been specially manufactured for this project by Mellen company.

There is some discrepancy between the temperatures of the polymer and the oven,
because of the poor thermal conductivity of the polymer. For each polymeric material, a
temperature calibration was conducted. In order to determine the temperature of the
polymer, a thermocouple was inserted in the polymer. This temperature was obtained
while the tube was rotating and correlated with the oven temperature.

During an interfacial tension measurement, the calibrated temperature of the oven
was used to infer the temperature of the polymer. The length of the thermocouple was
varied to verify if there was a gradient of temperature of the polymer along the tube. Less
than 0.5°C difference was observed along the whole length of the 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 "O" rings on each part
of the shaft prevent the glass from 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 closed using one glass plunger in each side. One of the plungers is allowed 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 allow the determination of
density as a function of temperature. The glass dilatation can 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.

_E_'

==

Plunger
Metal Piece
Polymer Facing
Glass Tube 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 function of the temperature. The output voltage of the capacitance probe is
directly 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 function 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 a2 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. it
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 perfectly parallel. It was ascertained that they were still parallel after
digitization.

4.3.4 Measurement of Interfacial 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 this 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 posi‘ion of the object on the monitor or, more precisely, with the edge
detection program presented in Section 3.3.5.2.

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 or 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 hemicylinders that were
obtained by injection molding. A hole was drilled in one of the hemicylinders. 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 hemicylinders containing the drop were
inserted inside the glass tube. Prior to an experiment, the samples were dried for 12 hours
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 optical enlargement and for the
combined refrcctive index of polymer 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 experimentally as reported in earlier works
[Manning 1976, Verdier 1990]. A rod was inserted in polymer 2 (matrix) inside the
experimental tube and the diameter of the rod, dapp- was measured for different
temperatures. The real diameter of the rod, dyea} was known and the correction factor, n,
could be calculated as follows:

d

=S 2.32
n a_ (2.32)

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. This has also been observed by Verdier [1990].

4.5. Results

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

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

(ii) the evaluation of the apparatus; this includes 7 determination of the experimental error
and a comparison of data;

(iii) experiments with polymers; this 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 of the 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, two 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 of EVOH as a function of temperature; EVOH was used
as the matrix for all 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 this
research. The data points are represented by the dots. The correction factor for 2 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=1.58-847x10"T rr=0.999 (233)

where n is the correction factor and T is the temperature in degrees Celsius.
1 50 1 i I 1 ]

1.45 | -

1.40 | \.’H.\. _
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Optical Correction Factor
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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,

This graph shows very good agreement between the results obtained with the capacitance
probe and the capillary rheometer.

e Capillary Rheometer

—— Capacitance Probe

1.0 F 1

0.8 | -

Density (g/cm?)

0.6 -

0.2 F -

0.0 ' . . :
0 50 100 130 200 250

Temperature (°C)

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 total error in the determination of the interfacial tension is due to the
combination of all the different experimental errors that are associated with the
determination 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: 0.5%.

(b) rotational speed: 0.02%.

(c) density difference: 2%.

(d) determination of the correction factor: 1%.

(e) approximation of equation 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 always
more than four tin.es the maximum diameter.

Using Equation 2.30, the maximum relative error in the determination of the
interfacial tension can be calculated as follows:

A _ 0.005+(0.00025)x3 +0.02+(0.01)x3+(0.01)x3+0,004 ~ 0.09  (2.34)
Y

The estimated maximum error in the determination of the interfacial tension is
therefore 9%.

4.5.2.2 Comparison of Data

a) Spinning Drop Measurements at Different Speeds

The interfacial tension between polypropylene and ethylene vinyl alcohol at a
temperature of 202°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
tpm 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 150 minutes to
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reach equilibrium when the drop was rotated at 16,000 rpm and 100 minutes at 20,000
rpm,

b) Comparison with Pendant Drop Measurement

The interfacial tension between polypropylene and ethylene 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 methods.

Table 2.3: Comparison between the Pendant and Spinning Drop Method

Interfacial Tension Interfacial Tension
Temperature (°C) measured with measured with
pendant drop method spinning drop method
202 17.1£0.4 16.9+0.3
224 12.0£01 12.5+0.5

The results 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 within 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 computational systems.

4.5.3 Experiments with Polymers

Only three aspects of the experiments performed with polymers are examined here.
The complete set of experiments 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 2.19e are tracings of a drop of ethylene vinyl alcohol in
polypropylene at a temperature of 202CC. They show the evolution of the drop rotated at
16,000 rpm at: a) the beginning of the experiment, b) after 12 minutes, ¢) 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 can be seen in Figures 2.19d and 2.19e. Figures
2.20a to 2.20e show the same drops as they appear on the monitor after digitization.

Figure 2.19: Tracings of a Drop of PP in EVOH at 202°C
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Figure 2.20 : Evolution of a Drop of PP in EVOH at 2020C - Digitized Images
4.5.3.2. Comparison Between Three Calculation Methods

Three approaches were used to calculate the interfacial tension from the profile
analysis of the spinning drop as described in Section 4.2. The three approaches were: a)
value at equilibrium; b) method of Patterson and ¢) method of Joseph. These methods
have been discussed in Section 4.2. As an example, the results of using the three different
approaches for the determination of the interfacial tension between pure PP and EVOH 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 dyn/cm. For all 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 of Patterson [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 2020C, is equal to 16.9 dyn/cm. The best fit was obtained of the data was
obtained performing a least square regression.
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Figure 2.21: Evolution of the Interfacial Tension of a
Spinning Drop of PP in EVOH at 202°C
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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
2020C. The data points are represented by the open circles. The line corresponds to the
fitting (obtained by least-square regression, the fitting 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 dyn/cm.

The analysis of the evolution of the radius of the spinning drop with time was
conducted 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.
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Figure 2.22: Evolution of the Radius of a Drop of PP in EVOH at 202°C
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4.5.3.3 Measurement of Interfacial Tension between Polymers

The spinning drop apparatus was used to determine the interfacial tension for
different polymer pairs . The results are presented in Chapter 3, Section 6. The following
polymers and operating conditions were used:

a) Polypropylene and ethylene vinyl alcohol copolymer at 2020C and 2249°C - in order to
compare with experimental results obtained with the pendant drop apparatus and to
validate both devices.

b) Polypropylene and ethylene vinyl alcohol copolymer at temperatures below 210°C 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 alcohol as a function of maleation
content of polypropylene. The interfacial tension between these resins could not be
measured with the pendant drop method. For MAgPP, (see Chapter 3, Section 6)
degradation took place before mechanical equilibrium of the drop. The resins with
maleation level higher than 0.15 wt % (MAgPP, with x>2) were opaque. Since the
MAgPP forms the matrix in the pendant drop method, interfacial tension measurements
between MAgPP, with x>2 with the pendant drop method were not possible.

3) 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 well 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 polymer 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 material with the higher density is opaque, it is not possible to use the
spinning drop method.

{c) Less polymer is required to perform the pendant drop experiment.

The disadvantages of the pendant drop method when compared to the spinning
drop method are outlined below.

(2) Equilibrium times are longer, which could prevent some measurements due tc 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.
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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. Algorithms were chosen and computer programs were written for
digitization of the drops and calculations of interfacial 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
temperature for polymers. The capacitance probe results compared well with capillary
rheometer measurements.

(e) For both instruments, the possibility of viewing the drop in real time and calculation of
interfacial tension on-line resuits in high accuracy in the determination of drop equilibrium
and observation of eventual degradation.

(f) Measurements of interfacial tension between polymers performed with both
instruments compared well, 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 limited 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 bstween 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 experimental time, which helps to
avoid the thermal degradation of the polymers.
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1. INTRODUCTION

Data regarding interfacial tension between polymers are rather scarce. Research in
this field has been limited because of some shortcomings of the experimental techniques
(inability to ascertain 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 between polymers
published up to tne early 80's. Later, Escudie [1986] measured the interfactal tension
between polypropylene (PP) and polystyrene (PS) with the pendant drop technique and
studied the effect of temperature on the interfacial tension. Anastasiadis [1988] studied the
effects of both temperature and molecular weight on the following polymer pairs:
poly(dimethylsiloxane) / polystyrene (PDMS/PS), poly(methylmethacrylate) / polystyrene
(PPMA/PS), polybutadiene / polystyrene (PBDH/PS).

Experimental studies of the effect of polydispersity and/or bimoda! blending on
interfacial tension have not been reported yet. Some relevant theoretical aspects [Helfand
ct al (1989), Hariharan and Kumar (1990}, Broseta et al {1990)] have been reported.

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 effect of compatibilizers on interfacial tension is also evaluated.

1.1 Chapter Outline

This chapter presents all the experimental results obtained in this study. The resuits
reported here relate to the study of the influence of temperature, molecular weight,
bimodal blending, polydispersity and compatibilizers on interfacial tension. In order to
explain some of the experimental observations, the results of surface analysis of the
interfaces between dispersed and continuous phase are reported.
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The experiments 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 following polymer pairs were
considered: polypropylene / polystyrene (PP,,/PS). polyethylene / polystyrene (PE/PS),
polypropylene / ethylene vinyl alcohol copolymer (PP_ _/EVOH). The data are discussed
and compared in light of previously published resuits. A further theoretical analysis of the
data is given in Chapter 4.

Interfacial tension between maleate-grafted polypropylene (MAgPP) with different
levels of maleation and ethylene vinyl alcohol copolymer (EVOH) was measured, in order
to study the effect of maleation on the interfactal tension.

Finally, the results of the surface analysis of the different polymers/blends used in
this work are reported. The surfaces of polypropylene (PP). maleated polypropylene
(MAgPP) and ethylene vinyl alcohol copolymer (EVOH) were examined by Electron
Spectroscopy for Chemical Analysis (E.S.C.A) and by Scanning Electron Microscope
{(S.EM).

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 polymer 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 of laminar blends.

2.1.1, Pure Materials
Pure polystyrene (PS), polyethylene (PE) and polypropylene (PP,,,.) resins were

used in order to study the effects 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 PP, were chosen because they are extensively used
commercially. The interfacial tension was measured for PP, /PS and PE/PS pairs. The
polymers used in this work had the following characteristics:

a) PP, . the same isotactic PP, was used for all the experiments. The molecular weight
of the polymer was M_, = 300,000 and M_ /M, 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 io 2,000.
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Table 3.1 : Pure Resins used in this Study

Material M, M/Mp Supplier
Polvpropylene
PPM 54.000 5.54 Polysciences, Inc.
Monodisperse
polystyrene
PS, 938 1.09 Polymer Laboratories, Lid
PS, 1,589 1.06 Polymer Laboratories, Ltd
PS, 4755 1.05 Polymer Laboratonics, Lid
PS, 19,417 1.03 Polysciences, Inc.
PS, 86,438 1.04 Polysciences, Inc.
PS, 380,000 1.04 Polysciences, Inc.
Polydisperse
polystyrene
PS 115,500 2.84 Polysciences, Inc.
Monodisperse
polyethvlene
PE, 680 1.18 Polymer Laboratorics, Ltd
PE, 1,050 1.20 Polymer Laboratories, Lid
PE, 1,870 1.15 Polymer Laboratories, Lid
Polydisperse
polyethylene
PE, 770 1.64 Polysciences, Inc.
PE, 1,050 1.24 Polysciences, Inc.
PE_ 1,950 1.56 Polysciences, Inc.
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2.1.2 Blends

In order to study the interfacial tension of bimedal systems, monodisperse samples
of pure PS were blended. The following blends were made:

a) PS, (Mp =1.589) with PS, (M, =19,417) in 3/97, 8/92, 20/80, 50/50, 70/30 molar
ratios (corresponding to 97/3, 92/8, 75/25, 50/50, 25/75 ratios by weight).

b} PS, (Mp=4,755) and PS; (M=86,438) in 2/98, 3/95, 15/85. 50/50 molar ratios
(corresponding to 95/5, 75/25, 50/50, 25/75 ratios by weight),

The interfacial tension between each of the above blends and PP, was measured
exclusively with the pendant drop method, since the method requires small amounts of the
polymer with the higher density (here the PS, which is available in small quantities). The
blends were first obtained by mixing the polymer powders in a mortar, the mixed powders
were then inserted 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

Material Mp M,,/Mp Supplier
PS,
First Peak 59,900 2.06 Polysciences, Inc,
Second Peak 655 1.65
PS,
First Peak 66,100 1.91 Polysciences, Inc.
Second Peak 695 1.63
PS,
First Peak 52,700 2.16 Polysciences, Inc.
Second Peak 570 1.29
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The molecular weight distnbutions of the above bimodal blends were determined
in the Chemistry Department of McGill University. The two peaks for each polymers were
integrated separately. Figures 3.1 to 3.3 show the GPC molecular weight spectra for these
3 bimodal blends of polydisperse polystyrene.
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Figure 3.1: Gel Permeation Chromatography Spectrum for PS,
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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
permeation 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
structural properties of PP/EVOH blends [Lohfink 1950, 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 : Commercia! Resins used in this Study

Material My My /M, Supplier
Polypropylene Northern
(NPP 7200-AF) Petrochemical
Company
PP__ 75,000 5.44
Ethylene vinyl
Alcohol lymer Usi Chemical
(EP-F101)
EVOH 35,000 2312

Commercial Resins contain a variety of additives and contaminants. Some of these
are discussed below.
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a} PP___ and EVOH

com *

The PP, (NPP 7200-AF) used in this study was a blow molding grade
polypropylene. The EVOH (EP-F101) used in this study had 32 mol%6 ethyvlene content,

The above commercial resins contain in their compositions some additives such as
antistatic agent, coupling agent and others (antioxydant, catalyst residual). 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 propertics (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 SiQ_ as shown in
Section 7 of this chapter.

b) MAgPP

In order to study the effect of addition of maleic anhydride groups to the PP, on

(WL 1]

interfacial tension between PP and EVOH, six maleated samples of PP were used. The

cum

level of maleation of PP, varied from 0.067 to 0.262 wt % as reported in Table 3.4.
Two commercialy available maleated polypropylene samples were investigated (MAgPP,
and MAgPP,). They were obtained from Mitsui Petrochemical Company and Mitsubish
Petrochemical Company under the commercial names Admer and Modic, respectively.
Maleated polypropylene with other levels of maleation was prepared by mixing a highly
maleated polypropylene (Herkoprime G-201 from Himont) with a non-maleated
polypropylene in different amounts to produce difterent maication levels. The mixing of
PP and maleated PP was conducted in a screw extruder. The extrudates were
subsequently pelletized. The determination of the content of maleic anhydride grafted on
the PP was determined by F.T.L.R (Fourier Transform Infra Red) or titration, as described
in Section 2.3 of this chapter.

Table 3.4 : Maleation Content of Maleated PP

Material Maleation Content (% Supplicr

wt)
NL-\gPl'“l 0.067 Mitsui Petrochemical Company
MAgPP, 0.098 Mitsubishi Fetrochemical Compiny
MAgPP, 0.153 Prepared at McGill
MAgPP, 0.168 Prepared at MeGill
MAgPP, 0.222 Prepared at McGill
MAgPP, 0.262 Prepared at McGill




Chapter 3 : EXPERIMENTAL RESULTS

2.2 Molecular Weight

The molecular weights of the monodisperse samples of PS and PE were provided
by the suppliers and were confirmed using Gel Permeation Chromatography (G.P.C} at the
Chemistry laboratories, McGill University.

The molecular weights of all the polydisperse samples and blends of PS were
determined by G.P.C at the American Polymer Standard Corporation. The molecular
weights of the resuns used in this study were reported 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:

(i) The PP samples were dissolved in trichlorobenzene (TCB) at 135°C; the column used
was American GPC (106 + linear + S00A).

(i) The PS samples were dissolved in tetrahydrofuran (THF) at 30°C; the column used
was American GPC (105+ SO0A + 100A).

(iit) The PE samples were dissolved in TCB at 135°C and the column used was AM Gel
Three linear.

(iv) The EVOH sample was dissolved in dimethyl formamide (DMF) at 50°C and the

column was American GPC (Linear + 5004:;).
In all 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 of maleic anhydride grafted polypropylene is given below:

H
1 //O
B

H-C-C”
N
H ©
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Two methods were used to determine the maleation content of the polypropvlene
samples: Fourier Transform Infrared spectroscopy (F.T.LR.) or titration. These methods
are described below.

a) Fourier Transform Infrared spectroscopy

The LR. spectrum of maleic anhydride is characterized by the presence of four
important bands of absorption at 1840 cm=1,1780 ¢cm~!,1050 cm-! and 885 em-1. The
1780 cm-! band is very strong and can be conveniently used for the quantitative
determination of maleation content in a resin {Trivedi and Culbertson, [1982]). A typical
LR. spectrum is shown on Figure 3.4. The samples were preheated for 3 minutes prior to
analysis to remove residual maleic anhydride. Duplicates were run for each of the blends.

uiad Cas|rofd1-4 A 08 Fplua*F (LY T IVAT 1101 NAOS
Uaislc anhydilde, Lelquait: 8, 93%% mp 3438°C KMA (L, 1,6074 1ML WAt 003N
bp 20°C March 10,3524 WIS mos g

- me dc———

Figure 3.4: Typical Spectrum of MAgPP
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b) Titration

Maleic ankydride can be hydrolyzed to malei¢ acid. The maleic acid produced in
hydrolysis can be titrated with potassium hydroxide to the two end points at pH = 3.7 and
pH = 9.5 (Trived: and Culbertson, [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 formamide as an
indicator. The end point was detected 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 two methods. It was verified that both methods gave the same resuits. The
experimental data are presented in Table 3.4. The errors associated with these estimates
are +10%.

2.4. Density

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 determine the density of each
polymer are presented below. All the density values used in this work are presented in
Table 3.5.

2.4.1. Density of Polypropylene

The density of polypropylene was evaluated using the equation proposed by Zoller
[1979] and given below:

P

V(P,T)= V(O,T){l-C(T)In[1+-B(—T)]} G.1)
C=0.0894 (3.1.2)
B(T) =B, exp(-B,T) (3.1.b)
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Table 3.5 : Density of the polymers used in this study

Temperaturd 130 1% 160 169 178 1.7} 186 196 203 108 m 213 218 114 116 118 i 240 2 243
‘o
Material
P - n - _ 0759 0757 0738 0751 0751 0749 OT47 04T 0744 0742 0741 0738 0TS 0731 07 0IW
Mogodisperss
PS, 938 _ - _ . 0.952 _ _ _ - - _ - . - - . -
PS, 1,589 _ - - _ 0.957 _ _ - - - _ _ _ - - _ -
PS; 4,753 - - _ 0976 _ 0969 0963 0.960 _ _ 0951 _ _ - - . _ - -
PS, 19.417 i - B _ 0984 _ 0978 0972 _ 0.963 - 0.960 _ . _ - - - - -
PS, 86,433 - _ _ i _ 0983 0980 0974 - 0.966 _ 0.962 _ _ _ - _
PS, 380,000 - - B B _ _ - _ - _ - 0953 0931 0.943 0.938
PS 115,500 - _ _ _ 0986 _ 0980 09M _ 0966 - _ 0938 0.953 _ _ _ _ _
1)
S, - _ _ _ 0986 _ 0980 094 _ 0.964 - _ 0.959 - - . - - _
PS, 1024 1007 0999 0992 0985 - 098L 0973 0966 _ - 0939 ~ _ _ _ . - - .
PS, _ ~ _ _ 0984 _ 0979 0970 _ _ _ - - _ - - . - - -
plonodisperse
polyethylone
PE, 1,870 0789 0776 071y 0769 0768 _ 0.761 N ~ _ _ _ _ - _ - - - -
PE, 1050 0719 0TH 0144 0761 0152 _ 0.746 _ i _ _ - _ _ _ . B - -
PE, 680 0711 0769 0761 0759 0.749 - 0.739 _ - - . _ _ - _ _ . - . -
Polydisperss
pohicthylens
PE, 1,950 0789 0776 0373 0769  0.763 - 0.761 _ . _ - . . i} R . - - - .
PE, 1,050 0779 0771 0784 0261 0182 _ 0.746 - N - _ - - _ R . . - - .
PE, 770 07712 0769 0761 0739  0.749 _ 0.739 - - - - - _ _ . ; - _ .
Ethylene Viml
EVOl 0.970 0.961 0934 0.941 0934

&

¢ andey)

3

S1TNSTY TVINIINET
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B, = 1520kg/ m® = 147latm (3.1.0)
B, =4.177x107'C"' (G.1.d)
where P is the pressure, T is the temperature in K and V is the specific volume.

Zoller [1979] showed that his experimental data and the equation of state give the
same results to within 0,001 g/cm3.

The density of polypropylene was also measured in this laboratory with a mercury
dilatometer. The experimental 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 Flory [1950]. Their equation was obtained for molecular weight
(M) 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 M|, 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 function of temperature were:

PS(M,,=4,755)

d =1.09—-0.00068T (3.2)
PS(M,,=19,417)

d=1.10-0.00069T (3.3)
PS(M,,=86,438) .

d =1.10-0.00068T (3.4)
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PS(M,,=380,000)
d=1.10-0.00068T (3.5)

where d is the density in g/cmS and T is the temperature in °C.

The densities of the polydisperse samples were taken to be the same as those of the
monodisperse samples for molecular weights (M) above 60,000. Fox et al (1950)
reported a difference between the prediction of the proposed equation and the
experimental data of less than 0.03%

2.4.3. Density of Blends of Polystyrene

The densities of the polystyrene blends presented in Table 3.5. were measured with
a calibrated gauge heated in a vacuum oven. The experimental error associated with this
technique is +5%.

The density of the bimodal blends of PS with My, (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 calculated since no equation of state exists for bimodal
polymers. The densities of the bimodal blends were determined just at 186°C because
experiments with these materials were performed only at this temperature, (see Section S
of this Chapter).

The value of the density chosen for the bimodal blends at 186°C was 0.930 g/em’,
This value is based on the density of the polydisperse polystyrene blends presented in
Table 3.2 at 1869C. The density of the monodisperse blends should be at least as high as
the one of the polydisperse blends, following the theoretical rule that the density increases
with molecular weight. The density of polystyrene as a function of molecular weight levels
off at a value of 0.98] g/cm=3 at 20,000, as shown by Ratsch [1986]. The use of either
0.979 or 0.981 results in a difference of interfacial tension of less than 0,5%, and therefore
no significant error occurs if either value is used.
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2.4.4. Density of Polyethylene

At temperatures above 1309C, the PE used in this study was in a liquid form. The
density of the polyethylene was measured with a gauged vial of 10 mi heated in 2 vacuum
oven. The volume expansion of the glass could be taken as negligible (it is equal to 93.5 x
107 K0,
2.4.5. Density of Ethylene Vinyl Alcohol

The density of EVOH was measured with the capacitance probe as described in
Chapter 2. The error in the evaluation of the density by this 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 of maleic 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
infience of temperature on interfacial tension.

In general, interfacial tension is experimentally found to decrease with

temperature. The temperature coefficient %, for polymers (where yis the interfacial

tension and T is the temperature) has been found experimentally to be approximately 0.03
dyn.cm~1.0C-1 [Wu 1982]. This coefficient is smaller than for shorter molecules because
of conformational restrictions in polymeric systems [Wu, 1969 and Roe, 1968].
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3.2. Resulis and Discussion

The influence of temperature on the interfacial tension was evaluated for PP_/PS,
PE/PS and PP_ /EVOH polymer pairs. Different types of polystyrene and polyethylene

with varying molecular weight and polydispersity were used. The resins used were
described in Section 2.

The interfacial tension results for the different polymer pairs as a function of
temperature are presented in Figures 3.5 to 3.8. The corresponding experimental data are
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 between polymers should decrease with
increasing temperature. An increase of temperature decreases the free energy of mixing at
the interface, resulting in a decrease of the interfacial tension. For all the cases studied in
this work, 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 temperature) for the different polymer pairs
are reported in Tabie 3.6. The coefficients for the monodisperse samples are of the same
order of magnitude as those reported by other researchers Wu [1974).

¢) The coefficients in Table 3.6 show a stronger dependency of interfacial tension
on temperature 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 between PP (M, =235,000) and PS (M,,=220,000) "with very broad molecular
weight distribution” and reported 2 temperature coefficient of 0.069 dyn/cm/K which is in
the range of the temperature coefficients reported here for polydisperse PP, /PS systems.

d) Anastasiadis [1987] reported that the temperature coefficient decreases when
the overall molecular weight decreases. In this study, no conclusion could be made in the
case of the monodisperse system (PS/PE). However, the results of the interfacial tension
between PP, and the bimodal blends of PS seem to be in agreement with the observation
of Anastasiadis.

922



Chapter 3 : EXPERIMENTAL RESULTS

INTERFACIAL TENSION {dyn/cm)
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/

~
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~O
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10 L — Best Fit )
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Figure 3.5: Interfacial Tension between PP and EVOH

as a Function of Temperature
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Interfacial Tension (dyn/cm)
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Figure 3.6: Interfacial Tension between PP, and Monodisperse
Polystyrene as a Function of Temperature
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Interfacial Tension {(dyn/cm)
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Figure 3.7: Interfacial Tension between PP and Polydisperse
Polystyrene or Blends of Polystyrene as a Function of Temperature
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Figure 3.8: Interfacial Tension between Monodisperse Polyethylene
and Monodisperse Polystyrene as a Function of Temperature

e) The value of the coefficient for the PP, /EVOH 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 PP_ _/EVOH polymer pairs are much
higher than that for PP, /PS. 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
two polymers (see Chapter 4). The solubility parameters of PS, PE and PP are respectively
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18.7, 16.4, and 17.8 (J.em3)!? [Cowie 1991] and the solubility parameter of EVOH is
22.8 (J cm?)'? as estimated from the sum of the various molar attraction constants

tabulated by Small and Hoy [Cowie 1991] (See appendix B,). Thus, the interfacial tension

between PP and EVOH is expected to be significantly higher than the interfacial tension

between PP_, and PS or PE and PS.

Table 3.6. : Linear Regression coefficients of y =2-bT

Polymer pairs a b r
Polvpropviene & Monodisperse
Polvstyrene
FP 53 4,755 13.34 0.0430 0.983
PPMJPS,; 19417 14.95 0.0471 0.998
PPwmlPss 86.438 15.35 0.0456 0.989
PPWJPSG 380,000 14.70 0.0374 0.991
Polvpropylene & Polvdisperse
Polvstvrene
PPWJPS 115.500 23.81 0.0708 0.993
Polvpropvlcne & Blends of Polvsrvrene
PPpm/PS. 24,64 0.0825 0.992
PPW,JPSb 19.89 0.0730 0.996
PPpm!PSc 13.74 0.0433 1.000
Monodisperse Polvstvrene &
Monodisperse Polvethviene
PS 4,755/ PE, 1,870 11.31 0.0325 0.98!
PS 4,755/ PE, 1,050 12.00 0.0402 0.995
PS34755/rE, 680 11.99 0.0430 1.000
Monodisperse Polystvrene &
Polvdisperse Palvethylene
PS4,755/PE, 770 16.84 0.0728 0.999
Polypropvlenc and Ethylene Vinyl
Alcohol Copolvmer
PP.om / 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 weight
on the interfacial tension between polymers. An increase of the molecular weight of cither
one of the polymers involved in the interfacial tension measurement generally results in an
increase of the interfacial tension between the polymers [Wu, 1974, 1978, 1982 and
Anastasiadis 1986] except for cases where the end group of the chain is highly polar. In
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 resuits 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 between interfacial tension and molecular weight
have been proposed. Two of the most important equations are discussed below.

Gaines and coworkers [1975, 1978] studied the effect of molecular weight on the
interfacial tension for the systems n-alkanes/perfluoroalkane(C,, F.;). poly(dimethyl
siloxanes) (PDMS)/(C,,sF5;) or CgFy; and ethanes with poly(dimethyl siloxanes) and

found that the interfacial tension is proportional toMn'i. A similar empinical relationship
between surface tension and molecular weight has been used with polymers,

Anastasiadis [1988] proposed the following relationship for the influence of
molecular weight on the interfacial tension, based on measurements involving
poly(dimethylsiloxane) / polystyrene (PDMS / PS), poly(methylmetacrylate) / polystyrene
(PPMA./ PS), polybutadiene / polystyrene (PBDH / PS) polymer pairs:

y=C,-C.M," | (3.6)

where v is the interfacial tension and C,, C, 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 M_ "3 was observed. For very high molecular weights, the dependence changed

to M,”'. However, Anastasiadis suggested that further experimentation was needed to

fully examine the value of z.

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 from 900 to 400,000 and temperatures ranging from
1789C to 240°C; b) monodisperse PE with molecular weights ranging from 700 to 2100
with PS, at temperatures ranging from 130°C to 160°C.

Figures 3.9 and 3.10 show the effect of molecular weight of PS and PE
respectively on interfacial tension. The main conclusions from these experiments are
summarized below. A more detailed theoretical analysis of the influence of molecular
weight on interfacial tension 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 expected thermodynamically.
A similar trend has been reported in the literature [Wu 1969, Anastasiadis 1988] for a
limited range of molecular weights.
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Figure 3.9: Interfacial Tension between PP, and Monodisperse Polystyrene
as a Function of the Molecular Weight of Polystyrene

100



Chapter 3 : EXPERIMENTAL RESULTS

Interfacial Tension (dyn,cm)

it ) i —— [30 C ]
v — 150 C
O =-=- 160 C

n i 1 1 ] ]
Q <00 300 1200 18600 2000 2400

Molecular Weight {(Mn)

Figure 3.10: Interfacial Tension between
Monodisperse Polystyrene and Monodisperse Polyethylene
as a Function of the Molecular Weight of Polyethylene
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b) The experimental data appear to suggest that the interfacial tension between
PP, and PS starts to level off when 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 [1982]). Sauer and Dipaolo [1990] observed similar behavior (leveling off) for
dependence of the surface tension of poly(dimethylsiloxane) (PDMS) on molecular
weight.

c) Figure 3.11 shows a plot of interfacial tensions of PP, and PS (varying the
molecular weight of PS) and of PE and PS (varying the molecular weight of PE) versus

Mﬂ'f. According to Gaines and coworkers [1975, 1978], the resulting curves should be

straight lines. The interfacial tension data for PE/PS appear to follow the M“".i
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 PP, /PS systems do not follow the M,’3 rule
of Gaines and Coworkers, if the whole range of molecular weight (from 980 to 380,000}
is considered. It is worth noting, however, that the PP, /PS data appear to follow the

M, "3 rule over a narrow range of low 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 fitting was done using the mathematical tools of
Sigma-Plot)

1¥=C-CM,™ (3.6)

where v is the interfacial tension and C,, C, and z are adjustable constants.
Table 3.7. presents the coefficients C,, C, and z for the different polymer pairs at
different temperatures. It can be seen that the coefficients z for PP/PS polymer pairs are

much smaller than for the PE/PS polymer pairs. This is probably due to the broad range of
molecular weight for the PP/PS polymer pair.
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Figure 3.11: Interfacial Tension of PP, and PS (varying the molecular weight of
PS) and of PE and PS (varying the molecular weight of PE) vs. M 2
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Table 3.7: Coeflicients of Equation 3.6.

Polymer Pairs C, C, z
PP/PS at 186°C 70.09 70.08 0.009
PP/PS at 213°C 74.00 74.86 0.008
PE/PS; at 130°C 7.20 5444 1.35
PE/PS, at 150°C 6.77 3216 1.20
PE/PS, 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 are scldom monodisperse. It is
therefore, useful to study the influence of polydispersity on the interfacial tension. No
experimental study on the effect of polydispersity has been published to date. Only
theoretical studies have been reported [Hartharan and Kumar (1990), Broseta et al
(1990)]. These theories are reviewed in Chapter 4.

In order to understand the effect of polydispersity on the intertucial tension
between polymers, the interfacial tension between PP, and bimodal blends ol PS was
considered. The polydisperse PP, was the same as that used for the above study of
temperature and molecular weight effects. The bimodai blends of PS are blends of PS, and

PS, and of PS, and PS,,as described in Section 2 of this Chapter.
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5.2. Results and Discussion

The interfacial tension between PP and bimodal blends of monodisperse PS was
measured as a function of the molar concentration of the bimodal blends at a temperature
of 186°C. Also, the interfacial tension between 3 polydisperse bimodal blends of PS and
PP was measured as a function of temperature.

Figures 3.12 and 3.13 show the interfacial tension between the bimodal
monodisperse blends of PS and PP, as a function of the molar composition of the blends
for both bimodal blends studied (PS, (Mp=1,589) and PS, (M=19,417)); and (PS,
(M=4,755) and PS, (M,=86,438)). The open circles represent the experimental data. The
full line represents the interfacial tension caiculated as if the values of interfacial tension
between the bimodal blends of PS and the PP, were weighted averages of the values of
the interfacial tension between the unimodal PS and the PP, .. Figure 3.7 presents the
interfacial tension between the bimodal blends of polydisperse PS and PP, as a function
of temperature.

It can be seen from 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 PP, The difference
is increasing with increasing molar fraction of the material with the highest molecular
‘weight until it reaches a maximum for a critical molar fraction of the material with the
highest molecular weight. At concentrations higher than this critical concentration the
difference between the interfacial tension for bimodal blends of PS and PP, and the
weighted average of the interfacial tensions between the unimodal PS and PP, becomes
smaller.
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Figure 3.12 : Interfacial Tension between a Bimodal Blend of PS and PP,
as a Function of Molar Fraction of PS (19,417)
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Figure 3.13 : Interfacial Tension between a Bimodal Blend of PS and PP,
as a Function of Molar Fraction of PS (86,438)

107



Chapter 3 : EXPERIMENTAL RESULTS

At each temperature, the interfacial tension between the bimodal or polydisperse
PS and PP, is much higher than the weighted average of the interfacial tension between
the unimodal PS and PP, In this case, the molar proportion of the component with the
highest molecular weight is very small (less than 3% in cach case).

The experimental observations mentioned above are in disagreement with the
theoretical treatment of Broseta et al [1990] which predicts that the interfacial tension
between a binary blend and another polymer is equal to the mean average of the intertacial
tension between the components of the blend and the other polymer. Yet, the difference
between our experimental data and the theory is unlikely to be due to experimental error
or the mixing process since the experiments were repeated with different blends.

A possible explanation of the behavior observed experimentally could be the
migration of the small molecules of the blends (components of the lower molecular
weight) to the interior leaving the interface mainly occupied by the molecules with the
higher molecular weight. Thus, the smaller molecules would not make the expected
contribution to reducing the interfactal tension.

More experiments should be performed at higher temperature, to see if the same
phenomena occur,

5.3. Effect of Polvdispersity

The effect of polydispersity on interfacial tension was studied using two different
polymer pairs: a) PP, /PS and b) PE/PS

a) PP /PS

Figure 3.14 shows the interfacial tension between PP, and differem samples of
PS as a function of temperature. The data for two monodisperse (M, =380,000 and
M, =86,438) and one polydisperse (M,=115,500, M./M,=2.84) samples of PS arc
presented. The data of Escudie [1986] are also plotted in this graph (the PS used by that
author had a molecular weight of 220,000). However, the author does not specify the
index of polydispersity.
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The interfacial tension between polydisperse PS and PP, is higher than the
interfacial tension between monodisperse sample of PS and PP even when the molecular
weight of the monodisperse sample (380.000) is higher than the molecular weight of the
polydisperse sample (115,000). The interfacial tension values between the polydisperse
PS and PP__. (for both the data of this work and the data of Escudic) show a stronger

pure

dependence on the temperature than the interfacial tension between the monodisperse PS
and PP,

b) PE/PS polymer pair
Figure 3.15 shows the interfacial tension between PE and PS as a function of
temperature for one monodisperse sample of PE and one polydisperse PE of the same

molecular weight.
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Figure 3.15: Interfacial Tension between Monodisperse PE and PS
Polydisperse PE and PS as a Function of Temperature
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The interfacial tension between polydisperse PE and PS showed 2 stronger
dependence on temperature than the interfacial tenston between monodisperse PE and PS.
At temperatures below 436 K, (intersection of the two linear 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 two
temperatures (218°C and 2320C). 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 two polymer pairs is
discussed.
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6.1 Backeround

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 polvmers 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 be considered macroscopically homogeneous, the interface
should also be strong 2nough 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 dependent on the interfacial region between the components
of the blend. Good compatibility is achieved when the interfacial tension between the
components of the blends 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 exist in a single homogeneous phase [Coran and Patel 1983].

There are several methods to improve the miscibility of polymers (use of
compatibilizers, mechanical treatment...) in a blend [Utracki 1989]. Two of the most
popular methods to achieve better compatibility involve the addition of a block (or graft
copolymer) to a blend and the functionalization of one 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 two 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, this 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 form a better blend with a second polymer that
originally was not compatible with the unmodified first polymer. This is called
functionalization. Specific interactions or chemical reactions probably occur at the
interface and a copolymer is formed 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 of graft copolymer as a result
of reaction between OH and MAH groups

It has been shown by several researchers [see references quoted in 6.1.2] that the
addition of a compatibilizer (either block or graft copolymer or functionalization of one of
the polymers ia the blend) improves the mechanical properties of the blend. Unfortunately,
the compatibilizers and/or functionalised polymers are expensive. Also, in some cases,
some properties such as permeability deteriorate at high compatibilizers levels. It is
therefore of interest to maximize the efficiency of these additives. Thus, it is very
important to understand the influence of the 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) / low density polyethylene (LDPE) 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 of the grafi copolymer was increased. The improvement of the properties is

shown in Table 3.8,

Table 3.8 : Enhancement of PS/LDPE blend properties through addition of graft
copolymer (Locke 1973)

Blend Yicld Stress Elongation at Yield Size of Disperse
PS / LDPE /Graft (kg/cm?) (%) Phase
{(um)
75/25 /0.00 170 23 2.60
75/23.5/1.25 204 3.2 1.48
75/ 17.5/7.50 262 2.8 0.83

Fayt and Jerome [1981,1982,1986,1987] studied the compatibility between low
density polyethylene (LDPE) 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 tmprovement in physico-mechanical properties of the PS/LDPE 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
using a marked block copolymer (with 0sQ,). 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 at the interface. Molau [1965] explained the migration of the
copolymer to the interface 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) modified by poly(styrene-b-isoprene-b-methyl metacrylate). In that case, at least
5% of additive was needed to obtain a finer morphology.

Ouhadi et al [1986] studied the effect of adding poly(methyl metacrylate-b-

methyl styrene) to polyvinylidene fluoride (PVF,) / poly(e-methyl styrene) (PaMS)
. 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 particle size of the
dispersion, improves the interfacial adhesion and the mechanical properties of the blend. A
further increase of the additive concentration to 12% improves only slightly the properties,

whereas a further increase of the concentration did not show any improvement.

Yamamoto [1990] developed new techniques to prepare block and grafl
copolymers by using special types of organic peroxides. He studied the eflect of adding
these copolymers to incompatible polyblends and reported, for more than 20 polymer
patrs, improvement of mechanical properties and a finer morphology.

Numerous studies have been conducted on the effect 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 one of the polymers in
the blend. Ide and Hasegawa [1974] studied the efteet of maleating polypropylene (PP) in
a Nylon 6 (N,)/PP blend. They showed that the mechanical propertics of the system
maleated polypropylene (MAgPPYN, improved substantially. For example, the yield
strength increased from 3300 Ibf/in? to 5500 Ibf/in? and the clongation at break from S to

28 % when the concentration of MAH grafied on the backbone of PP increased from 0 to
3.6 %.

Hozhabr [1991] showed that maleation of polypropylene improves the mechanical
properties of blends of polypropylenc / poly(cthylene-vinyl alcohol) copolymer. He
showed that when the concentration of MAH was increased from 0 to 0.2 %%wt, the blends
acquired a finer morphology. He also showed that there was a substantial improvement in
the mechanical properties of the blends when the concentration of MAH was increased up
to 0.2 %wt. No further improvements were observed if the concentration was further
increased. The impact strength increased from 330 N/mm for a MAH level 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 compatibilization,
among them Spector [199u] who used maleated polystyrenc to improve the properties of
PS/EVOH blends, Kim [1991] who studied the morphological 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
of polymers on metal. More details can be found in Shultz ct 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 of MAH with Nylon 6( N, in the case of Ide) or with EVOH (in
the other cases) at the interface, as shown in Figures 3.18a and 3.18b

//O
H——Q\ é ﬁ
é /O + H,Nw~~ ( ’i C NH s
< H:—'C\ ¢ H.
[o} ¢

Figure 3.18a : reaction between MAH and N,

oo H QO
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Q 0 H-C-C-0-H
I |
H O

Figure 3.18b : reaction between MAH and EVOH

Xanthos et al [1990] studied PP / polyethylene teraphtalate (PET) blends and
evaluated the effect of functionalizing the polypropylene with reactive acrylic acid, They
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observed a finer morphology with PP-g-AA (polypropylene grafted with acrvlic 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 from
Dupont) on the morphology of polyolefin/polyamide 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 from all 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 finer morphology. However, when the concentration of additive ts further
increased, no additional improvement in the morphology or of the mechanical properties is
observed.

6.1.3 EfTect of Compatibilizers on Interfacial Tension

The use of block (or graft) copolymer 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 responsible for the improvement of
these properties in multi-phase systems are not clearly understood yet. Improved
knowledge of these mechanisms requires more detailed information about the interface
region. It is, therefore, of interest to study the effect of compatibilizers on interfacial
tension between polymers. Unfortunately, only few studics have been conducted to
understand the effect of compatibilizers on interfacial tension.

Anastasiadis [1987] showed that by adding as little as 1.29 wt % blend copolymer
poly(styrene-b-1,2 butadiene) (P(S-b-B)) to a polystyrene/polybutadicne 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 an indication of a saturation of the interface with the
copolymer.

113



Chapter 3 : EXPERIMENTAL RESULTS

Gaillard and coworkers [1980,1982] studied the effect of adding a block
copolymer poly(styrene-b-butadiene) to a polystyrene-polybutadiene-styrene ternary
system. The interfacial tension first decreased with increasing the amount of copolymer
and then leveled off.

Patterson et al [1971] 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 alky! stde 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 of the 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
of the components [Wu 1971,1974].

Chen et al [1991] measured the interfacial tension between different polymer pairs
before and after functionalization using the pendant drop method. For all the cases studied
by these authors, the interfacial tension was shown to decrease when one of the polymer
was functionalised.

Many researchers have studied the improvement of blend properties involving
polypropylene by maleation of the PP. The influence of maleation 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 alcohol copolymer (EVOH) as a function of the
weight percentage of the maleic anhydride grafted on the polypropylene; the daia are
given below.
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6.2 Experimental Conditions

The interfacial tension values between maleated commercial polypropylene
(MAgPP) with different levels of maleation and ethylene vinyt alcohol copolymer (EVOH)
were measured at a temperature of 2189C. The level of maleation varied from 0.067 wt %
to 0.262 wt %, as shown in Table 3.4, Interfacial tension between MAgPP, and EVOH
was also measured at a temperature of 240°C.,

The interfacial tenston 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 MAgPP.). For the other levels of maleation, the
interfacial tension between MAgPP and EVOH was determined with the spinning drop
mstrument. It was not possible to use the pendant drop device because:

i) thermal degradation of MAgPP, took place before equilibrium was reached, and
ii) the maleated polypropylene was brown for MAgPP, with x>2.

When performing the experiments with the spinning drop devices, it was necessary
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 necessary to use speeds up to 20,000 rpm at the
beginning of the experiment.

6.3 Results

The values of the interfacial tension between MAgPP and EVOH are presented in

Table 3.9. The two techniques gave comparable results, as can be seen for EVOH/PP and
EVOH/MAgPP, at 218°C.

Figure 3.19 shows the interfacial tension between MAgPP and EVOH as a
function of the level of maleation. 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: Interfacial tension between MAgPP and EVOH.

Maleation Interfacial Interfacial
Matcnal Content T (°C) Tension Tension
(% wt) (dyn/cm)! (dyn/cm)?
EVOH/PP 0 218 18.6£0.4 18.4+0.9
EVOH/PP 0 232 - 14.8+0.1
EVOH/
MAgPP, 0.067 218 17.9+02 -
EVOH/
MAgPP, 0.098 218 16.7£0.2 16304
EVOH/
MAgPP, 0.098 232 - 12.0:0.2
EVOH/
MAgPP, 0.153 218 13.1£0.2 -
EVOH/
MAgPP, 0.168 218 11,5202 -
EVOH/
MAgPP, 0,222 2138 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 interfacial tension decreases as a function of temperature as seen with
EVOH/PP and EVOH/MAgPP,. The interfacial tension between MAgPP and EVOH at
2180C decreased lincarly with increasing % wt of MAH up to 0.17 % wt. The equation
describing the best fit of the data obtained by least square regression is given below:

vy =19.9-0.92C =094 (3.8)

T=2I8" C

where v is the interfacial tension and C is the maleation content (% wt),
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Figure 3.19: Interfacial Tension between MAgPP and EVOH as
a Function of Maleation Level

The maximum decrease of interfacial tension was found when 0.17 % wt of maleic
anhydride was added to the polypropylene. When the maleation content of PP was higher
than 0.17 % wt the decrease of interfacial 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 Anastasiadis [1988] for systems of PS/PBD and copolystyrene/polybutadiene
as copolymer.

The results shown above are in agreement with the results reported by Hozhabr

[1991] for the morphological and mechanical properties of MAgPP and EVOH blends. He
reported 2 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. Further increase in the maleation
concentration did not result in further 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 verify 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 next 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 free 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 11.4 % at 2180C
when 0.098 % wt of maleic anhydride was grafted on the polypropyiene and by 18.9 % at
2329C, 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 Additive, alreadv present in Commercial PP

The interfacial tension between pure PP and EVOH was compared with the
interfacial tension between commercial PP and EVOH at 218°C and 2329C. This
comparison was conducted in order to study the influence on the interfacial 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 Commercial Resins

2180C 2320C
Pure PP/EVOH 16.30£0.35 10 70£0.40
Commercial PP/EVOH 18.40::0.93 14.83£0.02

It can 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 of the 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 verify
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 R5.56 14.33 0.11

b) X ray analysis was performed on both pure and commercial samples. Figure
3.21 shows the spectrum of the commercial PP. It can 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 of pure PP did not show the presence of silicon.

Figure 3.21 : X-ray Spectrum of Commercial PP
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¢) 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 oxygen 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 SiQ,, 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 been shown in the previous section that the interfacial tension between
polypropylene (PP) and ethylene vinyl alcohol copolymer (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 between
the maleic anhydride group and EVOH at the interface. In order to verify this hypothesis,
it was decided to conduct surface analysis of PP_,,, MAgPP and EVOH before and after
they were in contact.

One of the best methods to analyze polymer surfaces, in order to study the effect
of composition, is the Electron Spectroscopy for Chemical Analysis (E.S.C.A). Some of
the advantages of this technique are outlined below:

i) It can provide information on the clemental compositions of the surfaces and of the
chemical state of the elements over a depth of a few Angstrom.
ii) It is one of the few non-destructive methods for analyzing polymer 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 identify chemical differences between the two samples; the presence of silicon was
detected, as mentioned earlier.

In 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 dyn/cm
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 Scanning Electron Microscope (S.E.M).

7.2. Surface Analysis of Polymers

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.LR), Auger Electron Spectroscopy (A.E.S),
Secondary Ion Mass Spectroscopy (S.I.M.S), Electron Spectroscopy for Chemical
Analysis (E.S.C.A), Ion Scattering Spectroscopy (1.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
analysis are:
i) F.T.LR. which averages the composition of the polymers from the surface down to 200-
3000 nm.
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i) 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, for its sensitivity, its quantitative
potential and non distructive nature. It was not possible to use F.T.LR. because the sample
would need to be a film.

7.2.2. Electron Spectroscopy for Chemical Analysis (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 [1983]. 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 surface, and electrons are
gjected. The electrons are collected on special grids where their binding cnergy will be
determined. The binding energy is specific to cach e¢lement and to the chemical bonds
presents on the surface. The analysis of the energy 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 sample can occur. Care
should be taken to avoid exposing the sample for extended periods of times. When
analyzed by E.S.C.A, polymeric materials can charge clectrically (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 polymers.
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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. Some 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 different polymers were studied by E.S.C.A: pure PP (PP, ), commercial PP
(PP,,.) . MAgPP, EVOH. The four polymers were analyzed before an experiment for the
determination of interfacial tension and after contacting the other complementary polymer
(rp JEVOH, PP, /EVOH, MAgPP./EVOH) in the pendant drop apparatus.

paire

pure

The preparation of the polymers for E.S.C.A. analysis was as follows;

a) Polymers before an interfacial tension determination. the polymers were
analyzed by E.S.C.A. as received, the PP, the MAgPP,, the EVOH were in pellet form
and the PP, in powder form and were dried in a vacuum oven for 24 hours at 70°C prior
to experiment.

b) rl’olymcrs after an interficial tension determination at 232°C. In the
experiment for interfacial tension determination, the EVOH was always the drop inserted
in a matrix of either PP, PP or MAgPP,. After the experiment, the sample was
cooled and the drop was removed from the matrix, cut and analyzed. The matrix was also
cut and analyzed. The analyses were conducted in the interface region. All the
composition results discussed in this section refer to the interface region.

The malcated resin studied with E.S.C.A. was MAgPP,, because it was the only
one that could be used with the pendant drop method. The geometry of the spinning drop,
which was used for the other level of maleation was not adequate for E.S.C.A.
measurements. The surface analysis was done at the Escalab of Ecole Polytechnique de
Montreal in the Physics Department.

The polymeric samples were glued on the sample holder with a silver glue in order
to avoid contamination by silicon. It has been shown that, very often, silicon present in the
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glue to mount the samples migrates to the surface of the samples [Clark 1977]. The N-ray
source used was a 12 kV source of MgBE 20 mA, The vacuum used was 9 10 Torr.

7.3.2. Results and Discussion
Composition analysis was conducted first. A typical composition spectrum

obtained for EVOH is shown in Figure 3.22. The main peaks are identified. Table 3.12
gives the atomic percentages of the elements contained in the different polymers.

Table 3.12. : Elemental Analysis of the Samples (in %)

C 0 Si N S F
PP pure 100 - - - - .
PP com 93.1 6.4 0.5 - - -
MAgPP, 94.5 2.8 2.5 - 0.2 -
EVOH 74.9 21.1 0.7 1.2 2.1 -
PP pure/
EVOH 92.8 4.8 1.6 - 0.8 -
PP com/ 899 6.3 3.2 - 0.0 -
EVOH 91.4 5.5 2.4 - 0.7 -
MAgPP, 87.2 7.1 5.3 - 0.4 -
/ EVOH 36.7 6 7.3 - - -
EVOH / 86.9 8.6 4.6 - - -
PP pure 88 12 - - - -
EVOH / 75.1 202 3.9 - 0.4
PP com 72.7 223 25 - 2 -
EVOH / 77 18.9 2.1 - 2.0 -
MAgPP, 73.7 18.6 5.3 1.1 1.3 -

In Table 3.12, the first polymer listed in the first column is the one analyzed. For
example, in the EVOH/PP,_, case, the polymer analyzed is EVOH which has been in
contact with PP_.. Two different samples were analyzed for cach of the polymers 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 from Table 3.12. that there is good reproducibility in terms of
compositions of the duplicate samples. The analysis of the polymeric 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, O 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 SiO, form.

131



Chapter 3 EXPERIMENTAL RESULTS

7.3.2.1. Differences between Pure and Comtmercial PP

It has been observed that the interfacial tension value between PP, and EVOH
was lower than the interfacial tension between PP and EVOH. It was therefore of

interest to study the difference in surface composition between PP, and PP_,_ before and
after contact with EVOH.

Table 3.12 shows the difference 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 ot O

and C showed that 95% of the O present was in the form of SiO, and that 5% of the O
was linked to carbon.

-

it can be seen from Table 3.12 that the elemental composition of tl.e PP, before
and after contacting EVOH is the same. The elemental analysis of PP, after contacting
EVOH shows the presence of oxygen that did not exist in the PP, before contacting
EVOH. Also, it can be seen from Table 3.12 that EVOH after contacting PP, contains
less oxygen than before contacting. This could be interpreted as a loss of oxygen from the
EVOH to the PP, In order to further investigate this possibility, it was decided to
perform multiplex analysis of the O and C elements, for EVOH and PP, before and after
contacting each other.

Table 3.13. shows a comparison between the multiplex of O of EVOH before and
after contact with PP pure or PP commercial. The numbers in Table 3.13 indicate the
percentage of the type of bonding involving O. Z represents the atomic percentage of O as
presented in Table 3.12 (in other words, £=21.1 means that O represents 21.1% of the
total components of the sample),
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Table 3.13 : Multiplex analysis of O(1s) for EVOH

Emission Enerpy (¢V) 529.4 S33.6
C-0 ?H
Polymer =C
EVOH(E=21.1) - 100

EVOI after contact with PP

commercial (£=22.3) 5 95

EVOH after contact with PP
pure (£=13) 25 75

It can be seen from the results that the number of ?H bonds decreases
=C
when EVOH is in contact with PP, .. The multiplex analysis of C for EVOH corroborated
this conclusion. The multiplex analysis of C and O for PP, after contacting EVOH
showed that the totality of the oxygen was bonded to carbon either as C-OH or C-O-C.

The results presented here indicate 2 loss of oxygen from the EVOH to the PP,
Either there was a contamination of EVOH to PP, or this suggests that a chemical
reaction between EVOH and PP, occurred at the interface and that after separation, the
O remained attached to PP, This chemical bonding is likely to be responsible for the
lower vatue of the interfacial tension between EVOH and PP when compared to EVOH

pure
and PP

axn ¢

7.3.2.2. Influence of the Compatibilizer
i) Analysis of PP and MAgPP,
The results presented in Table 3.12 do not show any composition differences of

the commercial polypropylene before and after contacting with EVOH. This is an
indication that no chemical reaction occurred between PP, and EVOH.
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Table 3.14 presents the results of the analysis of C/O ratio in the MAgPP, betore
and after contacting EVOH,

Table 3.14 : C/O for MAgPP,

C/O before contacting EVOH C/O after contacting EVOH

33.8 12.3

It can be seen that the C/O ratio decreased after contacting EVOH. This suggests
either a migration of the maleic anhydride groups towards the interface or a gain of O
from EVOH and most likely a combination of the two. It should be noticed that the resins
contained similar amounts of silicon. It was decided to further investigate the O bonds to
verify if there is 2 chemical reaction occurring at the interface.

Table 3.15 shows the results of the multiplex analysis of O for MAgPP, before and
after contacting EVOH. As in the case of Table 3.13, the numbers refer to a percentage

of the type of bonds involving O. T represents the atomic percentage of O as presented in
Table 3.12.

Table 3.15 : Multiplex Analysis of O(1s) for MAgPP,

Emission Encrpy §529.7 531.8 532.7 533.8
(V) c-0 Si0, Si0, oll

Polymers =C

MAgPPsybelore
contact with 9 23 6% -
EVOH (£=2.8)

MAgPP, after
contact with - - 92 6
EVOH (£=7.1)
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It seems that, for both samples, most of the oxygen is linked to Si. The remuining
oxygen is incorporated in C-O bonds before the sample was in contact with the EVOH
and 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 form of C-OH were detected.

The above two results confirm the possibility of a chemical reaction as shown
below. This reaction involves a decreases of the C-O bonds and an increase in the QH
1

bonds. =C
H o H O
) U4 | ]
f-c\ <I: -C—0
o - )
M=-C-C” T on-o H-C-C-0-H
U 1§
H © H O
Maleated Polypropylene EVOH :

As mentioned before (last section), this chemical reaction is likely to be responsible
for the decrease of the interfacial tension when comparing PP_,, and MAgPP, with
EVOH. As expected, chemical bonds are formed between the two polymers and the
interfacial tension decreases.

ii) Analysis of EVOH
The analysis of EVOH is a complement of the analysis reported above . The same

conclusions as for PP and MAgPP, should be reached for EVOH. Table 3.16 shows the
analysis of the C/Q ratio for the EVOH before and after contacting PP, or MAgPP,.
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Table 3.16.: Evolution of the C/O ratio for EVOH

Polvmers C/O

EVQOH 3.55

EVOH after contact with PP commercial 3
3.20

EVOH after contact with MAgPP, 4.07
3.96

Tables 3.17 and 3.18 show the results of the analysis of the muitiplex for O and C
of EVOH before and after contact with PP or MAgPP,.

Table 3.17 : Multiplex Analysis of O for EVOH

Emission Encrgy 529.9 8336
c-0 on
Polvmer = .
EVOH(E=2L1) - 100
EVON after contact with PP
commercitl (£=22.3) 3 95

EVOH after contact with
MAEPP') (=180

100

Table 3.18 : Multiplex Analysis of C for EVOH

Emission Encrgy 285.00 286.6 2879
c-C C-OH ar C=0
Polvnier C-0-C
EVOH(Z=74.9) 26 52 22
EVOH after contact
with PP commercial 67 29 -
(Z=72.7)
EVOH after contxct
with MAsPP+ (2=77) 32 3 -
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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 MAgPP, which can be due to a loss of oxygen to
MAgPP,. The multiplex 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 between PP /EVOH, MAgPP/EVOH and PP, /PS were
observed with a scanning electron microscope. The regions observed were the interfaces
between 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 of the interface. The slabs of polymer to be observed were
then mounted on S.EM. sample holders. The samples were then coated with colloid
graphite and placed in a sputtering device to be coated with an alloy 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 and 20 kV and
at a working distance of 39 mm.

Figures 3.23 and 3.24 show a drop of EVOH in PP commercial and a drop of
EVOH in MAgPP,, respectively, after cooling from 2230C to ambient temperature. It
seems from these photographs that the interface of EVOH with MAgPP, is less "visible"
than the interface between EVOH and PP. Figures 3.25 and 3.26 show the interface
between the same polymers and it seems that there is a gap of about 1 um between the
EVOH and the PP whereas the EVOH and the MAgPP, seem to be in very close contact.
These observations were uniform all around the drop. Unfortunately, it was not possible to
see the interface between EVOH and MAgPP, at higher optical enlargement because of
the lack of resolution of the microscope (see Figure 3.27). However, there is an indication
of better adhesion between EVOH and MAgPP, than between EVOH and PP. Therefore,
it appears , as expected, that a lower value of interfacial tension between two polymers
leads to better adhesion between the resins. In general, these findings tend to support the
chemical reaction hypothesis proposed above between EVOH and MAgPP,.
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Figure 3.23: S.E.M. Image of a Drop of EVOH in PP
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Figure 3.24: S.E.M. Image of 2 Drop of EVOH in MAgPP,
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Figure 3.25: S.E.M. Image of a Drop of EVOH in PP

Com
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Figurc 3.26: S.E.M. Image of a Drop of EVOH in MAgPP,
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Figure 3.27: S.E.M. Image of a Drop of EVOH in MAgPP,
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8. CONCLUSIONS

The main conclusions of this chapter are outlined below

3.1. Effect of Temperature

a) The interfacial tension between polymers decreased linearly as a function of

temperature for every polymer pair studied in this work. The temperature coefficient
Gy /8T was between 0.003 and 0.008 dyn.cm!.°C-! for the PP, ./PS and PE/PS 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 polydisperse systems or bimodal systems showed a stronger dependence on
temperature than the monodisperse systems.

8.2. Effect of Molecular Weight and Polvdispersity

d) The interfacial tension between polymers increased with increasing molecular weight of
one of the polymers for the two polymer pairs studied in this work: PP /PS and PE/PS.

e) The interfacial tension between polymers did not always follow the Mn‘§ dependence
over all the range of molecular weights considered.

f) The interfacial tension follows a power 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 PP, and PS appears to level off at higher molecular
weight of PS.
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k) The interfacial tension at a temperature of 459 K of bimodal blends of PS and PP,
was higher than the weighted molar average of the interfacial tension between the
equivalent unimodal PS and PP,,..

i) The interfacial tension between polydisperse PS and PP, was higher than the
interfacial tension between monodisperse PS and PP for similar molecular weight for all
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 of maleic 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 between
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 interfactal
tension between PP_ . and EVOH was shown to be greater at higher temperatures.

8.4. Surface Analysis

m) The interfacial tension between pure PP, 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 probzbly 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 of §i0,, SiO,.
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o) 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 of PP after contacting EVOH showed the presence of oxygen
that did not exist in the PP, before contacting EVOH. On the other hand, the EVOH
after contacting PP, contained less oxygen than before contacting FP,.. The two
results suggest that either a loss of the oxygen of the EVOH to PP, or a chemical
reaction between the EVOH and the PP, occurred. This chemical bonding of oxygen is
likely to be the reason for the lower interfacial tension between EVOH and PP, when
compared to EVOH and PP

q) The composition of the PP_ before and after contacting EVOH did not change; the
composition of EVOH before and after contacting PP, did not change either.

r) The surface of MAgPP, after contacting EVOH was richer in oxygen than before
contacting, suggesting that either a migration of the malei¢ anhydnde to the interface or a
gain of oxygen of MAgPP, from EVOH, and most probably a combination of both
occurred.

s) The oxygen present in the MAgPP,, not bonded to silicon, was in the form of C-O
before contacting EVOH and in the form of ?H after contacting EVOH. The number of
=C

OH bonds in EVOH decreases when EVOH 1s in contact with MAgPP,
=C
The two former results suggest the occurrence of a chemical reaction at the interface as
shown in Figure 3.24. This chemical bonding was likely to be the reason for the lower
value of the interfacial tension between EVOH and MAgPP,,when compared to EVOH
and PP

t} The scanning electron microscope studies showed better adhesion between the maleated
polypropylene and the ethylene vinyl alcohol copolymer than between the polypropylene
and the ethylene vinyl alcohol copolymer.
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1. 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, %, between the two polymers. A strategy is proposed to evaluate ¥, 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 of Helfand 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
of this 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 of energy dE of the system is:

dE=5q-5w 4.1)

where dw is the work done by the system and 8qis the heat absorbed by the system.
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The work done by the system can be divided into two parts:

dw = PdV +dw

nondV

(+.2)

where P is the pressure, dV is the change of volume, and §W,_, . is the work not

associated with change of volume.
The second law of thermodynamics for reversible processes gives:
8q,, =TdS
where T is the temperature and S is the entropy of the system.
Therefore,
dE_, = TdS-PdV-8w,__ ..
An expression of the Gibbs free energy of mixing is given by:
G=H-TS=E+PV-TS
The differential of the Gibbs free energy is given by:
dG = dE + PdV + VdP - TdS - SdT
Substituting Equation 4.4 into 4.6 gives:
dG,, = TdS - PdV - 8w, pyy + PAV + VdP - TdS + SdT
At constant temperature and pressure Equation 4.7 becomes:
dG = -dW,gapqv

8W oav €N be identified as —ydA, and accordingly:

(4.4)

(4.5)

(4.6)

(4.7

(4.8)
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oG
Y= (EK)T.P (4.9)

Equation 4.9 defines the interfacial tension as an increment in Gibbs free energy

per unit increment in interfacial area. Therefore, in order to derive a theoretical expression
for the interfacial tension, one has estimate the Gibbs free energy.

3. THEORIES OF POLYMERIC INTERFACES

3.1. Empirical Theories

One of the earliest theories to evaluate interfacial tension is the rule of Antonoff
[1942] which states that the interfacial tension between two materials is the difference
between the two surface 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=0,+G.-Ww, (4.10)

where w, is the work of adhesion between the two phases and &, and o, are the surface

tension values for the two components,

Good and Girefalco [1958,1960,1964,1970] started from Equation 4.10 to derive
the following expression for the interfacial tension:

Y =0, +0, =20 (6,5,)"° 4.11)

w
where =t 4.12
o S W @12
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where W,, and W_. represent the work of cohesion for the two components, and $,,. s
the Good and Girefalco interaction parameter which can be evaluated in terms 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 ¢.;. Wu
[1969,1970] tabulated some values of ¢, for polymers pairs based on the measured
values of interfacial 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 (¢*) and polar (¢*) parts:

oc=¢c'+c’ (4.13)

The interfacial tension between two phases with similar polarities (which is the case for
polymers) is then expressed as:

4c)c" 4o’o?
¥Y=06,+0,—( =)= ( =
ol +03° of+ol

) (4.19)

or as:
Y =0, +0, - 2(c}ol)’’ - 2(cPst)™ (4.15)
where 1 and 2 represent the two polymers.

Wu [1970] studied the influence of temperature 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 ¢ 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.
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3.2. Microscopic Theories of Polvmeric Interfaces

3.2.1. Lattice Theory

Several lattice 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 lattice 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 chains in the interfacial region. Also it assumes that, in the interfacial region, the
interface energetic forces (determined essentially by polymer A / polymer B segmental
interaction parameter ¥, [Flory (1941, 1953)]) tend to drive the A and B molecules apart.
This separation, however, must be achieved in such 2 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 following expression for the density profiles of the polymers at the interface (the
complete derivation of the theory can be found in Helfand and Tagami {1972]):

palxx) __¢€

< 4.16
P, 1+¢° (4.16)
pa(&x.) = 1 - (4.17)
o 1+g°
1
with g= mcp[%] (4.18)
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where p, and p, are the densities at the interface of molecules A and B, p, ‘s the
monomer density, X 1s the distance from tne plane of the interface, ¥ is the Flory-Huggpins
interaction parameter, bt is the effective length of the monomer units. From the above

density profiles, Helfand and Tagami inferred a measure of the effective intertacial
thickness:

el
a = dpp“ = 'b, (4.19)
( ™ deo  (67)7

Using for the interfacial tension the expression given in Equation 4.20 and the density
profile they obtained:

kTt . F
- [dn 29, (x. AP (x Ax)dx (4.20)
a0 -

Y:

which yields:

!
Y= () bp,kT @.21)

where k is the Boltzman constant, T is the temperature, the values of b and 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 following restrictive assumptions:
(i) the polymer chains have an infinite molecular weight;
(i) the systems are symmetric; they calculated the monomer density and the effective
length as the geometric average of these constants for the two polymers; and
(iii) the systems were considered to be incompressible (x the compressibility is considered
to be about 5 x 10-t! cm?/dyne).
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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 150°C: polystyrene / poly(methyl
metacrylate) (PS/PMMA), PMMA / poly-n-butyl 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] extended the theory for non-symmetric systems and
obtained:

y = kTe i (B2 :B“ + é (%‘ 'j; Y (4.22)
- A B

1
where a is the mixing parameter (& = %(p,.P05)") and B = %Po. A

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
differ significatively from those predicted by Helfand and Sapse.

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 solubility parameter derived by Flory [1953]:

8, -8,
o = 828

4,23
kT #23)
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where y is the Flory-Huggins interaction parameter. 8, and 8, are the Hildebrand
solubility parameters for the two polymers, p, is the monomer density defined as the
geometric average of the monomer densities for the two polymers, k is the Boltzman
constant, and T in the temperature. Anastasiadis claims 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 theories assume infinite molecular weight.

Helfand and Bhattacharjee [1989] proposed a theory that calculates the correction
to the concentration profile and the interfactal tension for a phase binary system when the
molecular weight is large but finite. They modified the original model of Helfand and
Tagami [1970-1971] by considering the behavior of chain ends at the interface and

evaluating its influence on the entropy of mixing. The resulting equation for the interfacial
tension is given below:

2log2
424
N ) (4.24)

Y =Y,(1-

where v is the interfacial tension, v, is value of the interfacial tension as calculated in
Equation 4.21, % is the Flory-Huggins interaction parameter and N is the degree of

polymerization. The predictions of this theory have not been compared to experimental
data so 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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G= [(g,(6) +x(S2)ex (4.25)

X

where the free energy is assumed to be a function of the local composition, ¢, and its
derivatives, g_ is the first term of a Taylor series expansion of g (the local free energy), i.e.

the free energy density of a uniform system of composition ¢, and x is the distance from
the interface. x is given by:

K =—{2 abg: Do +( _a-g
ooV &ve

=) (4.26)

The interfacial tension is the difference per interface unit area between 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, v, is given by:

v= Jaa®) +e(Sy1ex @27
- X

where Ag(¢) is the free energy density of the uniform system of composition ¢ with
respect to a standard state of an equilibrium mixture of the two phases, A and B, without
the interface given by:

Ag(9)= Ag,(9)—[n, 81, () +ngdps(9,)] (4.28)

where n, and n, are the number densities of molecules of type A and B, A, and Apgare
the changes in the chemical potentials of A and B, and ¢_ is equal to the composition of
either ,and ¢, of the two 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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dd ..
Ag(d)= K(i)' (4.29)
dx
The final expression for interfacial tension is:
o !
v = [2(xAg(®)) dé (4.30)

L

The theory has been widely used to predict the surface tension of liquids [Yang
1976, Carey 1978] and polymer melts [Poser 1979, Sanchez 1983, Dee 1991] and to
predict the interfacial tension between polymers [Poser and Sanchez 1981].

The theory has been further developed during the last fiReen years in order to
evaluate the interfacial tension between polymer melts. Poser and Sanchez [1981)
reviewed the theory in conjunction with the compressible lattice fluid model of Sanchez
and Lacombe [1976-1978]. Anastasiadis [1988] used the generalized square gradient
approach in conjunction with the Flory-Huggins theory of the free energy of mixing.
Anastastadis evaluated numerically the theoretical expression of the interfacial tension and
compared his experimental results to the theory and saw good agreement between 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 Flory-Huggins free energy (evaluation of the Flory Huggins interactina
parameter) or possibly to structural deficiency of the square gradient theory itself.

Broseta et al [1990] extended the work of Anastasiadis 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:

. 1 1
Y=Y [l-—(—+—)+.] (4.31)
120, o,
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where 7is the interfacial tension, v is the interfacial tension as calculated in Equation
421, and w, and w, are the incompatibility degrees defined as w, =y zN, and
Wy = Las Ny, With x,,being the Flory-Huggins interaction parameter and N,and N,
being the degrees of polymerization of polymers A and B, respectively.

In the same publication, Broseta et al [1990] derived an expression for the

interfacial tension of bimodal blends. For large incompatibilities but for Aw smali
(Ao being the difference of compatibility between the two polymers), they obtained:

~
-

v=y[i- 6’; +..] (4.32)
1
where () = —— (433)
n X 1-x
(__9_+( n))
o, .,

where @,, o, are the incompatibility parameters of the two fractions of the polymer, and
X, 1s the volume fraction of monomers 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 theoretical approaches have not been compared to

experiments so far. The experimental results of this work are compared to the predictions
of the square gradient theories in Section 4.

3.3. Effects of Compatibilizers

Very little work has been done to evaluate the effect of compatibilizers on
interfacial tension. The only attempt that has been reported so far is the work of Noolandi
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and coworkers [1980-1982,1984] and Leibler [1982] who studied the effect of the
addition of copolymers on interfacial tension. Hong and Noolandi [1980-1981] first
derived a theory to evaluate the polymer density profile at the interface for a system of
two polymers and a solvent. Then, they used statistical thermodynamics to describe the
mixture polymer A / polymer B / copolymer AB [Hong and Noolandi 1982]. They
evaluated the relative importance of the contnbutions of thermodynamic quantities, such
as entropy and enthalpy of mixing of the two immiscible polymers and copolymer, that
influence the interfacial tension reduction [1984]. An extension of this theory was
proposed by Vilgis and Noolandi [1990]. They evaluated the interfacial tension reduction
and characterized the interfacial tension profile for 2 blend containing homopolymer A,
homopolymer B and an arbitrary copolymer CXY.

Up to now no theoretical work on the influence of functionalization 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 same results. In both theories,

. . 1 . . .
there is a correction factor — to account for the finite molecular weight, where @ is the
o

incompatibility degree as defined in Equation 4.32. The only difference between the results

-

given by the two theories is the replacement of the factor T—z of Equation 4.31 by log 2

(Equation 4.26), because of a slightly different treatment of the entropy of mixing.

4.1. Evaluation of the Parameters

The different expressions used for the determination of the interfacial tension
(Equations 4.21, 4,31 and 4.32) require the knowledge 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 % (or ct).

4.1.1. Evaluation of p_, b 2nd N

The number monomer density, p,, is calculated using the density data presented in
Chapter 3 and the geometric average as suggested by Helfand and Tagami [1970-1971]:

|
p, = (£ Loy (434)
m, my

where p, and p, are the densities of the polymers A and B respectively, and m, and m,
are the molecular masses of the repeating units of A and B, respectively.

The Kuhn statistical segment lengths are estimated using the characteristic ratios

1
([<r? >/MW]?), which can be found in Brandrupt [1990], and the relation:
1
b, =mf<r >/MW]? (4.35)

|
The values of m,, ([<r’ >/MWT]?), b, used in this study are reported in Table 4.1.

The values of N, are the degrees of polymerization of the polymers. They are
given by:

N, === (4.36)

where M, is the number average molecular weight and m, is the molecular mass of the
repeating unit.
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4.1.2. Evaluation of the Flory-Huggins Interaction Parameter

The determination of the Flory-Huggins interaction parameter is essential for the
theoretical evaluation of the interfacial tension using the new version of the square
gradient theory. Three aspects of the interaction parameter are reviewed here:

i) the definition of the parameter
ii) the determination of the parameter
ii1) 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 m, <> IMW]é b, 5

(g/mol) (nm) (J.cm3)y=

(nm)e Solubllity Prrwnicter
Polystyrene from 17.4
PS 104 0.070 0.71 to 190 &
Polyethylene from 15.8
PE 28 0.107 0.57 tol17.1 &
Polypropylene from 16.8
PP 42 0.075 0.49 to 18.8 &

&: Values obtained from Brandrupt [1990]
&: Values obtained from Van Krevelen [1976]

4.1.2.1. Definition

The Flory-Huggins interaction parameter, y, was introduced in the lattice model of
Flory-Huggins. The Flory-Huggins model was originally developed to evaluate the Gibbs
free energy of mixing for polymer/solvent systems [Flory 1941] and later generalized to

polymer systems [Flory 1953].

According to the Flory-Huggins theory, the expression for the free energy of
mixing of homopolymer A and homopolymer B is:
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AG, =AH_ — TAS, ) (4.37)
AH, = P:)TVXAB¢A¢B (4.58)

_~RV (¢, ~Ind,) (bs-Inds) 3
85.= v, : N, N N, : -

where AG,, AH_ and AS, are, respectively, the Gibbs free energy, the enthalpy and the
entropy of mixing, N,and N are the degrees of polymerization for the A and B
polymers, ¢, and ¢, are the volume fractions of polymers A and B, %, is the Flory-
Huggins interaction parameter, V is the total volume of the system and v, is the

segmental volume.

It was suggested that the Flory-Huggins interaction parameter may be related to
the solubility parameter as follows:

(SA _53):
=2a""n/) 4.40
where 6, and &, are the Hildebrand solubility parameters of the two polymers, p,_ is 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 %

Few experimental determinations of the Flory-Huggins interaction parameter 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 % parameter necessary for the evaluation of the interfacial tension with the
theories presented previously (Helfand and Bhattacharjee's lattice theory and the new
version of the Square gradient).
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In Equation 4.40, the Hildebrand solubility parameter, §, is needed. Although 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 couid result in an error in the determination of the Flory-
Huggins interaction parameter. Also, the values of the Hildebrand solubility parameter are
reported with relativeiy wide range of variability (see Table 4.1: as an example, values of
the Hildebrand solubility parameter for polypropylene vary from 16.8 to 18.8 (J.em®)'?
[Van Krevelen 1976 ]) causing uncertainty in the value of the % parameter.

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 parameter for polystyrene (PS) / polybutadiene (PBD) polymer pairs. They
found that the interaction parameter could be expressed as:

x = -0. 2oz4+-‘_i_—6 (a.41)

where T is the temperature in Celsius.

The Flory-Huggins interaction parameter was calculated using Equation 4.40. p,
was calculated using Equation 4.34 and the density as determined in Chapter 3 for PS, and
as determined by Anastasiadis [1988] for PBD. The Hildebrand solubility parameters, 8,
used were respectively 16.6 (J.cm?)12 for PBD and 17.9 (J.cm™)!? 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 of magnitude difference between the two values.

Somani [1983] measured the quantity %p kT for LDPE / PS polymer pairs. He
reported a molecular weight dependence for this quantity, which, according to Equation
4.40 is equal (8, ,,c —8,)° With 8, and 8,5 being the solubility parameters of LDPE
and PS, respectively, This is contrary to what is expected from Equation 4.40, since no
influence of molecular weight on the Hildebrand parameter has been reported. The
difference between the solub'ility parameters is equal to 1.4 (J.cm3)!2, taking the values of
Table 4.1, whereas Somani reported values of %p kT ranging from 7 to 11(J.cm?)!Z,
depending on the polystyrene 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 of ¥, as caiculated by Equation 4.40, is the influence on the density.

From the few examples mentioned above, it can be seen that the Flory-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 specific
molecular weight,

It has been shown that y should, in fact, be expressed as the sum of an enthalpic
and an entropic contribution [Flory 1970, Huggins 1971, Jelenic 1984] in order to take
into account the non-figurational entropy of mixing. An expression of % can then be
calculated as:

x(‘l‘,M.,)=xT“+xs (4.42)

where y,, is the enthalpic contribution to the interaction parameter, %, is the entropic
contribution, and T is the temperature. This functional form of the 3, parameter has been
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 Flory-Hugpins interaction parameter is probably a
function of the molecular weight of the polymers [Burns and Kim 1988, Kaddour 1987).
This dependence should be taken into account in the interaction parameter values used for
the calculation of the interfacial tension.

The Flory-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 of M.
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4.1.2.3. Values of i used for this Research

Regardless of the theory used for the evaluation of the interfacial tension
(Helfand's lattice theories or the square gradient theories), it is necessary to estimate the
Flory-Huggins interaction parameter, %. It has been shown that ¥ cannot be caiculated
from Equation 4.40. The most likely expression for y should be Equation 4.40. Due to the
lack of experimental values for x, and X, a strategy had to be developed for the
evaluation of these parameters. It was assumed that the modified square gradient theory is
correct. The interfacial tension was experimentally measured at two different
temperatures, With these two interfacial tension values, the values of ¥, and %, were
estimated using Equations 4.31 and 4.42. The values of y,, and %, were then used to

determine the dependency of y on temperature, i.e. the theory was checked for other
temperatures.

The temperatures used for-the PP/PS polymer pairs were 208°C and 213°C except
for PP/PS, for which the temperatures taken were 2269C and 2289C. The temperatures
used for the PE/PS polymer pairs were 130°C and 150°C.

Table 4.2 shows the values of ¥, and y; 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 L xs
PP/PS, 563 -1.03
PP/PS, 804 -1.52
PP/PS, 949 -1.79
PP/PS, 1,007 -1.82
PE,/PS, 538 -1.04
PE./PS, 452 -0.829
PE./PS, 452 -0.828
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. 4.2. Comparisons for the PP/PS Polvmer Pair

4.2.1. Temperature Influence

The influence of temperature on interfacial tension between PP and PS was studied
theoretically using the updated version of tie square gradient theory in conjunction with
the Flory-Huggins parameter defined by Equation 4.40. The molecular weight of the
polystyrene was 86,436. The vaiues of the Hildebrand solubility parameter for both
polymers were either §,, = 17.8 (J.em®)!? and 8, = 18.7 (J.em™)!? or &, = 173
(J.cm®)}2 and & = 22.5 (J.cm3)}%2 [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: Interfacial Tension between PP and PS, as a Function of Temperature:
. Comparison between the Predictions of the New Development of the Square
Gradient Theory and the Experimental data - x from Equation 4.40
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It can be seen that, depending on the values of the Hildebrand solubility parameter
chosen, the interfacial tension values predicted using the theory vary by 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 temperature. This is opposite to what has
been observed experimentally. The same observations could be made for all PP/PS
polymer pairs with different molecular weight of PS. Anastasiadis [1987] showed the same
trend comparing his experimental values with theoretical predictions for hydrogenated
polybutadiene / polystyrene polymer pairs.

In a second approach, the influence of temperature on interfacial tension between
PP and PS was studied theoretically, using the updated version of the new square gradient
theory in conjunction with the Flory-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} / 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 Flory-Huggins interaction parameter is used.

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 PS,
(M,,=380,000) and PS, (M,,=4,755) was calculated as a function of temperature using the
following theories:

i) Helfand and Tagami: this theory assumes symmetry of both polymers and infinite
molecular weight,

if) Helfand and Sapse: this theory is a correction of the theory of Helfand and Tagami for
non-symmetric systems.

iti) Helfand and Bhattacharjee: this theory is a correction of the theory of Helfand and
Tagami for systems with finite molecular weight.

iv) The new version of the square gradient theory: this theory introduces a correction in
the classical square gradient theory in order to consider polymer with finite molecular
weight,
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Figure 4.2: Interfacial Tension between PP and PS as a Function of Temperature:

Comparison between the Predictions of the New Development of the Square
Gradient Theory and the Experimental data - ¢ from Table 4.2

The results of interfacial tension between PP and PS; (M,,=380,000) and PP and

PS; (M,,=4,755) are presented in Figures 4.3 and 4.4, respectively:

All the above theories require the use of the Flory-Huggins interaction parameter,

. The values of ¥ were determined using the strategy described Section 4.1.2.3.

The following conclusions can be made on the basis of the results shown in Figures

43 and 4.4.
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i) With the Flory-Huggins interaction parameter calculated as the sum of an enthalpic and
an entropic part, the four theories predict the correct trend of the influence of temperature
on the interfacial tension.

it) 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 PP/PS is relatively symmetric.

itf) The correction in the theory 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: Interfacial Tension between PP and PS, as a Function of Temperature:
Comparison between the Predictions of the New Development of the Square
Gradient Theory, Helfand and Tagami, Helfand and Sapse, Helfand and
Bhatthacharjee and the Experimental data - % from Table 4.2
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Figure 4.4: Interfacial Tension between PP and PS, as a Function of Temperature:
Comparison between the Predictions of the New Development of the Square
Gradient Theory, Helfand and Tagami, Helfand and Sapse, Helfand and
Bhatthacharjee and the Experimental data - ¢ from Table 4.2

4.2.2. Molecular Weight Influence

The influence of molecular 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 of predicting the influence of molecular weight is the theory developed by
Helfand and Bhattacharjee [1990] which results in a similar expression for the interfacial
tension as the new development of the square gradient theory: Since the new development
of the square gradient theory can also predict the effect of polydispersity, it was decided to
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use this theory to study the influence of both molecular weight and polydispersity. The
effect of molecular weight on the interfacial tension between PP and PS, as a function of
the molecular weight of PS, was evaluated at a temperature of 186°C.

In a first approach, the influence of molecular weight on interfacial tension
between PP and PS at 186°C was theoretically studied with the new version of the square
gradient theory in conjunction with the Flory Huggins parameter defined by equation 4.38
(¢ = f{ad)). The values of the Hildebrand solubility parameter for both polymers were
either 8, = 17.8 (J.cm®)12 and §,; = 18.7 (J.em>)12 or 8, = 17.3 (J.cm>)!2 and 6,5 =
22.5 (J.cmr?)12 [Polymer Handbook (1989)]. The theoretical predictions were compared
with the experimental resuits. This is shown in Figure 4.5.
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Figure 4.5: Interfacial Tension between PP and PS as a Function of Molecular
Weight of PS: Comparison between the Predictions of the New Development of the
Square Gradient Theory - ¢ from Equation 4.40
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It can be seen that the theory predicts qualitatively reasonably well the effect of
molecular weight on interfacial tension between PP and PS. However, for both sets of the
Hildebrand solubility parameters, the theory underestimates the interfacial tension. The
theory predicts that the interfacial tension between PP and PS, is negative, implying
muscibility 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 186°C) was theoretically studied with the new version of the
square gradient theory in conjunction with the Flory Huggins parameter calculated with
the strategy described in Section 4.1.2.3. In this comparison, six different polystyrene (PS,
to PS¢) polymers were used with molecular weights ranging from 938 to 380,000. The
Flory-Huggins interaction parameters for PP and PS,, PS,, PS,, PS, (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 PS; (M,= $38) and PP and PS, (M,= 1.589) and PP,
because only one interfacial tension value was measured for PS,/PP and PS./PP polymer
pairs and two values are needed for this determination. Another method was therefore

developed to determine the Flory-Huggins interaction parameter between PS,; and PP and
between PS, and PP at 186°C.

It has been suggested that the Flory-Huggins interaction parameter depends on the
molecular weight of polymers [Kaddour 1987, Kim and Bumns 1989] according to the
following relation:

x(TM)=aM® (4.43)

where 7 is the Flory-Huggins interaction parameter, M, is the number average molecular
weight and a and b are constants.

The Flory-Huggins interaction parameter between PP and PS was plotted as a
function of the molecular weight of polystyrene 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 of a
and b were respectively 0.05684 and 0.1443. Using this equation, it was possible to
evaluate the Flory-Huggins interaction parameter for PS, and for PS, at 186°C. With
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. these values of y, the interfacial tension values between PP and PS, and PP and PS, at
186°C were calculated using the new version of the square gradient theory (Equation
4.31).
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Figure 4.6: Flory-Huggins Interaction Parameter between PP and PS
as a function of Molecular Weight of PS

Figure 4.7. shows the interfacial tension between PP and PS as a function of
molecular weight of PS. 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
PS, 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 Flory-Huggins

. interaction parameter is used.
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. Table 4.3. : Interfacial tension values between PP and PS, or PS, at 186°C

Experimental Results Theoretical Predictions
Polymer Pair

PP/PS, 426 4.29
PP/PS, 4.64 4.78
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Figure 4.7: Interfacial Tension between PP and PS as a Function of Molecular
Weight of PS: Comparison between the Predictions of the New Development of
. the Square Gradient Theory - x from Table 4.2

175



Chapter 4 . THEORETICAL CONSIDERATIONS

4.2.3. Polydispersity Influence

The only available theory to predict the effect of polydispersity on interfacial
tension is the new development of the square gradient theory. To evaluate the effect 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:

-
-

b1
=v_[1-
Y=Yl P

+.] (4.32)

1
x, (1-x,)
(;:+__m= )

where o, =

where ©, and @, 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 of polydisperse systems is lowered by the presence of small chains migrating to the
interface. This was not observed by Goldbiatt {1988] who studied the surface composition
of polystyrene 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 theoretical predictions just
mentioned above.

The discrepancies between the experimental and theoretical results could be
explained as follows. In the new version of the square gradient theory, it is assumed that
the incompatibility 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]). This ts 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 186°C

Polymer Blends Fraction with lower M,, | Fraction with higher M,,
PS, 1,589/ P§, 19,417 2.52 43.83
PS, 4.755/ PS. 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. Also, it has been observed
experimentally 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 PE/PS Polymer Pair

4.3.1. Temperature Influence

The influence of temperature on interfacial tension between PE and PS was first
studied theoretically, using the updated version of the square gradient theory. The
comparison of the theoretical predictions of the new version of the square gradient theory

with experiments for the PE/PS polymer pair supported the observations made for the
PP/PS polymer pair.

When the new version of the square gradient theory was used in conjunction with
the Flory-Huggins interaction parameter defined by Equation 4.40 (3 =f{A5)), the
theoretical resuits were in relatively good quantitative agreement with the experimental
resuits. However, the theory predicted that the interfacial tension should increase with
increasing temperature, which is the opposite of what 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 of Temperature
Comparison between the Predictions of the New Version of the Square Gradient
Theory and Experimental Data - ¢ from Table 4.2

The new version of the square gradient theory was also compared with the other

theories [Helfand and Tagami 1970, Helfand and Sapse 1975, Helfand and Bhattacharjee

. 1990] for the PE/PS system. The Flory-Huggins interaction parameter, ¥, 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 PP/PS polymer pairs, the four theones predict the correct
influence of the temperature, when the Flory-Huggins interaction parameter is calculated
as the sum of an enthalpic and an entropic part. For both PE/PS polymer pairs presented
here, the differences between the predictions of Helfand and Tagami (Equation 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 PE/PS polymer pair. The results of
the comparison for PE,/PP and PE,/PP polymer pairs are shown in Figure 4.9 and 4.10,

respectively.
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Figure 4.9: Interfacial Tension between PE, and PP as 2 Function of Temperature
Comparison between the Predictions of the New Version of the Square Gradient
. Theory, Helfand and Tagami, Helfand and Sapse, Helfand and Bhattacharjee and
Experimental Data - ¢ from Table 4.2
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Comparison between the Predictions of the New Version of the Square Gradient
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4.3.2. Molecular Weight Influence

The effect of molecular weight of PE on the interfacial tension between PE and PS
was evaluated at a temperature of 160°C, using the new version of the square gradient.
Three different molecular weights of PE were used ranging from 680 to 1,870. The
theoretical predictions were compared to the experimental results.
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. The results of this comparison supported the conclusions obtained for the PP/PS
polymer pair.

When the theory was used in conjunction with the Flory-Huggins interaction
parameter as calculated by Equation 4.40 (y = f{Ad)), qualitative agreement between the
theory and experiment was obtained. However, with the values of the Hiidebrand
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 4.1.2.3,
good agreement between the theoretical predictions and the experiments was observed.
The results of the companson are shown in Figure 4.11.
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. The Flory-Huggins interaction parameter was plotted as a function of the
molecular weight of polyethylene. The data couid still be fitted by Equation 4.43. The
values of a and b were, respectively, 0.1282 an 0.0700. Figure 4,12 shows the Flory-
Huggins interaction parameter as a function of molecular weight.
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Figure 4.12: Flory-Huggins Interaction Parameter between PP and PS as a Function
of Molecular Weight of PE
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5. CONCLUSIONS

The main conclusions of this Chapter are outlined below.

a) The comparisons of the predictions of the lattice theories and square gradient theories
for interfacial tension with the experimental values of the interfacial tension for PP/PS and
PE/PS polymer pairs indicated that the expression usually employed to correlate the Flory-
Huggins interaction parameter to the Hildebrand solubility parameter is inadequate
(Equation 4.38). If this expression for the Flory-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 gradient models to the experimental data of interfacial tension, it was necessary to
evaluate the Flory-Huggins interaction parameter for the polymer pairs studied. A strategy
was developed. The Flory-Huggins interaction parameter was assumed to be of the form:

X(T,M,) =3i_’-'-+xs (4.42)

where %, is the enthalpic contribution to the interaction parameter, % is the entropic
contribution, and T is the temperature. The values of x,, and x for the PP/PS and PE/PS
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.

¢) 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 expenimental
data for PP/PS and PE/PS polymer pairs, as long as the correct expression for the Flory
Huggins interaction parameter was used. The Flory-Huggins interaction parameter was
expressed as the sum of an enthalpic and an entropic part.

d) It was shown that the system PP/PS was relatively symmetric since the interfacial
tension evaluated theoretically for symmetric system (Equation 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
PE/PS was shown to be relatively non symmetric, since there were larger differences
between the predictions of the two equations.

e) The Flory-Huggins interaction parameter was shown to be a function of the molecular
weight for the two polymer pairs studied here (PP/PS and PE/PS). The dependence could
be expressed as:

X(T,M,)=aM° (4.43)

where 7 is the Flory-Huggins interaction parameter, 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 PE/PS polymer pairs, as long as the cormrect expression for the Flory
Huggins interaction parameter was used.

2) The experimental results for the interfacial tension between bimodal blends of PS and
PP were compared with the new version of the square gradient theory. The theory predicts
that the interfacial tension between 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 of smaller chains. Possible reasons for
the discrepancy between the experiments and theory were presented.
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1. CONCLUSIONS

The conclusions have been presented at the end of each chapter of the thesis. A
brief summary of these conclusions is presented below.

2) 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 interfactal tension on-line. A specially designed syringe effectively eliminated
problems associated with "capillary” and "necking" effects, usually encountered with the
pendant drop method. A capacitance probe attached to the spinning drop apparatus, made
it possible to determine the density of polymers as a function of temperature.

b) The interfacial tension between polymers may be inferred from 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!.CC-!. 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 M_} 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

-

Mj 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 between monodisperse polystyrene
and polypropylene for similar molecular weight. Similar results were obtained for the
polyethylene/polystyrene 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 2 chemical reaction 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 between pure polypropylene and ethylene vinyl alcoho:
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 form of SiOx.

i) The expression correlating the Flory-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, Also, y should be
expressed as the sum of an enthalpic (3;;) and an entropic (xg) part. A strategy to calculate
the Flory-Huggins interaction parameter for the polymer pairs used in this work was
developed. The values of y,. and ¥ for the polypropylene / polystyrene and polyethylene
/ 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.

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 Flory-Huggins interaction parameter was used.
However, the theory could not predict the effect of polydispersity.
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2. RECOMMENDATIONS FOR FUTURE WORK

Some 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.

¢) The study of the influence of compatibilisation should be extended to different
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 lon Mass
Spectroscopy (S.IL.M.S.) and Electron Spectroscopy for Chemical Analysis (E.S.C.A.)
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 melts 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 alcohol
copolymer and maleated polypropylene and ethylene vinyl alcohol 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;E
(M, number average molecular weight) dependence of the interfacial tension is not always
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 alcohol copolymer. It was shown, using surface analysis, that this decrease
in the interfacial tension values was probably due to a chemical reaction occurring at the
interface.
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. 1) The new version of the square gradient theory and lattice theory were compared to
experimental data. The predictions of the theory were found to be in agreement with
experimental data for temperature and moiecular weight, when a strategy proposed in this
work is employed to calculate the Flory-Huggins interaction parameter. The Flory-
Huggins interaction parameter used in the theory shouid be a function of temperature and
of molecular weight.
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NOMENCLATURE

A : Interfacial Area

C : Constant

D, . Diameter of the Pendant Drop at the Equator

D, : Diameter of the Pendant Drop located at D x1/n of the Equator of the Pendant
Drop (n Integer)

D, : Diameter of the Pendant Drop ameasured horizontally at a distance D, from the
Apex of the Drop

E : Energy of Mixing

EP : Ethylene Propylene

E.S.C.A: Electron Spectroscopy for Chemical Analysis
EVOH : Ethylene Vinyl Alcohol Copolymer

: Froude Number

: Shear Rate in an Extruder

: Gibbs Free Energy

: Correction factor for the Pendant Drop

: Enthalpy

: Index of Polydispersity

- mEm Qe

: Total Curvature of the Interface of 2 Spinning Drop
LDPE : Low Density Polyethylene

L, : Initial Length of Fiber

MAGgPP: Maleated Polypropylene

MAgPP,: Maleated Polypropylene with 0.067 Maleation Content
MAgPP,: Maleated Polypropylene with 0.098 Maleation Content
MAgPP,: Maleated Polypropylene with 0.153 Maleation Content
MAgPP,: Maleated Polypropylene with 0.168 Maleation Content
MAgPP,: Maleated Polypropylene with 0.222 Maleation Content
MAgPP,: Maleated Polypropylene with 0.262 Maleation Content
: Maleic Anhydride

: Number Average Molecular Weight

: Viscosity Average Molecular Weight

: Weight Average Molecular Weight

: Degree of Polymerization

: Nylon six

: Pressure

”XZEFFE
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PaMS
PBDH :
PDMS :
PE
PE,

PE,

PE,
PE,
PE,
PET

poly(a-methyl Styrene)
Polybutadiene
Polydymethyle Siloxane

. Polyethylene

: Polydisperse Polyethylene with a number average molecular weight of 770

: Polydisperse Polyethylene with 2 number average molecular weight of 1,050

: Polydisperse Polyethylene with a number average molecular weight of 1,950

: Monodisperse Polyethylene with a number average molecular weight of 680

: Monodisperse Polyethylene with a number average molecular weight of 1,050
: Monodisperse Polyethylene with a number average molecular weight of 1,950
: Polyethylene Teraphtalate

PP-g-AA: Polypropylene grafted with Acrylic Acid

PMMA:
PP
PP
PP‘.‘(‘"\
PS
PS,
PS,
PS.
PS,
PS,

PS,
PS,
PS,

PS,

Polymethyl Metacrylate

: Polypropylene

: Pure Polypropylene

: Commercial Polypropylene

: Polydisperse Polystyrene

: Blend of Polystyrene (M, =59,900 and M_=655)
: Blend of Polystyrene (M,=66,100 and M_=695)
: Blend of Polystyrene (M,=52,700 and M, =570)
: Monodisperse polystyrene with a number average molecular weight equal to 938
: Monodisperse polystyrene with 2 number average molecular weight equal to

1,589

: Monodisperse polystyrene with a number average molecular weight equal to

4,755

: Monodisperse polystyrene with a number average molecular weight equal to

19,417

: Monodisperse polystyrene with a number average molecular weight equal to

86,438

: Monodisperse polystyrene with 2 number average molecular weight equal to

380,000

: Polyvinylidene Fluoride

: Gaz Constant

: Initial Radius of the Fiber, or of the Spinning Drop
: Radius of Curvature of the Pendant Drop

: Other Radius of Curvature in the Pendant Drop
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,P-Q-U'”Néér{
g n

=P = N
2.

g

3 R K

: Radius of the Spinning Drop at Infinite Time

: Radius of the Spinning Drop as a Function of Time
: Dimensionless s Coordinate

. Entropy

Scanning Electro Microscope
Secondary Ion Mass Spectroscopy

: Temperature in Kelvin
: Dimensionless x Coordinate

Specific Volume

: Dimensionless y Coordinate

: Work of Adhesion

: Work of Cohesion

: Dimensionless z Coordinate

: Radius of Curvature at the Apex

: Effective Length of the Monomer Unit

: Diameter of the Spinning Drop

. Apparent Diameter of the Spinning Drop

: Average Diameter of the Dispersed Phase in a Polymer Blend

: Real Diameter of the Spinning Drop

: Gravitational Constant

: First term of a Taylor serie Development of the Gibbs Free Energy of Mixing
: Relaxation Time

: Constant

: Molar Mass of Polymer A

: Corrective Factor and Optical Enlargment of the Spinning Drop
: Rate Constant in the Breaking thread Method

: Cylindrical Coordinate

: Initial Spinning Drop Radius

< 1. >/MW : Characteristic Ratio

: Curvilign Coordinate

-

Q

N X X

: Time

: Time at the Beginning

: x coordinate in the system (0,X,Y.,Z)

: Volume Fraction of the Monomer with the lowest Molecular Weight
: z coordinate in the system (0,X,Y,Z)
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4G,

: Gibbs Free Energy of Mixing

. Enthalpy of Mixing

: Entropy of Mixing

: Difference of Pressure across the Interface of a Pendant Drop

. Difference of Pressure across the Interface of a Spinning Drop at =0
: Change of Chemical Potential

: Density Difference

: Angular Coordinate

: Good and Girefaico Interaction Parameter

: Amplitude of the Oscillation for the Breaking Thread Method

: Amplitude of the Oscillation for the Breaking Thread Method att =0
: Solubility Parameter

: Heat Absorbed by the Thermodynamical System

: Thermodynamical Work

: Work Associated to the Change of Volume

: Interfacial Tension

: Value of the Interfacial Tension at Infinite Time for a Pendant or Spinning Drop
: Interfacial Tension as a Function of Time

: Time Scale

: Flory-Huggins Interaction Parameter

: Enthalpic Contribution of the Flory-Huggins Interaction Parameter
: Entropic Contribution of the Flory-Huggins Interaction Parameter
: Viscosity of the Dispersed Phase in a Polymer Blend

: Viscosity of the Matrix in a Polymer blend

: Effective Viscosity

: Segmental Volume

: Local Composition

: Density

: Density of the Spinning Drop

: Density of the Fluid Surrounding the Spinning Drop

: Monomer Density

: Surface Tension

: Non Polar Part of the Interfacial Tension

: Polar Part of the Interfactal Tension

: Optical Magnification Factor
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. %) . Rotational Speed
©, :Incompatibility Degree of Polymer A
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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 interfacial tension
with the spinning drop apparatus.

1. PENDANT DROP_APPARATUS

A batch file called savenick.bat calls the different programs useful for the
determination of the interfacial tension from a pendant drop experiment. It requires the
knowledge of three arguments:

1) The number of gray 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 all 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 from 0 to 2535.

The listing of the batch file is given at the end of this appendix. Below 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.I.I (Standard Image Interface) library. The
listings of all the programs are also given at the end of this appendix.

1.1. 0d20 and odvga

0d20 and odvga are two executable programs provided by Coreco Inc. with the
frame grabber and the S.II library. They load the Oculus Driver (the frame grabber) and
the VGA drver. The arguments of the programs correspond to specifications of the
equipment.
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1.2. od2lprab

od20grab is also a program provided by Coreco Inc. with the S.LI 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
performs calculations and sets the brightness and contrast to maximize the image quality.
The programs is called with three arguments:

%l 0 16 levels of gray
1: 64 levels of gray
2 256 colors
-c if an automatic calibration is required
%2 second argument in the batch file; here name of the tiff file,

1.3 riff
tiff is again provided by Coreco with the SII 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 of the drop.

The program is called with two arguments:

-t 0: Saves a tiff file
1: Loads a tiff file
2 Displays the header of a tiff file
%2 Name of the tiff file. (second argument of the batch file)

1.4 edpe-det

edge_det makes the edge detection of the pendant drop. The program extracts
binary objects contours and their arez from the image. The algorithm is based on the
location and extraction of the binary contour (cntr) of the object. The algorithm scans the
image in a raster fashion until it reaches a 'false’ (pixel with a gray level 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 extracted cntr. The algorithm
extracts then the contour, by following the "edge" of the object until it returns to the
starting position. Therefore, the edge of all the objects are detected. The program then
calculated the area of all the objects detected and stores the chain code of the biggest
object which is the drop.

1.5. put in a

put_in_a retrieves the edge file of the drop generated by edge der and converts
the chain code of the points in an ASCII format 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 of the drop in an order that is nceded 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.1).
The median A of all the points is found and B and 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 left side are kept, for the points between B and C
the first points from the bottom are kept and for the points above C the first points from
the right are kept.

C
28 Pixels x
a4

Figure Al : Pendant Drop
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1.7 smoother

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 of overall smoothing cycles, ntimes. The program starts
by identifying ns contiguous points along the drop profile. The program iterates the
smoothing loop by operation on the first ns points. The angle ® made by those ns points
with the horizontal axis is determined by a linear least square regression. The middle point
is rotated and translated according to the transformation below:

x'=(x-x,)coso +(y-y_)sinw (A.1a)
y'=(y-y,)coso —(x—x_)sino (A.1b)

where (x'y') are the coordinates of the points in the second coordinate system
(x,y) arc the coordinates of the points in the first coordinate system
(XpYo) are the coordinates of the 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 first coordinate system are given by:

Xs,, =Xs,,'COS® —¥s,, 'S +X_ (A.22)
YS,, = XSp,'SIN® +ys_'cos® +y,_ (A.2b)

where (xs_.ys,) are the coordinates of the midpoint after smoothing in the first
coordinate system

(xs,',ys,") are the coordinates of the midpoint after smoothing in the second
coordinate system,

(x,.Y,) 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 first ns/2 and last ns/2 points are not smoothed.

This program is based on the work of Anastasiadis [1988].

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 of error 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 solving Bashforth and Adams equation
by a fourth order Runge-Kutta method.

Bashforth and Adams is first solved for a value of B (see Chapter 2) approximated

either by the empirical formula of Huh and Reed [1971] or by the user. The empirical
formula of Huh and Reed is given by:

I
B = [exp(—6.70905+15.300258 — 16.44709S8° +9.924258* - 2.5850358%)]2 (A.3)

where S is the ratio g’ , where D_ is the maximum diameter of the drop and D, is

€

the diameter of the drop located at D, from the apex (see Figure 2.1). B is the
dimensionless quantity defined as:

B= Apga®

(A.4)
Y
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where Ap is the difference of the density between the two polymers, g is the

gravitational constant taken as 980.41 cm/s?, a is the distance from the apex to the center
of the drop, v 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). Then, the value
of B is incremented and the comparison is performed again. For every kind error the
optimal value of B is found.

The interfacial tension is then obtained from:

p= 228 (a4)

where Ap is the difference of density between the two polymers, g is the
gravitational constant, a the distance of the apex from the center of the drop and yis the
interfacial tension.

The algorithm of the program is mainly based on Anastasiadis'work.
1.8.2 Robust Shape Comparison
To compare n homologous points of two shapes (x;,y;} and (u,,v,) one set of

points has to be transformed to correspond to the other one, The points to be transformed
are rotated through 9, scaled through T and translated by (o.,3) as follows:

T
v,'[ B
Then ¢, B, T and § have to be chosen for the best fit. In the present program 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.

(A.5)

cos6 -sinBu,
sin@ cos v,
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The optimization of the four scaling parameters is done in a similar way, as an
example the optimization of 1 is explained below:

For each pair of homologous points i and j, a value 7;; that is the scale factor can be
defined as follows:

o {(xj—xi)z‘(Yj‘Y.):}
’ {(uj—ui)z"(vj-v1):}

(A.6)

where (x;,y;) and (x;,y;) are the coordinates of the two points in the first shape and

(u;,v;) and (u;,v,) are the coordinates of the homologous points in the second shape.

Comparing the n homologou: points 1/2n(n-1) values of 7; can be evaluated. They
are combined taking the doubly repeated median; the scalc estimate is then equal to:

7= med(medt;) (A7)

1 k!

The rotation factor is evaluated similarly as:

6 = med (mgdeij) (A.8)

i D
And the translation factor are taken as the simple medians:
o = med{x; —t(y; cos6 - v sinB)} (A.9a)

B = med{y, ~ (u;sind + v, cos6)) (A.9b)

The robust shape comparison method was first used by A.F. Siegel [1982] to

compare skulls of primates, A listing of the program written in FORTRAN can be found in
his book {1982].
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1.8.3. Choosing of the Points

To perform the shape comparison it is essential to choose points from the
theoretical and the experimental profile that can be compared (in other words it is
important to compare bananas with bananas and not with coconuts). In this program, the
position of the points in reference to the apex is taken as a reference point.

To determine the apex it 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 [1990]). The
intersection of the axis of symmetry and the bottom of the drop determines the apex of the
drop.

Then, the slopes of all 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 all line segments connecting apex and chosen points of the
experimental profile.

1.8.4 Types of Errors

To evaluate the shape comparison analysis three types of error were calculated:

SR= % TI0 %)+, 3, F | (A10)

SRR = %Z[cui—xi)wv‘-y.)’l IE (A1)

TENSE= 2= S (10, %)= (0 =5 4109~ G~y dFIF (A12)

with

F=[ T +x)-3N T +x) [+ X0 a)-N Zeoy) T F @A)
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where N is the number of points compared. (u,.v,) and (x,.y,) are the coordinates of the
two sets of points to be compared.

SR represents a simple root mean square residual, SRR is defined so that it is more
resistant to outlying points, TENSE measures the "stress" required to "deform" the drop.

1.9 theorett

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 profile superposed.

1.10 display

Display is a program that can display up to ten drops superposed.
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2. SPINNING DROP APPARATUS

The digitization 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
cither manually with a program called curs or with a program called spinning.

Both programs are discussed briefly below:

2.1, curs

curs is a programs provided by Coreco with the S.1.I ibrary, 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:

Apwd®
y==£

= (A.14)

where Ap is the difference of the densities of the two polymers, o is the angular
velocity of the spinning drop apparatus and d is the diameter of the drop.

Al0
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includs Cotdin.h>
Fincluds (o1l h)

nnclude {cClype. h)
Finciude <string h>
incivde <Ctype.h)
Hnlluwde {atring. h>

Fi1}
V{EII0N 1.1

Al3TORY
1.0 March 17Th, 1589 by O.T,

1.1 ray I8, 130),
1tart wita argeidl
Allows MAL option bufter,

bt
W ETasG
DECLARATION:
atatic Int getargt ergc, argv, switch, option)
int arpc;
char sargell;
char apwitch;
char soptlion;
inpyt:
arge, argv;  alandsrd ARGC and ARCY Command Line arguaenta
1oy pointar to the desired switch charactsr
irse MAL pointet to get the remaining command iine
arguaant
option; POInter 1o ah array that will contain the atring
apociated 1o & merich,
MAL supporiad.
Output:
optiom if option 13 NAL, no autpyt

it switch 13 & valid -lt:h.. It containz the associated

wtring
I meitch (3 NAL, 1t contains the nex? argoment not
processed yot

teturn Value;
=1 1? o. &,
0 The desired switch 18 ROt oh the command Line or thers 18 Ao other
comeand line argusent to process
Description:
Ssatch for a given swilch or the nawt argument an command |
1t found the associated string 39 returned and the wwitch u npluod
by & MRL pointer 1a argy,
1

wsf
static Int getargi arge, argv, ww, option)
chat sargvtd

i 8 H
char .ﬁr?'
d\a: woption;

mt 13

forl v » 8; 1 € arge; 1)

1

/o Mot a MEL pointer u/
|ﬂ‘ll'gu[lll

/a3 1T & wertch 7 8/
lﬂ‘urwh! we "=t ]| wargelt] e 24y

Jo 18 11 the vanted mitch 7 ay
”"e tolmrt srgv(t1(1]) as opm)

II‘I option Te NRL) #trepyl option, targvlil{2});
f) » MAL; Rl b
;0 urat =11;
H

H
Ju get remaining cosmand |Line argument e/
[ 1t ]

1
11 sption te nu.u strcpytl eption, argulil);
o cpyl op L
return! =t);
¥
]

)
;umrnl L1 H

atatic int catibl int);

Fiindef min
sdetline min{a,b) {ita) < b1} 2 (s) ¢ (b))
sond1 ¢

#detine COLOR_PROTECTID 4

IV atwd; ] Kmpt-r

IV simicn; fo 0x208 or -alur v for displey 10 Continuous Grad o/
IV avwgon; Je 20200 IV for !\l 1ng 'a Continuous Grabd ef

IV aiwpd: /u 16 Gray Levals variable resctution o/

IV atwph; fu &4 Gray Levels I\l variable resotytion s/

IV a1 : /u Cator 1V, variable resalytion L1
atatic int Cet_twi);

static void Frew_iw();

)

Name; 0OJCRAD

w/

& columel 1

BRIR{ AFQC, ArgQv)
AT argc;
char sargell;

{

Nt uts, retw
atatic char .nno = 310 ==) 007 Grad Utility, wil, 0%

printfi“Corecn Inc, Xm\n\A", Title);
(f0 arge > 40 argeId] o MAL: /& 3trp off progras nase o/

/o din0lay 1nTormation on how 10 use this progras e/
L1l q-nrql arge, arge, “T, MALY)

C'Dlr‘ll N\,

cputel “Usage: odllgrab $-p7) (=c) [Savef 1{al\nir*);
putel "\mre);

putal™imitch Default oL AT MR- LAV VAT AV T

cPuTIIT=p [{}] 3alects Dimplay Modevn\r);

putsl™ 1; 16 gray-levelpin\r=):

cputai™ t: b gray=levels\n\r);

putal 21 256 colors\a\r);

cputal==¢ alects Automatic Color ullbunan\n\r\n\r‘l-
outsl“Lavel | le: Dnnrmlon Frie To Save laage. \n\n"

:ll" 11;

/o Initiaiaze SII ehvirenment o/
N_IMTL arge, argv):
|n{un ~ getuiterril}l

prontf(“ens FATAL [XROR: Xy ene\n", siterrmagl sta)); /o Print efror umi
H'l ts we JNOOCY)

DI‘IMH‘M 00x drywer t3 associated with sach devics\n");
riptf{=vou st load D020 and DOVGA drivers before c-tllmg This progrs

antily;
}

retv = do_applicationt argc, argvl;

110 U8t » getaiterri) b} prantf (~\ASIIERR: Xa\n™, miterrsogl utm));
elaa printf(“luccensfuiin®);

st endi);

) et 1),
slas exit(8);

}

1At do_applicatian] argc, argv)
nt arge;
char aprgvll;

<

INT node, save, calibfation:
T wolut;

Iv e Im(

char buf{18);

char f1lename(Bt);

7u Open Inage Windows e/
UL Get_imlE)  feturnt =t);

Ju get mode {default = ] w/
ﬂltphrgl arge, argv, “p~, buf))

wcanfl but, =X, Laode);
lﬂmo!-lumu!nm.l-hndo-l-
]

fo Check 1F sutosatic calibration s/
1l getargl arge, argy, “¢™, MAL}) catibration « 1;
alne calibration » 0;

/v Check 11 fitename Jiven 10 Save nade u/
ML getargl arge, argy, WAL, filename)) wave » 1;
olne Sive » B,

/n Allccate Qutput LUT o/
lﬂ{lnltn s lut_allect vud, LUT_QUTH) =s MAL)

printf| “Mesory Aliveatin Errer\atl;
;lturnt «1);

/s Load 16 Cray Levels Outpuyt LUT o/
lut_slopt olur, 0, ¥, 13, getlutcal( olut));
lut_sel( olyt);
/o Calibrate In sonochrone mode for continuous grab af
L calibration)
1 ealibt 13}
printf(*Not Enough Memgry to Parfors Calibration\n™);
returnt =$);
)
d,: Continuous Crab: 320x204, 16 Cray Leveln o/
1{
1o _grabf{ v , 10:
u:gnpyt 1:5:. AL 1 H
shilel tRBhTI});
/u Catibrate 1mage 1f color taage o/
Wi calibration AL mode e= 2)
!ﬂ‘cal'lbl mode))
printf(~net Enough Memary to Perform Calidrationvn®);
;‘-tum( =10

Ju Grab a tsat image with the deticed Pixs! 3i2e o/

wATChl mode)
éla- L H
B, A RN Y
u.?u::plopl olut, 9, 8, €3, getiutenll olut)):
Wt_sell olut); nl.uuu.r.ray:. tur e
tu_grabt wwpb, 1) /s Grab a §& Gray Levels 1ange -I
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#endif

}

Fiidd
Fill

Name:

Cat_tw

naf

LAl H

iwgh »

n
-hiu(

¥

return(
»

void Free,
3

Free

1u_free
iU X _free!
;- )_free

wtatic iat
int mode;

lohg b

lw_copy( 1wd, iwgé):
Droak;

case
rif couoR

break;

11 save)
fu_box = fa_wiZei twd);
tw_savel iw_box, fllnu-).
;- _tree{ fw_box);

vt_freel olut);

Froe_iw():
;olurn{ "n;

Get_iw
Free_1w

Declaration:

int Gat_1el)
void Free

Descriprion:

Free_iw frees all Tva allocated by Cot_ e,

mt{Gﬂ_!-n
int pIxeiz;
Iv
int org;

/a Xewp the Origin of stdiv a7
org = getorgl sidiw);

jwd « twdcm » RAL:

ted = wtdiv;
Ju Create window for displaying continuous grad e

H( Dwdem = te childt wd,
teturnl =1);

. DN
(1w = tw_opeal O_RD | O_AZD, org)) t= MEL)

plni: . gnphuu.'t te);
-u:chl pIEIT)

case &
H:(ptyltnt e} 4= 200)

caps 12

}
getsiderr():

r
1u_freel
/o Froe N'!‘ro;ltod To the Acquisttion o/

1Nt range, offset;

fo Dispiey with the VGA dfiver LT3

28
PROTECTID
/o Romatve T™he fitwt 16 colore as Cr
Only 263 colore will be used for
retiutpaget olut, LUT RCE);
tut_flati siut, 4);
ut_slopl alut, ¥, ¥, 15,1

/e Clear Output LUT e/
wetiutpagel alut, LUT_KCH);
Wi _flati otut, 0;

Leveln
1nage o/

/o clear sl Colors w/
/o 10t firet 36 colore with man-2e

Fe D\xuy with the VGA driver a/
tw grab( wgi2, 1);

/ncw!ﬁni o from the Oc-2 to the YA board thro
& 12=bite ::g'-bnl umonlm at o
e _colpcalel twd, Ywg1Q)

/o Lomd the 256 colors LUT e/
vt _mell olut);

/o Deallocate ALL I¥s s/

(118}

opens Ty froa Ocutus-20 and VOA drivers,

tngh « l-g'l! MEL;
Ju use standard iw for dimpley o/

/
0, 4, minigetxien( 1md), 320}, minigetyleni twd),

OCulus=20 AcquiBition IWs =—srrremmmammanneay }

1vace = 1w

10 twgcm s MRL)
sine twgh * e

¥
[ 40 ]

15k = tw;
break;

¥ iw;
break;

112 = iw;
b"r;lk:

;

iwi}
IV retated to the Display o/
1mdcm}; i

¥
¢ togd:
¢ egi2);

calibl mode)

lm. shinto_col;

a\oOprabic
long maxrvalve = B, sirvalue,
AT highlim « 4, loslim o 9

printti“Calidrating, .
11{ aode == Q)
n coler mode o/

ploaps wail, \n");

lﬂ-ﬂcrlmt 1wy, 2851,
setadcof faatt 10312, 4]
e _grab( tegll, 1)

/o hake & COIOr Mutogran o/

THLL bt ool = (1ong ) s11alioCi funaigned] 4196 o 21Zect] longlil es N
retural=1);

Te_hiatol 1w12, histo_col, 409%6);

n e 163;

\ﬂ: hinto « {1ong &) S118LLoCE (uneighed) A s siZeofi jong})) = ML

slsfren( (char o) hinto);
returat=1};
]

/u make & 160 entry histogran { \nden enTry o (38X & B) + (GIX o) + (18X
fori 1« 8; v < A hinteliee} o L),
« 0 1K A% ven)

fort 1
<

Index o | 1 & SnOBOF) » Gl € 4 & On0FE) 3 &) ¢ Do € § & GnbFER} D)
hutnhmd s histg_coilil;

l\l!rnt ichar o} histo_cot);
)

olne
i‘- monochroae histogram v/

/o grab sith &4 lovels o/
setadcrangel 1 N .55
setadcotiset| 1wgh, "’

ne G

w_grabl 1wgg, t);

AL Mte = unng ) stialingt (unBigned) n w Bizecf| long))l es MAL)
raturai=1);

;- _hiatet lqﬂ, hinta, nl;

fof( % s 4; v {n; 1ee)

W hiatali] > maxvalve]l sanvatve » hintoli];
wirvalve = mwevalve 1000
[ H

Mo 1ind paints o 1X of mawvalue uf
shilet t ¢ &, Matolies] < mirvatue);
tewlin s 1 = 1;

CLIERT

whilet 1 3 =1, hMatoli—) C minvalue);
highttn = 1 ¢ 1;

offaet = (X55elowlimb/t 0 ~ 1);
range = (1551 Mghlim = (owlim))ft & = t);

siitreet (Char o) hiato);

/o 3t new range and offset e/
\ﬂtlndo . )

wtadcrangel 1egl2, I LH

rtnﬂu"n!t wgld, offset);
ﬂ.:
satadcrange( ym6
rtm"ntt l-gs. “7:-:».
;cﬂm\ll!;
[ eciumng) ™ 4
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Hnclude Catdin. h)
nNnclude Cotdiib, h>

Finclude (ol Ay /o Required by all 311 applications ¢/
Nnclude 21100 o lo?ulnd only far checktifi) e/
Nnclude “getarg. h™ /a Define the Getarg function e/

/s Protot That <ah be expo
void o-ocmr Char e);

1Nt Ml ARt argc, char seerge)
L]

1at errer;

ht action;

et 11 lenameBR];
char optiont2s);
atatic char bufl1824);

printii“Corece Inc., 315 Cemonmtration: TIFF File {==3 IW UTility, v: Xsin\n"

argvid] = MAL;

Jv Chack 11 =7 wan pelocted by

/n It 20, then &‘nl descri
/2 And a1t to

Hl‘pfll‘gi arge, sige, T,
pPrintf(“Description:\m™);

PrIATE(=\R"):

priatf(™ This pro?u- allown you t0:\N"};
Java stdiw to a TIFF Frlevm®);
priatf(™ orf ~ Load & TIFF File to atdww. \™});

priatd(~

Priati(™ of = Display »
llnnlﬂ'\n"h

Printf( : Tift L=17
printf{=\n"j;
Printé(=3uitch Dohul!
printf=-t

printfi~

pPrinteg=

printeg”

Printt{=\n=});
Printf{=See Alao:\n");
PrANt{\n");

Printf(™iw _load, tw_save
Printft*\n®);

:ﬂt(ll;

si1_Init( arge, arge);
STror = getatierri);
ll(‘-frurl

printi{“sss FATAL CRROR:
{ etror s IMOOEV)
[]

printt{~An 0OK driver
rr!n"("lw st load

it
H

110 getarg( arge, argv, ~T", option)) action s atoil optionl;
it : 1getargl -ric. -ri«:. H.I.L f11lenhane)t

priati(=Na filename Bpec

printil “You aust mpecify Yhe name of the ti#f file (without! the axtension

" _endi);
:nnl ) H

-|=d\l action)
case 4

pnn"l'l-trlnmg thage from dish..™);
1e_loadl stdiw, filennis);

tuT_sat{ getolutistdy
1L tefror = petmiter

printt=\n3I1ERR:
11 error s I10)

pratiffercl bul,
grmlu “Cxtended Information:\axz", butl;:

L]
uipe printi(™Juccesst
bresk

cane 1
printf(“3aving 1

e_savel sidin, filenans);

st (error » getsiier

CINEPm\ASTIERR: Xa\n™, sirerresgl error));

elae printf(“3uccessf
break;

cane 2
chacktif( f1lename);
break;
¥

ati_endi);

raturnd 0);

¥
Fi 1]
Oescription;

Jond to atdout the current tage of the tiff file.
{To debug incospatibie tiff files)

wn/
#etine ReadFilel ptr, wize, cnt, #p) fread{ (char u) (ptr), {siTe), (C
define AbsciuteSesk| tp, offset) fasek{ (1p), (offmat), 0)
x::n :;hnw:ukl tp, oﬂun faeekt (1p), (offsat), 1)
Tl

TaL_T.
adetine FIRIT_TAL NeadudlileType

wvoid checktif{ ?1tename)
char oftlonase;

rted to shother application e/

/e Ertor Code from 311 o/

fu 3trip oft progran ness s/

the user v/
ption of progras 10 wtdout o/

ML)

TIFF File Headar to Btdout,\n"};
1 14 lename\n");
Dencription\nin”);
Salect raTION\N");
0: toad T11¢ File 1o aldiw\n™);

1: Jave 3tdiw to Taff Fitave™),
2: Display Tiff File Header to stdout\n*);

AL
Je Dt 10 DOS 0/

70 Initiadizen 311 ars binde 1o driveris) e/
/o Caln artoe ntatus o/
/= Exits on fatal errots u/

X3 sae\n", siverresgl errorll; /e Print errer u

19 a3sociated with each Coreco devicavn™);
at least one 00X driver before calling this progr

1f1ed. \n");

-n. /v Load Physical lut with lut retrieved f
)y ts )

Xa\n", stierrmagl efror));

10260;

ul\we)g

te disk,.");

ri)) te )

{1RY 5 H

4

static chat stagramei} o {
“mewiubf leType,
=SubtileType,
~Ilnagevidth=,
“lnagelength™,
"B1tefersanpie”,
“Compresaion”,
“NonStandardTiif~,
NOASTANdarETI S,
“Photosetric,
“Threshalding,
~Callviath®,
“Colilengtn=,
=FiliDrder~,
“honltsndardTifee,
“NonStandardTiten,
“Dacunentias™,
'hu)cbn:rwhnn".

..

':trwo"utr
“derentation”,
‘Ionsumrd‘h"".
“KonStandardTyff",
~3amp lewterfinel™,
“RowsPerdtripe,
*3tripBytelounty”,
“Hinlaeplevalue”,
“Hacap levalve”,
“XResglytion-,
"Yiesolution*,
"l'lmrtnnhqurlﬂun"

")G'a ythont,
“Yfoaition*,
“FreeOffaata~,

“F ut!y‘llCaqu'
~Graykesponseinit,
=GrayteaoonseCurve” .
“GrowpopTions”,
~Croupilptions”,

*Resotutionynite,
=P unber,
"lonstlndlrdhﬂ"
"Non.'.tmrd’hl"‘
"Culorlmcnsd.lm'r'.
“Colottesponselurves,
“MontancardTafe,
"NonstandardTif ¢,
“RonStancardTite~,
~3oftware”
“DateTim",
“HonitandardTi 6™,
“HonltancardTife-,
“NonStandardTieee,
“NonStandardTate,
*Nanstandargiyfe,
“NanStandardTyf i,
“NonStandsrdTyif,
*NONSTANdArdTI I,
“ArtIat,
“HoRICoNpuTer,
"Predictor,
“whitePoint,
“PrisatyChrosa®,
~Colarrag™

.

nTatic char ugizenseal) = {
-

“hmml'
TIFF_HEADER bead
TIFF_TAC n.;
et 1, count;
FILE afp;

char fnase(80);

Strcpyl Trame, f1lenane);
streatl fname, = t11");

/e Open 1ile o/
100 Up = fopent fname, “rb™)} »e MRL) Teturn;

7o Gat Ty headet »/
Read¥ 110l ichar ») Ehead, $120af{TIFF_HEADER), 1, tp);

/o Check Header o/
1{! head, Bytedrder 1o 0uk33) printfiTifferr: TiffHotorala\n);
. u

pnntil"hmhnwm xd. Xd\n", head.Vernion/18, head. VersionX18);

/e Gt the tags s/

AbpoLluteSesi( fp, head,Of faatOfIFD);

KeadFital (char w3 bcount, sizet{int), 1, fpk;

Prntfi"xX0s X33 X5s XEs\n\n*, “Tag M" =31ze”, “Count™, “tifset");
ur: 1o 0; ) € Count; 1ee)

It indun;

lxuol nlq ﬂzuﬂﬂfﬁ?ﬂﬂ. 1, p);

1 xR e 1

1l \ndw.g 1L ndex >"mm._'rm: wrintf{ foane, "NonStundardTI#(X
136 strepy( frame, tagnamel 1ndex));

|fl‘hg.3!:0 = TIFF_SHORT)

Printf (™03 X3 X51d XEd\n~,
;m— witenanal tag.312e], Tag.Length, tag.Offset.s(8));

sl
{

Pﬂntﬂ'nu s ZNld B,
. BiZenanel tag.312w), teg.Length, Teg.0ffset.1);

T cotummal 1
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flast moddied: Mion Jep 10 1721 1001)  a\edge delc

fasl modifled: Mon Sep 18 1721 1901)  &\sdge detc

Progras wdge_det

version 1

Frogrameed by KICO1w B, Demarquette
uhder The supervision of Professsr Canal
Septeaber &, 1931

[dge_det extracts Binary gbjecta contours and thetr srea froa the 1Rage.

The algoriths 10 based on the 10Cat10n and extraction of the binary CoAtlOur
(eatrl of the nb;o-c'l ‘I'hn nlgorl!hn scans The image 1h & rasler fashion uatt
11 resches & “faise' Yo “True’ Tranai1Ti0n NOY already marked. A asrked
trannition indicates & provigusly extractad catr. The slgorithe extracts
the contour, by follceing the “edge’ 0f The object until 1t returns 1o the
starting ponlhou This prnqru axtfacts the srea of each object detected
and stores the chain code of The bigoent object! which 1s the drog.

!

finclude Catdio. b
Finclude CaTdiid. h)
sinclude aiv k)
ninclude Cla,h)
#include “chranag. h
Sinclude “getarg, h”

o‘l Roguired by all 311 applications o/
Required for wait function o/
- Foquired 10 ot procassing 1iser o/
/v Detine the getarg function u/

atatic vo'd loadcalert LUT atut):
ntatic veld toscmane! LT slut);

static tht do_ontel IV miw, unsigned festmask, unsigned option, DOTOR =taeq);

atine RODOT [} /o Size of DQTOP vectar used T0 AtOre the chatn
et ine MBCOLDR 1% /o Humber of calors for psewdo coloring e/
/u uat Be & power of 2 o/

/e Dptian flage for dc cnrr(l o/
«300

#detine DISPONTY /e Display cntis over the inage u/f

#efine DISPTIAT mm /e Dizplay fsaluren to atdout s/
&l ve SINGLESTEP  Gn000& /u 3ingle 3tep Datwesn each object o/
nlatic At CATrmask = §; /o bits used by the catr_s teplessntation {devt
static (AT colormask « §; 7o D1ts used for colofing wf
il 1]
ux PMain program starts.
\nt‘uml AT arge, Char saargvl
1nt error: /u Error Code from 511 o/
char atr(20]: Ju 3tring that holds the switch valuwe o/
wmighad featmask = §; /v Fealure mask a/
wnsigned option = B; Ja Option fisg for do_cntr e/
int calor = §; /v colaf monitor fiag o/
1At Timwr o §; /o timer {1 /
CRLWL Thes = 128; /e Gray level for tynarization s/
DOTOP atneq:
nt 1
Lt '“9‘
nt binmode = BIM MOTBIT. Jo Default binariyation mode s/
1nt nentr = 4; 7o Nusber of catrs extracted o/
wtatic Int bIniut(e] = o this table converts valve from user to BIM s
]
BIN_WMITE,
NIM_BLACK,
AIN_CRAY,
Bim BIT,
BIN_MOTCRAY,
:u_mmr
1At Rkndot:
char stringl&al;
argviil « MAL; /= Strip off program name o/

Ja Check 11 +7 was selected Dy the wsar o/
/u And st to DOS w/
u('p.nrgl arge, argy, T, MALIY -

printfi“Usage: cntrteat (=d?..) [~17..) (g7} [-n?) L=t1vm");
PEARTI{™\N"),

pentii"Smtch  Detauit Descriphion\n\n”};

pranti(==d?., Hone Display contour extractsd\n”};

prinef™ €1 Color monitor (defaylt s monochrome)\n*)
printe(= 8: 3tep one object at & time (E3C o abort)y
printi==17,, None I.nuct setected testures from sach objectin
prineiee (ALl H

printd(=~g? (maugrie) } /2 al-c‘t grey level for threshaldy\n*):
PrINTA("en? H Binaritatton mode\n");

printf(~ A pixel 18 part of & entr 14:\n");

printee~ 8: igrt > threshaldlvn®);

print(~ 1 tgrt £ threshald\a®];

prmf” 21 (grl sa threshold)\n™):

printe™ 3 lgrl & thresholdivn”);

printiy” : {grl t= thresholdi\n"):

printH™ 5: 1tgrl & thresholdiywn");

PranTi{==t oft Cisplay Processing Time\n*);

printii™\n");

’-ultl'l);

n Thiz Block nitializes the vse of the 311 Library and checks 1f the drivers
re loaded,

s1I_1MTL arge, s
arror = getsiiersiy;
11( efrar)

/ initaatizes 311 and Binds to driveris) o/
/s Gats error atatus w/
/o Exi1s on falsl efrars o/

printf{"ass FATAL [RROR; Xs weal\f", Birerrmagl ofrorl);
lf(‘.l'l'ﬂl' s INOLV)

PEINTY(“An 00X driver 13 associated with sach Coreco devica\n™);
FIntf("You avat load at isaa? one OOX driver bDefore calling this progr

exitil):
thre = {petaargri{ stdiw) + 11/2; /o Gets the threshold valve »/

/o Print error

~ da

wa This Block processes the argusents

lﬂ‘p‘tlrg( argc, afge, ", atr)} /+ Sat featmasx by parsing the =1 s

1l strchel atr, "&°)) featnask |= F_ARTA;

/s Dption to dimpiay features o/
/e Set displey acde s/
Ju Option 1o displey catre o/

‘s'0i eption e SINQESTLP;
"Ch) coler ¢ 1;

option |= DISPFLAT;
¥

" guohrgt argc, srgv, ~dv, strj)
opnan I» DISPOXTR,
V1L wtrcher e,
Hl BTfChE L Btr,

]
1 getargl arge, afge, Y17, MAL)}
4

uur s4|eCT Color manitor e/

;:;n'-‘;; ,C: g::l;::.:l::;!::m if Timer reg
H(,gatargl argc. arge, “g, strin
:aunl( utr, "X, AThPR); Ju Gt threshold from user e/
111 getargl ergc, arge, “n”, str)l
;lmoa o inlutl atotl stril; Jo 321 nem Dirmode w/
/u Cot tile name uf

Ht‘!phrg 1arge, argy AL, 3tring))

prantt (Ko f1le nans wpecifred, \n");
printf(“Tou sust specify the name of the
VY _end{};

’clltnj;

tiff 1ile {mithout the extension

Thia block does the Tnitialisation of the different functiens.

CATrmask o entr_f1rst( stdiw};
CAtr_end( atdiey;

/o Gat the catraask value u/

/o tust follow catr_first a/

1t cntreask < 0) 4o Check for errors a/f
{

priatf(“not enough memofy\n");

i_engl);

enTit);

}

colarmasi « (NBCOLOR=1) » {cntrmasket);
sethinthrsl stdiw, Binmode, thrs);

Jfa Compute the color mamsk e/
o Salect the binary threshold e/

/o Lrase all bits used to mark contours s/

J¢ Thig can be done when perforaing A.:,quu\ttnh of binartzatton o/

/o This include colofmask 1f DISPCRTR requested af

tw_andh( stdte, getmaxgri{stdie) 3 =lentrmask | (option & DISPCNTR 7 calormaa

111 option & DISPENTR)
{

LT siut;

Wt = Lyt _alioe{ stdiw, LT OUT);
v color] losdcolord tutd;

olse {oadegnel Luth;

lut_mel( tuth:

Wt _freel lut);

)

Ju Chack 11 eatr display requestsd

/u Allocate sn output WUT o/

A o i T e
e Lo L] ¥ r

Ju Load physicat I.U?.u arey

I Free Lyt handle o/

L timer) TRIG_CHROMO;
maxgot « BAOOOT:

Viltseg o (DOTOP o) malioci 3i2eof (DOTOP) e anxdot)} we MAL) returnt 0);
ncatr v do_cntr( 3tdiw, featmask, option,tseq):

l!l(!ll.l'l
ungigned tike; /e Processing tine (g} o/
Ting o CWROMD; /v Cats procatsing Time (me) o/

MINCHEONC (3Tdiw, Time); Ju Prints procesiing tiie a/

]
prantfi~Number ¢f contour: Xd\N", RCATC):
311 _endl);
getaistri;
sdgestopen(atring, “wi");
for [re:taeqlilines)

fprantf (edge, 3, (W01 T3eg(2));
fclosslenge);
fres({char u] T3e3);
returnl §1;

}

Fundthion co_chTr extracts all the chtes {rom stdiw and axtracts thair ared
theh, tt selects the cntr e1th the biggest arfea (which 13 the drog) and
Steren 1t chatn Code,

Input:
g IV that 15 sesrched for catres

binary attridutes must be defihed corfectly

optiom: Processing Options (can be ORed):

DISPFEAT:  Each feature selected using featmash is
printed to stdout far sach CAtr, A new line
t3 generated for each cntr. A header line
8 printed before the table of ¢ntrs.

DIPENTR:

Cach cAtr in draw To stdiv uding a
different gray tevsl. Up T0 he
difterent gray levels are used. It a
psaude color Qutput LUT 18 loaded, then
wach entr um be displayed mith a
diffarent color. The function yses only
the cotormask bits of The pixel o drew,
Other Bits cemain unchanged.

A.mning that pixsi is B, and catrmask is
we have the following:

x % x d d ¢ 4 ¢

draw
don't care dIT

: bit used to drae m cntr of centroid
€1 bIT vsed To mark ¢ntre (intefnal to 31I)

T4 cofumnal 1

A.lsﬂoohm-l 2



flant modfied: Mon Sep 16 17:21 1001} &\edoe_det.c

int ncate = §;

/v Number of cntrs of
tong 0T areemax;

Ju The »oq buffer aliccated oAty tf mecessary o/

/» The 38Q buffer stores the representation of the curfreat <ntr o/
/o The oeq buffer Can be draen u3Ing 19 _dredotes a/

i option & DISPCNTRY

{
aaxiot = MAXDOT;
il {3eq = (DOTOP #] matloct 31260f(D0TOP) « maxdot)] s ML) returni 0);
¥
ot
{

= MAL:
mﬂct-l;
¥

/u Print header af featurs table o/
1!({09"01\ & DISPFEAT)

11 featmank & F_ARLA)

prntf=
grmti *w);

Area *);

Iﬂ{entr_ﬂmt iw) >= 1) Ju Check 11 inttialization succesaful o/

aroamax=d;

/u Got Cntrs until sll stdiw scanned u/

mi:ol th » SATr_nextl iw, 3eq, Baxdot, Lfeat, featmask)) > #)
ACATESe; /n Incremsnt nuaber af catrs af

ﬂl{optlon L DISPFEAT) /» Dimplay value of features selected »/

110 featmaak & F_ARCA) printt{~xtid -,

feat.areal;
grmﬂ("\n");

Hl‘npt'lnn a DISPONTX)
int color;

/v Display entr to atdiw w/
/e cotor for drasing e/

cotor = =colorsasx;
cator &« getmaxgrii

satopal 1w, CP_AND);

/o Kot of colormask ef
i»); a Limit 1o maxgrl o/
Jo AXD pixels of colormask s/
satQriil yu, coler); Jo this clear all bits of CoOlersask o/
redotsl 1w, rg xliw], Fe yliw), seq, A);
color « (heate X KECOLORTI1; /s Select drawing color o/
color es CNtruask + 1; Ju ittt to colormask position ihside

setopal 1w, GP_OR): Ju Or sach pixel u/
stgrit( tw, color); /u with s pixe! mask that falls inside

as  This Block chooses The biggest ares and stores the chain code 10 a edge file
¢ 1ftabuifeat. srea)darsamax}

Arehiaxsfoal. &red;
praintf{“Nusber of contourssdd  ArealxeXId\R", ACRtr, Kreadax);
Bracpy(taeq, 3o, mandot~1];

}

to_drwdatsl 1w, rg xiiel, rg_yliwl, seq, Al

¥
¥
catr_endl tw};

10 maxdat > 1)
froel (char «) seq);

e Close cntr extraction o/
Ju Froe asmoly atlocated o/

l;uurnt neatr); Ju Return sumber of CAtr extracied o/

e

Description:

This function loads the LT with a highlighting mojachrome table (NBCOLOR gra

Assuming that plhiaiz tm B, and catfmask 13 1, we have the following:

x = x 1 1 1 ¢
nong

nt Don't care b1t

3] cntr resafved bit

cotor:  Select the Indax in coler table to d13pley pixel In moncchroms,
If ¢color 13 0, then no MghLighTing oCcurs.

Otherwise, hightight,

~

ﬂl’:ic void toadmonol LUT slut}
int 1, . index, coler;

setivtpagel lut, LUT RCE): Lol

Vrite 3 planes of iut o/
for( 1 = 1; 1 < MBCOLOR: tee)

Ju For sach available 1ndex of

{

cator « e-ﬂutmu tnﬂ. Cat Naximm intenstty available o/
thdex = Shift to color bit field o/
for(j-i- J (- ptlu‘rmdl lu‘n Je*) e Scan sach entry of Lut o/

m £2 L Ccolormask} s index) /n Cvck 1 (ndex matched 8/
lut_pingtel tut, §, calof); /e Write The LUt entry o/

'?'?

faml modifed. Mon Sep 10 1721 1091} A\edge detc
T
. Raturn; r ¥
1] ¥
aw The chatn code of the drop FLLY
! ¥ sesesn

static (Nt do_cntri IV wiw, unsighed fsatmask, unsigned option, DOTOP steeq)

4 Deacription:

DOTOF ameq; Ju Polnter o The CATr representation e/

1nt saadat; /o Paximm e11e of seq a/ This tuncTion lokds the LUT with o falee color table.

Int 1A /o 31ze of curtent calr sTofed 'h Bee/

ENIRFEAT feat; 7e Feature siructure o/

Ansuming that piasil 1 B, and CAtrmash 18 1, we have the following,

coler

L Dan”1 cars Bat

<ntt reserved b1t

Select the inden A cOolar Table 10 dimplay pinel 1m color
11 coter 1m0, thed no colofing occurs.

Diharmine, salect entfy 1 in ColOF palette,

£
color:

static vord losdcalari LUT siut)
]

wt 1, ., colrangs, Vhdax, calor;
static unsighad egapailMOCOLOR] «
{

/s Dewpliiue nol umed} u/f
fo Yellow (T4
/e Olive w/
Ju Blue s/
/v Cyan o/
/v Purple wf
Jo Aua af
n Ted af
I Grasslreen a/
In Orange «f
Ju L) »/
fo 00t Blue o/
J/u Orgwn o/
e Fink [ T4
Je Croan L1}
/% Qark Red o/

/ egapal format; Dxlbgr (4sch calor component uses 4 bite) o/
caltange « getluteoll Llut) « 1; /e Cat the scale for tut colors o/
satlutpaged tut, LUT RLD); o Julect red page of color 1ut o/
ford v e 1) 1 MOCOLOR; yes) /s For sach color in palette of

1

cotor o egapailil & Wnut; .
cotar » color » colrange / 16; F
Index = | & (Cntrmash o Y}, Fl)
!or:_’-l J S* getiutindt qu. Jesl e

[wtract red companent &/

3cale color accotding 1o lut o/
Ihift to coler bit freld w/
can each entry of lut o/

Chech 11 Ynden matihad =/

1l () & colormask) «= ihden} n
fu VEite the lut entry o/

Wt _singlel tut, 5, color);

¥
stlutpaget lu‘l LUY GRETKI: /v 3alect the gresn page of lut e/
fort v+ 4; 1 ¢ W.Ot 1ee} o For each color in patette »/
{
color » {egapall1]} >> &) & Oxdf; Jo [nTract the green component e/
calor » color o cotrange / 16; /v Scale color according 1o lut o/
Ihdex s 3w {chtrmash « 1); Jo Ihitt to color BAY field o/

forgyed; J Co getlutindl tuth; jes) f» 3can sach entry of tut w/
{

o Chech 11 1ndex satched o/
Ju WEits the 1yt entry o

10 ¢) & colormash) e yhden}
tuf_mingled 1ut, ), color);

|

mtiutpaged lut, LUT BLUCH;

s Select tha blye bage af Lut o/
fort v » 4; 1 ¢ wecolon M
{

o For esch color 1 paiatle a7

calor o regapatlls] > 8) & Wn0Y;
color » color s colrange / 16;
INdex = § 8 (CATPRASK « 3);

fnl‘?ll, 3 ¢ getilutindl hm. J*

/o ENtract the Diue cosponent o/
/o Scale color accafding te 1ut a/f
o Thait to celor DAY field of

/o 3can sach entry of lut o/

1L ¢y & colorwask) == Yndex)

Jo Chack 1 index matched o/
tut_singlel lut, j, calorh;

Jo Write the lut entty of

A columma} )

{4 columml 4

Al7
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s Program pul_in a4 fetrieves a -d?c

s naquence of paints 1n an ascit format and stores Y
as That The points ars nlofed with The yi] given firat an
as getection e then displayed on The BCreen,

Program put_ih s

Varpion 1

Progranmed by Nicole Demarcuette

uhder the suwpsrvision of Professor KB, Ceaal
13 septemder 1IN

file generatad adoe_del and Coteertn the
e of ah TEAQe. MOTe
hen tha wl]l. The sdge

#include <graphica. h)
ainclude <atdio.h)>
#include (canlo. h)
ainclude Catdish h)
#include taath, h)

saintint arge, charsesrge)

[
et ALAO3ED, yTRONT, w0,y xd (4026, yOLLOK);

[11] 7

int J=0 usl

1 (y(klwed Lb remcvedest)
broa;

[ annane

-- This Block 1n1T18L12es the graphics, stores the paints in an drop f1le and

an dinglays the gTaphich |
sESSS dREBRRE

1nigraphiidevice, baode, MAL);
11 ({testecgraphresult (1} 1s0)
{

BESESUBREEAN AN SNENTRRNRIENERERARERRED/

peintf{=arror
fclonetedne);
fclosatdropl;
axity);

rgraghtesyiteXd” tevtl;

¥
for {ks1;xCspornt;iee)
i

{print{drop,”Xd Xd\n™ ydl:lu aud i) y;
putplnlllﬂll! ydlk) BAE);

dcllyl'.'llll:

fClosaledgel;
1closeidiop);
closegraphl);

int T, nl_po'lnn point, removed;
FILE sedge;
FILL edrop;
dur Taeqiidd];
char d;
181 teatel;
char atridnl;
nt smc--nﬂtct
utsd; /= The NIl mrd\utu <ould be charged in case
the entirs screen 13 not grabeda/
1]
:\-Nf ol _paintesd;

This Block opens the

ﬂ: and drop file. It reads the points 1n the sdge
tile and counts the o +

af points,

—
ciracri);
11{ (edgesfopeniarge{l], r1=) JsskR L)

{

printii“Cannot cpen edge fi1le*);
axvtil);
}
111 (dropeiopentarge(2] “wi™  JesdR L)
{
print{i“Cannot open drop file™);
aritl;
rewindiedgel;
dulolﬂnndqoll
{
d-nolct

wdge);
seqlnuaber_of pointsled;
' nubor Of_pointyee;

Ausber_of_poiatssnunder_of_potnts=1;

¥, (11
we This bleck does the comversion of The peints generated with edge_dec
as progras 1A & a3 tors,

ful“ (1ol JCOmamber _of_pointe; jeel
:-Itmuuql.'ﬁl
cap 17
Ktes;
bresk:
case ‘2%
Ktee;

z‘“.‘
K:—

case ‘4%
NYma:

}
x{jlext;
ml':ﬂ-

:- This block removes the unwizshed points (frame, edge.noipe...),

-~

pointad;
removeds0;
for (kel;k{onumber_of_pointe;ke+)
:v iylai=t )
Pointes:

SR
L) H
r-?:cdll?‘

H

Teolumna) 1

& columnal 2

Al8



flapt Modifed: Sa1 Feb 20 10034 1060 w\sonen.c

fast Mmoo Sl Feb 28 1034 106 a\wortert .0

- watter.c

- warsion 1

.- rrogramesd by Nicole Cemarquetta

an under the supervision of Professcr Kamal

. 12 september 1301

am

L L)

ss  PROGEAN uﬂtr c 30RTS THE DXPLEIPENTAL POINTS IN AN ORDER WHICH I3 !t“n
wa  TD RUN TH( PROGRAN S200THER AMD TME PROGRAN 3MAPT. IT AL3O [MASLE THE USE

wa TO CGET RID OF ‘D( STRINGE,

2a . 7

nincivde {graphice.h>
ninciude <atdio,hd
nnctude <conio.h>
annciude <atdisb hd
adefine MFOINTY 5000
adefine WPOINTY J0CO
adetine NFOINTI 1000

wold mainlint arge, char ssargv)
{

FILE wdrop, esorted, aresult;

1nT nuaber_of_points, ‘. nulp, nlp;

AT lexx, rewx, medy, medx, crlud_polnh'
tnob tespc;

ared;
1nt exDPOINTI) e,(mmu xCNPOINT2)Y, y(NPOINT2I:
1At XTTINPQINTR], xXt2(NPOINT3], xtIIMPOINTII;
1at Yntm:mz mztm:m:, YTI{MPOINT);
nt jasty2, imatx1;
iat poin l. gom b, ponte, paint;
char atringl2d
int Gwicn-ntﬂ:c‘l‘. H

THE NAMES OF THE FILE CONTAINING THE DROP P‘IOF!LI.‘ A0 THC FILE WERE
u THE SORTEO FILE 13 TO BI WRITTEN ARE INPUTTID BY THC UNR

clracr();
H{l(drop s fopentargv(ll,“rt*"}) aa NXAL)

printf{"UMARLE TO OPEN DROP FILE™);
ontit);

}
\f{tlurtod-fmnurwl:z).'rt‘n e ML)

printf("UNARLE TO OPEN JORTED FILE™):
axiti1);

}
N{Ilrunlt-[w«lhrwtn.“w'll =» MAL)

PrANTT(™UNABLE TOD OPEN RESWLT FILL™);
'-amn:

un THE POINTS OF THE PROFILE AXL READ FEOM THL DROP FILE.
ond=8;
pointsl;
rewtndidrop);
while (tend)
if.gnfanudrnp,-u =™, sdylpoint), ddxipointl) ee [OF)
ol

pointes;

¥
nubber_nf_pointaspaint«2;

ar THIS BLKK IIITI&IES TI'E CRAPHICS 30 THAT THE PROFILE CAN 8L DISMLAYED
v  CRAPMICALLY OW THE SCRI

mnitgraphibdevice, laode MRLY;
ﬂiinut-guphrmmu 1s0)

PrARTT{=\N\UMABLE TO IMITIALIZE GRAPNICS™):

Printf=\nCRAPRRESILTs X, test);
=it{1);

¥
cleardevicat);

r
f

ws THE DROP IS DISPLAYEG ON THE SCREEM

ex THL FIRIT POINT FROM THE RICNT EDGE OF 3CRCIN INMWARDE WILL R{PRUSINT
ss TH EDGT, I THESE PORTIONT, MORIJONTAL LINCS ART REJECTIOD.

Bedx=irocnsloxn)/2;

sedys owy=28, /eae THE MPBIE AXBLTRARLY

MOTE THAT THIS mir PEOVE TO Bf TDO LARCE FOR SMALL
DEOP3 OF TOO SMALL FOR LARGE DROPS  sses;
pointanumbar_of POInTe;
POIATATPEIATD+POIATEST ;
antyteinatydsiantinle=];

1or {PAINT=Y  point{snumber_ot_pointe; potates)

lf:wlpomﬂ(-m 34 dylpo1nt]dtop &k delpoint]{emedn)
tidylpaintlieiantyl)
{

ytiipointal=dylpoint),
xtllpainta)=anlpaint);
LaatyleyTi(posnta);
tompasxTi[pointal;

) paintasse;

lne
{
11 idnipaint](tenpa)
4

pornta=—;
yt1lpointalsdy(pointl;
xtilpointalsdufpointl;
tempa=xt1lpointal;
pointaes;
¥
H

4
nulpspointe-1;
:naytpemu)ndyl
11 dulpeiat}islantul)
1

ytalpointdlsdy(point];
xtI{pointbladalpoint];
lastaientllpointb);
Ttempbeyt (peintdl;

, POINTDe;

olr
:de[pomu)tﬂohl

painth==;
yr2(powntblady{pontl;
xt2(pointbls«gnipoint];
wnpbeyt2pointhl;
. pointhbes;
]

¥

nilpstylpepaintbs1,

l:ldylpu\nn('l-dy AL dylpoiatid>top M dulpoint]demmdx)
ll:dy[pomtl!-tuty?l

yrilpointcledylpoint];
n:tnla!el sdulpointl;
LaatyleytIlpoantel;
terpcentlipointe);
. PONRTEes;
slne

{
igelpointidtempe)
t

peINtC==;
ytilpointelsdylpornt];
:n:(polnt:hd-lpomﬂ-
Tempcsxtllpointcl;
POINtEee;
}
¥
, }
nuaber_af_pointasalpe+pointe=1;

- NV TrE POINTS TWAT DCFIMC THL EDCE ARE STORLD IN THE ARRAYS x() AD
s y() In CORRICT ORDCR.

far{is); 1<snylp; 10}

{
x{ilexrsfn];
it deyti(a];

)
far{isnylpel;1iantp; 19¢)

uli)ect20y=nuipl;
'ylll-ytzt\-nulpl:

for (1enlpel;1<enumber_of_pointy;tes)
{

xf13uxtIfienipl;
’,l‘ll'ﬂﬂl-ﬂlbl:

1‘°r {ral; 1{emmber_nf_paints; eei}

!prmtﬂnnd =xd X\, 0], x(13);
putpinet {x(1),y013 2E0);
mqm

clno,rnoh h

printH{“nulpsXd nipsxd \n™,Mlp alp);
farintfiresuit,”Xd Xd= mulp,nipl;
delayi2on);

fcloseidrop);

:elmtundl:

I
for {point=d; point <« pumber of _paints ; *+wpoint)
putpixel (dxtpoint], dylpointT WRITE):
topeatod (argvidl);
u THE zm:r: POINTS ARE rm towx, rexx AND lowy ARE THE VALUES OF
LEFTIOST X VALUE, RIGHTMOST X VALUE. AMD LOWEST Y VALLE IESPECTI\ELT
arased pointyal;
(o018 1S;
FOXe [owysd;
for (powntsi; paintlenumder_of_points; ++point)
1 (dylpoint] < top)
orapad_paintase;
ol:l
Vexvaing Lo, dulpointd);
Foosaax | Fee, axlumﬂ];
N lm-xuo-y,u,rmm:;
)
as THE POINTS ARE SORTED. mecix I3 THE MEDIAR OF ALL THE POINTS
" 13 THE VALUE 28 ABOVE THME LOMEST VALUE OF v, FOR ALL PARTS OF THL
e ILE THAT ARE LOWER THAM THE FIRST POINT EWCOUNTERLD FRom
»e  BOTTOM U WILL REPREZENT THE 30 THAT VERTICAL LIMES ARE MOT
we RECORDED, FOR THE PORTION OF THE OROP BEFORE (TD TME LEFT OF THIS BSOTTOH
as PORTION) THE FIRIT POINT ENCOUNTERED FROM TME LEFY EOCE OF THE SCREEN
s VILL REPRESENT THE EDGE. FOK TWE PORTION TD THE RIGHT OF TWE BOTTODA,
= colummy 1
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ooTher . ¢

weraisa 1

programmed by Mandinl Das Cupts

uhder The supervisioh of Profensdr Camal
" July 1791

PROCRAM mmoathar.C ASES FOR TVOD FILENMES, OM0 CONTAIMING THE
SGRTLO POINTZ OF A PROFILE, A OM( WAL TH( POINTS OF THE
PROFILE, OnCE WrOOTWiD, vilL B WRITTON.

THE USEE TWPUTI THE PARAMETIRE OF TWl SMOOTHING: THE MUMBER OF
POINTS USD IN CADH LINLAR RLCRISSION (am), THL ORDER OF Tt
POLTMOATRAL U0 (rpom), AND THE MUMBIR OF TIMCS THE SPOOTHING
I3 RIPLATED tntime},

THL PROCRAN I3 BAZID OM AMD MOSTLT TRANZLATIO FROM FORTRAN TO C
Luxnangrum TML WORE OF 3PRI0S AMASTASIADIS, PRIMCETON
LMIVERSITY

extern uhsigned _uthlen =4d00D;
sinclude Cgraphica.h)

#include (atdia.hd

sinClude {conio.h)

Fincivde <atdlib.h)

fNnclude <aath.h>

1]
float cld) alalls);
1d{4);

float x(188],

agintint argc, char seargv)

woid rotatet);
double angl);
woid pwwat);

FILE anorted, asacothed;

int paint, y;

int end, entered, teat;

18t umm |ynnll

float an[18088), syli1000),n100000], y101000);
char strisnl;

int Iatary, lend, 1C JE, 1te nT ntime, IC;
float nhwt.ylhln;

double cout eint;

double angl, angl;

int ns,ntot, POl

10T devicesDETICT  mode;

* T O FILES ARC OPEMED. OF THL SORTED FILC ME
+ ATAD AKD CONVERTED TO FLOATING POINE WALUES FEan INGECERS.

suen/

clracr();

pr:l\:ﬂ"'m YOU VANT TD SMOOTH THL PROFILE (YMI: =),
t1f )

?: TURtF01ee N M LERtrLOTnn"n"})

axitilg;

H‘(lnrud a fopeniargvl!] “rt*i}) == MAL)

Printf(~CANNOT OPEXN SORTED FILEI™);
axit(l};

H‘u-ooﬂud v fopentargvi2] “wt™ it se MAL)
printi{~CRoNT OPEN SMOOTHED FILE*Y;
axtt{i);

rewind{sorted};

point s 3;

endsd:

while (tend)

14
u“l:‘m‘unrud LR X, Raylpoint], 2amipointll e+ EOF)
uyl:pumll-lyl:pomt]
axlpaint)stulpaint];
) POIATes;
ntot « peint = 2;

a2
s THE USER 1S PRONPTLD TO ENTER THE PARANCTERS OF THE SMOOTHING ,
wirecr);
pﬂn"l'ﬂ.llst mn THE FOLLOWING PARMETERS: \n\n™);
PLINTF("NIBIR OF POINTS USED IN PIECIVISE SMOOTHING: “):
nicatol (getnintr));
eshterwdnl;
d-:h tientersd?
peante (“ORDER OF SMOOTHING POLYMOMIAL (2 O 31 *):
L {((npowsatoiigeteistril) > 1} &L (npow < S))
' snterads);
pronte(~Nrels OF JMOOTHING ROUTING CYCLES: *):
atinesatal(geteintril;
H
o THE SMOOTHING I3 DOME ntums TIMES. [EACH TIME, THE PIDPOINT OF A
o FOLYNOHIAL FIT OF ne POINTS IS TAKEM FOR EACH POIKT IN THE PROFILL.
o THE SPOOTMING 15 DOME BY THL FUNCTION PWND. THE POINTS ARXE
o FIRST ROTATID AN@ SMIFTED, ,
npouiangos + 13
(wtartema/D o 1:
lend » atot ~ Ra/;
for (ntal; nt <o ntime; ntes) fune THE SMOOTHING 1S REPEATED
14 colmmy 1

ntime TIFEZ e/

e number
ong; 1Cee)

printi{™\reariing,,,.
1or piceimtar?; 1C =
{
far (3¢ = 1;
{

= ,nt);

Jedenm; Cee)

1€ = 18+ JC = Latary;
uijel « anlicl;
yiiel = mylle):
H /- 0 OF jc LOOF u/
IH

yaift = yllatart);
1OrNTret 11r<enn; 1T ]
{

ylitrd = ylitrl - yamit,
xivtr) e xirrr) - oamife;
Yy /e END OF 1tr LOOPe/
rotate(na,angl);
pwang |, npow, npawt )

ylistart]l o clilec[2lax{intart);

costeconiangl):

nint=sinl 1}

x1[ic] « xiistartlecost = yllstartlemint « xshift;

yll\c%'.; &l,(l!nrn-eut + xilatartlapint + yahift;
113

» n/
for (1elstart; 1Celond; 1+¢)
1] = yili];
2{1: - {1‘(11-
b ze [ND OF 1 LOOP »/
} m IR0 OF nt LOOP sf
Joana
.
¢ THL 3MOCTMED PCINTS ARL WRITTEN TO TWE FILE
[L1TT] 4

forf {1et; 1CNTLT; Yee)

) fpranti(pmaathed,"Xs Xo\n", ayl1],axli]);

THE GRAPHICS ARE IMITIALIZED AND THE ORICIMAL PROFILE 13 BIW'I‘EB
In WHITE WMILE THE SMOOTHED PROFILE IS OISPLAYED IM GREEW

1n11graphildevice, Laods ML) ;
" (unt-gr-phrmnln ra)
{
printf(~error; grnphrmlt axde, test);
fciose(smaothed);
fcloseisorted);
ami1til);

]
cleardevicei);
prINtII=ORICIRAL DROF PROFILE IN WMITE"):
printii=\nIMOTHED DROP IN CREEN™);
restndisortedi;
revindimmoothed);
far{peratst; paintientot; pointes)

{

putpixaliinipointl, rtyfpovntl , WITL);
| 4

for tpoints1; pownt{untot; paintes)
{
|:|I:pe|nt§-u§polnt!-
1ylpownt)saylpoin .
pu‘lp\nlhl{pﬂlnﬂ 1ytpatnt] GREEN);

}
delay{10008);

Jevnaneen
.
v THE FILLS A GRAPHICS ARE CLOSED AMD THE PROCGRAN IS FINISHED

fcloseisorted):;
folossismiathed);
R closegraphll;

-
" SFUNCTION ANG() APPLIES LEAST SQUAE RECRESSION TO A 32T OF POINTS

TO FIND THEIR AVERAGE

WARNING: 1Y DOES MOT HAMDLE CASES VHERE THE AVERAGE SLOPE I3 2IRQ
1.E., WHEN DEMOsE.

TRANILATED FROR FORTRAN SUBROUTINE OF SPIRDS ANASTASIADIS, "LItGE‘

doyble angins)

nt na;

{
aoublo =, Sy, Xy, wx2;
int 4§
doublo dnun, deno;

XN exel, 0:
for (val; 1Ceng; 1ee)
{

UL T II“J%;
- L] 11;
::2 -'Lz ! xl1laxiy);
' axy » axy + x(1deyl1l;
cnum = m- - mXamy;
Sehd = - MOEX:
" ldom(: te=20)
prlnﬂl"m-l'!;
' mit{1);

returniatanl{dnum,denc));

A20 4 covamre) 2



fagt modified: Tue Sep 17 10756 1901)

R\ IMOothet.C

{last Mmoafied: Tus Sep 17 10038 1001} l.__\m_f.

I .

WORCUTING rotatel) ROTATIS THL 3ET OF POINTS (X2, 7()
COUNTERQOCIWISILY BY AN ANGLL ang)

TRASLATED FROM ThE FORTEAN SUBZOUTIME “ROTATE™ BY AMASTASIADLS, ,

void rotate(ns angt)

{
!lut axnitened aynlitosl;
int 1
duubl.c Int, cont;

costscontangl);
Satesiniangl);
far t(is1; 1 (= nu; tes)

4
waiilexii)scont - y(ilunint;
I4] =« xti1lanint « y(1lecont;
x{1) = wenf1);
, ykid = ayn(i];

¥

ys

[ L]

s FUNCT]

s AMAITASIADIS: ...rrrsAst‘rnr ns POINTT TO A POLTNORIAL

se  CONTAINING MPOV TERNS, THE MI POINT OF THC 3ET OF ne POINTS
e I3 THEM REPLAZED BY THE CORRESPOMOING POINT FROM THME LEAIT

s 3QARE . FOR NCLA ANO THEORY, REFER T0 “INTRODUCTORY
[ METHOOS AND RNERICAL ANALTIIS® By R.H. PEMNINCTON,

as  PUBLITMED By COLLIER-rWCMILLAM LIMITED, LOMOON™

™

ADAFTED FROM FORTRAN FUNCTION =PSBy ANASTASIADIS

wvoid pesmoing, npow, npowt )
int na, hpow, npowl;

void slisinate{):
fioat FISO3L4],
1at 1a,ka,js, ib;

bi&);

for (iasi; iaCenm; ilase)

Tiall1de1,8;
far {1ds2; 1b<= npow;

1dee)
N FLialCib) = firaliid=1]uxl1nl;
R }
for (iasl; 1a{snpow;

fe: (han); kadsin; kaee)

1aee)

}
of{yall1alefl jullkal;

)
fﬁ: (kanl; kasnpow; Kasse}
blm [ 8 H

gr (jasl; ga s an; jaes)
blkalublia) * yuallﬂjdlnl.

}-H-tmnlwn,nuﬂ.bi:

I
"
as
ax
[ L]
L}

FUNCTION eliminate SOLVES THE MATRIX ECLIATION acsb Br USING
CAUSSIAM ELININATION AMO USING THE LARCEST ELZMENT AS THE PIVOT.
REFER TO *INTRODUCTORY COFPUTER HMETHODS AnD MURERICAL AMLAYIIS®
8Y R.H. PENNINCTON,

void oli-imtolnpo-,rpe-l,bl
int npow
float hrcie

in!i K, j. W
duﬂnngo).

fc: (ial; {onpow; 1++)
ltiltmm:-btu-
Wl1dey;
¥
for {kel; k{anpow; Kee)

if Ik 1e 3 exchangeihpou, npowt,
"(lltul )

printef~ MO UNIQUE SOLUTION =);
exit(l);

x:

Rigwitel;
h: Juki; jConpowt; joe)

.mu:-tuummm
for (1a1; i{enpow; 1%4)

i
y 1f (k te 1) al13051ealdI0 3-ali}dnalkIL)];

F /msess NEXT J san/
1] Jovansa NEXT £ aumn/

for (101 i{=npow; 144)
for (Ju1; jiwnpow; jee)
N if (1043 =e 1) clidsalfIInpowid;

}

FALLLILLIIALER LI LRI AL IR VT LITIL I TILS T LI ILITY L]
an
-
|¢-
ll

FUNCT 100 nu‘ul?o [\le! EOWS AND COLLIMS OF TME PMATRIX A JUCW
THAT TWC 20T [LEMENT 15 ALwAYS THME LARGEST CLETMENT IN THE MaTRIN
A&lln IEJ[I ™ ruupocmn

ane

./

woid sxchangeingow, hpow! )

ALI, - LT

{
It Pivol_row, Pival_column, 1, 1temp;
t1oat pivol, temp;

Pivot_fowepivot COlumnen;
pivatsfabsialnllnty;

fof {1e1; 1<enpow; 1ee]

tor Ly, jienpom; ool
i
1 adstali Il > pivet)
¢
pivel_fowsi;

pivet Columns);
) ptvotetabutaliItyln;

1t [pivet_roe 3 ki

for [ye1; jCenoowt; jee)

{
teap « alpivot rul({ H
alpivot_rowt I Teatnil)l
ALRIL) ) tenp;

)
i (pivet coluan > )

far (101 y(enpoe; yree)
1
tespsaltllpivot_columnl;
al13{pivot_column) » aLdIIR];
ali]ial » Tomp,

]

1ieage1dlpivat_cotumnl:
vdlpivat_column} » 1din];
1dix)siteng;

{dcolumns} "4

A2l



fapt MmooMed" Tha Sep 101702 100%)  w\shage.c Bast mocifed; Thu Sep 15 17,02 1901} ar\shape.c
- prlnu"\n'\( TOTAL MUFBLR OF POINTS IN THE DXPLRIMOMTAL PROFILE :' 1
as whape, & i
L1 varsion 1 .rmu('\nnﬂ'[l Mreft OF POINTS FOR FITTING: =), '
LL] programmed by Micoie Deasrguette and mandint Sas Cupts npoiIntestaligetalntringll; !
as Under The swpervizion af Prof, M. B Fassl Mt eapgint /2, '
- 3 auguat 1731 nplenglat, :
an
L 1] .
s PROCRAN whape. G PAIDS & DWPT COPPARAIION BETVCEN TWE LXPLXIMENTAL POINYT A |1 2 :
s SFOOTHING A) THE TWEORETICAL POINTS FOLBO BY SOLVING BASHOETH AMD ADATS as WCRL THE APCE IS OCFIMCD, :
on fCUATION By THE FOURTH ORDER RUNGE <cUTTA ML TWO0, » I |
os TWl THEORETICAL PROFILE }3 FlEsy BOUED FOR A VALLK OF B APPROXIMATED CITMER | | yo(ned)=apersaylion); ‘
as BY TML CrrIRICAL FORPLALA OF WM AMD RICD O 8t TWE FIRST VALUE ENTIRED By TH || uninpl]ecanter; !
s USEE. A ROBUST SHAPT COMPARIION BETSCEN TWE [XPLRIMINTAL AND THL THEORLTICAL |
we PROFILES 1T Tollm DOMC. TWREL CINOS OF (RRONS ARE EVALUATER. THENW, THE waLLK '
as OF B I3 INCREFINTID AMD THE COPPARISOW I3 PLRFORTED ACAIN. TWON FOR [vERY K snvnanen H
=s (RROR: THE OFTIMAL B I3 FOLMD, . MEEL THE RARCE OF b FOR [XNAUSTIVE S[ARDM I3 INJTIALIZID. |
- rensnn sann/ 1
[T] devaal tear]~wr{10Kl]); |
mtfum-lay[u-r!o-yhuu)r.‘. : !
extern unsigned _shlen o 40280 yissyalngll - de; H
for (1s=9;¢ l'l(-ultll-l-t-yhl(
Finclude (graphics.h> ml-uhhlm-nyllllﬂnyh- l-tyt\]l-iuh-ﬂ-unn
nNnclude <lioat. h) udslean{1l;
#include <(atdlib. by for {isiexr; { (1€enTOT) AL (Eylildyds) ) tes);
fnnclude {stdio. h> wonreaxti]eiydn-ayl1]i/layly= -qtl])otuh-ll-utlll'
Nnclude <canto. h> xdyreax{il;
Nncluda <aath. h) dasxdpr-xisl;
s /oe;
FILE soutput_file, eresult; bDetanexpt =6, 729850015, JOBY »(=16.£4734(3, 32405-2, SES0Jaz onlenlan);
AT faxr ul .I.on. felMDEX OF THC MOST RICKT EXTREME, MOSTY LEFT, batasaqriibeta);
float o, FoVARTABLES USLD IN Lo/ i .
float urt&ul :I[Sﬂll JevARIABLIT USID IN trr.r BETA I3 CALCRLATID USING TME EMPIRICAL FORPLILA OF C.MUM AMD E.L.REED: " Journat
float arllan} nrrnla._unuhu};/mun CONTAINING ‘R; DIFFERINT CIND OF £RR0 ([ of Collord and Interface Icience, Vol 31 No 2, p3A3 (15932). THIS FORMXA 13
float ul?“ﬂl,v(?"ll; JoUSED IN casrd TD RLTRIEVE THE POINTS OF THE O T VALID IF & 125CeBITACuN. 6.
PROFILE AFTER 208UIT SMAPL COMPARIZONe / I
float wtl2090]) yti2e0e); JoARRAYS CONTAIMING THL POINTS OF Tuf THEORETE || prontfi=\nbetavxs™ bets)
:I {(betadd, 6} [} (boh(l.l"SH
printf(™\nPLIASE [NTER TOUR SLTA SINCE FOR THIS ORO® THE EMPIRICAL FORMLA™):
watalint aroc, char wsargvl printfi=\nOF WM MG REED IS WOT wALID®);
1 3
flost symmatryt); beta_startebeta=4, 01;
vOId Mptul); beta_ endebetasd Ui
vo1d extromst); stepat, 405;
vﬂ:g th:rchul_prnnln(l JoTHE FUNCTIONT ARE DL3CRIBED WHEK DEFINEDe/
woid #3i);
wvoid pri); Jo
wvoid coard(); s THL POINTS FOR THE FITTING ARL OOLIIN WEAE AMD STORED IN THE ARRAY
FILE esmoothed, sprofite; as  X3[), TII.
char string(20),ch; I
una i gned rt end,endl end2, check; Rheincoint=51/2;
tnt numsber_of_profiles; AATsAne;
1nt point ntot, npoint; fentotiTOTAL MIBLE OF POINT
DXPLRIMINTAL FROFILES/ 15tepel;
Jarpo Nt MUMBER OF POINTS FO || yslV]say(iatep];
COMPARISON, 1P TO 100a/ asl1)vanlisten];
int select prowrite,1y; for 13sd; 1CaRAT: 1ee)
nt mtp.nlp,w‘l 21, na 00, atep, gn,enl, nal nnk: fanalp, nlp ARL ntmcn In7 1
1lcat de, yde, 9, da,ndal ndlf.“tp. fude; FAXIMM D OF Wl 1atepsfetnutp=£lali=1)/nn;
0 DIAMETER AT oo Flnﬂ THE yililray(intepl;
fleat ytslre9) wes(108); FRARRAYT OF THE CHOG3EM THEO ushlllllll'flvl'
FOR IWAPE COMPARISONe / }
ftoat beta,beta_utart beta_end; nnlwantet;
float bl“llll- JuARRAY OF THE VALLX OF Ba/ nnlainpainteSH /2
float nnou.ymu:l; JeARRAYS OF THE CHOOSEN EXPE fer (1annd; 1CaAnY; 1es)
FOR SMAPE COMPARISONe /
wnl beta_1in, I.J.Ji “i.t.-ﬂn.un.u; u!ogolntp-nulgll&-ll-ﬂnn - mlp; .
float ayl2000i, antdbidi; JeAREATS OF THE EXPERIMENTAL saylisten
tisat centar; Jecantar  RUTURNED BY FUNCTIO nhloullslwl'
ABSICE OF THE AXTS OF ST™M
tloat apex; Jenpan:T OF THE APEXa/
tloat centrond; JecantrovdinIDOLE IN THE des || AMdenndel;
shart 31,32, 1con; for [1snnd; 1¢enpoint; 1es)
tioat 3lope,mpl1001; JRARRAY OF THE SLOPES OF THE {
PGINTS WITH THE APEXa/ 1atepsnipethtat=S=nlp) /nee (1-nnll;
yal1)say(rstep];
' a1 ]eaxlistepl;
an BLOCK OPENS THE SFOOTHED AMD OUTTUT FILES AMD RCADS THE X AND Y COGRDIMATES
ss OF IMOOTHED POINTS INTO THE AMD an AREAYS RESPECTIVELY. MOTE THAT CACH LI || /e
wn  CONTAINS THC Y FOLLOWVED BY X OF DM POINT, ss THE POINTS QO3IN FOR FITTING ARE WRITTEN TO THE QUTPUT FILE ,
I
clrscrty; 1ar (1s1:3onpaINt; Yee)
11 ({smcathedstopeniarge{l] “r1=)jesMiL) fpriatfioutput_frl1s,“Ze X\, ysltleslt));
pru;:{:'tlm OPENING FILE CONTAINING PROFILE™);
-xy : fe
} es NERE TME SLOPL OF EACH POINT RELATIVE TO TME APEX IS CALCLLATID MO
1!‘((output_f)Iu'npon[-l‘gvl?l."l‘f'l)"‘C.I.LI sa  STORED IM THE ARRAY wpl). /
pn::‘!:-tlloc OPENING CLTPUT FILES): for (jel; jCenpaint; jes}
- :
] 11 {(x3030canter)
Ntl(rmlt-lmﬂ(lrwﬂl.'ft‘llubu.u um-mtwnmmmnmmtm-
pr:::‘t:'!llu OPENING REJAT FILL"); wl;l-lyllwzi-y!u)Iﬂmur-nun:
-~ H
fscanfiresult, “Xd Xd°, 4nuip,tnlp);
rewind (amoothed) : r
potntay wa THE USCR MAT ENTER THE RANCE OF b AMD THE STEP 31X
Lied H
ondsl; FEIATY(“\AD0 YOU WISH TO SPECIFY RANGE OF EXWAUSTIVE B SLAXDNT (Y/M)™):
uhile {lend) \'{lllmqﬂmln en'y') (ilch w'Y'))
1t (*ncant (smoothed, Xs X~ day(point], kaxipoint])ealOF) gantﬂ"\nﬂ'ﬂﬂlﬁ i H
ondal; n.ﬂnrt-nuﬂoonlﬂrmgn-
pointes; rIntf ("EOING B ")
» m-nnﬂrhtnnagll.
notspoint-2; printf(=ITIP 3
R thp-c!ollgﬂllltrlngn;
F St{tlabeta_stare;
we TUNCTION extreme FINDS THE EXTREMC POINTS OF THE PROFILE.
ov  FUNCTION sysmetry FINDS TME CINTROIO. ,
extress(ax, vy, milp,nlp ntotl: " THIS LOOP, WITH 1 AS THE IMOCX, SEARCHES THROLGH b, FROM b start TD
ConTerseymmatiryian, oy, Mlp,nip,ntot); ee b end USING STIPS OF 3120 wisp. UP TO OMC MMORED TIMES, FINOING TIE
1] ORLTICAL PROFILE AMD SHAPL COPARISION FOR CADH VALLE OF b, )
Fo far {iet; (03Ce8E) &3 (BtL1)Cubata_ond)); 1ee)
o8 THL USER INFUTS THL MXBIR OF POINTI FOR THE FITTING {
T cowemny) 1 E colomasl 2

A22



{last MOded: Thu Sep 19 1702 1901]  a\shage.c fast moded. Thu Sep 10 17020 1001)  a;\shape<
2 ’
as THI3 & 13 TME STIP SIM USID FOR S0CYING THD LAMLACT FCUATIONS BT
ee  4TH ORDCE RUMCA EUTTA MCTMOO, BLFORE TME TMEORCTICAL PROFILE I3 mtor-luhull-u.\nrl)!‘ LR
ae CALORATIO BY THE FLMCTION ﬂuer.ﬂcli Tofile THE VARIABLES b AMD » prightscanter+d !
as  ARE CMANCED TD DOURLE PRECISION TO ! L &TTIR aCOmaly. pleftacen |
[ILTTTY] / 1T1imitsl, H f
’rmﬂl'\mrumg, 1nceneXd, beke ...%,1,Bt011); v |
aelh, Ftabt(s)=0.BS) /1000, 8; - |
thecretical_proftiel1400,btis],8); o START THE COLDEN 3LCTION
’
Fi L11) (LTI ITT L) 1Ssunteinterpolatelas, sy, Pulp RIp, ATaT);
o WOW THE POINTS O THE THEQRETICAL PROFILL TWAT ARE TD BI COMPARED TO THE :r\?ﬂ-l.ﬂktprl#\l-ﬂaﬂl * pleft;
s CORRLIPOMDING POINTS O THE [XPLRIMENTAL PROFILE ARE LOCATID, T clefted, 32 (pright-platt] + pleft;
os TMEORITICAL PROFILE 15 STORLD IN THE AIRAYS xt{) AMD yrt3 RO THE CO0SIN slefteerrat(claft 1county;

£ IN xtal) & yra(l.

[LTIT 1T !

Ja<enat;

Jisne2-3y;
J-'N-’JJ.
|cnn-t

model;
for (4ae; JJe*)
t

i‘-’-‘i:.'t Laa==t1 1} tmod2Ed) )

»ndl sandlal

N: (l-l\l!l ( (k<e1008) AL (lendl) AL (tendd));

alopesytIx]/xtlk):
11 ticande)

! 1 (siopedesp(j2)} endie);
ol3e 1f (1conX}
3t islope Despl)1]) enddet
else 1f (1conesl)
! ::'t.llwchoiﬁn endlal;

Nee)

1{
i (310pedeaplad)) endia;
}  Jfass YCORund ma/
¥ Jusanfor K wens/
ll'{(-nd‘.‘!
xtaf)identik);
ytal s leyting;
cane-1;

|4
olae 1 (endD)
i

axtalj2)s-wtinl;
yrala2dsyting;
1Cona];
w2es;
natask;
el
H J:"‘l‘“ END WILE wae/
} Jawa NEXT JJ (1174
xtalnpdlvyTsling2lsd. &;

= ﬂtw.z:arnsmrrEummwnu. THE FUNCTION s

e CALCRATES TNE ROBUST F

ralngaint, xts vis o, ys);
Bl‘lm"\'.‘.ﬂ.xﬂ:

BtTae1]abtlis + ntep;
)

JeTHE ROBUST THAPE mrrn:m
hGI\ES THE ERROR3e/

en MXT I ... OO TO THE NEXT VALUE OF b AND CONPARE MEXT THEORETICAL PROFILE ,

naber_of_prafilegs1~1;
menulfiunber of_profiles, bt apex,center,contrond);
:cl.esullll-

JasususasnenafXD OF MAIN PROGRAM sssamsssancssvan/

mlm;rg “LOCATES THE AXIS OF SYITETRY OF A DROP PROFILL
ILE I3 VIRTICAL, BOY TII METHCO OF COLDEM SECTIONS.
pright, pleft = POSITION OF RICHT AMD LEFT MARGIN RESPECTIVELY
cright, cleft = POSITION OF RIGHT OR LEFT COLDEN 3TCTION

eright, eleft = ERROK AT crighl OR Cleft.™ ~ANASTASIADIS
.

s TRAXSLATED FROM FORTRAN FROW SUBKOUTIME “SYMPETRY" BY AMASTASIADIS.
¢3 € VEESION RETURNS A FLOAT VALLE, center, WIOH I3 T GINTROID OF
ma THE MIOFILE. THE COMPENTS IN THI3 FUNCEION ARE ALSO TACEM FROM
us  THE AMASTASIADIS SLBROUTING

float ly-ﬂrytlx.ay.mlp.nlp,ntntl
int mip.n
:tut uhm:,mmu-

int interpolate();
float errcal(};

.

int 4

LJcount;
float prl t.ploft,tu-lt.cﬂp\t cleft eright eleft;
float cente

B “LOGATE T APPROXIMATE POSITION OF THE AXIS O STHETRY A DCFIE THE
a  RECION OVER WHITH COLDEW SECTION IS APPLIED™
~Eclumy 3

arigntesrrcal{cright, 1count), !
f0r (1ol [11¢e50 Lb LIprIghT plaftidstismi i), voe)

]
1 terigntieiatt)
i

Plefteciatt;

cleftsgright;

aleflsalight;

cright=b. s18s(pright-plattiepleft;
arightserrcatlicright, 1count);

)
Af (erightecsieft)
i

arightscantarsi_ig;
Pleftecenter-4.03;

cnr\!-l ‘ll-wrly\t-vlcﬂ)-ploﬂ
ctofted, 282u(pright-pleftlepiatt;
slaftserrcalcledit 1Count);
erightserrcalicright, tcaunt];

]
it (erightieleft)
{

prightecright;
crigntaclelt;
taalaft;
cle l-l.le."-lprl T-pleftisplety;
.l.n-orrc.lllcl- T icount);

H J'lnl NCXT I waan?

canters{pright+pletti2. ¢
returnicenter);
¥

FUNCTION enirens FINOS T EXTREME POINTS OF THL PROFILL.

tanr AMD texl ARE THE POINT MX®IRS OF THE [XTRONC RICWT ANO LEFT
POINTS, RESPECTIVELY, WHILE enr AXD exl ARL THL CXTROML VALLLS X
COMDINATE), le I3 TML POINT MUFBIR OF THC APCX, WHILE ap I3 TM(
VALLE (Y COORDINATE)

voyd onrmtu ly.nulp.nlp.nun
1Nt aulp, ntp
ficat utlllll I,HH""

{

void

ﬂutwnuan yy[203;

float exi, exr sp;

nt '.J.JJ".J'\-JJ.JJ‘.JM.":

wv THE LEFT EXTRIMC POIWT IS FORO

exisanit);
tor (1ed; 1<opulp;

1ee)
{
1!‘lu(11(u-1l

exleaxit];
faxtey;

s THC RIGHT CXTRERE POINT 13 FOUMOD

exraan(ntp);
for (1entp; s(eatot;

164}
tf (axlt))sexr)

oxreaxiil;
1ears;

s THC APEX I3 FOUQ

apeaylnuipl;
for {ienulp;

i€onlp: 1es)
{
"{lqt\!.’r-wl

speayli);
1exey;

we FUNCTION erecal CALCULATES THE 3 OF (REesl

float errcal(canter,icount)
float ceater:
:nt 1count;

nt {;
flost efr errer;

errors=4.4

lo: ti-!- 1{sitRunt; foe})
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wrreal{ioxr[1)-]. Sucanter;
QrrQl=arroreerroarr,

}
returnlerrasfit Baicownt));
}

LT T T Yy Y Y Y T T L f Tl T I I I I yrry

os PUNCTION ra GIVIE TWL ROOUST FIT MTWELIN TWO TMAPES.

Y,
woid rain, rte, yle,xm,ye)

At a;

flcat wtelIV0] y1al108] xullol] yulton};

1

float fesdi);

void I8f);

vo1d coardl);

nt 1,{1 i

figat thela,rho,ct, dt, at, Bt, ctt;
float oty u) vl ut{100] Vt{108);

intn, xtn, yts, o, y9);

/

s GET MAGMIFICATION, 2D

for t1el; 1Con;
¢

19}

1=8;

or ($e1; jCen; Jes}

! 1f (11e))
(J1.0

uruu-wr!llpo-lnl l-nnl..l-pulylul
{ powiulgi-ul1] Jispowiviy)-vIt
¥

113.201n/7
200

]
vililetmedin-1, v1);
)
rhosfaed(n, v},

2

f
[ 1]

CET ROTATION THETA
for (1ay;
L

1€an; foe)

i1..‘
or (el JCan; Jee)
" [R1L 7] ]
P 2]
Jise;
wexaly)=x3lr);
ylaynlil-ysl);
wisufjl-ulil;
viwvlyl=e[1];
N utiylleatand{utayt viexl ulextwioyt);

L]
vililefmadin-1 ut);
)
Thetasined(n, vi};

In

e LT TRANSLATION VECTOR 8.5
ctarhoacos{thetal;
dterhoasin{thetal;

for {vel; 1{en; 104)

-~

utlilocal1)=ctonl1Y+dtev(i};
vililelrl=dtauli I ctavit);

]
atsfoadin,ut);
btefasdin,vi);
atsatectsa~dreb,;
babtsdtaasctab;
asat;
clteCtac~dtud;
dectadedtec;
cectt;
coord(n,xts, yte);

thossgriticaceded);
Thetasatanid,cl;

ws PAGALFICATION AMD ROTATION ARE MRITTIN TO OUTRUT FILE
:prlnutwtwt,hIo.'ngmnutlnn- Xe  rotatione Xe* rho,theta);

an FUNCTION In CALCNATCS THL LEAST-STUARE FIT BETVELN TW0 SMAPES.
waid Iain,xts,yte, s, yu)

int »;

:lut wtnl108) ytal100] 3i100] ,yalte0};

F1oat 0,3, By, 04, B, BUK, DY, BUN, IV, IVY, IV, B8
AL H
woid coordl);

ansa;

for (Ae1: 1Can; 1o
4

crsuxextel{ 1 ualil;
wtald)eynli};

suprsuusatal tlenta{r);

svxepvxeytal1]Juxsl1]);

wysavysyts{ t]eys! TN

mmq{:lu-ﬁltll'

= B B DA HIVY =Bv e B S

Col N ~BUs /BNy =Bvary /an ) /e
de (Suy s ry /An-BvEsovata/an) /un;
as (L ~CaSU*SEDY) Jan;

be twy=Cawv ~dasu] /A0,
casrain, xte, yta);

¥

FOTT
s FUNCTIOM coum 'UTS TRAKSFORMED COORDIMATES INTO U,V FOR JmAPL 2

woid mtdln.w.wl

nt om;

fioat wul1800] witten);
4

LLISR

for (1el; 1<an; tes)

1
ulileascauul 1l ~dawwli);
wiiledvdauult]lscavwwli];

fuenann printfim1axd veXe vaXe™, i, ultl,vi1]);aeeanme/
¥

we FUNCTION tmed FIND3 THE PEOIAM OF al)

ficat fesdin. a)
float alldne);
int n;

4
nt w1011, );
flcat lt-

Ban/2e1;
for (el 1Cwm; joe)
{

| L3NS

1erel;

for li-ll- g(-n: {nl
I-t; <alk])  key;

}
v {nee2eln/2))
return((atalealn-111/2);

ol
returntalad);
¥

as  FUNCTION iaterpolate INTTRPOLATES THE LEFT SIDE OF A DROP PROFILE
tnt lnhrpouh(n,y'l Sulp, nlp,ntat)

int nulp, nip,.n

tioat nmm.,mm:

wnt ists,tend,t,ihigh,ilow, 3, 1count;

u
nista;
1countsl;
1highanip:
l’\i L Nndl

®ll1eountentn);
:nlir uo:lug\; (y€antot) B 0ALI0I3Y; goel;
owsjel;

un-r_;nlp-:l;

Whighe i;
i tyt{lh\'d\h-yl t1lew])

printe("DIVISION BY & Ik INTERPOLATE™);
l:\'rlll.

url\uunu-m Cthaghl=xt [t lowd ta ty1 (1) =y i (1 10wd)
tytlxmghl=ytl1lowl) + a1{y1low);
1cquntes;
Vo
L]
fcount=—;
l"otumuuwﬂ.

ey SUBIOUTIME theoratical rnﬂll SOLVES THE BASHFORTH AMD ADAMS EQUATION

av  BY FOURTH ORDER RUNGE: A METHOO TO GIVE A THIORETICAL DROF PROFILE,

an n = tha nusber of steps

sn b = the shape Plra-tor

as b = the 3tep BiTe

4% 30LVE THE FOLLOVING SET OF EQUATII

(1} dPHL/dS = !MTA 0 F4 -SINIPNUIX

(1] aX/ds =

[1] /a3 = SIN(PK!I

[1] A(N)aZi8)aPAI (D=l .

vatd Thearetical prafilein.s.h) ’
At n;

:lut a.h;

mt m,i:

float pt-:.'l& 11
float 11[1008) 22!1"!1.23!1“!! biv, hh, K81, M12,K13,K14; /aziaPHl, 220X, Z3aln/
float X21,k22,K23,I24, k31, k32,33, k34;

1112201322301 8;
hheh/2.8;

bbal. #/b;
Alen=1;
m{' (4013 i<ani; tee)

if (1eul) xTIL 00D

if {1121} K11abbezI0il-nint=21012e2upi)/2201);
K2 acunizif1dwpr);

k3 sain(21012 i)

X12ebbez3l1) m-in:-muoz-ptmmmammm:.
X22wcon(T111) wpiehiw

!J‘.'-untx‘ltu_m.

X13edbex301) tn-m-n:ummmmmnmmmu

A2q T
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K2ecou(Xi [1]eptohhani);

K3Jamin(E1{1]lepronhanid);
xu-bo-um-un:-m-n(.1.,.,.@..13”“;;.,..,.._,,
K2bocos(Z111)ep1ohaki);

KI4=RInIZIT1 ) o) shak13);

2I{1e1eXIE1Teh/E. Buinlied, Fak12e2 Dok Yenid):

T2 TazI01 oh/h, Do {h21 o2, BaRTTe2, BailYena);
ZILVO T2 20T oh /B, R iR 02, Buk32el. BanIondh ]

{1s1;

1€=n; fee)

-

wtlr)azdfn);
)yttllqlhl;

4
L]
ar
.
I.

" ssqssadanERaARiAsEARS
FUCI’IM pr I‘.I\ES THE DIFFERENT TIMGS D‘ CRROKS
= AVERAZE f2
Sll = ROOT-PEAN= -'n'!.lﬂﬂl tende
TEKSE - TENSION

Uo

1T B, Index;
:lnat u('lﬂll.ylnlﬂ‘.l-

e
f10at factor,mx, =xx, By, oyy,rx,Fy, r,ext, ryl;

srlindex]=nrr({ndex]stensef index] ssarsys soxezyyst, £;
fc: €181 1<an; 1e9)

4

fmnr-a:ﬂm-po-(u L2l /2. Band »
tenseli

srlindaxts(artindexl /(1. 0un) )/ Hactor:
seriindex]e(aqreiarrlincexd /1. Gen)ltstactar;

fprintfioutput_file,“srs Xe 5rre Xo tenses Za=,arlindex),

““lll!l-llllllll!ll,
1d prin, md-u,ll,yn)

i

sxeneuli)nati);
m-u:-pulun:l
syawyer (1] oyati]
lnh].!l-po'l;ﬂtll 0
rasulil-cp(1);
ry-vtli :u-:’ .
resqri{pouiry, 2)+pouiry, 21);
ir[\ndcn]-lrt\ndnbr-r,
srr{indexdenrrinden) spouir,2);
"{IM-U

rxisuli=11vcpfi=1]);
mwn-ua-n-u:
' Tense(inderd stemel 1ndex]) spout ru=rx1 2

2hepouixalil,:

) spowlry=ryl,2);

sy pouisy, 21 /(3. 4en) }:
Aleaqrtitentals paRISE1 . beiaet 111 SFat0r s

srelindex), tonset indexi);

FUNCTION DISPLAYI MAIN MEMU OPTIONS

void menuinuaber_of_profites,bt, apex, conter, controid)
1nt nuaber_of profiies;
:lut BLIO0] apex, conter,cantrale;

void optimal(});

void file uritel);
char atry
int entel

choosingsi;
m: Lo (chooning}

(1), ch;
.ameo.dmnng;

clracr();
printf(=\twevas FEN) OPTIONS wnewe\n*);
prntf(“\nt OPTIMAL 8, INTEIFACIAL T[NSIOR AND APEX™);
printf(=\n2 WRITE EAROR FILES™
printf(™\n3 QUIT PROCRAM"):
printfi™\n\n\n OPTION mrnm
antefedachoicasy;
white (lenterad)

LR tcmm-noum:mrwm ) AL {choicadt)) enteredsl;
suttch (choice)

case 1: op:::nllm-hr of_profiles, bt apex,conter, contraid);

case 2t ;uc Writatnuabet_of_profiles bt):

cane 3; d\ocsmg-l-

¥

¥
8. oW OFTINAL CN.GUATES THC OPTIMAL B 87 RININIZING 3t, Stk ¢
.. A3 SPECIFIED BY THE USER. 1T CALQULATES INTERFACIAL TENSIOW,
. ciw: S TWE COORDINATES OF TWE APEX.

| _¢]

w!d optimal (number_of_profiles,bt,spex,conter,Controid]
int nusber of profiles;
float bIOYINITapen, canter, cantrotd;

1at minimize();

iat entered,chaice, index;
float delt
char stri n!
float 9«38

clreer()

prim

print#t“\n 1 32=):

printf(“\n 2 :trn

primti(™a 3 TOGE);
aredscho

ot
whi
(

m.xmlm:

134 -a'rmzmon OF B BY MINIMIZATION OF WMICH OF THE FOLLOVIMG :*):

scholCeel;
le (lentersd)

T IAANAAA  MICH TYPE OF E220R7 *);
if tudnlmmtg-umringmm 2 (choicetil} enteredel;

tch (choice)

cae 1t indexsainimizeinuaber_of_profiles, nr);

last modfhed: Thu Sep 19 1702 101 &\shape.c
braaa;
cadpe 11 \hdexsainisiie(number of _profiles arr);
breaa;
case 3:  Andensainimileinaaber of profiies, tense),

L]
prantf(™yn PLEASE INTIR TWE OIFFCRENCE 1k DENSITICS.
deita_rhosatafigetaistringll;

o ’
1m|on-9-uttn_rhoc|.o¢\-ca;nrnld'lctml-cpnlrnldwlb'l! indan)ebt[indenl,

PRARTOISARDPTING, VALUL OF b:  Xo™ Btiinden)d;
PrIATHI"\nIMDEX #: X, 1ngen); L
Printei“\ax COOMDINATL OF APLX: %o~.center);

PEARTA(™\AT COORDTMATL OF APLX: Xa™. apanl; !
PEIATE (AN INTIRFASIAL TINIION: Xe/menl™,tedmion; L
PrIRTS(™\n whare m 19 The eniargement factar in p!nll.'c-"l

PEARTEI™\AANAR PRL3S ‘3" TO RITURN 10 WAIM MM
enteraded;

while llonhroﬂl
1 (Lichegetchatilan'q't || (chee'D')) snteredst;
}

A

FUNCTI0N RIKIAITIS THD FLWCTION A

int minImIZeihumber ot _profiles, al)
AT nunber ot _prafiiws;

float altei);

{

Nt 1, ingdex;
float low;

tor u-., sonumbar_of profiles;
1' tal)<lew)

1ndex=1;
lownalnl;

104}

]
raturnlindex);
H

as FUNCTION WRITES OATA TO A FILL SPLCLFILD BY THC usER

void f1le wfitetnuaber_of_profiles, Bt)
Int nusmber Lof protilen;

float bt{180]3

1{

FILE af1ie_name;

char stringll0l:

unsgned T {inished, entered;
Wt 1, chaice;

Timshedsd;
white (Hinished)
{

clracel);

PRINTI{=A\NCAN VEITE THE FRLMNG FILES:=);

PEINTAL*\RANY SR FUNCTION™

printti=\nl SRR FMHW!.

prINTI=\n] rmc FUNCTION™

printii*\n\n ENTER 4 TOD lt'nlll TO MAIN MEN);

pranti{™\nin\n CHOICE:")

if u:holco-lta\:gctnnrmnln--&i
finiahadsl;

u‘ttnmmi

PRI \AAPLEASE INTCR MAME OF THE FILE TD B0 VEITTIN:
entereded;
m:!. {lentared)

1 {(f1te_namesiopenigetaistring), “wt=)) s» MRL)
PTIATY{™\n cannol open fila, pPlaase reenter:
alye snteredel;
}

"

-;tch tchotce)
case 1:  for (1sl; 1Cenumber_of_profiles; 1ee)

printtifile_hame,~Xa Xa\n™ nr(1),0001]);

brean;

for ll-l- 1{enumbt_of_profitem; tes)
1prtnulhu name,~x8  Xa\nt arelyl,btlil);

break:

for u-l- tConumber_of _profiien; ies)
Iprintfifils_name,“%e Xo\n", tensali} briil);

break;
default: nmm-t;
tievnmiitheat
} jeant! mot finishedase/
t/aea shite nat fintshed sen/
} feew function fils wrile sese/

cASe 2

cane J:

— B cclommal &

A25
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PROCRAN Theoratical MARTS THE AP COMPARISOW TOR A GIVIN B IwPUT BY TH[
US(E A0 DITPLAY D [(RIMINTAL AMC TWEOR(TICAL CUBWVES TOLITMIE.

Mgl

we HOAL THC APEX I3 OCFIMCD,
[TTTITTTITRITITILLLRRLLLI IS CLIR LTI LI LI LI I LTI LTI e Y] ¥y
yulep2]=ayllon);
xalnp2iscantar;

ewtern wigned _athien oL0000;

Mnclude <graphice. by
Hnclude {float. h)
Anc.ude Catdirb. hd
#include <atdic.h)
#Finclude Cconio.h)
neclude <math.h)

FILE soutput_file, aresuit;

int tent tenl, lex; feldOCX OF THL MOST RIGHT CXTXLME, MOST LIFT,

1ioat & b.e JeVARTABLES UZED IN tew/

float 1, ei0500); JeVARTABLLS USED IN nymmatrys/

float 4] l,lrr[‘llll tensallng]; hﬂllﬂ COKTAINIWG TWL DIFF ERINT EIND OF [R2RQ
float ut1801], witadt); JoUSED 1M conrd TO R{TRICVE TK m:m of THE

PROFILE AFTER ROMITT SHAPT COMPARIZONe/

float »t(100t) yrit1em); JeARRATI COXTAIMING THL POINTS OF 'n( THLORCTI

asin(int argc, char esargvl
i

float rymsat:

wvald extreasi

woid lmrotlul_wnﬂlqn
wold ral);

void pri);

wiid Cootdi);

FILL wasocthed, aprotile;
char stringl20] ch;
unsigned r1 ond,endt end2 chech;
int point atot apoint;

JoTrC FUNCTIONT ARC DEICRIBED WHEN DCFINCDe/

3

sentot:TOTAL MNBIR OF POINT
EXPERINENTAL PROFILEw/
JengaintiMMEER OF POINTY FO
COMPARTION, UP TO 100/
int 1), Teat 1))

181 nulp,nip, net npd, H1,00, 001, 1Tep, N, A2, An3, hnk; hmlp. n& ARC DCFIMED IN T
float yra(100], xinliee); Fil CHOCSEN THEO
ﬂ M mﬂlml

float beta
float nuelt.y‘nnn- JSARRAYS OF THE OHOOSEN EXPL
FOR SHAPL CONPAXISONe/

/RARRATS OF THE DXPERTMENTAL
JecantarRETLENED BY FUNCTIO
ABSICE OF TME AXIZ OF 7M.
ape:Y OF Tl APEXa/
Jucentroid; MIDOLE IN THE dee

/eARTAY OF THE SLOPLS OF THE
POINTS WITH THE APEXa/

1At bela_In, 4,5, X, mod}, neta ny;
tioat -;tmn"dﬂml: .
float center;

float apex;

float centroid;
shart i, 12, 1con;
fioat uiope splidE];

int devicesDETECT sode;
float u;
float axC108t) Ayltent):;
it prch;

BLOCK OPENS THE IMDOTHED AND QUTPUT FILES AMD READS THE X AMG ¥ COORDINATES
OF SrOOTMED POINTS INTO T AMD ax ARRAYS lt.’-?tm\ﬂ.l' WOTE THAT EACH
LIMC CONTAINS THE ¥ FOLLOWVED BY THE X OF OML POINT

[ SBRABRABAES
o ™ POINTS I'Bl ™ FITTING M[ OOSUI MERE AN STORED Ik TMC MlA!‘
o X3(), 0],

ansinpatnt=31/2;
nalennst;

BESNAADESEVABRANSSNANENNbNNS/

inteped
ul-ny!ut-p:l
n[!l-uhltwl
for (1e2; 1Cannl; 1ev)
|lh§-€-tmlp"ht!-1)ﬂw
saylistep);
nlu-ulluwl

}
An2ennl +1;
nalainpotnteS) 2
for [1aan2; 1<ennd; 1ve)
{
1ot -mlp-nulguhn-mu * nulp;
yol)) aaylintep
' nm-u:m-pl.

nalanndel:
1ar [1snns; 1Cenpoint; tee)
[}

uug-nlp-(nn!-&-ﬂlpi/nml|-m-
say(1atep);
nl!l-ut 1mtwl;

e THE POINTS CHOSEN FOR FITTING ARE WRITTEN TO THE OUTPUT FILE

for (Val;1Cenpoint; 10e)
tpesntfioutput_fiie,"Xe Xa\n™ yul1) xal1l);

Y

o HERE THE TLOPE OF EACH Pﬂtlﬂ’ RELATIVE TO THE APEX 15 CALGLATED AMD
s TTORED IN TC ARRAY wol)

le: (ge1; gCanpornt; yee)

11 (xaljlxcanter
uu:-lnlwa-ﬁtﬁ 170aljl-center);

whl-tn(w:l-pt;l 1/{center=-aljl};

o T USIR PAY INTTE THE B HE MANTS FOR TMC PROFILE FILE TO 8L WRITTEN
g.\ntn"\ritﬂtl B PLEASE:
tasatof (getatstringl);
ﬂtlpronlo-fmllrrul “wt*])ssMRL)

pﬂntﬂ"tlm OPENING OUTPUT FILE“);

T

7 xitit);
clrser(l); )
pr:n:':‘w }ul WANT TO DISPLAY THE PROFILES (YMIT: *);
mintri : "
?:ll-tﬂng Mee’N )] {intringl0ue"n"}) ” ‘INIS & I3 THC STEP SIXX USED FOR SOLVIKG THE LAPLACE EQUATIONS BY
oxit(0); 40 &TH ORDER BUNGA TUTTA METHOO. BCFORE THC THEORETICAL PtoF!l..E s
V¢ ((smoatheds fopeniargelt], = rt= ) vsMAL) - un.n.urm BY THE FUNCTION theoretical_proftle THE VARIABLEI b AND 8
e ART CHANGED TD DOUBLE PRECISION TO 1 E BETIER ACCURACY,
print? (“ERROL OPENING FILE CONTAIMING PROFILE™); I3
omitil); a6 N ubeta-d, &05) 11000, 0;
] theoretical_profilel1080,beta,8);
lf|uoutm_hIo-topmlargv!:l.'ﬂ'n“ull
print? {“CRROR OPERING OUTPUT FILE™); NSNS RANE ISR SARURARNGNOANENARARNSSNSUREANNANESRINENANANRARIRG
aitit); an WOV THE POINTS OW THE THEORETICAL PROFILE TWAT ARE TD Bf COMPARED TD THE
as  CORRLSPONDING POINTS OM THE EXPIRIMINTAL PROFILE ARE LOCATID. THE
rewind (maoothed) ; ss TMEDRETICAL PROFILE IS STORED IN THE ARRAYS xt{] AND yt()] AMC THE CHOQSEN
nulpantpsd; e POINTS ARE IN xtal] AMD ytsl).
I!‘urmltoloponlargwu‘.l."ﬂ")l--!u.l.l ty /
mtesl;
proat?{“CRROR OPUNING RERRT FILE™); mdf2ed; ,
, et fn: tye1; Ji<onpl; jiee)
facant{tesuit,”xd Xd~, bhutp, A0lp); Jienp2«ji;
J2=np2ers:
pointst; o
anded; J%Jlt.
while {tend) m { Chijee1d 11 tmod2X2) 3
11 (facant {amcothed “Xe Ko, bay[point), Saxipoint) JesfOF) M-ONQ- :
ondet; tor tl-nﬂa- ( (hCo30D) &L (Jondl) &b {tend2)}); Kes)
porntes: b alopesytina ctint
L4 3
atotspoint=2; 1 (1condh)
i talopedempli2]) endiel;
a8 FUNCTION extrems FIMOS THE EXTRETE POINTS OF YHE PROFILE. elae if (iconde)
as  FUNCTION syssatry FINDS THE CINTROID.
/ 1f talope Jemp[J1]) ondRet
axtrens(an sy, nuip,ntp, ntot);
contersiymmetry(an,ay, Mmip, nip,Atot); -lr 11 ticonesn)
N ::.:mp-:qum onel;
" THE USIR INFUTS THE MUREIR OF POINTS FOR THE FITTING 4
/ 1¢ {alopadenp(i21) endlnt;
prlﬂtﬂ"\n‘ﬂ( TOTAL WIBIR OF POINTS IN THE DXPTRIMINTAL PROFILE IS X&*, }
tot): } /fuse iconesd we/
prlnﬂ‘("\ﬂlﬂ‘!l MRDIR OF POINTS FOR FITTING: ") } feessfor X e/
nrpoint=atotigetsintring)):
mlsnpeInt/o:
7 <lomm) 1 A26 7 columne) 2




wee/f
aeny

wtalrplleytalngl)ed, 8,

I. MW“U!S“MNWNWFILL
o CALCQULATIS THE ROBUIT ¥

rainpoINT, Xte, yis, x3,y8);
prinpaint, i, w3, ve);
di( xt.yt);

1cxel
for tijel; $JCa1000; 1jee)

THL FUNRCTION ra

?
JaTHE ROBUST SHAPE Cﬂffhl!:ﬂt
AGIVES THE (RRORSe
AT ™ TI(OI(TI\'AL PROFILE

hgntﬂprnfll-.‘b X\ vl el gl

axDi]leut 131
’nﬂulwlul.

4
an
[ L]

THE GRAPKICS ARE INITIALINID AND THE [XPERIMENTAL PROFILE 13 DISPLAYID
In GRIEN WHILL TME TMUORETICAL PROFILL 13 OISPLATED IN MACENTA.

initgraphiidevics, mode ALY
1: ((teutegrapheasult()) =0)

printt{"error: gnphrmn-xn" Test);
felosetismnothed);

!clmtprﬂuo)x

L H

¥

cleardevicat)
prlntf(‘tﬂlllt!tw. OROP IN GREEN™);
pPrintf{“\nTHEORETICAL DROP IN MALINTA™):
rewind{smoothed);
rewindiprofile);

l:{rrlu_}ﬂ s1)J<nntot; i) e}
)P“fl“"'"““JJl-WUJJ’-Gﬂﬂl:

e/

forgijel; 15¢entek; i jo)
'pmmumu:.mm.mnm
delay(sens

fcloseall

IH
LH
;:lnugrlph(l

JusunnanananafNO OF RAIN PROCRAM ssassasssssvsene/

FUNCTION mll “LOCATES THE AXIS OF SYMFETRY OF A DROF PROFILE
ASTHING ILE I3 VERTICAL, BY TME MCTHOD OF COLDEN AECTIONS.

pﬂﬁ\t, pleft ~ POSITION OF RIGHT AMD LEFT MGII RESPECTIVELY

cright, cleft - POIITION OF RIGKT O LEFT COLDEM SECTION

eright, sleft = IRROR AT cright OR cleft.” -ANAITASIADIS

TRANSLATED FROM FORTRAX FROM SUBRCUTINE “STHETRY" BY Mﬂ.ﬁﬂﬂ.
€ VERSION RETURNS A FLOAT VlUI center, WHILK 13 THE CINTROID OF

THE PROFILE. THE CORPENTS IN THIS FUMCTIOM ARE ALSO TAKEW FROM
THE ANASTASIADIS SUBROUTIME.

float ty—"ylu.ny.mlp.nlp.nton
int slp.n 1)
:I.ut uhnm.qmm-

int interpolatel);
float etrcail);

int 1
float’ pngM.plon thimtt,cright,cleft eright eleft;
float center;

tn.

.
s “LOCATE THE APPROXIMATE POSITION OF THE AXIZ OF SYPRCTRY AND DEFIME THE
= REGIOW OVER WHICH GOLDEXR SECTION I3 APPLIEC™

4

cantera(anlioxtsaxtionr) 2. 8;
prt 1. 05;

ﬂ.il\t-l.llll‘

l STAKT THE GOLDEN SECTION

sieftesrrcalicledt 1count;
erighteerreal lcn’ﬂ,l:ounn;

tt (erightiwlett}
<

Prightecright;
crignteclafe;
o’y LAY
claft uipr

T-plettieplefy;
ll.oﬂ-o"c-lll.clc 1, 1c0unt);

]
¥ fesse MEXT § sewny

coenters{prightepleftifg, o;
returnicentsr};
¥

/

FURCTION extrems FIND3 THL LXTREPE POINTS OF e PROVILE.

1eur AND texl AXE TWC POINT MFGERS OF THE [XTRENE RIGHT AMD LIFT

POINTS, RESPECTIVELY, WHILL exr AND aml ART TMD IXTR{ME VALLKS (X
COORDENATTY, fex §3 D FOINT MUMBIR OF THL APCX, VHILE ap 13 ™M

VALLC (Y COORDIMATE)

vald cnu-.lu ay,htp.nip ntot)
8t nulp,nip. atot:
tioat uium.a,nnn;

{

void pewsmg

flcat m("ll wyl203;

flgat axl, “r.lp

ORI YT L NTR

e THE LLFT CXTRERE POINT 13 FOEMO

exlwan(l);
for {1s2;

1Conulp;  Vee)
1
11 {ax(1)<sanl)
<

exloaxi));
reutey;

/!
L]

THL RICHT EXTREML POINT 15 FOMOD

aursaxinlpl;
for (tanlp; 1{shlot;

184)
llttut Vserr)

exreant));
Texrsy;

» T APCK

wraylngipl;
tor (ienulp;

I3 Foumd

1€enip;
ﬂtlwlll.‘»v!

apeaylrl;
loxny;
L]

140}

¥

»s FUNCTION afrcal CALGRATES THE SUM OF ER%es2

float errcatfcentsr, 1count)
tioat center;
;nt tcount;

nt 1
float arr error;

arrorsh_i;

for {1sl; 1€a1COUAT; 1ee]
4

errexi[1)exr{i)-2, facenter;
Srrorearrorverresrr;

4
returaferror/t). Ssicount));
}

e FUNCTIN r3 GIVES THE ROBGET FIT BETWEN TWO SHAPLS,

Gast modiiec: Thu Sep 10 17:03 1001)  K\theoret.c Samt modified; Tha 5ep 10 1703 1001)  &\thearetLc
11 tend2) f
1 plattaciett;
xtal )1 Text(X]; cloftagright;
yral)l)eyt(n); .l.""”r'
icane=1; crightst. B1inipright-pleitieplett,
+ Sr\ghTeafrCal (CPIQhT 1Cownt ],
aloe 11 {endl) b
¢ 1¢ (erighTesaleft)
xtnl)2la=ntinl; 1
yisl)2leyting; BrIghtacentared 46
1coned; platiscanter=4 05,
:r\?ﬂ-l Sil-lpngn-pl.-incvluﬂ
clefleh. WInipright-plettiepioft;

¥ !
void rain, xte,yte,xa,.y8)
icountsinterpolatelax, ay, mip, nlp,atatd; it n;
crightal, GiBe (pright-plaft} « pleft; float xtal108).ytalt0e)  xa(144), yul100];
Ted, 382 ipr1 -plm) * pleft;
eleftearrcalicleft iown {
oﬂﬁnnrmtleﬂr f1oar 1sedl);
for {1at: L0IC=50) 22 ttprw\'l-pl.ftb-‘!lllitll: Joo} void Iml);
void coord():
1 terightlolaft) mt 4, y0,4:
7 columnel 3 [

A.27 {7 colurmnal



flast mocHed: Thy Sep 1017;03 1001} w\theorstic

fant modifed: Thu Sep 19 1703 1601)  a\theoretic

fleat thets, rho,cT, dt, ot, BT, ct1;
fioat o, yllul, vl Lt01R0),vel1ie];

ala, wie, yte xm, y8},

CLT MACHIFICATION, IO
assdtdersssssana
hr tisl; 1en, }ee)

bl [ITILYIL T ¥

iu tyel, jCan, jeoo)
II‘IH-JI
in,u-.quupo-tn( 1=mal1],2)spowiyal j] =11, 200/
t powiul l-ut1), 20 vpowivijl=lil, 2h,
' 3
vili)efaedin=t ut);
l‘hn:h-d!ll,v!l;

ss  CET ROTATION THCTA

for {1sl; 1{on; 1)

i!-';
ﬂl& Ljel; yCon; jeo)
"W fitey)
{
Jlee;
ﬂ-nt;l-nnl
yleyst m
U"U‘Ji
wisvl l-vlll
wtlg1 -nm}luhyl-vlo:ﬂ ulexi svlayll;
}

]
vtliletandin-t ut);
}
thetasimedin vt);

es GET TRANSLATION VLCTOR a.b

chl'f-o-ml‘lhﬂll.
ta

{
vtloalil-cteul 1l sdtevlil;
wt{1deyalil~dtaulil=ctev1]:

L]
atafesd(n,ut);
btatmsdin,vt):
atsatectsa=dteb;
babredtansctad;
aeat;
CTTsctal~dled;
ductndediag;

cectt;
coordin, ki, yta);

rhaspgri{caceded);
thetasatandid,c):

*s PACNIFICATION AMO ROTATION ARE WRITTER TO QUTRUT FILE
;pnn"lwlput_nu,-ugmhc.ltlam Xs  rotartions Xs*,rho thets);

we FUNCTION {3 CALORATES THE LEAST-SQUARE FIT BITVELM TWO SHAPES.

waid iain, Kts, yte, xs,yu)
nt m;
float xts[100), ytst188) ,x3(100], yatr0d];

{
TIOAT &N, WX, By, 30, 3V, UK, DUy, BN, X, VY, BV, B8]
wmt 1;

void coordi);

yuved. 8

tor & I:T; 1{en; 104}
<

mevnect];
W'Wmi
]

sreveytalil; mnivpcextsl 1 Jensti);
sryesryentsl1laynli);
suussouextslilexnts();
wmevxeytaltexall);
wrysvysytalideyslsd;
swvepvveytalileyts(nl;

} fa y/

<=1 m-ww-nmrw“yhn lh-:
ds lay=Sus By /an=avX +Bve s /an) /an;
anlpn=Cas+denv) /an;
be(ay=camv=dasul fan;

coordin, xis,ytel;

»

aa RUNCTION coord PUTS TRAKSFORMLD COORDINATES INTO U,V FOR SWAPE 2
void cootdin, i, vwi

int n;

:Iut wal1908) ,witeml;

it |;
h: et Kon; 100)

ulileavcaw! i) <drevil);
wi|Yabedoual 1) somev ()
Jensenn printii™iexd veXe uske® 1, ult], vl1});navenna/
}

)

oe FLWCTION fmed FINDS THE MEDIAN OF al)

tloat twedtn &)
fioat a11004);
int mn;

{

s,k 0,
float at;

[ LT
for (121 1<em; 10e)
{

kai;

ll-l-'l;| <

1or [geit; JCan; Jee)
1 ht;i(a(lll xe);

atealil;

al1}ealk);

alklwat;

[
it (nea2uin/21)
raturnliala)enla=t))/21;

olae
' returadaln));

ss FUNCTION interpolate INTCRPOCATES THE LEFT SIDE OF A OROP PROFILE
|13 lntoml-'ohn.yl Jmip, nlp,ntot)

iht nulp nip

float :nhm:,ynmu

Nt 1T, fend, 1, thigh,ilow, j, 1tount;

{atasnulp=J0;
Jonde)e;

shile (15e1end)
4

xlTicountlext [43;
for (yuihigh; (jContat) AL (yST130wi001); Jeel;
10w )=:

ihighe|:
1" ?;dnhvghl--ntuwn

printf("DIVIZION BY § IR INTERPOLATE™);
' axitis);

xriveountls (1 Lthrghl-xt [ lowd intyl (13=yt (ilowd)s
tytLihighdsylCiloul} + x1ilaw];
ountee;
foey
}
1CoUNT =~
;ﬂurnllmﬂ;

ne SUBROUTING !hnro’lul;roﬂlo SOLVES THE BASMFORTH AMD ADAMS EQUATION
sn By FOURTH ORDEX RUMGE-CUTTA METHOO TO GIVE A THEORETICAL DROP PROFILE.
" A= the haber of steps

s b = the shape pariaster

a8 h = the step BiZe

sa  SOLVE THE FOLLOWING SET OF TQUATIONS

- UL /S - ZMTA!O z -SIMHII)M

[ 1] dx/a3 « COS(PNI)

[ 1] a2 /a8 = SINIPHI}

" XCO)aZI)oPHILA) o0 ’
void Theareticat_profilein,b,h)

1t n;

:Iut b.h;

1at al, 1-

flocat p

float ut'lllll :2mm z3t1800], bb b, K1Y, 12,003, K14; /i wPNI, 32eX, 2318/
float k21,22, Q1,%24, K 32,51 :

) =z2(1)e22t)nb. 0;
Rash/2, 0
bhe2. 4/b;

nlen=1;

tor tiel; iCenl; 1ee)

1
1f tinal) K11t 0/0:
11 (111} k‘llObb'n[ﬂ-lint-ﬂtild‘lp\lmtil
mmlﬂhl'ﬂll.
m-sml:lhm
KT2abbex3l1) m-zn:-nm-z-ptmmmam-mm:.
I:z-cmmh!-plm 1
m-lmlx‘lt\_;&
KtJsbbezI[1) uz-m-zs:uoz-pumnzuuzmmml.
Z3econ(ztL1)#pivhhal
K33enin{zi 012 vpieohiw. 2
Klks ::m-onm-mmtuoz-puummzmw-mu
m-uuntuom K1)
KJeagintTt L) eptohaid);
T1Ciet)azti] ﬁ.l-ll“oz.lomz'?. 1 Yeki4);
20111022011 oh/5. betied) o2, Sak22e2, Bak2I+i2b1;
ZICrot1azI01I /5, Bu (k31 o2 OukI2e2. DakIokIe):

¥
!e: (181 1Can; foe)

wtl1wx24];
N yri1daz3iil;

JURIASEANNATRNHISEIERRTILEORSE DAREABARONIRIECHEII SNSRI DISONRENE I NS
ERRORS

W columna) B

e RICTION pr GIVS THE DIFFEREXT KINCS OF
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fart medifed: Thu Sep 161703 1001)  a\theorstl.c

sn 3R = AVERACE [RtOR
se  3ER = ROOT=HEAN-SQUARED CRRCR
ws TENSE - TENSION

wotd prln.l!\dﬂ xa,yel
int n, index;

float wel10e} LA R
{

SRS ENRENERIRERSIRERAREu RS HERRRARIONESNN ]

int %;
float fetlof ax @0, iy, ¥y, Pa, ry ¢ rxl,fyt;

ar{1adexlesrrlindanlstense( 1 ncex) sgxepysmioi=gyy=0. §;
for (1at; 1Cen; Yev}
1

weaxsulilexainl;
woeeoepee{y(1],2)sposat ) 2}
syseyevitlnmii];
q?-po‘lvlll..)-pu(y!hl

rasu(y])-wnl1}
rysv[1)-yal1];
r-lqnlmtrl,nopo-tfy.:w
sriindex]=ar[indender;
srelindex)enrr {index) spouir,2);
it (11e1)

4

extauli=1)=xali=t];
rytwwli=1)-ysli=11;
) Tonsal (ndendetense [ index) spowlra=rxt,2) spowtiry=ryt,2);

4

!lﬂnr- £t {=-pou{an, 21 /(2. Qen) + pyy-powiny,2) /12, 8sn) )}
-uqrm.nunndmm.mnqmmumr;

|rnndn.l-llrl1ndcx.‘li('l.l-nl)Ihcinr,-

serlindexd={aqre (nrrindex) /11, en)) ) sfnctor;

!printﬂnmm f1te,"sre Xs srrs Xs tenses %o~ arlindend,
rl1ndex), tenselinded );

{7 cclumna} 7
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fnst moaied: Tue Aug 13 12:50 1901) &)\ Cinpiary.c

-n dimplay. ¢

(1] wersion 1

.. progranmed by Nicole Denarguetts

as wnour the superviston of Frof. MK, Camal
1] 2% July 173t

an  PROCRAN dtwta:"((mn THL U2l TG DISPLAY 10 QUEVES IN 10 DIFFCRINT

se  COLORS AT

Faciude {grapghics. h)
include {stdis, h)
#include <conia.h)
Finclude (a14110. W)
Nnclude Caath h)

as1nf}
L]
FILL smmnothed;
in1 poInt, end, nusbar_of |nu, [ H
char nrlmnunnl l!r [#4]
int deviceDETICT
int tyt30e0) wt:ll.l Teat, nuaber colour(10);
flcat ytienai x{lene);

/

os TMIT MO INITIALIZII THE CRAPHICS TD DISPLAY THD PROFILES.

iniigraphildevice, bmode MAL);
H(l !nt-guphrmlun t= 81

printf{=J0RRY, CAM'T INITIALIZE CRAPHICII™):
printf(“CRAPHECIALY o X, tent);
exit{l);
H
cleardevicel);
Priatf(“HOV MANTY GRAPMS DO YOU VISH OISPLAYID? *):
nmb-r-atougoulnrln?(un;
for {121 1<enunbel; ve)

{
prinmtf

“PLIASE EMTER THE KAME OF THE FILE CONTAINING POINTS:
getstatringily;

printf(™In WICH COLOURT =)

colour{il = atorigetaintril));

Cleardevical);

we  TRIS BLOCX OP{NS THL FILES T0 BC READ.

tor | jed; yConumbar;se))
{
:! t{moothedetopeniatringl ], “re=)ssMRL)

Printf{“CANNGT OPEN FILE!);
clasegraphi )

fctossalil);

LI EH

]

ronind{mmocthed];
paintal;
ondel;

s THI3 BLOCK READS THE FILES.

‘dnlo tend}
u.‘umrlmlm.m " dylpont], tulpoint]) v [OF)

ROINtes;
¥
tumber_of_pointeepoint=2;
far {1=1; 1{enumber_of_pointy;1+e)

{
ALISIETT4 A
N 1ylileynl;

~

we THIS BLOCK DISPLAYS THE GRAPHICS,

:nr tpoint«l;pointlenunber_of_pointy; ++pointl

putpinsl{ix(paint}, 1y(peint) colewr(ilt;
delay(1); pe 4 o

]
delay{14008);
closegraphi};
;elmllll:

(t column) 1
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Pamt modified: Mon Oct 22 02220 10000 cunue

flast modifed: Mon Oct 22 0020 10000 qumg

finclude Catdis. h>
FInC|ude Cotdiib. by

FClude CLti.h) /a Reduired by all SI! apolications a/
nnclude C1a. N> /o Detine 1A s mymbols e/
FInClude Ckey. h)> /a Detine Rey symbaln v/

NInClude “chrono, k™ il
nClude “petarg . h Fil

Fiinde! nax /n
efing maxia,b)
sendn

Required 10 (et processing timer o/
Detine the getarg tunction s/

Define max macro 1f mot gefined s/
1LEa) > (BIY 7 ad ;4D

/s Prototypes specific to CURS.C e/

SIATIC woid menul void);

atatic void displ( IV wiw, int x40, int yd, CELWL grid, int ut,
static void 1eP3( IV euw, InT N8, AT A, GELWL grie, \mt xt,

/s Prototypes that can be exported o seother application s/
void ask_uvall char sproapt, unsigned vain, unsigned vaax, unsigned vdetayit, un
void gpatt( IV are);

int yi, GeLw, gri
It yi, GRLML gri

Jun
Dencription:
Prints 10 atdout & meny of the tunction Xeys availadles.

-/
ﬂl:‘c void menul)

printf(~Careco Inc., 311 Demanstration: Cursor Utility vi Xa\n“, 311 _RCLEAST)
printfi=\n"):
Printfi*Function Ceys\n™);

Prntf(*\n=);
printéi~ Fl: Annotats Isage st current position\m*);
printf(~ F2:1 Setect Curser Type\n*);
printf(~ F3: Change Graphic Attributes for Aanotation and Painting\n*);
PriAtIi™ Alt=F): Chu:r Cursar Craphic ATTributea\n");
printfc FS1  Start Pawnting at current position\n);
printfi™ E3C:  Durt\n");
printf{™\n");
printfi“Cursar Spectal Keys\n®i;
printf(™\n*);
printf(™ Pgup: Move to top\n~);
printf(= Pgn: Move to bottoa\n*);
Printf("Ctel <=: Move To left=hand wige\n");
Frintf{“Ctrt =>: Move to right-hand mide\n™);
printf{™ Hoss: have to center\n™);
gr\nﬁl'\n'h
ou
Peototype:
vold dispx{ tw, %9, ¥, Qrid, xt, yt, gril, wodel
v -\w;” IV whate drawt W:*II"I’ '
int xl, yi; PFosition of Gk
Int w1, y1;  Pomrtion of CURSY (N0t used)
int mode; Indicates which cursdr in active QURIN and/or CURS!
GRLWL, grin; Gray leval 3f pixel at QMRS
GRLW, grit: Gray level of pixel at QLRSI (not yaad)
Description:

The dispx functions are exaeplen of a displsy functien {DISPFCT).
e display function in called bs 1a_dx, and presents inforsation to the somiter
This disptay function 1s catled & tines per cursar position:
The firet time, 1Y displays the Information.
second Time, 1T erases the information.

Ench inplementation in described 1n the cursor_def string near main().

m/f
atatic void displt IV wiw, Int X8, nt yo, CRLVL gris, 1nt x1, tat ¥y, G grl

Static 10t visible = O; 75 Thiz f1sg will Toggte with each call to disp

iﬂ{tvhlhul /u First tiae, print the information w7
wvisibte = 1; /u Toggle fisg o/
grlntﬂ"lx&dx Xedh: XSuvre, d, yl, grin);

ol

e
' visible s 8; /v Secand time, nothing to erade, togole flag e/

Ju disp2 i defdisp (See SII MF) s/

/o pesition for displ o/
STATIC 1Nt Xt = 03 /u Punition whare inforsation 18 diwolayed s/
NIRtiC AT yT = g

static void disp3( IV etw, Int x0, AT y, GELWL grid, wat x), nt yt, CRLWL grt
char striédl;

serintf( str, "(xd, Xd): X, x0, y4, grid);

/u Butlt the string w/
;!_tmt tw, xt, yt, str);

/3 Print the string at (xt,

1nt‘nln| int arge, char weargv)

1Nt error; /o Error Code from 311 o/
aim; /% Secondary handie o stdiw u/
int atop = §; /s flag To wiop processing functions from user
it x, y: fu Curfent cursar position felative to stdiw o/
int mode = CURSS; /8 current mode a/
TRLW, odge » 0; /v Tdge gray level tor painting s/
Sdefine N8 CLURSOR &
static DISPFCT dispfctl M8_CURIOR) » 4 Tabls of dimplny functions o/
{
AL,
dimpl,
detdimp,
;“US.
Illtic char scurwor_def « /s Description of each display function e/
" Fray
T ain

A ryny,
1: Cross-Hair with Position Displey oh cosputer wcresh\n\

21 Crome-Hair mith Fositisn Dispiey fear Curpor on leepe\ny
3. Crosarnair sith Fosition Displey ot current pasition on isege\n=;
STatAC unsigned cufsar = 1;  u Curreat display functiion e/

printf(*Coreco Inc., 311 Demcastration: Cursor U111ty v: Xa\m\a-,

S1I_RELLAS
argell} = MAL; /o Strip aff program name s/

/n Cvech 11 <7 wan nalected by The veer o
S 1t s, then print desitiption of progras to staout s/
o And emit to DOS ey
11 getargl arge, arge, =7, MLL))
4

prantfi"Description:\an);

PrARtIt \n"};

prantfi=~ Thie program sitows you ta:\n");

printd= “anipuinte & Crosa~-hail Curmor,\n");

printig™ =Annotate the 1aage st Cutrent curser 1ocation,. \n*i;
printti= =Control the draming style for snnotation,\n™);
promtf(" =Faint & closed area. \n");

prantfi“ya~);

printfys This progras 18 Interactive and a senu that deecribes\n™);
printt(= 18 operation will be priat 1o stdout to help you.\n");
printfi™\ary;

printfi t Curs\nTY;

printfi™\a=);

printfi“Jes Also:\n");

printfi™\n"y;

Printti“in_du, cafdisp, 1m_paint\n™):

printeioyn=y;

:nnl!h Jo Tuit to 003 e/

BUI_1NITL arge, mrgv);
efror = getsviers();
l!l‘orror)

/u Imitializen 311 snd binds 10 driver(s) e/
/v Catw errer atatus o/
/e Ux\Ts o0 fatal o rore o/

PEANtI{"una X3 maa\p™, siterrmagi srrory); Ju Print ecror using sefault
1#0 ereor oa 1NQOLV)
{
PRANTH{=An OCX driver 18 assacisted with sach device\n™);
FintY™You muat Load &t lesst one 00X driver before caliing Thie pregr

mitiy;
¥

satiwpage( atdiw, IV_GRTEN); /v Work on green page 1t RCB »/
fu Allocate s working 1w o2

/v This 1w holds the graphic attributes for amnotation s/

/e Thin allows changing the {raghic attributes without atfecting the »/
/v Operation of the Crons—hair cursor o/

Je 9tdiw a0d vu Cover the same ares of the frame buffer eaary o/

Tu & 1w _chiidt stdiw, B, 0, getntentstdiel, getylentatdis)};

% » (getxman(iw} + getumintiw})/2;

/o Flace DRI to canter of Lw n/
¥ * (getymhn(am) + getyminiiw})/2;

[l i1H Jo D1splay nety 1o uner =/
ﬁlltﬁ 1stop) /s Process commande until ussr sscape
Nt Key; /n tey code w/f

/v Cywes control 1o Interactive function e/
/s Interactive function returns 1! user press an undefined key »/
Jo ThiS Loy 13 Interpreted at the catler's tevel o/

oy = 18 dut stdiw,
b

. by, /u Current pomition of cursor e/
WAL, MRL, /v QBRI 1w not ueed &/
mde, /n Current mode e/
deinouse, /u Use detfault moune function o/
dispfctl cursorl], /n Use currant displey function from t
Ya drecurs); /» Diwpley cursor (deciared 10 TA M) »

i cursar e 1)

/a1t cursar 1 1e uned »f
PRARTEC S8V, =7

o Lrass Last text printed with diepl

miichl hey) /5 Process mpecial heys a/
{
case Ft: o NTiten tant al current position of
L]
char arelBe).
printr( Enter text 7 *}; Ju Ask for text 1o erite o/
getel str): /o Cat & string o/
u_tewt{ e, x, y, 9tr}; 48 \Nirite STTINg 8T Curfent cursor pomi
/e e 1w treteas of wtdiw af
break;
]
caye F21 i Select qursor e/
atk_uvall cursar def, /e Prospt with [iat of display functio
» ME_QRIOR, /e Range for Cursar »f
cursar, Ju Cuffent cutser iu the default o
iCursar); 7% Mdrens of cursdr e/
1 cursor s= 3) /e Far displ, wet writing ponition o/
{ % 10 current position o/
Xt s x;
.y
brean;
F): Ju Changes Graghic atiributes of iw e/
ganl 1wl /¢ These attributes apply 10 tw_tewti(}
.
<ade &_FI; /o Changes Graphic aftribiles of curse
r:?n stdiwl; fe Thewe attributes apply to Ya_dx, o1
Foan;
case F5; /o 3Tart Painting at current position
1
nt time:

asr_wvall "fdge eatar~, /u Prospt for edge e/

0, getadugritiw), /v kangs for edge grey level of
. o Defeult value o/
Ledge); /u PoInter to edge o/
F“‘“ﬁ: wdge) ﬁ ;:‘ }':7' "t ot ponits
w_paintt tu, x, y, H 1Y " At current ponitien
ui'.":mm- 4 45 Gat pr’o:-l:g Tiae o/

PRNORONC 3dte, tias);
orer o getstierrl);
1 error)

{

Ju Print pracessing tiew o/

a Cats ofcar atatue a/

7o 11 arrer sccurs o/

Ju Print arror waing default errar s

O coumna) 1
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Gasl modified; Mon Oct 22 02220 1000)  oum.c

rnntu-u- An ess\n”, slisframgt errar));

brean,
)
case 1 QT /o Jpacinl memnage from ts_dul) e/
stop = 1, fo Stop main loop 8/
break,
}
At Iatop) menyt}; e Dimplay metu ngatn #/
]
tw_freal lw), /o Teleass tw handie o/
eli_sndt); /u Cnds 311 w7
raturni §),
)
Iua
Iynopain:

vold ask_wal( prospt, mis, aan, def, vall

Char sproapt; questicn ased To user

unRighed vain; sinisus value

unpigned viax; Al um value

unnigned vdefault; defaul? vatue

unaigned svalue; pornter 10 destination value

Description:

Thin function asky the user for & parasster int the following format:
“Inter <prompt) [{mind. . <aax)l {<defd)) 7 =

The vatue entered 18 cheChed sgainat tho valid range min €= val (» max,
Default value 13 obtained by prensing Centerd,

[ ¥
woid ash_uvall chat sprowpt, wnsigned vain, wWiBighed walkx, Wnigned vdefaylt, un
{

Nt Ky,

proatfi“Cater X3 [Xd..X%d) iXd) 7 =, prompt, vain, veax, vdefaultl;
i {hey o gatchar(}) =« “\n') wvaluvs = vdafault;
aslee

i

ungetcl (char) hey, atdinj;

16 scant({ "X, vaive) 1a 1} svalue = vhefauit;

rlcharn; Jo Cats return from user o/

11 wvaton € vain |1 svalve > vieax) svalue = viefault;
;rlnﬂl'\n‘);

fon}
Jun

Synopatm

void gpatt( ‘)
IV alw;  lsage Window that will De aodified,

Description:

Thin function ashs for sach of the tsage window graphic attribytes,
taking values 1rom the heyboard yveing ask_wvall),

s}
wm‘l opattL IV wie)

unsigned opa, t. sclip, dir, Toomx, Tooey;
LW griw, grii; y

aal_wvall “gray tevel for backpround™, &, getmaxgri(iw), getgrid(iw), &grin);
ank_wall “grey level for foregiound drawing™, 0, getmaxgrliiel, getgrii{ivl,
a3k _avall “pperation mode\n\

81 REPLACEAM\

11 XDy

AN

61 ADDANY,

71 ADD mith saturation to MAXGELARY

8 ARS of difference’\n”, 0, B, Jetopaiivwl, bope);
ask_uwall "transparency mode\nd: Off (draw background)\ni: On (don't dras bac
api_wwall "area=Clipping on current window\nb: GIfynl: On\n=, 0, 1, getaciipl
ask_wvall “taxt=-eriting dirsction\n\

Bt Morizentalyny,

11 Verticalyn\

23 Verticat, turned 10 the narthiny

31 Vertical, turned 10 the sauthiny

. 0, 3, getdir(am), Adir):
i wval{ "X-Axi3 Text writing room, 1, 2, getroosx(iw}, KIvomx);
ash_wvall "VeAxia Taxt writing zoow™, 1, 2, getZoomy(iw}, Lyoomy);

» Tt tw, grld, gri1, (int) opa, (int) t, Cint) aclip, (iat) dir, (iInt) T
r Zo0ax| 1w, Toomx);

Weoommy 3
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fast moaifien: S.n Cct 11 €00 199D a\ipinning,c (tart modified: Sum Ot 11 03:01 199 A apenning ¢
Jesasanessassagena LTI R T T
-a

PESENNINANANAASANRSREd AUV OUSS
for (paInTed, pornti(snunbar_ot _poinATE; sepainT})

a-. 1n 1 -
1] prwrm Ty Mrcale Cemarcuette PutpiNstidaipotnrl.aylpaint) MNITLY,;
an wRAGar the subervizizn ot Protessar Camal ¥
. 13 octover 1397 f v THE USCE nar CRIT Dl LT T W THE OKOP AND TG A1GATTST B0
[ L] o8 IPLCIFYING whinl TO QUT TWE IDGLS.
- "nes sagmg !
sn  PROCEAM 329NAIAG. C CAICLLATEY the I1NTeriagial Ten3icA frcm The SPINNING Erap || enteregsd;
ws  profile, entTresy;
I....'.l'llllllIlll'lIIIII.'IIIll.l.!IIIII'llll.lll.llll!l.lllll..l.i...l.llf lnlf.dnlﬂ_'
fnncluge <graohici.hy T ras . M v -
heluoe $3taio.ne prantf( =\n PLIATE INTTR x COOMDIMATT WM{RC "0 CUT THE LEFT ROUNCID (DG 1,
inClude <conto.hd while (tenTersal
nNnclude <310t10.h) q{
#ettne KPOINT! 5202 leftaatotigetsiatring)h;
efine KMOINTY 20832 tLlettIel il lattCasdIn)
sntarede;
elae printti=OUT OF RANGE, PLLAZE RECNTIR: =),

vaid AaINLINT ArQC, char sesargv} ¥
1
FILE odron PrIAteL =\ PLEAST EWTTR x COORDINATE WHERL TO CUT T RICHT ROUMDED LDCC: ™),

L.
int end, nﬂ\n! Bunber af _SO1nt3, test, entered ¢nTrado,.entle lefT, right middlie while (lentre)
Nt ax(RPOIRTI), dy (NFOIATI) L IGhLRPOINTY , ynigninPOINT] | u1omiNPOINT2E ylowlnrd || 4
1Rt pointi, painth,nigh, low,t, rIGhteataligeTsistring)):
float sum, 308, YHIGH, YLOW, dunur- Hitr l)-nulngm(.c::n
11047 delta_rho,omega,n, tau, Gimes, d1anetre_roel Speed; "ires
char string 2013 alse prmm‘w‘r OF LANCE, PLEASE REENTER: =)
It devicasOETICT, aode:; ¥

! RMCRE THE UILR IS PRODTED TU INTIR THE y M1
il ang - COLL OF TWE DRoP
as THE NACS OF THE FILE CINTAINING THE DROF PROFILL ARE INPUTTID L4 /
o BY THE u3iR
- o / prIntit *\n PLEASL EXTIR y COOROINATT OF THC NIDOLE OF THE DROP: =),
“‘udrop * fopentarge(1] ,“rt=1) == NRL) while tlentradol
1
printfi~tUNaBLE TU OPEN DRCP FILE=); middlesatat lgetaistringly;
antill; Mg Le)ed Jadimigd LedeaTI))
3 entradost;

’nu Prentti=QUT OF RAnCL, PLEAST REINTIR:, =);

ss THE POINTS OF TME PRCFILE ARE RLAD FROM THE GROP FILE.

L TT] ! 4l
L H o THE POINTS ARC STORED IN TWO ARRATS, O FOR THE UPPCR PORTION, OM( TOR
POIATeN; ss THL LOWER PCRTION, TWE TWO ROUNDED COCET ARE ELIMINATID,
rewindidrop}; t
shile (tend)
FOINTHeT;

".'t';ifmﬂdrup.'zd ure, Wylpointl, Wixipowntly e= LOF) POInTiel;

pn'lnt--- far :pclntﬂ;pulnt(onumr_e!_;cluh;pelllh‘l
m-bor _of_potatsspoint=2; \: tdulpovatidlest &1 dulpointl{right &L dylparnt)<middie)

mighlpovath]lsdelpoint);

Fi T ymgnlpointhledylpoint];

on  THIS BLOCE INITIALIZES TMD CXAPWICS 30 THAT ThE PRGFILE Gaw BE DIsrtar(D POLATAS.;
N,

sa  CRAPNICALLY ON THL SCREEN. }
I 1t {dnx{pointldieft AL dxlpointi<right LL dylpotatldmiddiss
inttgraphiidevice, bacae NAL); {
1f ((tentvgraphresutti)} ted) . niowlposntileaslpointl;
1 yiowl{Baint|2saylpaint]);
printf("\n\UMABLE ‘O INITIALIZE CRAPNICS™): L4 LI H
PrintPI“\nCRAPHRESRTs X, test); }
exitll); H
cleardevicel); nighepainth=1;
lowspaintl=1;
Fil [TTTTTY »
a8 THE DROP I3 DISPLAYED QN THE 3JCREEN 3ung;
[11Y1] s/ oM
THICHY;
for {pointel; paint <s nunber of POIALS ; eepoIntl NOwed;

putpixedidxlpaintd dytpoint], WiLTE);
for [1ey;1¢shigh; 1ee)

/ SuRssumsyhighin];
ax  THIS BLOCK n:srur A GRIO AND THE USER [S PROMPTLD TO QUT THE ROUMOCD '
es fDCES OF THE DROP TD LEAVE JUST TWQ STRAIGHT LIMES TO CALGRATE ThE
ws  DINETIR OF THE Dlﬂ for [jet; j¢eiow; joe)
[TTTFTTTY Y {
somesansy ol jl;
claardevicell; ]
gotoxyt) 11:
printft™\n TO CET TWE INTERFACIAL TEMSIONW FROM THE DROP PROFILE™Y; THICH »SUM/Magh:
PLIATAE=\n TOU HAVE TO CUT ThE RUUNDED £CGES."™): N.OVa1oA/Ldu:
printfi*\n\n TO HLP YOU TO mms A CRID I3 Dl'ﬂ.ﬂtﬁ'l'
PrIntei™\n AND m AZE PROMPTYED TO ENTER TVO ValUES:™1: didratere v Ov-THICN;
printti*\n THE vALUE CF x CORRLCIPONDING 10 TWE LEFT ROUMOLD £OGE™1;
PrANTE{™\n AND THE VALUL OF x CORR[ZPONDING TD TwE RICHT ROUNGED €DCE™1:
satcalor(siit); printfi=\n THE DRQP DIAETER 13 X0~ d1amater);
Linel0 SI.HS 3003
Lineds,198,633,100); pEVALI=\a\a PLTASE NTIR DELTA_RHO [N g/cacuber =33
1ine1d,150,633,134); delta_rhosatafigetsistringii;
Line(d, 200,619, 200);
Lineq0,250,613,234); priatf(=\nwn PLEAST ENTUR OMECA IN cpm: =)
LIne(0,80,633,000); creguratotigetsisteingld;
tine1q,150,619,2501;
11ne(8,400,633,400); prantfi™iain PLIASE INTIR n: *);
11ne19.450,623.430); At igetSISTAING));
11ne5y, 8. 50,4700
1ime(100,9,189,679); printf(=\a\a PLEASE ENTER OPTICAL CMUARGMENT IN preels/car  *);
1ine(150,0,150.470); ThusATOT{QeTSISTrING) );
tine(S2,0,50,473);
11ne(108,9,180,479); disaetre_resisdianeter/(netaul;
tine(150,8,150,673); 1oevdvionegandsel, 16116) /50;
1inetSe, 0,390,470 ghAssdelta_rhosipeedsspendediametre_reelsdianetre_resivdiamtre_reel;
tinadlne, 0, 180,679);
Cinet150,0,130,079); prantfi™\n ThL INTERFACIAL TUKSICN 1A dyn/oa e X1™, gammal;
11pet200,8,220 47);
i et : ~
18e(18,8,308, :
1ine( 284, 0,358,479} & columen
tine(400,0,400,479);
11ne(438,0,4650,473);
11ne(389,0,500,473);
tine(358,0,130,470);
Line(C08,0, 600,473,
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APPENDIX B, : EXPERIMENTAL DATA

APPENDIX B,

This Appendix includes 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 / ethylene vinyl alcohol copolymer
b) polypropylene / polystyrene
¢) polyethylene / polystyrene
d) polypropylene / blends of monodisperse polystyrene

For all the results presented here the uncertainty in interfacial tension measurement
represents the reproducibility of the experiment.
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APPENDIX B, : EXPERIMENTAL DATA

Table B1.1 ; Interfacial tension between PP and EVOH

Temperature (°C) 202 211 218 224 232 241
(K)| 475 484 491 497 505 514

Materials
Commercial

Polvpropvlene &
Ethvlene Vinvl Alcohol

- 19.63£0.835 184020953 1643£040 14832002 1340%0.10
PP_/EVOH

Pure Polypropvlene &
Ethviene Vynil Alechol

PP /EVOH 17.00£0.10 - - 12252025 - -
P
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Table B1.2 : Interfacial tension between polystyrene and polypropylene

Temperature (°C) t78 181 186 196 103 108 13 218 116 118 o 148
451 458 459 469 416 481 485 491 499 01 S13 sn
Materlals
Polypropylene &
it e
Pop/PS) 938 - - 4261 0.50 - - - - - - - -
PP, /PSy 1,583 - - 4.6410.08 - - - - - - - - -
PP, /PSy 4735 5781029 - sntoos so1to4d2 451029 - 4261 0.08 - - - - -
PP IPSy 19,417 6.6110.30 - 611X020 5751033 - 5152029 4921030 - - - _ -
PP,/PSy 86,48 - 706030 6831007 6461045 - 6001032 53310130 - - - - i
PP,/ PSg 380,000 - - - - - - - - 63010.11 6152020 3671002 s$474020
Belypropylene &
13
Pl‘pl PS 115,500 1.04% .34 - 1080+.24 1010119 925029 _ - 8461006 71.74%0.17 - _
Polyoropylene & Diends of
Polystyrene
PP,/ PS, 9.841%.29 - 935+ .01 8651.13 - 7251 .17 - 6.78%.22 - - - -
PP, /PS), 6.841 08 - 60405 s41E.1z  481%.00 - 4234 .08 - - - -
PP, /PS5, 6.03+.20 - s566t.12  525%.03 - - - - - - - -
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Table B1.3 : Interfacial tension between polystyrene and polyethylene

Temperature (°C) 130 150 160 169 178 186
(K) 403 423 433 442 451 459
Materials
Monodisperse Polvstarene &
is olyethylene
PS, 4,755 / PE, 1,870 7.00£0.20 6411021 6.2510.12 6.00+0.30 5431033 5161008
PS, 4,758 / PE, 1,050 6.70+£0.19 6.061+0.22 5.5810.05 5.33140.09 4.7910.10 4471010
PS, 4,755 / PE, 680 6.4010.20 5.5440.30 5.11£0.42 _ _ _
Monodisperse Polystyrene &
Polydisperse Polyethylene
PS, 4,755 / PE, 1,950 _ _ _ = _ 5441008
PS, 4,755 [/ PE, 1,050 _ _ _ _ = 45840.40
5.2010.13 4491008 391£008 J2810.08

PS,4,755 / PE, 710

Y1VA TVINDTAIIIAXT | ‘g XIANTddY



APPENDIX B, : EXPERIMENTAL DATA

Table B1.4 : Interfacial tension between blends of PS and PP at a temperature of
186°C as a function of composition for the blend PS,/PS,

Percentage of Polymer

with Higher Molecular
Weight (%)
0/100 3197 8/92 20/80 50/50 7030 100/0
Blends
PSy 1,589/P3 19,417 [ 4.64+0.08 6.14%£020 7.70£0.34 9.15£025 9.8%0.70 8.40+04 6.11X£0.20
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APPENDIX B, : EXPERIMENTAL DATA

Table B1.5 : Interfacial tension between blends of PS and PP at a temperature of
1869C as a function of composition for the blend PS,/PS,

Percentage of Polymer

with Higher Molecular
Weight (o)
0/100 2/98 5/95 15/85 50750 100/0
Blends
P§S3 4,755/PS5 86,438 || 523005 7.01%0.19 8.60X0.18 9.23*049 9201020 6.83£007
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APPENDIX B, : SOLUBILITY PARAMETER

APPENDIX B,

This Appendix gives an estimation of the solubility parameter for ethylene vinyl
alcohol copolymer (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,
5, can be estimated as:

5= F)p/M, B2.1)

where F are the various molar attraction constant for the different chemical groups, p is
the polymer density and M, is the molar mass of the repeat unit of the polymer.

The chemical formula of ethylene vinyl alcohol copolymer is:

OH
I

[CH, - CH,],-[CH, - CH],

The ethylene vinyl alcohol copolymer used in this study has 32% of alcoho), i.e.
q=0.32 and p=0.38.

The density and molar mass for ethylene vinyl alcohol copolymer are:

p=1.15g/cm?
M=33.12¢g

The contnbutions of the Hoy and Small values are

B2.1



APPENDIX B. : SOLUBILITY PARAMETER

Group F
CH, 0.68x2x269+0.32x269
CH
| 462x0.32
OH
=656

and thus the estimation of the dilution parameter for ethylene vinyl alcohol copolymer is:
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