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ABSTRAcr

The pendant drop apparatus is the most reliable and accurate method ofmeasuring

the interfacial tension of polymer melts. In spite of its widespread use, a detailed

experimental procedure has yet to be published. This study examined ail practical aspects

of pendant drop experiments with viscous polymer melts and establishes procedures for

material preparation., syringe diameter selection, experlmental protocol, detennination of

equilibrium, and the MOst accurate measurement of interfacial tension. In addition, the

effects of both drop volume and unstable drops on interfacial tension measurements are

discussed. Comparing the surface tension and interfacial tension values for several

polyethylene (PE) and polystyrene (PS) resins to Iiterature data tested the eifectiveness of

the experimental procedure.

The values of surface tension of several experimental linear low-density

polyethylene (LLDPE) resins were detennined and related to the copolymer structural and

rnaterial properties. It was determined that the surface tension of the LLDPE hexene

copolYmers is prirnarily a function of the chain branching density rather than number

average molecular weight. This occurs because the properties of a branched end are

believed to be similar to those of a chain end. Therefore, bulk polymer properties of a

branched polymer should depend primarily on the concentration of branched ends.

Studying the relationship between the surface tension and the free volume of the LLDPE

copolYmers corroborated the relationship between the surface tension and the branching

density. The values of surface tension and surface tension temperature coefficients of the

LLDPE copolymers were found to be similar to Iiterature values of linear polyethylene of

equal effective molecular weight. However, the findings are inconclusive due to

inconsistencies in the Iiterature data. AIso, the effects of polydispersity were believed ta

have caused a signfficant surface tension reduetion and increased the value of the surface

tension temperature coefficient in one ofthe samples.
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ABSTRAIT

La machine pendentif goutte est la meileure methode pour mesurer la tension

interfaciale des polymères. Mais, actuellement, il n'existe pas aucune procédure détailée.

Cette étude cocneme touts les aspects expérimentaux de machine pendentif goutte et elle

il établit des procédures pour la préparation des matériaux, la sélection du diamètre de la

seringue, le protocol expérimental, la détennination de l'équilibre et la mésure la plus

précise de la tension interfaciale. De plus, les effets du volume de la goutte et de

l'instabilté des gouttes sur les mesures de la tension interfaciale sont discutés. Les valeurs

de la tension de surface et interfaciale pour plusieurs résines polyethylene et polystyrène

sont comparés aux valeurs de la littérature a fin de vérifier l'efficacité de la nouvelle

Methode.

Les valeurs de tensions de surface de plusieurs résines LLDPE sont mesurées et

reliées aux propriétes structurais et physique. On s'aperçoit alors que la tension de surface

des résines LLDPE est un fonction de la densité de chaines, puis que les propriétes en fin

de chaines sont similaires à celle des chaines primaire.
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li INTRODUCfION

Interfacial tension plays a crucial raIe in the design, processing, performance and

durability ofpolymerie systems intended for a variety of applications. The most important

example is in the field of polymer blends, where the interfacial tension of a polymer­

polymer melt is an indirect measure of miscibility, and as such, it determines the

morphology and mechanical performance ofthe blend(l).

The most reliable technique ofmeasuring the interracial tension of polymer melts is

the pendant drop method. It is based on equations derived by Bashforth and Adams(2) in

1882, and its accuracy has steadily improved over the years, mast recently with the

incorporation ofcomputerized drop profile analysis(3-S). The polymer engineering group at

MeGill University bullt a pendant drop apparatus to study the surface and interfacial

tension ofpolymer melts (Demarquette et Kamal(~. The modified design improved drop

stability and allowed for on-line measurements of the interracial tension. The interfacial

tension is calculated by analyzing the drop profile with a computer program based on

shape comparison routines developed by Anastasiadis(3).

In spite ofthe widespread use ofthe pendant drop method, a detailed experimental

procedure has yet ta be published. The majority of papers measuring the surface and

interfacial tension of polYmer melts quote WU(&-lO) and Roe(ll-lS) for their experimental

method, but these references are lacking in procedural detail. Specifically, the effects of

drop volume, syringe diameter and unstable drops on interfacial tension measurements of

polymer melts are not addressed in sufficient detail. In addition, the standard criterion

established by Wu(6) and Roe(ll) to determine equilibrium is not compatible with the

computerized methods currently used to calculate the interfacial tension. A detailed

experimental procedure will be developed to address the aforementioned issues and

improve the accuracy ofexperimental results.

The surface and interfacial tensions of several polyethylene and polystyrene resins

will be determined experimentally and compared to literature values to test the improved

experimental procedure. In addition, severa! experimentallinear low-density polyethylene

l
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(LLDPE) resins have been weil characterized in tenns of molecular weight, chain

branching, polydispersity and density. The effects of these factors on the surface tension

of the LLDPE copolymers will be discussed and compared to data available in the

Iiterature.

2
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~ OBJECTIVES

1) To develop a definitive experimental procedure for the measurement of the interfacial

tension ofpolymer melts with the pendant drop apparatus.

2) To clarify the issue of the dependence of interfacial tension on drop size, for polymer

melts.

3) To detennine the experimental values of surface and interfacial tension for severa!

polymer resins and compare the data with Iiterature values..

4) To relate the values of surface tension of several experlmental linear low-density

polyethylene (LLDPE) resins to their materiaI and structural properties.

3
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PARTi

THE EFFECT OF STRUCTURAL AND
MATERIAL PROPERTIES ON THE

SURFACE TENSION OF LLDPE



~ BACKGROUND: SURFACE TENSION OF LIQUIDS

• ~ INTRODUCTION

The interfacial tension, as defined by Adarnson(21), is the reversible work required

to create a unit of interfacial area at constant temperature 1", pressure P and number of

molecules, n.

(ocr)y--
éM T'p,n

"(3-1)

where G is the Gibb's ftee energy of the total system and A is the interfacial area.

Therefore, the interfacial tension is usually referred to as an energy per unit area, but it cao

aIso be viewed as a force per unit length. It is worth noting that interfacial tension (YI2) is

associated with an interface between any two phases. Surface tension (YI) is ooly a special

case ofinterfacial tension, where one ofthe phases is air or an inert gas.

The tenn. surface tension is often used without understanding its true physical

meaning and what are the forces which lead ta this phenomenon. The following

• discussion explains the concept ofsurface tension and its causes with a simple model.

The discrete interface cell modei (DICM) (Fig. 3.1) represents a two dimensional

slice through a liquid consisting of an array of spherical molecules in a condensed state.

Each molecule is confined to wander within a cell of defined volume. Molecules at the

free surface are indicated by the lighter shaded spheres and are contained within a cell

volume that is larger than that found in the bulk: of the liquid. The sudden increase in

volume at the surface indicates that the density decreases rapidly over the length scale ofa

single Molecule when movïng from the liquid ta the vapor phase.

• 4
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Fig. 3.1: Schematic diagram of cell model of a Iiquid system with the free surface denoted by
lightly sbaded spheres.

The surface tension is a function of the enthaipy and entropy of interfacial

formation per unit surface area, &1$ and L1ss respectively:

• r=Ms-T&s (3-2)

Ms =hs-~~-r2~ (3-3)

&s =Ss - ~Si - r;~ (3-4)

•

where Ii is the surface concentration of species i, hs and Ss are the surface enthalpy and

surface entropy per unit area and hi and Si are the partial molar enthaipy and partial molar

entropy of the species i in the bulle phase. There is a difference in enthalpy and entropy

between the surface and. the bulle liquid regions. Both the enthaIpy and entropy of surface

formation contribute to a free energy difference between molecules in the bulle and at the

surface. Thus, the surface tension represents an imbalance of forces acting on the

molecules occupying the free surface. The next few paragraphs will explain qualitatively

how the enthalpy of surface formatio~ &ls, and the entropy of surface formation, L1ss,

affect the surface tension.

5
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3.1.1) ENTHALPY OF SURFACE FORMATION

The Molecules in the bulle are held together by interactions with their nearest

neighbours and each Molecule is bound with a characteristic binding energy, M, which for

small Molecules is measured by the energy of vaporization. Molecular interactions are

strongly related to the density ofthe fluid, p. The doser are the molecules to one another,

the stronger is the resulting molecular interaction. Molecules at the surface are in contact

with both liquid and vapor molecules. The molecular interactions with the vapor phase

are negligible because of the lower density of the gas phase. Therefore, molecules at the

surface have fewer neighbours with signiticant binding potential and their binding energy is

reduced by a factor proportional. to the fraction, m, ofmissing bonds. Thus, Molecules at

the surface have an excess surface enthalpy (energy) which is equal ta the number of

missing bonds multiplied by the binding energy per bond, mLie. The excess surface

enthalpy peI" unit area, &ls, is obtained by dividing the excess surface enthalpy by a

characteristic area occupied by a molecule at the surface, which is proportional to ~,

where V is the cell volume occupied by a Molecule in the bulk. Therefore, the excess

surface enthalpy per unit area, L1hs, can he expressed as:

(3-5)

where L1E is the molar binding energy, v is the molar volume, w is a constant which

incorporates the factor m and other geometrical factors and CED is the cohesive energy

density, defined as the ratio of the binding energy ta the volume, .dE/v. The values of

surface tension for water and hexane demonstrate the effect of the CED. Water, with its

hydrogen bonding, has much stranger molecular interactions than hexane, which has ooly

weak Van der Waal's interactions, and bas a value of surface tension that is 3.5 times

larger than that ofhexane.
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3.1.2) ENTROPY OF SURFACE FORMATION

Entropy is quantitative measure of the number of possible states available ta a

system(·Il). For the OICM model, each molecule is confined to a single cell. Ifthe system

is defined as a single cell, the number of states available to the Molecule within the cell is

directly proportianal ta the empty or free volume in the celle The free volume, wlüch is

the volume due to thermal expansion, is defined as the volume occupied by a Molecule less

its Van der Waal's or hardcore volume. A molecule at the surface has a Iarger cell volume

than in the bulk: because of the density change from the liquid ta the vapor state. Thus,

surface rnolecules have a lügher entropy than molecuIes in the bulk of the liqui~ which

leads to a positive entropy of surface formation. The entropy of surface fonnation, ..dss , is

modeled as the ratio ofthe surface and bulk free volumes, vsfand Vsb respectively.

(3-6)

•

•

3.2) POLYMER LIOUIDS AND MELTS

Until now, the model for surface tension describes oruy simple liquids. The model

is adapted to descnoe the surface tension ofpolymer liquids by joining each ofthe spheres

in Fig. 3.1 to two of its nearest neighbours and the polymer molecules are represented by

long chains of spheres. Each sphere represents a structural unit in the polymer chain.

Equation (3-5) is expeeted to describe the enthalpy of surface fonnation of a polymer

liquid where Vis now the molar volume per structural unit. However, the surface entropy

ofpolymers is more complicated than that ofsimple liquids due ta the large dimensions of

the polymer chains. Silberberg(42) has shawn that polymer molecules at the interface

cannot retain a random coiI configuration that is readily assumed in the bulk: liquid phase.

The restriction in the number of configurations of a polymer Molecule at the surface

reduces the surface entropy and the entropy of surface fonnation. The effeet of entropie

confonnational restrictions on the surface tension of polymers has been estimated by

several researchers(42-44) to he on the arder of 10%, and Dee and Sauer(46) have found it ta

7
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be completely negligible. Therefore, the entropy ofa polymer melt can be treated like that

ofa simple liquid, which is ooly a function of the average free volume per chain segment.

Thus, equation (3-6) is aIso valid for polymer melts.

~) INTERFACIAL TENSION

The discrete interface cell model can be modified to describe the interfacial tension

between immiscible polymer melts. The vapour phase is replaced by another set of cells

that contain spherical molecules corresponding to the second immiscible polymer. For a

polYmer molecule at the interface, bonds or interactions with dissimilar polymer molecules

on the other side of the interface replace a fraction of its bonds with similar polymer

molecules. Stronger intermolecular interactions at the interface result in a lower enthaipy

of surface formation. This reduces the vaIue of interfacial tension, and it is usually much

less than the values of surface tension for either liquide Polymers with similar chemical

compositions and densities, such as PE and PP, have strong intennolecular interactions,

which reduces the enthalpy of surface fonnation and the interfacial tension significantly.

• Accordingly, the interfacial tension of PEIPP is approximately 1-2 dyne/cm, while the

surface tension ofeither polymer melt is close to 30 dyne/cm.

It was established previously that the entropy of surface fonnation is a function of

the ratio of the free volume at the surface ta that in the bulle. The density difference

across an interface separating two irnnûscible liquids is much smaller than the density

difference across the interface ofa liquid with a free surface. This reduces the free volume

at the interface, which lowers the entropy of interfacial formation and fiuther reduees the

value ofinterfacial tension. The entropie contribution ofthe conformational restrictions of

the polymer chains at the interface is no longer negligible, as is the case for a free surface,

because ofthe lower values ofinterfacial tension.

• 8
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Ml VARIABLES AFFECTING SURFACE TENSION

3.4.1) CHEMICAL COMPOSITION

Sugden(47) has shown that the surface tension of a small molecule liquid is purely a

funetion ofchemical composition and density. For polymers, the chemicai composition of

the main chain structural unit is the most important .factor to determine the interfacial

tension. However, it is not the only factor. The cohesive energy density and the surface

entropy are also affected by the arrangement of the structural units that fonn the polymer

chains. Thus, the surface tension of polymers is aIso affeeted by variables such as the

moiecular weight and chain branching.

3.4.2) MOLECULAR WEIGHT

A linear macromolecule is composed of two types of units: main chain structural

units, which account for most ofthe polymer mass, and the end groups. An end group has

different- properties than that of an internal unit because of structural differences. Any

bulk polymer property, which is defined as a property that is strongly correlated with the

bulk thermodynamic properties(87), is a function of the combined contributions of the main

chain structural units and the end groupS(45). For polymer molecules with a degree of

polymerization (DP) greater than 50, the concentration of end groups is small compared

to the concentration ofmain-chain structural units. Thus, any bulle property is expected to

be a linear function of the concentration ofthe end groups. An end group is connected ta

the polymer chain by only a single bond, which increases its extemal volume dependent

degrees of freedom. Thus, the average free volume per structurai unit of the polymer

chain is direetly proportional to the concentration of end groups and decreases as the

chain length increases. It follows that bulk polymer properties are proportional to the free

volume associated with the chain ends. The free volume contributed by the chain ends to

the total free volume of the polymer chain is inversely proportional to the number average

molecular weight ofthe polymer:

9
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(3-7)

where No is Avogadro's number, pis the polymer density, () is the free volume pec end

group and Mn is the numbec average molecular weight. Equation (3-7) assumes a Iinear

chain tha~ has only two free ends. Ifthe bulle polymer properties are linearly dependent on

the free volume of the chain ends, then by equation (3-7), they are linearly dependent on

the inverse ofmolecular weight, M,,-l:

k
X=X-­

co M
II

(3-8)

•

where X is a bulle polymer property at a given molecular weight, Xc:rJ is the bulle polymer

property at infinite moiecular weight and k is a constant for any homologous series.

Patterson et al. (55) have shown that the surface tension of a liquid is strongly correlated

with the bulk: thermodynamic properties. Therefore, the surface tension cao be expressed

as a funetion ofmolecular weight(67), as in equation (3-8):

(3-9)

where r is the surface tension at molecular weight, Mn and Yc:rJ is the surface tension at

infinite molecular weight. Ialbert et aI.(48) developed a theoretical expression for k using

lattice theory:

(3-10)

•

where r- is the surface tension at infinite molecular weight, Yé is the surface tension of the

end group with molar volume v., and m, is the molecular weight of the repeat unit with

volume Vr. Unfortunately i'é and v. are difficult to evaluate. Chee et a1.<49) have developed

a method to evaluate k from P-V-T data using the principle ofcorresponding states.

The surface tension of polymer liquids increases with molecular weight because of

two factors. The chain ends have a surface tension associated with them that is different

10
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than that of a main-chain unit. A change in molecular weight aIso affects the density

because ofthe additional free volume associated with the chain ends.

3.4.2.1) LOW MOLECULAR WEIGHT POLYMERS

Equation (3-9) describes the surface tension ofmacromolecules over a wide range

ofmolecular weights, but deviations do occur for polymers ofsmall molecular weight. As

the molecular weight decreases, the concentration of the end groups increases and

eventually reaches the same order of magnitude as the repeat unïts. The assumption in

equation (3-9), which is the concentration of end groups is much less than the

concentration of the repeat units, is no longer valid. This results in deviations from the

dependence ofbulk polymer properties on M n-
1

• For MOst properties, such as density, this

occurs at very low molecular weights(42), Mn < 50. However, the surface tension of

polymer liquids generally deviates from the M,,-l dependence at much larger molecular

weights, Mn < 1000-3000, depending on the type ofpolymer'46,SO.Sl). At the lower range of

molecular weights, the surface tension of polymers depends on Mn~ rather than

Mn-1(46,S0,51). It is not known precisely why the surface tension depends on the molecular

weight to the 2/3 power at the lower range of molecular weights or why deviations from

M,,-l dependence occur at higher moIecular weights for surface tension than for other bulle

properties. However, it should be noted that severa! theoretical studies(S2-sS) have

predicted the transition from the Mn-1 to an approximate M"-1 dependence for surface

tension at low molecular weights. De~ and Sauer'S6) concIuded that the power-Iaw

dependence of molecular weight varies from -1 to -2/3 because of a compIicated

interrelationship between density, compressibility and expansivity, which all vary with

molecular weight.

3.4.3) TEMPERATURE

An increase in the temperature of a polymer liquid decreases its density, which

reduces the vaIue of surface tension. Surface and interfacial tension temperature

Il
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coefficients are constant for MOst liquids~ including polymers~ over large temperature

ranges weil below the critica1 temperature(lO). This is a reflection of the constant value of

the thennal expansion coefficients over the same temperature ranges. The surface tension

temperature coefficient, dr/dT, ofpolymers (-0.5-0.8 dynelemrC) is smaller compared to

that ofa small molecule liquid (-0.1 dynelemrC) because polymers have smaIler thermal

expansion coefficients(l2).

3.4.3.1) EFFECT OF MOLECULAR WElGHT ON Dr/DT

The surface tension temperature coefficien~ dy/dT: decreases with increasing

molecular weight because of a reduction in the macromolecules external, volume­

dependent degrees of freedom which reduces the thermal expansion coefficient of the

polymerie liquid(l2,S6) and dpldT. Dee and Sauer have shown with polyethylene(40) and

polytetrafluoroethylene(~7)that the surface tension temperature coefficient decreases as the

molecular weight increases with bath experimental data and a discrete œil interface Madel.

Demarquette and Kamal(SS) measured the interfacial tension of PPIPS melts and showed

that the interfacial tension temperature coefficient decreased with increasing molecular

• weight.

3.4.3.2) ENTROPY OF SURFACE FORMATION AND Dr/DT

It can be shown with thermodynamics(1O), that the surface tension temperature

coefficien~ dy/dT, is equal ta the entropy of interfacial formation per unit area, L1s"

(equation 3-2):

dy
. -=-6s

dT S
(3-11)

•

Therefore, the entropy of surface formation is also related to the temperature dependence

ofthe bulk density(40) and decreases with increasing molecular weight. The decrease in the

entropy ofsurface formation with increasing molecular weight implies that the ratio of the

free volume at the surface to the free volume in the buIk: (equation 3-6) a1so decreases.

12
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The physical manifestation ofthe relative decrease of the surface free volume is a decrease

in the width ofthe interface.

It has heen suggested(IO) tbat the lower surface tension temperature coefficient,

dy/dT, of polymers is due ta conronnational restrictions of the polym.er chains near the

interface, which reduce the entropy of surface formation, As". However, the overaII

contnbution of surface conformational effeets to surface tension has been to be

negligible(Sl), so its effect on the surface tension temperature coefficient is similarly

limited(44).

3.4.3.3) INTERFACIAL TENSION TEMPERATURE COEFFICIENT

The value of the interfacial tension temperature coefficient, dn/dT, between two

immiscible polymer melts, (.002-.03 dynelctnrC) is smaller than either value ofthe surface

tension temperature coefficient, because the densities of both phases are affected by

temperature changes. Dûs reduces the effect of temperature on the strengili of the

molecular interactions across the interface and decreases the interfacial tension

temperature coefficient.

3.4.4) POLYDISPERSITY

3.4.4.1) INTERFACIAL TENSION

There are a number ofstudies(37000) which have shawn that the interfacial tension of

a polydisperse polymer-polymer melt is lower than that of a monodisperse system ofequal

number average molecular weight. In arder ta affect the interfacial tension, a polydisperse

system must change either the enthalpy or entropy of interfacial formation. It has been

noted(S8) that there is little effect of pclydispersity on most bulk polymer properties, such

as density and there is no change in the enthaIpy of interfacial fonnation, as the

intennolecular interactions per chain segment are the same for any size molecule.

Nam et a1.(S9) and Demarquette and Kamal(s7) have measured a Significarlt increase

in the interfacial tension temperature coefficients of polydisperse systems, which implies

13
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that the entropy of interfacial formation is also increasing (equation 3-11). Broseta et

a1.(58) concluded that the effect of polydispersity on the interfacial tension of a polymer­

polymer system is purely entropie. They suggested that expelling the longer chains from

the interface, which increases the interfacial concentration ofthe shorter chains, maximizes

the interfacial entropy. The shorter chains have a higher entropy than longer chains,

presumably due to the larger free volume of the smaller chains. The increase in the

entropy ofinterfacial formation reduces the interfacial tension and broadens the interface.

3.4.4.2) SURFACE TENSION

Dee and Sauer62
) and Hariharan and Kumar63

) have studied the effects of

polydispersity on the surface tension of polymer melts. Dee and Sauer62
) found through

experiments and theory with bimodal blends ofPDMS that the surface region had a much

larger concentration of the shorter chain Molecules, which reduced the surface tension,

presumably through the free volume effect descnoed previously. Hariharan and Kumar'63)

theorized that conformational restrictions of the polymer chain at the surface would

decrease the surface entropy. If the melt were polydisperse, the entropie loss suffered by

longer chains would be greater than the loss incurred by a shorter chain. This would

suggest that shorter chains would migrate to the surface to rnaximize the surface entropy

and reduce the surface tension. However, the computer simulation found that surface

enhancements due to configurational entropie effects are very smaIl. This is in agreement

with results obtained by Dee and SauecC40
), which indicate that the contribution of surface

confonnational entropie effects to the surface tension are negligibie.

3.4.4.3) COMPARISON BETWEEN SURFACE AND INTERFACIAL TENSION

Polydispersity should have more of an effect on the value of interfacial tension

because the confocmational restrictions of polymers at the interface are more significant.

This favors the migration of the shorter molecules to the interface, which should increase

the effeets ofpolydispersity. However, there are no known studies, which have compared

the effects ofpolydispersity on the surface tension and interfacial tension ofpolymer melts.

14
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3.4.5) CHAIN BRANCHING

3.4.5.1) LITERATURE DATA

The effect of polymer chain branching on surface tension bas not been extensively

studied. WU(I), Roe(12), Dettre and 10OOson(63) and Allan and Neogi(64) are the only known

researchers to have studied the surface tension of linear and branched polyethylene

(B-PE). AIl the researchers round tbat branched polyethylene had a lower value of surface

tension (-1-2 dyne/cm) compared to that of linear polyethylene at the same temperature.

In fact Allan and Neogi(~) suggested that surface tension measurements could be used as a

means ofestimating the degree ofbranching in a polymer. AIso, Wu(8) and Roe(12) found

that B-PE had a larger surface tension temperature coefficient by approximately 0.01

dynelemrC. Dettre and Johnson(63) studied the surface tension of severa! branched PE

resins with different branching densities (Table 3.1).

Table 3.1. Values of surface teDSlon detenmned by Dettre and Johnson for severa! PE resms Wlth
varying methyl branching density. The superscript • is used ta differentiate Dettre and lohnson's samples
from the LLDPE resins in this study.

Sample Branching Density M.lMw y(160°C)
(# methyl branchesll()() Cl (gImol) (dyne/cm)

A· 6 22.5
B· 5 Ma=2000 25.4
c· 5.2 Mn=7000 26.0
D· 3.5 Mw=340000 26.6
E· 0.2 Mw=67000 21.6

. . . ,(63) . .
•

Dettre and Johnson's(63) results suggest that an increase in branching density decreases the

value of surface tension. However, the results aIso indicate that the molecular weight of

the resins aIso plays a role in determining the value of surface tension (samples B- and C).

An explanation for the effect of chain branching o~ the surface tension of branched PE

was not given by any ofthe researchers. It was detennined that the lower surface tension

and higher surface tension temperature coefficient obtained by Roe(12) for the B-PE were

not caused by a density difference. WU(I) and Dettre and Johnson(63) did not publisb the

polymer densities.

• 15
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Jasper et al.(6S) studied the interfacial tension of hydrocarbons and water and

determined that chain branching reduced the interfacial tension. The authors theorized

that packing density differences caused by the chain branching in alkanes reduced the

intennoiecular forces. The decrease in cohesive energy density would then reduce the

surface enthalpy and the swface tension. However~ Owen(66) found that some of the

experimental results were in error. The modified results indicated that while high1y

branched hydrocarbons do have lower surface tensions, therewas no evidence that

supported Jalbert et al.'S(65) claims that chain branching affeeted the cohesive energy

density.

Carrîere and Silvis(68) studied the effect of short chain branching and comonomer

type on the interfacial tension of polypropylene-polyolefin elastomer blends. They

determined that the interfacial tension of a blend with a branched polymer could be

mo~eled with a modified ferm ofequation (3-9):

where the effective molecular weight is defined as the number average molecular weight

between branch points and the exponent z is an empirical constant which is commonly

applied to equation (3-9) to model the interfacial tension between imnùscible polymer

melts. The effect of the comonomer type on the value of interfacial tension could not be

determined conclusively.

•
Y=YaJ

k

(M,,);;'
(3-12)

•

~ THE PRINCIPLE OF CORRESPONDING STATES

The principle of corresponding states implies that any cell model which is based on

simple spherical molecuIes that interaet via an attractive potential that is. charaeterized by a

well depth, & , and a hard core moIecular radius, T, cao be described by a partition function

from which it ois possible to deduce aU thennodynamic properties of the system(69,70). The

partition function can be expressed in terms of the reduced temperature, T) and the
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reduced volume, il. The energy and length scales, s and r, and the thermodynamic

parameters V and T are used to foem the reduction variables. The partition function is

combined with an equation of state to relate the reduced pressure to 'the reduced

temperature and volume:

(3-13)

•

•

The nature of the function described in equation (3-13) depends ooly on the fonn

of the potential tùnction used to describe the molecular interactive potential, e(r).

Equation (3-13) expresses the theorem ofcorresponding states, which implies that a single

universal equation govems the P-V -T behavior ofallliquids.

Any physical property that is a funetion ofthe bulk thennodynamic parameters can

he derived from the partition function. Therefore, a universal function also exists for such

physica1 properties, which are solely a function ofthe thermodynamic reduced variables 'fi ,

fT andf. This implies that such properties will also be described by a single universal

function, regardless ofmolecular structure. For surface tension:

(3-14)

where r, is the reduced surface tension and y- is the variable used to reduce the surface

tension. As explained before, the form of the universai function describing each property

depends on the funetion used to descnoe the interactive potential.

Without resorting to a specific model, the existence ofsuch universal funetions can

be tested by scaling an observable property with the correct dimensional combination of

thermodynamic properties of the bulk liquid. The reduced surface tension,r, can he

expressed as:

(3-15)

where kis Boltzmann's constant.
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To determine ifa universal function exists, which governs the surface tension ofall

Molecules, the reduced surface tension is plotted as a function of aT for a large number of

molecules with varying.chemical composition and molecuIar weight. Roe(71) and Patterson

and Rastogi(72) were among the first to show that the principle of corresponcfing states

does·govem the surface tension ofliquids. However, they found that two universal curves

existed: one for simple molecules and another· for polyatomic molecules, including

polymers. More recently, Dee and Sauer'69) have confirmed the existence of the principle

ofcorresponding states for the surface tension ofMacromolecules with new data and have

showed that the surface tension of a polymer can he predicted ta within ±6% from ooly

bulle thermodynamic data. Figure 3.2 shows the data collected by Dee and Sauer(69) which

demonstrates the existence ofthe corresponding states principle for surface tension.

• 0.15

0.050.2 0.25 0.3 0.35 0.4 0.45 O.S

aT
0.55 0.6

•
Fig. 3.2: Plot of reduced surface tension (y/y) as a funetion ofa.T for a series ofalkanes. y·={kIa)lJ
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~ RESULTS AND DISCUSSION: 'l'HE EFFEcr OF
STRUCTURAL AND MATERIAL PROPERTIES ON SURFACE
TENSION OF LLDPE

A series of LLDPE a.-olefin copolymers were characterlzed by Nova Chemicals

and McGill University and exhibited differences in surface tension (r), number average

molecular weight (Mn), polydispersity (PD), branching density and pressure-volume­

temperature relationships (Table 4.1-4.3). The objective of this section is ta relate the

differences in surface tension among the LLDPE copolymers to their materia! properties.

To simplifY matters, the analysis is initially restrieted to the LLDPE 1-hexene copolymer.

Ml DENSITY

Dee and Sauer(40) have shawn that the surface tension of a linear polymer is

affected by molecular weight because of changes in the density. The densities of the

LLDPE copolymers were measured with the Gnomix8 P-V-T apparatus to determine if

the changes in surface tension could be attributed to differences in density (Fig. 4.1).

The difference in density between the LLDPE hexene resins, listed in Table 4.3, is

very small. There is less than a 0.05% difference between three of the resins, A, D and E

and resin C is orny 0.2% larger than the others. In fact, the difference in the densities of

the resins at 160 oC is so small, that it is less than or comparable ta the experimental error

of the P-V-T apparatus. Considering this, it is not surprising that the differences in

surface tension (Fig. 4.1) do not appear to be related to the densities ofthe LLDPE resins.

This indicates that the structural differences that exist between the LLDPE hexene

copolymers probably had little effect on the cohesive energy density of the polymers.

Thus, it is unlikely that the large differences in the surface tension of the LLDPE hexene

copolymers were caused by a difference in density. Note that a significant density

difference was not expeeted because the molecular weights of the LLDPE copolYmers

were ail similar.

19



• The limited data in the literature appears to support the fact that differences in

surface tension between branched and linear polymers are :not caused by differences in

density. Roe{12}, WU(9} and Dettre and Johnson(6) ail measured the surface tension of the

exact same linear PE resin (DuPont Alathon- 7050) and the exact same branched PE resin

(Union Carbide Bakelite- DYLT) and ail the researchers :round significant differences

among the surface tension of branched and linear polymers. ROe<12) detennined that the

densities of both the linear and branched PE were equal. The data of the previous

researchers supports the conclusion made from the experimental data with the LLDPE

copolymers, that the differences in surface tension cannot be: due to the effects ofdensity

alone.
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Fig 4.1 Surface Tension vs. density for LLDPE hexene copolymer series.
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Resin Co-mer Med/Cat Surface %Co-mer Brancbes M.tl0'" Mwt l0'" PD Term Side Internai Total

Tension perKC M.IM. Unsat(MC) Unsat(MC) Unsat (MC) Unlat(MC)
B But Gas/ZN 25.3 4.03 20.20 24.2 98.7 4.1 16.31 6.19 9.10 28.86
H But Sol/ ZN 26.5 3.80 18.90 24.9 120.0 4.8 48.61 8.66 7.24 64.51

A Hex Gas/ZN 23.6 3.94 19.72 30.0 111.0 3.7 18.90 12.48 6.55 37.92
C Hex Sol/ ZN 24.3 3.77 18.87 36.0 111.3 3.1 18.21 16.17 4.59 38.96
D Hex Gas/Met 26.5 3.08 15.41 44.0 98.0 2.2 19.03 21.39 4.33 44.74
E Hex Gas/Met 27.6 2.56 12.80 43.0 94.0 2.2 12.31 12.03 8.11 32.45

G Oct Sol/ZN 22.8 3.20 15.80 17.0 106.0 6.2 54.52 8.05 11.78 74.35
1 Oct Sol/Met 26.0 5.00 24.80 22.0 53.0 2.4 39.45 10.16 27.64 77.25
J Oct Sol/Met 27.4 3.20 15.80 38.0 70.0 1.8 38.01 5.83 21.40 65.24

Table 4.1: Materia! properties of the LLDPB resins. Resin letter is sample designation. (Co-mer) indicates the a-olefin comonomer used in the LLDPB resin.
But: l ..Butene, Hex: l ..Hexene, Oct: l..()ctene. MedlCat: Polymerization medium (Gas & Solution) and catalyst (Metallocene & Ziegler..Natta) used
respectively. Surface tension is in dyne/cm. % Co-mer indicates weight % of the a-olefin comonomer in LLDPE resin. Branches per KC is the number of
branches per 1000 carbons and is a measure of the branching density. Mil & Mw are the number average moJecular weight and the weight average moJecular
weight repectively. PD is the polydispersity represented by the ratio MM". Unsat represents the number ofunsaturated bonds per million carbons.
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Resin Comonomer Surface Tension M,.(glmol) Branching Density (M,.)r§ (glmol) Polydispenity

160 oC (dyne/cm) (# branchesllOOO C)

B But 25.3 24200 20.20 680.5 4.1
H But 26.5 24900 18.90 724.0 4.8

A Rex 23.6 30000 19.72 728.7 3.7
C Hex 24.3 36000 18.87 764.0 3.1
D Hex 26.5 44000 15.41 924.0 2.2
E Rex 27.6 43000 12.80 1091.4 2.2

G Oct 23.5 17000 15.80 870.7 6.2
1 Oct 26.0 22000 24.80 612.4 2.4
J Oct 27.4 38000 15.80 923.0 1.8
Table 4.2: Relevant LLDPE resin properties. (M"),,,. is the effective molecular wei~ht which is equal to M"I(n+2), where n is number ofchain bran

Resin Comonomer Surface Tension Density, p Thermal Elp Volumetrie Elp
160 oC (dyne/cm) (glcrn3) CoefTt, altO" (Cl) CoefTt, p.t03 (MPaol)

B But 25.3 0.7806 7.46 1.011
H But 26.5 0.7787 7.39 0.996

A Hex 23.6 0.7805 7.52 1.020
C Hex 24.3 0.7816 7.54 1.013
D Hex 26.5 0.7804 7.42 1.009
E Hex 27.6 0.7801 7.44 1.011

G Oct 23.5 0.7740 7.55 1.009
1 Oct 26.0 0.7756 7.26 1.009
J Oct 27.4 0.7771 7.35 1.004
Table 4.3 PVf properties of LLDPE resins at 160 oC
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• ~ MOLECULAR WEIGHT AND CHAIN BRANCHING

The data in Fig. 4.2 suggest that the surface tension of the LLDPE hexene

copolymers is related to the number average molecuIar weight. However, there appears to

he a discrepancy in the data, particularly for the two highest molecular weights. Resin E

has a slightly lower molecular weight than D, but the surface tension of sample E is

significantly larger. This appears to contradict published data and the theory that suggests

surface tension increases with molecular weight.

28

•
~

E Zl
~
~
;: •~

""0---• =: 26c.-fi}
=~
~
~ 2Su

c2
=00 •

24

•
23

25<XXl 27(0) 29(0) 3100> 33CXX> 3500> 37CXX> 39(XX) 4l(m 43<m 4500>

MoIenlJar Weigbt~ (WmoI)

Fig. 4.2: Surface tension vs. number average molecular weight for LLDPE hexene copolymer series.

To explain the apparent contradiction, the effeet ofthe short chain branches on the surface

• tension of the LLDPE copolymers must be examined in detail. For a branched Molecule,
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the free volume and properties ofa branched end are comparable to those associated with

• a chain end because both terminal structures have additional volume dependent degrees of

freedom. A bulk polymer property, such as surface tension, is DOW directly proportional

to the total concentration of free ends, which includes branched and chain ends. The

number offree ends can no longer be incorporated into the constant k, from equation (3­

9). Therefore, the molecular weight term in equation (3..9) is modified:

Y=Yrn
k

(4-1)

where (M,,)ejj is the effective molecular weight and is equal to the number average

molecular weight, M'h divided by the total number offree ends, (n+2):

(M) - Mn
n ejj- (n+2) (4-2)

where n corresponds ta the number of chain branches. It is diflicu1t to assign a physical

meaning ta the effective molecular weight that is universally applicable. For branched

• molecules with large molecular weights or high branching densities, the number of

branched ends is much larger than the number of chain ends, n»2. In this case, the

effective molecular weight, M"In, is a measure of the branching density. At lower

molecular weights or lower branching densities, the effect of the chain ends is not

negligible and the effective molecular weight is affected by the number average molecular

weight. Equation (4-1) is similar ta that reported by Carrîere and Silvis(68), except they

defined the effective molecular weight as the number average molecular weight between

branch points and did not account for the effect of the two main chain ends, which was

negligible for the they polymers studied. Note that equation (4-1) reduces to equation (3­

9) for the special case ofa linear molecule with no chain branches, i.e. n=O. The surface

tension of the LLDPE hexene copolymer resins are plotted as a function of Mn-
I and

(Mn-/)eff respectively ta determine if the effective molecular weight is able ta describe the

surface tension of a branched polymer and compare it ta the results obtained with the

number average molecular weight.

•
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The improved fit of the data in Fig. 4.4 indicates that the surface tension of the

LLDPE I-hexene copolymers depends on the inverse of the effective molecular weight,

(M,,-J)ejJj rather than the inverse of the molecular weight itselt: The standard fonn of

equation (3-9) does not accurately descnoe the surface tension of a branched polymer

because it does not account for the effeet of the branched ends. It was impossible to

accurately detennine the exact dependence of surface tension on effective molecular

weight, due to the small number ofdata points and the limited range ofeffective molecular

weight spanned by the points. In fact, an adequate fit to the data is obtained with almost

any power z, such that, (Mn)";;.

Clearly, the surface tension of the LLDPE copolymers is related to the effective

molecular weight, a1though, the differences in surface tension cannot be attributed to

changes in the density of the copolymers, as Dee and Sauet40
) have shown to he true for

sorne linear polymers. It is not known exactly how the changes in effective molecular

weight affect the surface tension. It is theorized that the surface tension of the free ends is

smaller than the surface tension of the main-chain units. If this were true, the large

number offree ends in an LLDPE copolymer molecule could cause large differences in the

value ofsurface tension.

4.3) POLYDISPERSITY

Another factor which could influence the surface tension of the LLDPE hexene

copolymer melts is the polydispersity index, PD. Table 4.2 shows the polydispersities of

the LLDPE hexene copolymers and Fig. 4.5 shows the values of surface tension as a

function ofpolydispersity.
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Fig. 4.5 Surface tension vs. polydispersity index ofLLDPE hexene copolymer series.

Fig. 4.5 appears to imply that the surface tension decreases with an increase in

polydispersity. However, a more plausible explanation is that the effect of polydispersity

on surface tension is confounded with the effeets of molecular weight. The effective

molecuIar weight does not account for the polydispersity of the resin. If the effects of

polydispersity were significant, the surface tension of the resins wouId be affected

unequally, as there is a considerable difference in polydispersity between the hexene

copolymers and equation (4-1) would be unable to accurately describe the surface tension

of the resins. However, the effective molecular weight did account for the differences in

surface tension of the LLDPE hexene resins, so it is assumed that the effects of

polydispersity are negligible.
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It is also important to consider how polydispersity affects the surface tension. The

main factor in detennining the free volume per chain segment ofa large branched molecule

is not its molecular weight, but rather its branching density. Metallocene catalysts

produce polymer chains with low polydispersity indices and unifonn chain branching, 50

the effects of polydispersity should be negligIole. Ziegler-Natta catalysts, on the other

band, produce polYmers with high polydispersity indices and non-unifonn chain

branching(76-77) which produces smaller chains with a much higher branching density than

the larger chains(76). This results in a large number of low effective molecular weight

polymer chains. Thus, it is more likely that LLDPE copolymers produced with Z-N

catalysts would exhibit a reduced surface tension due to the effect polydispersity. The

ooly polymer produced with a Z-N catalyst from the hexene copolymer series is resin A.

Two of the four LLDPE hexene copolymers are metallocene resins so their values of

surface tension should not be affected by polydispersity. Although it cannot be

determined with certainty what effect the polydispersity has on the surface tension ofresin

A and C, the hexene copolymers produced with a Z-N catalyst, the fact that they do not

deviate from the (M,,-l)eff dependence followed by the other metallocene resins implies that

the effect is minimal, ifany.

4.4) SURFACE TENSION OF BUTENE AND OCTENE COPOLYMERS

Of the ten LLDPE copolymers studied, two samples contain the I-butene

comonomer and three samples contain the l-octene comonomer (Table 4.2). For the

LLDPE butene series, the surface tension increases with effective molecular weight and

both resins have similar polydispersity indices. For the oetene series, there is a large

difference in surface tension between resins G and J. Bath resins have similar effective

molecular weights, due to identical branching densities, but resin G has a much lower

surface tension. The difference in surface tension is thought to be due to the difference in

polydispersity between the two resins. Resin J has the lowest polydispersity of ail the

samples and was produced with a metallocene catalyst. Resin G has the highest

28



•

.'

•

polydispersity of all the samples., aImost 3.5 times greater than sample J, and it was

produced with a Ziegler-Natta catalyst.

A reasonable question would be: why did the polydispersity seem to have no effect

on the surface tension of resin A and C., which were also produced with a Z-N cataly~

while significantly reducing the surface tension of resin.n First, sample J has a number

average molecular weight that is roughly haif of sample A and at 17000 glmo1., it is the

lowest ofaIl the samples. Sample J also has a higher polydispersity (aImost double) that

results in a broader molecular weight distribution. When ail the factors are taken into

consideration., sample J shouid have a much larger proportion of shorter chains with

higher branching densities in comparison to the low effective molecular weight fraction of

sample A. This could explain why a large decrease in surface tension was noted for

sample G but not for sample A or C.

Ml EFFECT OF a-OLEFIN LENGTH

The effect of the length of the cr.-olefin comonomer on the surface tension of the

LLDPE copolymer is determined by observing differences in surface tension between the

I-butene, I-hexene and l-octene LLDPE copolymers. It is difficult to make any

conclusions regarding the effect of the copolymer length due to the small amount of data

available, but an attempt will be made to discuss certain aspects qualitatively. Fig. 4.6 and

4.7 show the surface tension of all the LLDPE copolymer resins as a function of the

effective molecular weight and the inverse of the effective molecular weight respectively.

Sample G will be omitted from the discussion., as the effects of polydispersity reduced its

surface tension. The surface tension of each of the a.-olefin LLDPE copolymer series., in

relation to the inverse of effective molecular weight, lies aIong a separate curve.

Accordingly, each series is characterized by a different set of constants, k and Yœ, from

equation (4-1) (Table 4.4). Within the range of effective molecular weight where data are

available from aIl the a.-oletin samples, 500-850 g/mol, the surface tension of both the

butene and the octene copolymers is larger than the surface tension of the hexene

copolymers. Both k and Yœ decrease significantly as the len~ofthe a.-olefin comonomer
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• is increased (Table 4.4), although the slopes ofboth the butene and oetene series cannot

be established with a large degree ofconfidence.

The differences in surface tension among the a-olefin series are probably due in

part to differences in the polydispersity of the resins. The butene copolymers are of a

relatively high polydispersity, -4.5, and were produced with Z-N catalysts, so the values

of surface tension May have been reduced. Therefore, it is difficult to make a distinction

among the surface tension ofthe oetene and butene series. However, it can be stated that

the surface tension of the butene series is larger than that of the hexene series. The

differences noted in the constants k and rao for the butene series could also have been

intluenced by the effeets ofpolydispersity.
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It was theorized that the differences in surface tension among the LLDPE cx.-olefin

copolymers could be partially due to differences in the density. However, the largest

density difference between the resins is ooly about 1% (Table 2), which would not affect

the value of surface tension significantly. If the effect of the a-olefin comonomer length

on surface tension is not enthalpie, it may he an entropie effect that is related to the free

ends ofthe short chain branches. It is possible that the properties of a branched end could

vary significantly depending on the length of the branch, which would affect the value of

surface tension. In theory, this would also change the value of the constant k in equation

(3-9), by changing the values ofv. and y.. It should he stressed however, that this is only

a theory and there is no direct experimental evidence that supports it.
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Resin Comonomer M. (MJ" (MJ<ti1 Sunace Constants
Tension
(dvnelcm)

B But 24200 656 0.00153 25.3 IF 12906
But 24900 699 0.00143 26.5 Yœ=45.0

A Bex 30000 678 0.00148 23.6 k=-7980
C Bex 36000 713 0.00140 24.3 Yœ=35.6
D Hex 44000 872 0.00115 26.5
E Bex 43000 1041 0.00096 27.6

G Oct 17000 802 0.00125 23.5 k= 2010
1 Oct 22000 537 0.00186 26.0 Yœ=29.8
J Oct 38000 847 0.00118 27.4

Literature Prop 7000 219 0.00457 25.4 IF 1050
Literature Prop 2000 250 0.00400 26.0 Yœ=30.1
Table 4.4: Table ofconstants k and Yœ used to fit the effective molecular weights and surface tensions to
the relation rycxrk/(M,,).g. Literature values obtained frOID Dettre and Johnson(34) .

4.6) FREE VOLUME

The relation established between the surface tension and effective molecular

weight for the LLDPE hexene copolymer series in Fig. 4.4 suggests that the surface

tension depends on the number of branched ends. Free ends have a larger free volume

than main-chain structural units due to their additional degrees of freedom. If the free

volume of the LLDPE copolymers could be assessed independently of their surface

tensions, the data could provide corroboration of the theorized relationship between

surface tension and the concentration ofbranched ends.

Flory"3) proposed a model to detennine the free volume of macromolecu1es which

states that the free volume is a function of the thermal expansion coefficient of the liquid

and the absolute temperature. The model accurately retlects the definition offree volume,
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• which is the expansion volume generated by thermal motion. Fig. 4.8 shows the relation

between surface tension and the thermal expansion coefficients ofthe ll..DPE copolymers.
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In Fig. 4.8, there appears to be a linearly decreasing relationship between the surface

tension of the LLDPE resins and their thennal expansion coefficients, with the exception

oftwo outlying points. It is not known what caused the deviation ofthe two points in Fig.

4.8, although it is interesting to point out that they represent the resins with the lowest and

highest branching densities, resins E and l respectively. The rest of the data appear to

support the theory that the differences in surface tension between the LLDPE copolymer

resins are related to the concentration ofthe branched ends.
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4.D COMPARING VALUES OF SURFACE TENSION WI LITERATURE

It has been shown that the effective molecular weight charaeterizes the surface

tension of the LLDPE hexene copolymers (Fig. 4.4). The data ofDettre and Johnson(63)

(Table 3.1) was reexamined to deterrnine if the effective molecular weight could account

for differences in the surface tension of the branched PE resins. Dettre and Johnson(63)

only provided the number average molecular weight for two ofthe five branched PE resins

studied so it could not be detennined if the surface tension was a strict funetion of the

effective molecular weight. However, the concept of effective molecu1ar weight can be

used ta explain trends in the literature data. The surface tension decreases with increasing

branching density for aIl of the samples except for B· and C·. The surface tension ofB* is

lower than C· because the effect ofthe main chain ends is not negligible at the low number

average molecular weights of the samples.

The range ofvalues ofsurface tension for the LLDPE copolymers employed in this

study (23.5-27.9) compares weil with the range of literature values for methyl-branched

PE (22.5-27.6) measured by Dettre and Johnson(63), at the same temperature. However,

the samples used by Dettre and Johnson(63) had higher branching densities than the LLDPE

copolymers, which resulted in lower effective molecular weights. It was noted previously

that each of the LLDPE a-olefin series (butene, hexene and oetene) had significantly

different 'Y vs. {1\-f,Jeffrelationships (Fig. 4.6, 4.7 and Table 4.4). Thus, it is not surprising

that the branched PE resins tested by Dettre and Johnson(63), which aIl contain methyl

branches, aIso have a different relationship witb effective molecular weight.

The values of surface tension of LLDPE have been shown to be comparable ta

literature values ofbranched PE. However, they have oot been cornpared to the values of

surface tension of linear PE. To determine if the surface tension of a branched polymer is

lower than that of a linear polymer, a comparison must be made between molecules of

equal molecular weight. The question is: which molecular weight should he used as a

basis for comparison, effective or number average molecular weight? To compare a

branched and linear polymer, the comparison should be made on an effective molecular

weight basis to account for the effect ofthe branched eods.
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The effective molecular weight ofthe LLDPE resins ranges from 600-1100 glmol.

• According to equation (4-2), the surface tension of the LLDPE copolymers should be

compared ta the surface tension of linear PE with a molecular weight ra:itging from

1200-2200 glmoL Literature data for the surface tension of linear PE was taken from

Dee and Sauer40
) and Wu{lO). The major difference between the two data sets is the value

of surface tension at infinite molecular weight. At 150 oC, WU(lO) quotes a value of 29.4

dyne/cm. while Dee and Sauef40) have measured -26.7 dyne/cm. Therefore, two separate

data sets will be used ta characterize the effect ofmolecular weight on the surface tension

oflinear PE. Both data sets use the data ofDee and Sauer40
) ta determine the value ofthe

constant k. The ficst data set will use Yco, as determined by Dee and Sauer40
) and the

second data set will use yoo, as determined by WU(lO). The surface tension of the LLDPE

resins will be compared ta the surface tension of linear PE detennined from the two data

sets described above, using bath effective molecular weight and number average molecular

weight, since there is no conclusive proofwhich is the correct basis for comparison.

The results of the comparison between the values of surface tension of the linear

• PE and the LLDPE copolymer are listed in Table 4.5. For the fust data set, the values

predicted with the absolute number average molecular weight appear to he closer ta the

values of surface tension of the LLDPE resins. For the second data set, the values of

surface tension of the linear PE ofequal effective molecular weight are comparable ta the

surface tension of the LLDPE resins, while the values of surface tension of the linear PE

of equal molecular weight are clearly larger. The range of surface tension of the LLDPE

copolymers is much larger than the corresponding range for linear PE, due to larger values

ofthe constant k. From the data available, it cannot be stated conclusively that the surface

tension of a branched polymer is smaller than the surface tension of a linear polymer of

equal molecular weight. AIso, it cannat be stated conclusively whether linear and

branched polymers should be compared on a number average molecular weight or

effective molecular weight basis due to inconsistencies in the Iiterature data.

•
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Resin Comonomer M" (M,JeJf rexp r=f(M,J r=f(M,J1ff r=f(M,J y=f(M,J1ff

(method 1) (method 1) (method 2) (method 2)
B But 24200 656 25.3 26.1 24.4 28.1 26.4
H But 24900 699 26.5 26.1 24.6 28.1 26.6

A Rex 30000 678 23.6 26.1 24.5 28.1 26.5
C Hex 36000 713 24.3 26.1 24.6 28.1 26.6
D Hex 44000 872 26.5 26.1 24.9 28.1 26.9
E Hex 43000 1041 27.6 26.1 25.1 28.1 27.1

G Oct 17000 802 23.5 26.0 24.8 28.0 26.8
1 Oct 22000 537 26.0 26.1 24.1 28.1 26.1
J Oct 38000 847 27.4 26.1 24.8 28.1 26.8

Literature Prop 7000 219 25.3 25.8 21.0 27.8 23.0
Literature Prop 2000 250 25.9 25.0 21.7 27.0 23.7

Table 4.5: Comparison ofexperimental values of surface tension of LLDPE (rap) to the surface tension of linear PE ofequal number average molecular weight
M,.and equal effective molecular weight (M,J,ffi The surface tension of the last four columns are calculated from the following equations r=I(M,J: r=r.r kIM"
r=/(M,JIJ!" r=r.r kI(M,J,ffo Method 1: k=2249.S rllll=26.16 (data from Dee and Sauer). Method 2: k=2249.S rllll=28.16 (data from Wu). Calculations for 160 oC

36



• Ml SURFACE TENSION TEMPERATURE COEFFICIENTS

The surface tension temperature coefficients ofthe LLDPE resins A~ E~ G~ 1 and J,

listed in table 4.6, were determined for the temperature range 160-200 oC from a minimum

ofthree points. It was theorized in section 4.3 that the smaller effective molecular weight

fractions migrated to the surface and reduced the surface tension of sample G by

increasing the ratio of the free volume at the surface to the free volume in the bulk.

Theoretica1ly, this should increase the entropy ofsurface fonnation and the surface tension

temperature coefficient (Equation 3-6 and 3-11). Thus, if the effects of polydispersity

reduced the surface tension ofa polymer, it would be expected that the resin would have a

higher surface tension temperature coefficient. However, the difference in the

experimentally detennined surface tension temperature coefficients was not statistica11y

significant~ sa the free volume effect could not be confirmed.

• ~ COMPARING VALUES OF SURFACE
TEMPERATURE COEFFICIENTS WI LITERATURE

TENSION

•

There is considerable variation among the reported values of surface tension

temperature coefficients for branched PE. Wu(lO)~ Roe(12) and Dettre and Johnson(63) ail

obtained different values of -dr/dT, 0.067, 0.064 and 0.06 dYnelC'l'lUOC for the exact same

methyl-branched PE (DuPont Alathon 7050). In addition, Schonhom and Sharpe(79)

obtained a much higher value of-dr/dT, 0.076 dynelemrC~ for a similar resin. The surface

tension temperature coefficients of the LLDPE resins compare weil with the literature

values of branched PE. The LLDPE resins and the branched PE resins tested by other

researchers have sinùlar effective molecular weights. As a result, it was expected that they

would have similar temperature coefficients. The polydispersities of the resins were not

published, sa it was not possible to determine if it affected the surface tension temperature

coefficients.
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Dee and SauerS6
•
69

) have shown that the surface tension temperature coefficient

decreases as the molecular weight of a macromolecule Încreases. It has been noted that

the temperature coefficients of branched PE are larger than those of linear PE, but these

comparisons are often inaccurate as they are between samples of different molecular

weight. Therefore, similar to the comparison made previously with the values surface

tension, the surface tension temperature coefficients of the LLDPE copolymers will be

compared to literature values of surface tension temperature coefficients for linear PE of

equal molecular weight and equal effective molecular weight to determine if a difference

exists.

The data of Dee and Sauer40
) and Wu(lO) were used to determine the effect of

molecular weight on the surface tension temperature coefficient of linear polyethylene.

There is a disparity between the data point at infinite molecular weight quoted by WU(lO)

C.) and the data points for the two largest molecular weights obtained by Dee and Sauer

C.) (Fig. 4.9). ThereforeJ it was decided to use two separate data series: Fit 1: data of

Dee and Sauer40
) C.)J Fit 2: data point of Wu(lO) C.) and the three lowest molecular

weight data points of Dee and Sauef40) (.). The data sets were fit to the following

equation that is valid for linear polymers:

•

(4-3)
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•
The values of -dy/dT predicted from the data ofDee and Sauer(40) (fit 1) appear to

match the experimental surface tension temperature coefficients ofthe LLDPE copolymers

more closely than the values of -dy/dT predicted fram the combined data set of Dee and

SauerC40
) and WU{IO) (fit 2). The surface tension temperature coefficients of the LLDPE

resins compare reasonably well with the -dy/dT of the Iinear polymers calculated by fit 1

for both M" and (M,Jejj. From the data available, it cannot be conclusively stated that the

surface tension temperature coefficient ofa branched polymer is any different than that of

a Iinear polymer, when compared on either molecular weight basis.

•
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Rain Comonomer Mil (M,JI§ (-dr/dT)1Xp -dr/dT -dr/dT -dr/dT -dr/dT

(g/mol) (g/mol) (dynelcmfC) (fit 1, (M"),,,) (fit 1, M,,) (fit2, (M,J,ff) (fit 2,M,,)
B But 24200 656 0.065 0.063 0.060 0.057
H But 24900 699 0.065 0.063 0.060 0.057

A Hex 30000 678 0.071 0.065 0.063 0.060 0.057
C Hex 36000 713 0.065 0.063 0.060 0.056
D Hex 44000 872 0.065 0.063 0.059 0.056

E Hex 43000 1041 0.068 0.064 0.063 0.059 0.056

G Oct 17000 802 0.077 0.065 0.063 0.059 0.057
1 Oct 22000 537 0.07 0.066 0.063 0.061 0.057
J Oct 38000 847 0.068 0.065 0.063 0.059 0.056

Litenture(lO) Prop 7000 219 0.067 0.070 0.063 0.067 0.057
Literature(54) Prop 2000 250 0.06 0.069 0.064 0.065 0.059

Table 4.6: Camparison of experimental values of surface tension temperature coefficient of LLDPE (--dp'dT)ap to the surface tension temperature
coefficients of linear PE of equal number average molecular weight M" and equal effective molecular weight (M,J". The (-dp'dT) of the last four
columns are calcu1ated from the following equations dp'tfl'=/(M,J: dp'dT=(dp'dT)tTr kIM", y=/(M,Jrff: dp'tfl'=(dp'dT)1J(f' kI(M,J,ffo Fit 1: k=O.0627,
(-dp'd1)oo=3.286, Fit 2: k=O.0564, (-dp'd1)oo=4.SS. Literature values from Wu(1°)and Dettre and Johnson(S4).
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ill) INTERFACIAL TENSION & INTERFACIAL TENSION

TEMPERATURE COEFFICIENTS

The values of interfacial tension for the LLDPE AlPS, LLDPE E/PS and

HDPElPS were ail similar and in general agreement with the literature (Table 4.7). Note

that the interfacial tension ofLLDPE EIPS is larger than the interfacial tension ofLLDPE

AlPS. This occurs because the interfacial tension of a polymer-polymer melt is a direct

function of the surface tension of the individual components and the surface tension of

LLDPE E is greater than that ofLLDPE A.

The interfacial tension temperature coefficients ofthe LLDPE AlPS and LLDPE E

IPS were both similar, however, their values were smaller than the corresponding

literature values by a factor of 1.5-2. It is not known why the experimental interfacial

. tension temperature coefficients are lower than thase determined by Wu(lO). It was

confirmed that the densities of the polymers tested by WU(lO) were similar to the density of

the LLDPE and PS resins used far this study. The number average molecular weights of

the polymers used by Wu(lO} are not known but the viscosity average molecular weights

are quite high. This indicates that the molecular weights of the polymers are aIso

relatively high. The molecular weight of the PS is not known but is assumed to he

relatively large as the resin has a melt index of4. Therefare, the molecular weights of the

polymers used in this study are either comparable to or lower than those used by Wu.

Then the experimental temperature coefficients should have been higher or equal to the

literature values, which was not the case.

Polymer Resins y y y -dy/dT
200 De 210 De 22D OC (dynelcmrC)

LLDPEA/PS 4.57 4.39 4.28 .014
LLDPEE/PS 4.78 4.70 4.57 .010
BDPE/PS 4.71 4.62 4.51 .012
LDPE / PS Oit)(lO) 4.70 4.50 4.30 .020
Table 4.7: Values ofinterfacial tension and interfacial tension temperature coefficients. Literature values
from Wu(10) . .
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..§) BACKGROUND: PENDANT DROP METHOD

5.1) METROnS OF MEASURING INTERFACIAL TENSION

A number of different methods are available to measure the interfacial tension of

low viscosity liquids. Unfortunately;, the high viscosity of polymer melts makes most of

these techniques irrelevant. The methods that can. measure the interfacial tension of

polymer melts can be separated into two categories: equilibrium and dynamic.

The equilibrium methods of detennining the interfacial tension are the pendant

drop and the spinning· drop. Both techniques calculate the interfacial tension from the

equilibrium shape ofa drop profile.

"The pendant drop method is the MOst widely used and accepted technique to

measure the interfacial tension ofMOst liquids, not just polymer melts. The Bashforth and

Adams equation(2), derived in 1882;, relates the equilibrium pendant drop profile to the

interfacial tension. The pendant drop method has improved significantly since its

inceptioIl;, MOst recently with the use of computers, which simplifies the drop profile

analysis and increases the accuracy of the results.

The spinning drop apparatus was developed more recently, by VonnegutCl
6) in

1943. Although the spinning drop method has progressed significantly over the last thirty

years, further research is needed before it is as widely regarded as the pendant drop

method. One of the most troubling difficulties with the spinning drop method is a

repeatable difference in the apparent equilibrium value of interfacial tension for sorne

polymers, depending on whether the equilibrium state was approached from larger or

smaller drop diametersCl
7).

The dynamic methods of measuring interfacial tension of polymer melts are based

on the transient behaviour of selected phenomena, which varies depending on the method,

rather than the observation of an equilibrium state. Two of the MOst popular dynamic

methods are the breaking thread(18
) and" imbedded fiber retraction(19) techniques. Both

relate the transient evolution of the shape of a fluid particle to the interfacial tension.
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Another technique is based on inferring the interfacial tension from rheological

measurements{20.21).

The dynamic methods ofmeasuring interfacial tension are still in the early stages of

development and experimental results are subject to large inaccuracies, often in excess of

10-20%. As such, dynamic methods are unable to reliably characterize the interfacial

tension of polymer melts. In this wade, the pendant drop apparatus was chosen ave~ the

spinning drop apparatus as the method ofchoice for determining the interfacial tension of

polymer melts for two reasons. The pendant drop apparatus is considered to be the more

reliable of the two and is generally the method of choice when determining the interfacial

tension of polymer melts_ In addition, the experimental procedure for the pendant drop

apparatus is much simpler.

5.2) PENDANT DROP THEORY

-
The pendant drop method is based on the mechanical equilibrium of the surface

and gravitational forces acting on a liquid drop suspended from a syringe in a second

immiscible fluide Tate's LawC21
) characterized this relationsmp and noted that the

maximum supported weight of a drop, Wmar, is proportional ta the interfacial tension, y,

and the syringe tip radius, R:

(5-1)

The Laplace equation(21) relates the interfacial tension of a drop immersed in an

immiscible fluid, to the pressure drop, 0, across a curved interface.

lIN'
-+-=-
~ ~ r

(5-2)

•
The curvature of the pendant drop is specified by two mutually perpendicular radü of

curvature R/(x,z) and R2(x,z) which vary with x and z, the horizontal and vertical position

coordinates, as shown in Fig. 5.1. RI swings in a plane parallel to the page along the drop

profile, while R2 swings in a plane perpendicular to the page around the drop profile:
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Fig. 5.1: Pendant Drop Geometry. RI: radius of curvature swings in the plane of the
page along drop profile. R2 : radius of CUIVature swings in a plane perpendiCRllar ta page
around the drop profile. "is the angle between the horizontal axis and a taI:1gent ta the
drop profile at position (r,z). x and z are the horizontal and verticaJ Cartesian
coordinate5 respectively. Other quantities are not relevant

If (J is the angle between the horizontal axis and a tangent to the drop profile at

position (x~), then by geometry, the radius of curvature in the plane peq>endicular to Fig.

5.1, R2, is given by:

The pressure drop across the interface at any vertical position z, Al', can be

expressed as a funetion ofthe pressure drop across the interface at the bottom ofthe drop,

LJP0, the density difference between the two tluid phases, Lip, the gravity constant, g, and

the vertical position coordinate, z.

•

xRz=­sin;

M = MJo + 6.pgz

(5-3)

(5-4)

44



• At the bottom ofthe drop, a position aIso referred to as the drop apex, both radü

ofcurvature are equal to a constant, a.

(5-5)

At the drop apex, z=O, so from equation (5-4), the pressure drop across the interface, AP,

is equal to &0, the pressure drop across the:; interface at the bottom ofthe drop.

IiP=Mo (5-6)

Substituting equations (5-5) and (5-6) into the Laplace equation (5-2) gives an expression

for the pressure drop across the interface at the drop apex, &0, in tenns of the interfacial

tension, r, and the radius ofcurvature at the drop apex, a:

Equation (5-7) is used to eliminate &>0 from equation (5-4) which describes the pressure

drop across the interface, &>.•
M=2y

o
a

M> =2y + tipgz
a

(5-7)

(5-8)

The new expression for AP, equation (5-8), and the expression for R2, equation (5­

3), are substituted into the Laplace equation (5-2):

1 sin; 2 tipgz
-+--=-+--
RI x a y

(5-9)

Equation (5-9) is rearranged by multiplying both sides of the equation by a, the radius of.
curvature at the drop apex. This leads ta the Bashforth and Adams(2) equation:

1 sin; z
-+--=B-+2
~ X a
a a

(5-10)

•
The parameter B is known as the dimensionless shape factor, where a is the radius of

curvature at the drop apex, Âp is the density difference between the two fluid phases, g is

the gravitational constant and ris the interfacial tension:
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• B = a
2
gtip
y

(5-11)

The radius of curvature parallel to the page in Fig. 5.1, RI, and the angle between the

horizontal axis and a tangent ta the drop profile at position (x,z), (J, can be expressed in a

Cartesian coordinate system:

dz

sin(J = dx 1

(1+(:)7

(5-12)

(5-13)

The Bashforth and Adams(2) equation is a nonlinear differential equation which

• relates the shape of the drop profile ta the interfacial tension. Note that RI, x and z all

appear in the Bashforth and Adams(2) equation as ratios with respect ta the radius of

curvature at the drop apex, Q. Thus, a given value for the constant B gives the same drop

shape regardless of drop size and changing a influences only the drop size without

changing its shape. When changing the size of a drop for a given liquid, bath B and a

should change to yield the same value ofinterfacial tension, r (Butler et aI.(23~.

~) EVOLUTION-OF THE PENDANT DROP METHOD

In 1882, Bashforth and Adams(2) derived the th.eoretica1 form of a sessile or

pendant drop and caIculated tables of drop contours. The interfacial tension of a pendant

drop was determined by matching the experimentally measured drop profile to a

theoretical drop contour. However, the visual comparison of drop profiles was time-

•
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• consuming, tedious and subjective. Consequently, interfacial tension measurements were

subject to large experimental error.

Andreas et a1.(28) proposed the following empirical relationship which simplified

drop profile analysis:

gD;Ap
y= H(S) (5-14)

where -dp is the density difference between the two phases, gis the gravitational constant,

H is a correction factor related to the diameter ratio of the pendant drop, S, which is

defined as the ratio of horizontal drop diameter Ds located a distance De trom the drop

vertex, as shown in Fig. 5.2:

(5-15)

B

S=Ds

D•

A

r
. _._. .~..d..mu_..-:::;:;; .1=d

mu

•

Fig. 5.2: Measurements defining the diameter ratio, S=D/D". D.: Equatorial or maximum
horizontal dïameter. D,: Horizontal drop diameter located a vertical distance D. from the drop
apex.

Roe et al.(11) determined that interfacial tension measurements, calculated by the

• method proposed by Andreas et al.(21), were subject to large errors because the entire drop

profile had been defined by a single diameter ratio, S. Roe et al.11 improved the accuracy
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of interfacial tension measurements by defining the drop profile with a series of diameter

ratios, Sn:• s = D"
Il D

•
(5-16)

Although the irnproved method of calculating the interfacial tension from drop profiles is

more accurate, the calculations are still time-consuming, tedious and subject to human

error.

Girault et al.(29,30) realized that computer systems, which had recently become

affordable, were ideal for determining the interfacial tension from drop profiles. They

used a digital camera to capture the image of a pendant drop, which was reduced to a

profile by contrast analysis. A computer program was used to calculate the interfacial

tension by optimizing the fit between the experimenta1 profile and a numerically generated

solu~on to the Bashforth & Adams(2) equation. Ruh and Reed(31) developed an algorithm

which independently optimized the fit of the dirnensionless shape factor, B, and the radius

of curvature at the drop apex, Q. Rotenberg et al.(32) improved on Ruh and Reed's(31)

• algorithm by optimizing five separate pararneters, but the prograrn suffered from long

computational times and it did not always converge to reasonable solutions. Jennings and

PalIas(4) made further irnprovements to the computer program by reducing the processing

time required ta calculate the. interfacial tension and adding an error ana1ysis routine.

Anastasiadis(3) developed a program that used Siegel'S(33.34
) robust shape comparisons ta

optimize the fit between experimental and numerical drop profiles and a routine was added

for rotationally resistant smoothing of the experimental drop profile_ The shape

comparison program used to determine the interfacial tension from pendant drop profiles

for this study was a modified version of Anasatasiadis,(3) program developed by

Demarquette and Kamal CS), who also studied the interfacial tension of polymer melts.

Touhami et al.(3S) reviewed the evolution of digital pendant drop profile analysis and

should be referred to for more detail.
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Ml DYNAMIC ASPECTS OF PENDANT DROP EXPERIMENTS

5.4.1) EQUILIBRATION TIME

The Baslûorth and Adams(2) equation, which characterizes the relationship between

the interfacial tension and the drop profile, is only valid for a drop in its equilibrium state.

Therefore, the equilibrium state of the drop must be verified to ensure accurate

measurements of interfacial tension. WU(9) states that a drop of a low-viscosity liquid,

such as water, achieves equilibrium so quickly that it is assumed to occur instantaneously.

However, the viscosity of polymer melts is severa! orders of magnitude larger than most

low viscosity liquids. Accordingly, the shape of the drop profile may take anywhere frOID

a few hours to severa! days to reach equilibrium, depending on the viscosities of the

polymers involved.

The factors affeeting the equilibration time, or the time required for the pendant

drop to reach its equilibrium shape, has never been studied. However, Joseph et al.(83,86)

studied interfacial tension equiIibration times for pol~er melts with the spinning drop

apparatus. The pendant drop and spinning drop methods are similar as they bath relate

the equilibrium shape of a fluid drop to the interfacial tension. By analogy to the spirnûng

drop method, the equilibration time for a pendant drop experiment should depend

primarily on the viscosity of both polymer melts and ta a lesser extent, the density

difference between the two phases, the initia! drop shape and dimensions and the

equilibrium value ofinterfacial tension.

During the dynamic. transition of the drop ta equilibrlum, the shape of the drop

profil~ is a function ofail the aforementioned variables. The Bashforth & Adams equation

cannot determine the interfacial tension from an unstable drop as it does not account for

the dynamic factors affecting drop shape. Once the pendant drop reaches equilibrium, its

shape and magnitude are ooly a funetion of the interfacial tension and the density

difference ~etween the phases, and the Bashforth & Adams equation cao be used ta obtain

accurate measurements ofinterfacial tension iTom the drop profile.
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5.4.1) NECKING AND CAPILLARY EFFECTS

Tate's La~ states that the maximum supported weight, Wmax, of a drop is

proportional to the interfacial tension "f, and syringe tip radius, R:

Wmax=211Ry (5-17)

If the maximum drop weight is exceeded, surface forces are unable ta support the

drop mass and it necks, detachirig from the syringe, as shawn in Fig. 5.3. If the drop

weight is less than that calculated by Tate's Law, surface forces exceed those exerted by

the weight of the drop, retracting it into the syringe, as shawn in Fig. 5.4. This is known

as the capillary effect.

• c)

dl
.l

f')

•

•

Fig. 5.3: NeckingPendantDrop
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•
Fig. 5.4: RetractingPendantDrop

Thus, a critical drop volume, J!';;, exists .which forms the largest, stable, pendant

drop and is a funetion of the maximum, stable drop weight, Wmar and the density differ~nce

between the phases, jjp:

v = Wmax

c Apg
(5-18)

•

For low viscosity liquids, like water, a drop larger than the critical volume will

neck and detach from the syringe in seconds. A polymer drop that exceeds the c:ritical

volume will also neck but the process may take days due ta the high viscosity of polymer

melts. The Bashforth & Adams(2) equation cannat accurately detennine the interfacial

tension from a drop which is necking or retraeting because the drop is not in equilibrium.

In praetice, J!';;, cannot be accurately determined from Tate's Law because of

significant deviations trom ideal behavior. Using .Tate's Law to detennine the critical

volume from the interfacial tension or vice versa is known as the drop weight metbod and

the problems associated with it are discussed in Adamson's book(22). An expenmental
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method of determining the critical drop volume is detailed in the materials and methods

section (4.2.3.8).

Even when the critical volume is known, it is extremely difficult to obtain the exact

volume needed experimentally due to the visco-elastic nature of polymer melts. The

visco-elastic component of polymer melts causes the initially extruded drop volume to

increase over time until a final drop volume is reached and it is difficu1t to establish a

universal relationship between initial and final drop volumes. Thus, the majority of

pendant drop experiments result in drop volumes which are not equal to Vc and are

unstable. Demarquette and Kamal(S) devised a mechanism to stabilize fluid polymer drops

which facilitates pendant drop experiments. A Rulon ring was added to the syringe

plunger, which expands when heated to form an impermeable seaI between it and the

syringe body. The seal prevents any drop smaller than the critical volume from retracting

into the syringe. However, the Ruion ring does not prevent drops larger than the critical

volume from necking. The device stabilizes any drop volume smaller than the critica1 drop

volume, allowing the Bashforth and Adams(2) equation to accurately predict interfacial

tension, once the drop .reaches equilibrium.

5.5) EFFECT OF DROP VOLUME ON INTERFACIAL TENSION

MEASUREMENTS

Niederhauser and BarteU(36) measured the surface tension of water for different

drop sizes and concluded that drop volume had no effect on interfacial tension values.

Efforts were made to obtain the report and inspect the experimental results which led to

the conclusions, but the report proved unobtainable.

Stauffer(36) studied the effect of the diameter ratio, S, (equation 5-16) on the

accuracy of surface tension measurements detennined by the method developed by

Andreas et al.(21). The error ofsurface tension measurements was found to increase as the

diameter ratio decreaserl, while the value of surface tension remained constant. Although

the diameter ratio, S, does increase with drop volume, Stauffer' s(36) results ~ot be used
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to draw any conclusions concerning the effect of drop volume on interfacial tension

measurements. Surface tension was detennined for oo1y three drop volumes, each with a

different syringe tip. In addition, only the diameter ratio, S, of the drops was specified.

Neither the experimental drop volumes nor the three syringe diameters used to generate

the drops were published. Therefore, while the conclusions regarding the effeet of the

diameter ratio, S, on the error of surface tension measurements May be correct:, no

conclusions could be made about the effeet ofthe drop volume.

Roe et al.(11) improved the method developed by Andreas et al.(28) to analyze

pendant drop profiles and studied the accuracy of surface tension measurements. Their

conclusions were similar to those drawn by Stauffer06l, as the accuracy improved with an

increasing diameter ratio, S, but the effeet of drop volume on surface tension was not

discussed.

WU(6-10) and Roe(12-14) adapted the pendant drop method to detennine the interfacial

tension of polymer melts. However, their publications did not mention the effect of drop

volume on interfacial tension measurements.

5.5.1) WORK OF JENNINGS AND PALLAS

Jennings and Pallas(4) examined the effeet of drop volume on the accuracy of

interfacial tension measurements. They studied drop profiles generated from numerical

solutions of the Bashforth and Adams(2)equation. They assumed that the Bashforth and

Adams(2) equation was valid for any drop volume. Jennings and Pallas(4) generated drop

profiles numericaUy with the Bashforth and Adarns(2) equation for a range of drop

volumes. A component of random error was added to the individual coordinates defining

the drop profile to simulate experimental measurement error which occurs when

converting the image of an experimental drop profile to a series of discrete points which

constitute the digital drop profile. Jennings and Pallas(4) detennined that the error in

calculated interfacial tension values, which is due to the digitization of the drop profile,

• decreases with increasing dr<?p volume. The random error in the drop profile coordinates,

which occurs when digitizing the drop profile is constant, so its effect on the overall shape
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• and magnitude of the drop profile decreases as the size or volume of the drop ïncreases.

Therefore, they concluded that the largest stable drop volume yields the most accurate

detennination of interfacial. tension. To illustrate these effects, the largest stable drop

volume would have an interfacial tension confidence interval of approximately 1%, while a

drop 80% smaller than the maximum stable drop volume would have a confidence interval.

of 7%. The ooly significant error in the value of interfacial tension that is attributable to

the shape comparison program ofJennings and PalIas(4) is caused bythe digitization of the

drop profile.

5.5.2) WORK OF LIN ET AL.

Lin et al.(38.39) studied the accuracy of surface tension measurements from

experimental drop profiles. It was detennined that the standard deviation of surface

tension measurements decreases as drop volume increases, in accordance with the findings

• of Jennings and Pallas(4). Surface tension measurements from the largest, stable drop

Yielded accurate results representative of literature values. However, for drop volumes

smaller than the maximum stable drop volume, surface tension values decreased with

decreasing drop volume, up to 15-30% lower than literature values. Fig. 5.5 illustrates the

effect of drop volume on the measured surface tension of water. At the smallest drop

volume, 1.5 mm3
, the measured value of surface tension is 62 dyne/cm, a full 10 dyne/cm

lower than its true literature value of 72 dyne/cm. The surface tension measurements

increase hyperbolically with increasing drop volume and level off at the literature value of

the surface tension of water for drop volumes greater than 7 mm3
• The accuracy of the

surface tension measurements improves as the drop volume is increased until a certain

drop volume is reached, yielding the most accurate measurement of surface tension.

•
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For most drops, all three profiles seern ta match perfectIy except at a single point

along the drop profile: the region of contact near the syringe, as shown in Fig. 5.6. The

left and right sides within the dashed reetangular region in Fig. 5.6 have been expanded in

Fig. 5.7.

The authors explained the effeet of drop volume on surface tension by cornparing

the experimental drop profile, the best-fit profile and the theoretical profile for several

drops. The computer program generates bath the best fit and the theoretical drop profile.

The best fit profile is the optimum fit ofthe experimental drop profile to the Bashforth and

Adams(2) equation. The theoretical profile is derived from the Bashforth and Adams(2)

equation with the literature value of the surface tension and a drop volume equal ta the

experlmental drop volume.

Fig. S.S: Surface tension of water for different drop volumes. Bach symbol represents a separate
measurement. Dashed line indicates literature value for surface tension ofwater (72 dyneJcm). The inset
plot (Sa) indicates the decrease in the standard deviation of the measurements as the drop volume
ïncreases. Reprinted from Lin et al.(38).
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Fig. 5.6: Profiles of air drops in water with syringe diameter) d = 0.4
mm. Dashed rectangle indicates area where experimentaI) best fit and
theoretica1 profiles do not match. Reprinted from Lin et al.(38).
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Fig. 5.7: Enlarged rectangular Iegion from fig 5.6: a) left side b) right side. Symbols(O)[J)O) are
experimental profiles in order of increasing drop volume. SoUd line is best-fit curve to experimentai drop
profile. Dashed line is theoretica1 drop profile generated with Bashforth and Adams(2)equation and y
literature vaIue ofwater (72 dyne/cm). Reprinted from Lin et al.(38)

•

In Fig. 5.7, at the smallest drop volume(O), the best fit curve matches the

experimental profile weil, but both are displaced from the theoretical curve by about a full

pixel. The theoretical curve corresponds to the Iiterature value of surface tension for

water, 72 dyne/cm, while the best fit curve to the experimental profile(O) yields a surface

tension of 62.7 dyne/cm, over 10 dyne/cm lower than the Iiterature value (Fig. 5.6). At

the largest stable drop volume(O), using the same syringe, the best fit curve deviates from

S6



•

•

•

the experimental profile at the contact point between the drop and the syringe, but the best

fit CUIVe matches the theoretical curve perfectly, yielding a measurement of 72 dyne/cm,

the literature value ofsurface tension for water.

AIl the experimental profiles, (O,Cl,O) deviate from the theoretical form of the

Bashforth and Adams(2} equation, represented by the dashed line, at the syringe body,

presumably due to the influence of the syringe itself The deviation can be attributed to

the boundary conditions used to derive the Bashforth and Adams(2} equation, which

specifies tbat both radü of curvature, RI and R2 are equal to a constant, 0, at the drop

apex. The boundary conditions do not account for the region of contact between the

profile and the syringe tip, which explains the deviation between the experimental and

theoretical drop profile. For smal1er drop volumes(O), the overa1l drop shape is affected

by the syringe body. Thus, the best-fit curve to the experimental drop profile is_

significantly different from the theoretica1 profile, which yields the correct value of surface

tension. For larger drop volumes, the syringe affects the experimental profile(O) close to

t!le syringe body, but it has no effect on the overall drop shape as indicated by the perfect

match between the best fit curve to the experimental drop profile and the theoretical

profile. Thus, as the drop volume increases, the effect of the syringe on the overa1l drop

shape decreases until it becomes negligible, at which point the drop profile yields the most

accurate measurement ofsurface tension.

The above findings contradiet the prevailing view that surface tension

measurements are independent of drop size. To summarize, larger drops yield more

accurate measurements of surface tension for two reasons. The effect of the syringe on

the overal1 shape of the drop decreases as the drop volume increases, until it becomes

negligible. A1so, the relative error in determining the drop profile coordinates when

digitizing the image ofthe pendant drop, decreases with increasing drop volume.
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• Ml EFFECT OF SYRINGE DIAMETER ON INTERFACIAL
TENSION MEASUREMENTS

5.6.1) WORK OF STAUFFER

Stautrep6) used three different syringe diameters ta generate pendant drops with

significantly different diameter ratios ta detennine the effect of the diameter ratio, S,

equation (5-16) on the accuracy of surface tension measurements. The syringe diameter

had no noticeable effect on the Mean value of surface tension, but Stauffe~6)did not vary

the drop volume as he believed surface tension measurements were independent of drop

size.

5.6.2) WORK OF JENNINGS AND PALLAS

Jennings and Pallas(4) analyzed numerically generated drop profiles corresponding

ta different syringe diameters and determined that the error for an interfacial tension

• measurement is minimized when the dimensionless syringe radius, ~, is between 0.8 and

2.0. The dimensionless syringe radius, Ra, is a function ofthe actual syringe radius, R, the

density difference between the two phases, L1p, and the surface tension, y.

(5-19)

•

5.6.3) WORK OF LIN ET AL.

Lin et al.(39) studied the effect of syringe diameter on surface tension measurements

with the pendant drop apparatus. They measured surface tension for a range of liquids,

while varying the drop volume and the diameter of the syringe used ta generate the drop.

They detennined that the dependence of surface tension measurements on drop volume is

affected by the syringe diameter. Ta illustrate this effect, Fig. 5.8 shows the measured

surface tension ofwater for a range ofdrop volumes and two syringe diameters: 16 gauge

(1.2 mm i.d.) and 22 gauge (0.4 mm i.d.).
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The surface tension of water increases with increasing drop volume, eventually

reaching its literature value of 72 dyne/cm for both syringes. For the larger syringe,

surface tension measurements attained the true literature value, 72 ± 0.2 dyne/cm, for drop

volumes greater than 11.5 mm3
• The maximum stable drop volume ofwater for the larger

syringe, represented by the open circle in Fig. 5.5, is 21.6 mm3
• Therefore, a drop volume

between 11.5 - 21.6 mm3 is needed to obtain an accurate measurement of the surface

tension of water with a 1.2 mm. i.d. (mner diameter) syringe. For the smaller syringe

diameter, a drop volume between 7.5 and 8.2 mm3 is needed to obtain an accurate surface

tension measurement. Therefore, the larger syringe diameter provides a larger range of

drop volumes that yield accurate surface tension measurements of water, thus facilitating

the experimental procedure.
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The effect of syringe diameter on the dependence of surface tension on drop

volume is ex:plained by comparing the experimental profile, the best-fit profile and the

theoretical profile for the twa syringe diameters. The drop profiles for the smaller syringe

are shawn in Fig. 5.7 and the drop profiles for the larger syringe are shawn in Fig. 5.9.

For the drops generated by the larger syringe, Fig. 5.9b, all three profiles match almost

perfect1y, even at the smaUer drop volumes, whereas in Fig. 5.7, the best-fit curve matches

the theoretical profile for the largest drop only. Thus, it appears that the syringe has a

~shed effeet on drops produced from the larger syringe when compared to drops

produced from the smaller syringe. Recall from section 5.5 that the effect of the smaller

syringe on the drop profile decreases with increasing drop volume until the effeet of the

syringe becomes negligible. Drops produced fram larger syringes are of a larger volume

than drops from sma1ler syringes wlùch explains the reduced the effect of the syringe on

their drop profiles when compared to the effects on drops from smaller syringes.

•

• 2-W:,.....""'"'"-----------....-,

_ 21

]
.e

•

x (=e1)

(~ $)
Fig. 5.9 (A): Drop profiles of air drop in water wl syringe inner diameter = 1.2 mm.
(B): Eolarged rectangular Iegion from (A). Symbols (0,0): Experimental drop profiles.
SaUd Line: best-fit curve ta experimental drop profile. Dashed line: theoretical drop
profile generated with Bashforth and Adams(2)equation and y literatu:re value of water
a2~~cm) .
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• ~ MATERIALS & METROnS

~l)PENDANTDROPAPPARATUS

The pendant drop apparatus consists of several distinct components. The

experimental cell is a heated sample holder that secures the syringe and pendant drop in an

mert environment. A digital camera transfers the illuminated image of the pendant drop to

a computer, where the drop profile is analyzed to determine the interfacial tension. The

pendant drop apparatus and optica1 system are mounted on a vibration-proof table to

avoid vibrations. Additional infonnation on the pendant drop apparatus may be found in

the thesis by Demarquette(74) or the paper by Demarquette and Kamal(S). A general view

ofthe apparatus is given in Fig. 6.1.

•
Cpmputer
Frame
Grabber

•
Monitor

Experimental cell

Lenses Ught
Fiber Source

Camera optic

•
Fig 6.1: Pendant Drop Apparatus
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• 6.1.1) OPTICAL SYSTEM

The pendant drop is illuminated by a fiber optic light source which allows the drop

profile to be digitized. The wavelength of the light reaching the drop can be modified

using colored filters, to deteet small differences in the refraetive index between the two

phases. The digital camera and lens have a magni.tication factor of 960 pixels/cm which

was verified by an optical calibration insert with a target of 100 +/- .01 mm. The intensity

ofthe fiber optic light source is adjusted with a control diaI.

6.1.2) EXPERIMENTAL CELL

The experimental cell of the pendant drop apparatus consists of an eleetrically

heated, stainless steel chamber which has two quartz windows to pennit illumination and

viewing of the pendant drop (Fig. 6.2). The less dense fluid forms the matrix and is

contained by a standard glass adsorption œIl, held in place by a stainless steel ïnsert. The

insert is in finn contact with the experimental cell wall, improving heat conduction to the

• glass cell. A proportional temperature controller is capable of heating the cell to 300 +/­

0.5 oC.

Interfacial tension experiments with polymer melts involve exposure to high

temperatures for long periods of time. A positive pressure of inert gas removes oxygen

from the experimental cell, thus preventing oxidative degradation of the polymer melts.

The experimental cell must be virtually airtight in order ta maintain a stable positive

pressure for long periods of time. AlI leaks are sealed with a high temperature silicone

sealant. The area between the cell and the syringe holder is sealed by a standard silicone

o-ring in the cell cover. During an experiment, the syringe holder should be in contact

with the experimental cell cover to minimize the effects ofa potential breach in the o-ring.

Standard silicone degrades at about 200 oC, 50 the o-ring must be routinely replaced. The

only detectable leak in the system should be from the area between the caver of the

experimentai cell and the experimental cell itself When the cell is heated, the two metal

surfaces expand, minimizing the leak. The leak from the cell cover is unavoidable but it is

• acceptably small and causes no problems.
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Fig. 6.2: Experimental Cell
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6.1.3) DROP INSERTION DEVIeE

The syringe, syringe holder and needle are collectively referred ta as the drop

insertion device, shown in Fig 6.3.

The syringe is a stainless steel tube ofvarying diameter encased in a copper body_

The denser polymer, which forms the pendant drop, is inserted within the syringe tip. The

syringe is secured in an electrically heated syringe ~older which positions the syringe in the

experlmental celle

The drop plunger or needIe is attached to a micrometer and placed inside the

syringe. This aIlows the drop ta be sIowly extruded or pushed out the syringe tip, fonning

a pendant drop. A Ruion ring, just above the tip of the drop plunger, expands when

heated and fonns a seaI with the syringe body. This prevents drops smaller than the

critical drop volume from retracting into the syringe. A piunger and Ruion ring shouid

fonn a tight fit with die intended syringe ta ensure an effective seaI. Although the Ruion

ring is capable of resisting temperatures up to 270 oC for prolonged periods of time, it

does eventually lose its elasticity, at which point the entire plunger must he replaced. An

ineffective seaI, caused by either a degraded Rulon ring or a small plunger diameter, makes

it difficuit to obtain a stable pendant drop.
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Fig. 6.3: Drop Plunger in Syringe
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g) EXPERIMENTAL PROCEDURES

6.2.1) SELECTION OF SYRINGE DIAMETER

The selection of an appropriate syringe diameter for a pendant drop experiment is

based on the findings ofboth Lin et al.(38-39) and Jennings and PalIas(4).

Lin et al.(38-39) detennined that a larger syringe diameter affords a wider range of

drop volumes wruch yield accurate interfacial tension measurements. However, they did

not establish an ideal range ofsyringe diameters for interfacial tension measurements.

Jennings and Pallas(4) determined that the error for an interfacial tension

measurement is minimized when the dimensionless syringe radius, RJ, is between 0.8 and

2.0. The dimensionless syringe radius, RJ, is a funetion ofthe aetual syringe radius, R., the

_density difference between the two phases, Lip, and the surface tension, r: Note that

equation (5-19) is dirnensionless because the produet Lipg/yhas units oflength squared.

(5-19)

However, Jennings and Pallas(4) noted that their numerical analysis assumed ideal

conditions and that it may be diflicult to achieve the theoretical maximum drop volume for

larger syringe diameters during an aetual pendant drop experiment,.

From experience, it is recommended that a range of dimensionless tip rad~ Ri, of

0.8 to 1.4, be used as a general guideline for establishing the syringe diameter for a

pendant drop experiment. The reduced range ofRJ elinùnated problems encountered with

unstable drops that occurred at larger syringe diameters. A syringe diameter which

satisfies a dimensionless tip radius of 0.8-1.4 is still relatively large and should ensure a

wide range of drop volumes that yjeld accurate interfacial tension measurements,

alleviating concems raised by Lin et al.(38-39).
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• 6.2.2) SAMPLE PREPARATION

6.2.2.1) DENSERPOLYMER WITH THE CAPILLARY RHEOMETER

The denser polymer, which constitutes the drop in an interfacial tension

experiment, is prepared by extrusion with a capillary rheometer. The barrel of the

capillary rheometer is packed with polymer pellets which form a continuous polymer melt

under heat and pressure. A piston forces the polymer through a die to form long

cylindrical samples. The diameter of the extruded polymer samples must match the

syringe diameter as closely as possible. A tight fit between the sample and syringe is

needed to fonn a stable pendant drop.

The parameters affecting the extruded polymer sample diameter can be categorized

as either predetermined or adjustable parameters. Predetermined parameters are defined

prior to the experirnent and remain constant throughout its duration. They determine the

approximate diameter of the extruded polymer sample. The predetennined variables

include the die radius, the length to diameter (UD) ratio of the die, and the barrel

• temperature. The adjustable parameters are varied during the experiment to improve the fit

between the sample and syringe diameter. They include the piston speed and the

drawdown length ofthe polymer sarnple.

When preparing samples for a pendant drop experiment, the processing

temperature is usually set as low as possible to avoid polymer degradation. This is

especially important for polymers lacking temperature stabilizers, which degrade rapidly at

elevated temperatures. In addition, it is diflicult to produce samples of a constant

diameter at higher temperatures due to the low viscosity of the extruded polymer.

However, temperatures close to the melting point of the polymer may induce melt fracture

or an irregular surface structure in the samples. The onset of melt fracture cao be shifted

to higher shear rates by increasing the barrel temperature. A recommended processing

temperature, T, for pendant drop sample preparation is T", < T < T",+2f1'C, where T", is

the melting point ofthe polymer.

Both the diameter and the length to diameter (VD) ratio must be considered when

• seleeting a die. The effect of die diamet~r is obvious: the larger the die, the larger the
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extruded sample diameter. The VD ratio affects the die sweU of the polymer sample. A

• longer L/D ratio increases the residence time of the polymer within the die constriction

and aIigns the long polymer chains in the axial direction, which reduces the expansion or

swelling of the polymer sample when it exits the die. Therefore, a luger l/D ratio

decreases the sample diameter. Dies with small diameters and long un ratios experience

large pressure drops which can induce melt fracture. To summarize, the die diameter

determines the approximate diameter of the extruded polymer sample which can be

adjusted by varying the LlO ratio ofthe die.

The piston speed detennines the shear rate which affects the die swell and in tom

affects sample diameter. At lower shear rates, the polymer bas a longer residence time in

the die and the die swell decreases. At higher shear rates the opposite is true, but larger

pressure drops are aIso experienced, which may lead ta melt fracture.

The sample diameter may also be reduced by aIlowing the continuously extruded

polymer ta reach a distance below the die exit known as the drawdown length. The

weight of the polymer exerts a tensile force which stretches the sample and reduces its

• diameter. Increasing the drawdown length at a given shear rate increases the tensile force

wmch further reduces the sample diameter. The tensile effect is controlled by cutting

small samples at the bottom ofthe polymer strand, which maintains a constant drawdown

length.

Low shear rates and long drawdown lengths are recommended to produce polymer

samples ofa consistent diameter, as the conditions ensure a slow, stable extrusion process.

The exact values ofthe parameters needed to match the diameter of the extruded polymer

sample to the syringe diameter can only be determined by trial and error, using the general

guidelines established. Fig. 6.4 is an iterative action plan which should help users adjust

the capillary rheometer parameters to match syringe and sample diameters.

•
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Fig. 6.4: Iterative action plan to manipulate diameter of filaments ofdenser polymer phase using capiJIary rheometer 69



6.2.2.2) LESS DENSE POLYMER WITH CO:MPRESSION MOLD

• The less dense polymer is prepared by compression molding ofthe polymer pellets.

The mold is placed between by thin Metal sheets covered with a polyester film, which

assures a clean mold surface that does not adhere to the metal. The thin steel sheets are

flexible under pressure and ensure proper contact and heat transfer between the

compression molding heating plates and the mold itself: The mold should be filled with an

excess of polymer pellets to ensure that molten polymer completely fills the mold. High

molding pressures are used to eliminate voids or air pockets in the mold.

The mold assembly is placed between the heated compression molding plates,

which causes the polymer pellets to melt gradually over 5-10 minutes. The hydraulic

pump is used to maintain contact between the mold assembly and the hot plates during this

period to improve heat transfer to the mold. Pressure should not be applied to the mold

before the polymer pellets are completely melted to prevent air from being trapped within

the mold interior. Once the polymer has melted, the mold is pressurized to 10000 psig for

4 minutes, 20000 psig for 3 minutes and finally 30000 psig for 2 more minutes. The

• heaters are turned off and the mold is cooled to rcom temperature prior to releasing the

pressure and removing the mold.

Processing temperatures for compression molding are generally 20-30 oC above

the melting point of the polymer. If polymer degradation is a concern, the temperature

and/or the molding time May be reduced.

6.2.3) PENDANT DROP EXPERIMENTS

6.2.3.1) PENDANT DROP APPARATUS ALIGNMENT

•

The experlmental system must be properly aligned to avoid non-symmetrical

drops. Drop asymmetry May be corrected but it is not a trivial task(28). The experimental

cell must be secured on a level vibration-proof table. Theo, the digital camera is aligned

with the optical calibration Ïnsert. Final1y, the alignment of the syringe in the syringe

holder is verified with the digital camera.
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6.2.3.2) SAMPLE PREPARATION

The surface of the polymer samples should be cleaned with an appropriate solvent,

such as acetone. The samples are then dried under vacuum to eliminate surface moisture

and any residual traces of solvent. Polystyrene is moderately polar, as its repeat unit

contains a phenyl group. It is dried onder vacuum at 70 oC for about three hours.

Polymers with a higher degree ofpolarity, such as polyamide, should be dried at about 90

oC for the same amount of tirne. While not essential, the vacuum accelerates the drying

process and retards degradation ofthe polymer by reducing available oxygene

The denser polymer sample, prepared by extrusion in a capillary rheometer, should

measure approximately 1.7 cm in length. The sample is inspected for dirt or

contamination and quickly cleaned with compr~ssed air prior to insertion in the syringe.

In surface tension experiments, the polymer insert tended to slide out ofthe syringe before

it was fully melted. This problem was minimized by pushing a tightly fit sample 1 cm

inwards from the base ofthe syringe tip. In interfacial tension experiments, this was not a

problem, and the sample was set flush with the syringe tip.

The compression-molded polymer sample is eut into rectangular sections: the

length of the sample is % of the height of the glass celle The cross-sectional area should

match the dimensions of the glass cell as closely as possible. Firm contact between the

solid polymer and the opaque walls of the glass cell improves heat conduction to the

sample, causing it to melt quickly. In addition, a sample matching the dimensions of the

glass cell has less chance oftrapping air in the polymer melt.

6.2.3.3) ESTABLISHING AN INERT ATMOSPHERE

A 2-stage regulator, with a needle valve, contrais the gas pressure and the flowrate

to the experimental celle The gas cylinder is fully opened with both regulator valves fully

closed. Theo, the flow valve (smaller valve) is fully opened before slowly opening the

pressure valve while monitoring the pressure in the experimental cell, which should not

exceed a few psig. The system should be routinely checked for leaks, specifically, the
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regulator valve and its seal with the gas cylinder, the fine from the cylinder to the

• experimental ceU and the cell itseIt:

6.2.3.4) INTERFACIAL TENSION EXPERIMENT

•

•

The glass cell containing the less dense polymer is placed in the experimental cell.

The cover is firmly secured over the experimental cell with the two screws provided. The

temperature of the cell is raised to melt the polymer matrix. To prevent polymer

degradation, the cell is maintained under a positive pressure of inert gas. Once the

polymer is completely melted, which may be verified with the digital camera, the syringe

containing the denser po!ymer is secured in the syringe holder. The needle is placed in the

syringe, fully raised, so it does not prematurely force the denser polymer out of the

syringe. A compressed gas canister is used to clean the syringe tip from any dirt it may

have picked up from the syringe holder. The syringe assembly is lowered into the polymer

melt and locked into position. Dnly then are the syringe heaters raised to the appropriate

temperature. When the unheated syringe contacts the polymer melt, the still solid polymer

insert (denser polymer) will emerge a small distance out of the syringe into the melt. The

insert will begin to melt and then should retract within the syringe. Once the polymer drop

has completely retraeted into the syringe, it is allowed an additional 5-10 minutes,

depending on the temperature of the cell, to fully melt. Protraeted melting periods in the

syringe can lead to misshapen pendant drop profiles, the reason for which is unknown.

The polymer drop is extruded from the syringe into the surrounding melt by lowering the

plunger with the micrometer. See section 6.2.3.8 to determine the critical volume which

yields the most accurate detennination of interfacial tension. Do Dot disturb the drop

once a significant amount oftime has elapsed after it was extruded, as this May result in an

abnonnal drop shape.
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6.2.3.5) OPTICAL CORRECITON FAcrOR

For an interfacial tension experiment involving two liquid phases, the matrix

magnifies the image of the drop. The real drop dimensions are related to the apparent

image dimensions by an optical correction factor, n, which is determined by inserting a rad

of known diameter into the polymer melt and observing its apparent dimensions, as a

function oftemperature. The thermal expansion ofthe rod at the temperatures involved is

negligibie.

ncn (6-1)

6.2.3.6) SURFACE TENSION EXPERIMENT

Surface tension experiments are simpler than interfacial tension experiments as the

second phase is air or an inert gas. The differences between a surface tension and

interfacial tension experiment will be outlined. The syringe is placed in the unheated

• experirnental œil and bath heaters are raised to the desired set point. Once the polymer

insert in the syringe has fully melted, which requires approximately 20-30 minutes

depending on the temperature, the polymer is extruded ta the desired volume or length.

See section 6.2.3.8 to determine the critical volume which yields the most accurate

determination of surface tension. With surface tension experiments, a positive pressure

cannat be established until the drop melts in the syringe and seaIs the cell. Ta prevent

degradatio~ the polymer was melted and extruded at lower temperatures, at ·which point

an inert environment was established and then the temperature was raised ta the desired

set point.

6.2.3.7} RECORDING PENDANT DROP IMAGES

•
The design of the pendant drop system allows for on-line monitoring of the

apparent interfacial tension, Yapp, defined as the interfacial tension from a drop in a

dynamic state. In principle, an experiment is monitored and once conditions for
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equilibrium are satisfied, the equilibrium value of interfacial tension is recorded and the

experiment is tenninated. The procedure works weIl for surface tension experiments with

polymer melts of medium to low viscosity, as they reach equilibrium relatively quicldy

(less than 2-3 hours). However, interfacial tension experiments require much longer ta

reach equilibrium, often 10-24 hours, for polymers of comparable viscosity. Also, the

apparent interfacial tension approaches its equilibrium vaIue very slowly, especially as the

experiment nears completion. If the experiment is monitored on-line, fatigue May

influence the researcher ta terminate the experiment prematurely which could lead to

inaccurate estimations ofthe interfacial tension.

To solve tlùs problem, a prograrn was developed which automatically records

images of the pendant drop for a period of time that is much longer than the estimated

equilibration time ofthe experiment. The images are analyzed colleetively at a later time

and equilibrium can he determined with a greater degree ofconfidence.

6.2.3.8) CRITICAL DROP VOLUME

As outlined in the background and confirmed by experiments conducted for this

study, interfacial tension results depend on drop size. The maximum stable drop volume

or criticaI drop volume, ~, Yields the most accurate measurement of interfacial tension for

a given set of conditions. Theoretically, the critical volume depends on the syringe

diameter, the interfacial tension and the density difference between the phases, the last two

ofwhich are functions oftemperature.

The critica1 drop volume must he detennined from experiments because of

deviations from Tate's Law. Ficst, estimate the critical drop volume using Tate's Law

(equation 2-24) with the radius of the syringe and an estimate of the interfacial tension.

Assume the shape of the drop is approximately cylindrical, with the same radius as the

syringe, and calculate the length of the cylinder with the estimated criticaI drop volume.

For the fust pendant drop experiment, extrude the drop ta the length estimated from

Tate's Law. The drop length is monitored, as it can be detennined instantly on-screen, as

opposed to the drop volume, which must be determined by numerically integrating the
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drop profile with a spreadsheet program. Once the drop is extruded, its dimensions are

• monitored to determine equilibrium, as descnoed in section 6.3.1. If the drop reaches

equilibrium, its drop volume is calculated (section 6.3.3) and it is assumed to be less than

the true critical drop volume, ~. Further experiments are conducted, gradually increasing

the initial drop length, which increases the equilibrium drop volume. Once the critical

drop volume is surpassed, the drop will be unstable and its length will increase until the

drop necks and detaches from the syringe. The largest stable drop, prior to that point, can

be considered equal to the critical or maximum stable drop volume, V;;.

6.2.3.9) TERMINATING PENDANT DROP EXPERIMENT

•

•

At the end of a pendant drop experiment, the syringe needle is removed from the

heated eeU and syringe holder and placed aside. A small piece of kimwipe tissue is placed

within the needle and pushed with a steel rod until it contacts the polymer located in the

syringe tip. This can be continned by observing an increase in drop volume on the

monitor. The syringe assembly is then raised, which lifts the glass ceU filled with the less

dense polymer out of the experimental apparatus. The glass celI is removed and the

excess polymer on the syringe exterior is wiped away with a tissue before it can barden.

The glass ceU is quicldy placed in a preheated aven at a temperature of400 oC. The ceU is

positioned upside down at an angle to the aven wall which alIows the polymer to melt and

flow out of the celI onto the oven fIoor where it bums away. This minimizes the residue

buildup on the glass ceU wall, which is difficult to c1ean. The tissue is pushed out of the

syringe, removing MOst ofthe polymer from the syringe interior. Ifit bas solidified, lower

the syringe assembly back into the heated experimental œU, where it should quickly

soften. The syringe is then placed in the oven along the fIoor, to avoid bending the syringe

capillary tube, and the remaining polymer is bumed away.

The syringe should remain in the aven for a minimum ofone hour, after which rime

it may be removed and allowed ta cool. The syringe is cleaned with medium steel waal

followed by kimwipe tissue paper. The cleaning material is carefulIy packed in the syringe
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interior and pushed back and forth with a steel rod. Care must be taken not to jam the

steel wool in the syringe. Ifit becomes stock, it is difficult to remove.

The glass cells should be left in the heated oven for a few days to bum away as

much of the polymer residue as possible. The oven is then tumed off and the glass ceUs

within are gradually cooled~ keeping the oyen doors closed. Rapid cooling can cause the

glass cells ta crack. With repeated use, a polymer residue builds up on the surface of the

glass cells which prevents the digital camera from obtaining a clear image of the pendant

drop. The residue is removed by placing the glass cells in a solution of aqua regia (2/3

nitric acid, 113 suIfuric acid) overnight. The cells are rinsed with water and allowed to

dry. FinallY:r they are gently cIeaned with a kimwipe tissue to remove any remaining

residue. The acid solution is dangerous and should be handled under a fume hood with a

lab coat, rubber g10ves and eye protection.

6.3) ANALYZING PENDANT DROP PROFILES

6.3.1) PENDANT DROP EQUILmRIDM

The lengthy transition of the pendant drop to equilibrium for viscous polymer

melts makes the determination of the equilibrium time difficult. The first criterion for

equilibrium is a static pendant drop profile for a predetennined amount oftime (20-40% of

the equilibration time itself). Drop profile dimensions, specifical1y the maximum drop

length and radius, are quickly inspected with the TCPro imagjng software. When

equilibrium is reached, drop dimensions should remain constant. If drop dimensions are

not carefully monitored, equilibrium can be declared prematurely or unstable drops may he

misidentified as the drop profile changes in shape very slowly due to the high viscosity of

the polymers învolved. An unstable drop greater than the critical volume will neck and

slowly increase in length until it detaches from the syringe. A drop smaller than the critical

volume which is not sealed in place by a Rulon ring will shrink and eventually completely

retraet into the syringe.
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6.3.2) EQUILffiRIUM VALUE OF INTERFACIAL TENSION

The interfacial tension is monitored after the maximum drop dimensions appear

stable, because further small changes oceur in the shape of the drop profile and are

reflected in the value of the apparent interfacial tension. The dynamic transition of

interfacial tension is charaeterized by an exponential decay function, approaching

equilibrium very slowly in the Iater stages. When equilibrium is fina1ly attaine~ the data

",ill indicate a random error with no observable trend. The equilibrium state is determined

with the correlation coefficient, r, which measures the strength of association between

interfacial tension and tïme. Prior to equihorium, the apparent interfacial tension decreases

with time and is characterized by a large correlation coefficient. At equilibrium, the

interfacial tension no longer varies with tinte and so the correlation coefficient should be

negligible. The exact criteria used ta assess equilibrium for an interfacial tension

measurement in this study were: (1) a correlation coefficient between interfacial tension

and time ofless than 0.1 and (2) the standard deviation ofthe measurements at equilibrium

should not exceed 2%. Bath criteria must be applied ta a period oftime equal to 20-40%

ofthe equilibration time itseIt:

6.3.3) DROP VOLUME

The drop volume is calculated by numerically integrating the drop profile with a

spreadsheet program:

Vd =fffdV

Vd =fff r(drdzdO)

(6-2)

(6-3)

(6-4)

•
where h is the drop height and r is the drop radius which varies as a function ofz.
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6.3.4) INTERFACIAL TENSION

The interfacial tension is calculated with the dimensionless shape parameter, B, the

radius of curvature at the drop apex, a, the magnification factor M, the optical correction

factor, n, and the density difference, Ltp, between the two polymer phases which is

obtained experimentally or by equations of state.. The dimensionless shape parameter, B,

is calcuIated from the shape comparison routine developed by Anastasiadis and modified

by Kamal et al.(5), and the radius of curvature at the drop apex, a, is calculated from the

drop profile with Sigmaplot. See sections (6.4.2) and (6.4.3) for more details on the

calculation ofB and Q.

6.3.5) ERROR ANALYSIS

Apga2

(6-5)

The possible sources of error in an interfacial tension measurement are from the

estimation of the dimensionless shape- parameter, B, the radius of curvature at the drop

• apex, a, the magnification factor M, the optical correction factor, n, and the density

difference between the phases, Ltp. Additional error is incurred if drops smaller than the

critical volume or unstable drops are used to detennine the interfacial tension.

6.3.5.1) ERROR IN B AND a

The error in estimating the dimensionless shape pararneter, B, and the radius of

curvature at the drop apex, Q, occurs during the analysis of the drop profile. Note that if

the program is properly coded, the contribution to the total error from the estimation ofQ

and B would be negligibie. See section 6.4.2.3 for more details on the errors in the shape

comparison program.

The error in estimating the dimensionless shape parameter, B, depends on the

portion of the experimental drop profile omitted when fitting the Bashforth and Adams

equation. The fraction of the profile excluded from the curve-fitting procedure usually

decreases with increasing drop volume. Therefore, drops from the smaller syringe have a
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•
larger % error than drops trom larger syringes. From experience, values ofB from drops

with the 1.8 mm syringe have an error of approximately 1.5%, and drops ftom the 4 mm

syringe have an error ofapproximately 0.7%.

The error in estimating the radius ofcurvature at the drop apex, a, was determined

to be approximately 1% ofthe radius ofthe fitted circle itself

6.3.5.2) ERROR IN Ap

The error in the difference in densities depends on the method used to charaeterize

the individual polymer melt densities. If characterization equipment is not available,

equations of state can be used, but are subject to relatively large errors, ranging from 2­

4%. For an interfacial tension experiment, where there are two polymer phases, the

additive errors can be substantial. In this study, the Gnomix P-V-T apparatus was used to

estimate the polymer densities and it is considered very accurate with an error of less than

0.5%.

6.3.5.3) ERROR IN M

• The Jens on the digital camera has a magnification factor which is precisely

determined with an optical insert consisting of a circular target witb a radius specified to

three decimal places. The error of the magnification factor is relatively small at

approximately 1%.

6.3.5.4) ERROR IN n

The optical correction factor, n, is related to the refractive index of the matrix

Iiquid, which magnifies the drop in an interfacial tension experiment. Note that this error

does not apply to surface tension experiments as the reftaetive index of air is negligibie.

The optical correction factor is determined by observing the change in the dimensions of a

rod inserted within the polymer melt. The error is relatively high at approximately 3%,

because the refraetive index itselfis a relatively small quantity.

•
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6.3.5.5) PROCEDURAL ERRORS

If the experimental procedure is not carefully followed, interfacial tension

measurements can be subject to large additional errors. Procedural errors are related to

interfacial tension measurements from either reduced drop volumes or unstable drops.

This study has determined, in accordance with the findings of Lin et al.(38.39), that

interfacial tension results depend on drop size. Therefore, the interfacial tension should be

measured from the largest stable or critical drop volume. Smaller drop volumes can

reduce the measured value of interfacial tension and should be avoided. See section

(6.2.3 .8) for more details on determining the critical drop volume.

The Bashforth and Adams(2) equation used to determine the interfacial tension

from the drop profile is ooly valid under equilibrium conditions. ff the interfacial tension is

measured from an unstable drop, the errors' can be substantial, reaching values up to

100%. The further the drop is from its equihorium state, the larger will be the resulting

error in the interfacial tension measurement. These errors can be completely eliminated by

confinning that the drop has reached equilibrium before determining the interfacial

tension.

6.3.5.6) TOTAL ERROR IN DETERMINING INTERFACIAL TENSION

If an independent variable, R, is a function of m independent variables Xi with

individual eITors, exi, then the error in R is defined by Rolman(1S) as:

[
e="'(8R )2]~eR = L -er,
e=1 axe

Ifthe interfacial tension is calculated by equation (6-7):

(6-6)

(6-7)

•
where B is the dimensiooless shape parameter, a is the radius of curvature at the drop

apex, Mis the magnification factor, n is the optical correction factor and L1p is the density
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difference between the phases. Then, the total error in the value of the measured

• interfacial tension is defined as:

After calculating the derivatives and substituting terms from equation (6-7) into (6-8),

equation (6-9) becomes:

1

eT = [U>OpJ+(2;e.J +(~eBr+(~eMJ+(~e.)']' (6-9)

Then the percent error in the interracial tension is obtained by dividing both sides of the

equation by y and multiplYing by 100:

•

•

(6-10)

Table 6.1 lists a typical set of percent errors for a surface tension experiment with

a 4.0 mm diameter syringe which lead to a final percent error ofapproximately 4.5%.

Variable % Error

B 0.7

a (pixels) 2.0

Ap(glcm.3) 0.5

M (pixels/cm) 1.0

n 0

Table 6.1: Percent erraIS for surface tension experiment with 4.0 mm diameter syringe. B is the
dimensionless shape parameter, a is the radius of curvature at the drop apex, M is the magnification
factor~ n is the optical com:ction factor and ~p is the density ditrerence between the phases.
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•
Table 6.2 lists a typical set of percent errors for an interfacial tension experiment

with a 1.8 mm diameter syringe which lead to a final percent error of approximately 8%.

The larger percent error is due mainly to the error in the refractive index, n.

Variable % Error

B 1.5

a (pixels) 2.0

L1p (g/cm.J) 1.0

M (pixels/cm) 1.0

n 3.0

Table 6.2: Percent errors for interfacial tension experiments with 1.8 mm diameter syringe. B is the
dimensionless shape parameter, Q is the radius of curvature at the drop apex, M is the magnification
factor, n is the optical correction factor and LJp is the density ditferenœ between the phases.

6.4) COMPUTER PROGRAMS

• The code for Sigmaplot which detennines the radius of curvature at the drop apex

and the Wmbatch program used to automate the measurements are reprinted in the

appendix.

6.4.1) AUTOMATED RECORDING OF DROP IMAGES

After extruding the pendant drop, the user initiates the program which

independently records images of the pendant drop profile at specified time intervals. Once

the pendant drop experiment is finished, the images are analyzed to detennine the

equilibrium value of interfacial tension. The program worles by automating keystrokes

within the imaging software, TCPro. It was written using the WmBatch language

developed by Wl1son WmdowWare.
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6.4.2) DROP PROFILE ANALYSIS PROGRAM

• The drop profile analysis program bas three main components. The code for the

pendant drop profile analysis program can be found in Demarquette's thesis(74).

6.4.2.1) EDGE DETECTION

An edge detection progcam is used to obtain the drop contour from a digitized

drop image. The program scans the image and detects the contours of objects by

differences in gray levels. Once a pixel reaches a gray level higher than a threshold value it

is defined to be part of the object. Girault(29) proved that the value of interfacial tension is

affected by less than 1%, depending on whether the threshold value or the previous pixel

is taken as the drop contour. The outennost points fonn the contour ofthe objecte

•

•

6.4.2.2) PROFILE SMOOTBING

The smoothing program fits a continuous polynomial curve ta the drop contour

points. It eliminates small irregularities in the drop profile. The smoothing is done

piecewise (point by point replacement) along the whole profile of the drop. Due ta an

error in the smoothing routine, the program is unable to analyze certain images of drop

profiles. The effects of the error can be minimized by changing the vertical position ofthe

pendant drop on the recorded image and by recording a large number ofimages.

6.4.2.3) SHAPE COMPARISON

A robust shape comparison between the experimental and theoretical profiles is

performed by optimizing five separate parameters: three parameters for aligning the

experimental drop profile ta the coordinate system of the theoretical drop profile (r and z

translation plus a rotation, S), one parameter for the dimensionless shape factor, B, which

describes the shape of the drop, and one pacameter for the scale factor of the drop, c,

which adjusts the absolute size of the drop. The theoretical profile is obtained from
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numerical solutions ofthe Bashforth and Adams(2) equation. The interfacial tension is then

• calculated from the scale factor, c, corresponding to the set of five parameters which

minimizes the overall error and provides the optirnal fit to the experimental profile, where

c is defined as:

c=~~ (6-11)

•

•

and L1p is the density difference between the two fluid phases, gis the gravity constant and

r is the interfacial tension.

The modified version of Anastasiadis,(3) drop analysis program used in this study

has two flaws, both ofwhich occur during the shape comparison of the experimental drop

profile to solutions ofthe Bashforth & Adams(2) equation.

The program can only generate a theoretical profile which matches the

experimental drop .profile if a portion of the experimental drop profile closest ta the

syringe is eliminated. This reduces the accuracy of the dimensiooless shape factor, B,

because it is not derived from the entire experimental drop profile. For large drop

volumes, the fraction of the drop profile eIiminated is relatively small (less than 10%) and

it ooly marginally increases the total error. However, the relative fraction increases as the

drop volume is decreased, further increasing the error for smaller drops. As a general

mIe, if the fraction of the drop profile omitted from the curve-fitting procedure exceeds

25%, the results should be discarded, as they are not necessarily representative of the

entire drop profile.

In addition, the shape comparison program used for this study provided only the

value of the dimensionless shape factor, B. The program does not give the value of the

scale factor, c, which is used to calculate the interfacial tension. Therefore, a fix was

implemented which calculates the radius of curvature at the drop apex, a, by fitting the

equation ofa circle to the drop profile. The interfacial tension cao then he calculated with

both B and a as in equation (6-7). A1though the method works, it introduces additional

error into the calculation of interfacial tension because of the uncertainty in estimating a
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•

differential quantity at a single point from a series ofdiscrete points that comprise the drop

profile.

It is important ta note that the reduction in accuracy caused by the problems with

the shape comparison program does not invalidate interfacial tension results. In fac!, the

overall errors for the measurements are still relatively low and the accuracy and

repeatability of the apparatus baS been proven with several fluids. See section (6.3.5) for

details on the error analysis and section (6.2) for details on the accuracy and standard

deviation ofsurface tension measurements.

6.4.3 RADIUS OF CURVATURE

The radius of curvature at the drop apex, a, is calculated as the radius of the

largest possible circle fitted to the drop profile whose average residual error does not

exceed 1% ofthe radius ofthe fitted circle itself SigmaPlot is used to fit the equation of a

circle to the drop profile and a WmBatch program is used to automate the keystrokes to

reduce analysis tîme.

6.5 MATERIALS

The high-density polyethylene is IIDPE 04452N and the polystyrene (PS) is Styron

685D, both from Dow Chemicals. The linear low-density polyethylene (LLDPE)

copolymers.are experimental resins from Nova Chemicals. The densities of the linear Iow­

density polyethylenes resins are found in Table 4.3. The Gnomix P-V-T apparatus was

used to determine equations of state for the polymer resins in the melt state. Densities are

in glcm3 and temperatures are in oC.

•

PTmPE = 0.868-5.66·1rrr

pps = 1.10-6.80·IrrT

(6-12)

(6-13)

85



1) RESULTS AND DISCUSSION: EVALUATION OF THE

• PENDANT DROP METROD

1J) DETERMINATION OF EQUILmRIUM STATE

Two criteria were established ta determine the equilibrium state ofa pendant drop:

(i) the shape ofthe drop profile must remain constant for a predetennined period of time;

(u) the interfacial tension, which depends on the shape of the pendant drop, must also

remain constant for a predetennined period of time. At fics!, it may appear that only one

of the above criteria would be sufficient, as they both reflect the shape of the drop over

tÎme. However, the results presented will demonstrate the need for the two separate

criteria.

•

•

The period of time required ta establish equilibrium for either of the criteria is

usually 20-40% of the equilibrium tinte itseIt: An interfacial tension experiment with

polymer melts at relatively low temperatures, may take 24 hours ta reach equilibrium. Ta

properly determine equilibrium in this case, the two criteria would have ta be satisfied for

a period oftime ofapproximately 4.8 hours or 20% ofthe equilibrium time itselt: On the

other hand, a surface tension experiment May take ooly 2-3 hours ta reach equilibrium, in

which case the time required to establish equilibrium would be approximately 40% of the

equilibrium time itselfor 60 minutes.

7.1.1) DROP DIMENSIONS

The tirst criterion ta detennine equilibrium requires a statie or unchanging drop

profile for a predetermined amount of time. The maximum length and diameter of the

pendant drop are easily measured and characterize the shape ofthe drop profile. The drop

dimensions are monitored over time with the TCPro imaging software. The pendant drop

is assumed ta have reached equilibrium once the maximum drop length and diameter reach

a constant value.
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•
During experiments ta measure the interfacial tension between LLDPE A and PS,

the dimensions of a pendant drop were monitored and the initial extruded drop volume

was varied. The maximum length (Fig. 7.1) and diarneter (Fig. 7.2) ofthe largest drop (1)

did not stabilize. Drops 2 and 3 reached a stable drop length and diameter between 5 and

6.5 hours. Therefore, drops 2 and 3 were assumed to have reached equilibrium and had a

drop volume less than the critical volume while the first drop did not reach equih1>rium and

its volume was assumed to be larger than the critical volume.

1.45

• •
1.4 • (1)•• •-.. 135 •<:l

~ • • • • • • ••~ 1.3 • (2)---=.- •-(lIS 1.25 .. ..=:
.c (3)- 1.2• CD

= •~

~ 1.15 •C.e
~ 1.1

LOS

1 -
0 2 4 6 • 8 10 12 14 16

Tlme (br)

Fig. 7.1: Drop Length Ratio (LlLo) as a fimction oftime for LLDPE AlPS at 200 oC, where Lis
drop length at lime t and L o is initial drop length. Symbols: 1(11): Lo=O.21cm, 2(.): Lo=O.18cm,
3(Â)Lo=O.16 cm.

• 87



Fig. 7.2: Drop Diameter Ratio (DIDo) as a function oftime for LLDPE AlPS at 200 oC. where D
is drop diameter at time t and Do is initial drop diameter. Symbols: 1(.):Do=O.13cm,
2(+):Do=O.11cm, 3(.): Do=O.OS cm"

8 10 12
Time (br)

1 -• 0.98

_0.96
Q

~ 0.94
"-'
c; 0.92 6
~.. 0.9 •
~-~
=0.88.-= •=.0.86 •e •=0.84 ••

0.82

0.8

0 2 4 6

•

•• •
•

•
•

(3)

• Â

(2)

• • •
(1)

• • • •
14 16 18 20

•

In the later stages of the pendant drop experimen~ the drop Iength ratio (Fig 7.1),

for curve (1) is increasing by approximately 0.007 hr-l and the drop diameter ratio (Fig

7.2) is decreasing by approxirnately 0.003 hr- l
. The drop length ratio, LILa, is defined as

the ratio of the drop length at time /, L, ta the initial drop length, La, and the drop

diameter ratio, DIDo, is defined as the ratio ofthe drop diameter at time /, D, to the initial

drop diameter, Do. Although the change in the drop dimensions is very slow, due to the

high viscosity of bath polymer melts, it clearly indicates that the first drop is not in

equilibrium. If the drop dimensions are not carefully monitored over time, an unstable

drop can be mistaken for a drop that has reached equilibriurn, and this wouid increase the

error in an interfacial tension measurement.

To summarize, the inspection of drop dimensions accomplishes two goals: (i) it

can quickly assess equilibrium without the need ta calculate the interfacial tension from the
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drop profiles, which is a time-consuming process; (ü) it identifies unstable drops which

• reduce the accuracy ofinterfacial tension measurements.

7.1.2) INTERFACIAL TENSION

Once a stable drop is obtained, as indicated by the length and diameter

measurements, the drop profiles are analyzed ta determine the equilibrium value of

interfacial tension.

The interfacial tension for the stable drop, (curve (2), Fig. 7.3), reaches equilibrium

within 7-8 hours. Recall, that the equilibrium time, fust detennined by monitoring the

maximum drop length and diameter (Fig. 7.1 and 7.2), occurs between 5 and 6.5 hours.

The equilibrium time determined by monitoring drop dimensions is ooly an approximation

ta the true equilibrium time, which must he determined by the interfacial tension. The

drop profile ooly reaches equihorium when the entire drop shape is constant. By

monitoring ooly the maximum drop length and diameter, further small changes in the drop

• shape are ignored, but are detected by the profile analysis progr~ as it determines the

interfacial tension from the entire drop profile. Therefore, the true equilibrium time,

determined by the interracial tension, usually oceurs sorne time after the maximum drop

dimensions appear to reach a constant value.

The MOst common criterion for equilibrium requires a minimum variation in several

measurements of interfacial tension over a predetennined period of time. An example is

the criterion employed by DeMarquette et al.(S): equilibrium was assessed when the

variation of interfacial tension was less than 2% from measurements taken every 10

minutes over a period oftwo hours. Curve (1) in Fig. 7.3 shows the apparent interfacial

tension as a function of time for the unstable drop, which was confirmed by measuring the

drop dimensions over time (Fig. 7.1 & 7.2). Applying the criterion for equilibrium

established by DeMarquette et al.(S) to the apparent interfacial tension data in cunre (1),

the drop would qualify for equilibrium, as the standard deviation in the data during the

period oftime, 11.5-14.5 hours, is ooly 0.025 dyne/cm or 0.5%, even though the drop is
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•

•

unstable. In fa~ the standard deviation in the apparent interfacial tension for the unstable

drop frOID 8-16 hours is ooly 2.2%. This example demonstrates that the standard criterion

to determine equilibrium May be inadequate for interfacial tension experiments with long

equilibration times. An incorrect determination ofequilibrium will increase the error in the

reported value ofinterfacial tension. Ifequilibrium were determined for the unstable drop

(curve (1) in Fig. 7.3) according ta the criterion established earlier, it would result in a

value ofinterfacial tension of4.85 dyne/cm. This is aImost a full 0.3 dYne/cm greater than

the true value of interfacial tension, 4.57 dyne/cm, obtained from curve (2) in Fig. 7.3,

which was based on the largest stable drop, as confirmed by monitoring drop dimensions.

Generally, the increased drop volume associated with a necking drop is accompanied by an

increase in the apparent value of interfacial tension. On the other hand, drop retraction

decreases the drop volume and usually causes a reduetion in the apparent value of

interfacial tension.

The criterion presently used by most researchers to determine equilibrium is

inadequate as it ooly accounts for the variation of the interfacial tension over a short

period of time, which cao lead to an incorrect assessment of equilibrium. A more precise

method to determine equilibrium uses the correlation coefficient to measure the strength

of association between the value of interfacial tension and rime. The data from curve (2)

in Fig. 7.3 after 7.7 hours has a correlation coefficient of 0.096 indicating that the

interfacial tension is not changing with time and. has reached equilibrium. The standard

deviation in the data is 0.03 dYne/cm or 0.65% and is due to random experlmental error.

On the other hand, the data from curve (1) in Fig. 7.3 has a correlation coefficient that is

higher than 0.96 for any period oftime after 4 hours and tms indicates that the tirst drop is

unstable.

The recommended criteria for establishing the equilibrium state are: (i) a

correlation coefficient of less than 0.1 and (ü) a percent standard de'\'iation of less than

2%. Both criteria should be based upon a period of tinte approximately 20-40% of the

equilibrium tinte itselt: The limit for the correlation coefficient cao be increased to

compensate for the potential effects of thermal degradation, which can slowly reduce the

measured value ofinterfacial tension over time.
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Fig. 7.3: Apparent interfacial tension as a function of time for LLDPE AlPS at 200 oC.
Symbols: 1(_): L o=O.21 cm, 2(.): L Q=O.18 cm

1:1.) ACCURACY AND STANDARD DEVIATION OF SURFACE
TENSION MEASUREMENTS

7.2.1) ACCURACY

•

The accuracy of the pendant drop apparatus was confinned with the 1.8 and 4.0

mm diameter syringes with ethylene glycol and water (Table 7.1), two liquids whose

surface tensions are weIl defined in the literature. It is difficult to assess the accuracy of

pendant drop apparatus with polymer melts because their surface and interfacial tensions

depend on composition. The values of surface tension were deternüned from drops close

to the critical drop volume, as it has been proven by Lin et al.(38.39) that the Iargest, stable

drop yields the most accurate deternünation ofdrop volume.
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Liquid Syringe YEq YLitQ2) % Error
diameter (mm) (dyne/cm) (dyne/cm)

Water 1.8 68.7 72.0 4.6

Ethylene Glycol 4.0 43.1 47.3 8.9

Table 7.1: Experimentally determined values of surface tension, ~ for water and ethylene glycol
compared 10 literature values, ~,. Values for 2S oC.

The experimental error for the values ofsurface tension are significant, particularly

for the 4 mm diameter syringe, and is uncharacteristic of measurements with the pendant

drop apparatus. The pendant drop apparatus at McGil1 University was designed to

measure the surface and interfacial tensions of viscous polymer melts, not low viscosity

liquids, such as water and ethylene glycol. It was not possible ta produce stable pendant

drops with the liquids without making major modifications ta the pendant drop apparatus.

Therefore, ail the surface tension measurements with low viscosity Iiquids were from

unstable pendant drops, wmch introduces additional experirnental error. Unstable drops

of low viscosity liquids can still yield reasonably accurate measurements of interfacial

tension because the drop profile is assumed ta reach equilibrium almost instantaneously

(WU(8~. Drops from the 1.8 mm diameter syringe either necked or retracted slowlyand

their profiles were used as reasonable approximations to equilibrium profiles of the same

drop volume. ~owever, drops formed with 4 mm diameter syringe fluetuated rapidly in

size and shape for an unknown reason and increased the experimental error of the

measurements. This behavior was not observed with drops from the smaller syringe.

7.2.2) STANDARD DEVIATION

The standard deviation of surface tension measurements with the pendant drop

apparatus was assessed from blind tests with several LLDPE resins. The surface tensions

were calculated from the largest stable drop volume.
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Resin Surface Tension (dyne/cm) IStandard Deviation
A 23.3 0.22

23.6
23.9
23.4
23.7
23.4

C 24.0 0.30
24.4
24.5

D 26.5 0.11
26.4

E 27.9 0.01
27.9

Table 7.2: Standard deviation of surface tension measurements
from several LLDPE resins with the 1.8 mm diameter syringe.
Values for 160 oC.

7.3) EFFECT OF DROP VOLUME ON SURFACE TENSION
MEASUREMENTS

7.3.1) SURFACE TENSION OF HEPTANE

The surface tension of heptane was determined experimentally from a range of

drop volumes;, with two different syringe diameters, 1.8 and 4 nun to verify the

dependence of surface tension on drop volume, as experimental results of Lin et al.(38,39)

have not been independently reproduced or confirmed in the literature. A simple liquid

was chosen, because its surface tension is well defined in the literature.

7.3.1.1) SURFACE TENSION OF HEPTANE W/1.8 mm DIAMETER SYRINGE

The surface tension ofheptane is clearly a function of drop volume for the smaller

syringe diameter (Fig. 7.4). The surface tension increases linearly with drop volume

between 5.5 a.'1d 11.5 mm3
;, before reaching a constant value of 19.7 dyne/cm between

11.4-13.3 mm3
, which is within 2.2% of the literature value ofheptane (20.14 dyne/cm).
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••
The drop profile analysis program couId not fit the Bashforth and Adams(2) equation to

drop volumes smaller than 5.5 mm3
•
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Fig. 7.4: Surface Tension as functicn of drop volume for heptane al 23 oC with inner syringe
diametery d=1.8 mm. lL,: Literature surface tension value ofheptaney 20.14 dyne/cm. Vc:: Critical
Drop Volume

7.3.1.2) SURFACE TENSION OF HEPTANE W/4 mm DIAMETER SYRINGE

•

For the larger syringe, it was difficult to assess the effect of drop volume on the

surface tension of heptane due to the degree of scatter in the data (Fig. 7.5). The scatter

in the surface tension measurements of heptane with the large syringe diameter is related

to problems with drop stability and is explained in section (7.2.1). A correlation

coefficient (r) of 0.7 was calculated with the data that indicates that the surface tension of

heptane is increasing with drop volume. In addition, it appears that the surface tension

data can he divided inta two groups: drop volumes less than 19 mm3 and those greater

than 19 mm3
. It was confirmed with statistical analysis Ct-test) that the meaI\S of the two
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• groups were different: for drop volumes less than-19 mm3
, the surface tension bas a Mean

of 19.0 ± 0.4 dyne/cm, while for drop volumes greater than 19 mm3
, the surface tension

bas a Mean of20.9 + 0.4 dyne/cm. It is not known whyan abrupt change in the surface

tension occurs at 19 mm3
, but it is possible that the scatter in the surface tension

measurements masks a smooth linear increase of surface tension with drop volume, Iike

that found previously with the smaller syringe (Fig. 7.3). Note tbat the average surface

tension ofall the measurements is 19.9 dyne/cm, which is very close to the literature value

ofthe surface tension ofheptane, listed at 20.14 dYne/cm.
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Fig. 7.5: Surface Tension as fiwction of drop volume for heptane at 23 oC with inner syringe
diameter d=4 mm. ]Ut: Literature surface tension value of heptane,. 20.14 dyne/cm,. Vç : Critical
Drop Volume

7.3.2) SURFACE TENSION OF LLDPE E

•
To evaluate the effect of drop volume, fol' polymer melts, the surface tension of

LLDPE E was measured with both the 1.8 mm and 4 mm diameter syringe. It is

suggested that the maximum experimental value of surface tension is the most accurate
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• surface tension measurement, which is justified by the results obtained with heptane and

the results published by Lin et al.31-39.

7.3.2.1) SURFACE TENSION OF LLDPE E W/l.8 mm DIAMETER SYRINGE

The surface tension of LLDPE E was determined experimentally from a range of

drop volumes, 6-16 mm3
, with the 1.8 mm diameter syringe. The data in Fig. 7.6 indicate

that the surface tension ofLLDPE E is a function ofdrop volume for the 1.8 mm diameter

syringe. The surface tension increases asymptotically with drop volume and reaches a

maximum value of 27.1 dyne/cm for drop volumes greater than 12.9 mm3
• Note that the

value of surface tension increases slightly for drop volumes greater than 12.9 mm3
, but the

difference (2.2%) is not significant as it less than the experirnental error of the

measurements.
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Fig. 7.6: Surface Tension of LLDPE E as a function of drop volume at 160 oC with syringe
diameter d = 1.8 mm. 11Jœ: Maximum surface tension ~: Critical Drop Volume
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7.3.2.2) SURFACE TENSION OF LLDPE E W/4 mm DIAMETER SYRINGE

• The surface tension ofLLDPE E was determined with the 4 mm diameter syringe

from a range of drop volumes, 12.3-30.8 mm3
• The data, displayed in Fig. 7.7, suggest

that the experimentally detennined surface tension ofLLDPE E is also a function of drop

volume. The surface tension of LLDPE E increases asymptotically from its lowest value,

22.3 dyne/cm. at 12.3 mm3
, to its maximum value of28.7 dyne/cm 22.5 mm3

• The values

of surface tension do increase slightly from 22.5 mm3 to the critical drop volume (30.8

mm3
) but the difference is not significant.
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Fig. 7.7: Surface Tension of LLDPE E as a funetion of drop volume at 160 oC with syringe
diameter d = 4 mm. J'Max: Maximum surface tension ~: Critical Drop Volume
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• 7.4) EFFECT OF SYRINGE DIAMETER

The effect of the syringe diameter on surface tension measurements is determined

by comparing the data obtained from pendant drop experiments with the 1.8 and 4.0 mm

syringe diameter for the two tluids: heptane and LLDPE E. The results which will be

compared for the two syringe diameters are; (i): the maximum value of surface tension,

(ri): The nünimum drop weight to surface force ratio,~ which represents the ratio of

the smallest drop volume that yields the Iiterature value of surface tension, (m): the range

ofdrop volumes that yield the maximum value ofsurface tension and (iv): the dependence

ofsurface tension on drop val~me, dyldV.

,;, _ Jip~g _ GravitationaIFoTce
Mur - 21CRy - Surj'aceFoTce

(7-1)

•

•

Table 7.3 lists the results obtained with heptane and LLDPE E far the two syringe

diameters.

FIuid Syringe (i) YMu (ii) ÇKIII (iii) Volume (iv) dyldV
Diameter (mm) (dyne/cm) Range(mm~ (dyne/cm/mm;

Heptane 1.8 19.7 .68 1.9 (11.4-13.3) 0.72

Heptane 4.0 20.9 .48 5.9 (19.0-24.9) 0.17

LLDPEE 1.8 27.1 .64 3.2 (12.9-16.1) 0.65

LLDPEE 4.0 28.7 .48 8.3 (22.5-30.8) 0.24

Table 7.3: Comparing results for heptane and LLDPE for two syringe diameters: 1.8 and 4.0 mm.
Ci) YM-: Maximum value of surface tension. (ü) ~ Drop weight to surface force raûo where the drop
volume is the smalIest drop to yield the maximum. value of surface tension. (ili) Volume range: Range of
drop volumes which yield the maximum value of surface tension. Bracketed tenn shows the absolute
values of the range. (iv) dyldV: The dependence of surface tension on drop volume for volumes less than
in (ili).

The maximum value of surface tension for both syringe diameters compared reasonably

weIl, but the larger syringe yielded a 6% higher value of surface tension with both fluids.

The minimum drop weight to surface force ratio, l;Mm, is decreasing for both fluids as the

syringe diameter is increased. The range of drop volumes that yield a constant, maximum

value ofsurface tensian increases as the syringe diameter is increased for both fluids. The
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dependence of surface tension on drop volume, dr/dV, was calculated trom the linear

region in the data before the surface tension reached a constant, maximum value. For both

fluids, the slope, dyldV, decreased as the syringe diameter was increased. The decrease in

§Jin implies that a smaller drop volume, relative to the syringe diameter, is needed to

obtain the maximum value of surface tension for the syringe with the larger diameter

syringe. The range of drop volumes that provide the maximum constant value of surface

tension is aIso larger for the 4.0 mm diameter syringe. It can be conc1uded from the

previous results that it is easier ta obtain an accurate measurement of surface tension with

a larger syringe diametec

Next, the data will be compared ta results obtained by Lin et al.(38,39). Comparing

the values for ~, (Table 7.3 and Fig. 7.8), the results for the 1.8 and 4 mm diameter

syringes are similar ta those obtained by Lin et al. with 0.4 and 1.2 mm diameter syringes,

respectively. The range of drop volumes which provide the maximum value of surface

tension and the effect of drop volume on surface tension aIso compare well (see section

5.6.3 for results ofLin et al.(38,39~. Therefore, the trends observed with increasing syringe

diameter are in agreement with results obtained by Lin et al., but we are observing sirnilar

effects at larger syringe diameters. It is theorized that the effects of drop volume on

surface tension are due ta the influence of the syringe body on the shape of the drop

profile as explained in sections (5.5.2) and (5.6.3). Bath studies used a typical grade

stainless steel for the syringe body, sa the increased effect is probably not caused by a

difference in materials. It is not known precisely what caused the increased effect of drop

volume on the value of interfacial tension compared ta the results obtained by Lin et

al.(38,39)•
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100



8. CONCLUSION

• PART 1: SURFACE TENSION OF LLDPE

8.1) DENSITY

The structural differences between the resins had no significant effect on their melt densities. The

largest density difference between the resins was less than 1% and is of the same arder of magnitude of

the measurement errar of the P-V-T apparatus. This implies that the cohesive energy densities of the

resins are similar and are not responsible for the apparent differences in surface tension.

8.2) EFFECTIVE MOLECULAR WEIGHT

•

For a linear polymer, the number average molecular weight represents the molecular weight

between chain ends and can be used to characterize bulk polymer properties because it accurately reflects

the concentration of free ends compared ta the number of main chain units. For a branched polYmer, it

was theorized that the number average molecular weight does not characterize bulk polymer properties

because it does not account for the branched ends, which are similar ta main chain ends. The effective

molecular weight conside.rs the concentration of all the ftee ends. The effective molecular weight

accounts for the surface tension differences among the LLDPE hexene copolymer series. The

relationship could not be confirmed for the other a-olefin copolymers due to lack ofdata.

8.3) POLYDISPERSITY

It was theorized that the effects of polydispersity on the value of surface tension were minimal for

LLDPE copolymers produced with Metallocene catalysts and were significant for those produced with

Ziegler-Natta catalysts. The difference in the effect of polydispersity among catalyst type is due to

structural differences that exist among the resins. The effects of polydispersity are believed ta be

responsible for a large surface tension reduction noted in sample G.

8.4) EFFECT OF a-OLEFIN COPOLYMER

It was difficult ta assess the effeet of the a-olefin copolymer (length of the alkyl branches) on the

surface tension of the LLDPE resins due ta the limited data available. However, from the experlmental

• results, it is c1ear that differences between the a-olefin series exist, although no clear trends are apparent.
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• 8.5) FREE VOLUME

Branched ends have a larger free volume than a repeat unit and the thennal expansion coefficient

is a partial measure offree volume. As the thermal expansion coefficient ofthe LLDPE copolymer resins

increased, the surface tension decreased linearly, which appears to support the relationship between the

surface tension and the concentration ofthe branched ends.

8.6) COMPARISONS OF LLDPE SURFACE TENSION WITH LITERATURE

•

•

The values of surface tension of the LLDPE resins compared weil with the surface tension of

severa! branched PE resins measured by Dettre and Iohnson(63). AIso, the concept of effective molecular

weight appeared to explain observed trends in the literature data.

The surface tension of the LLDPE resins was compared to literature values of surface tension of

linear PE, in order to determine ifthere was a difference in surface tension between a linear and branched

polymer of equal molecular weight. From the data available, there is no conclusive proof that branched

polymers have lower values ofsurface tension than linear polymers of the same molecular weight. It was

aIso unclear from the data whether the polymers should he compared on a number average molecular

weight basis or effective molecular weight basis due to inconsistencies in the literature data.

8.7) SURFACE TENSION TEMPERATURE COEFFICIENTS

The surface tension temperature coefficients (dy/dl) of the LLDPE resins compared

reasonably weil with literature values ofhranched PE. The surface tension temperature coefficients ofthe

LLDPE resins compared weIl with values of linear PE calculated on an equal molecular weight and equal

effective molecular weight basis. From the data available, it cannot be concluded that branched polymers

have significantly different values of surface tension temperature coefficients than linear polymers of the

same molecular weight.
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8.8) COMMENTARY

The MOst important finding ofthis study is the concept ofeffective molecular weight and its effect

on the surface tension of the LLDPE copolymers. If the effective molecular weight governs the surface

tension of branched polymers:J it should also apply to any other bulle polymer property. Future work

should consist of the following: It should be verified independently that bulk polymer properties of

branched polymers are govemed by effective molecular weight. These tests should not be limited to the

surface tension of polymers. ExampIes of other properties that could be tested are the glass transition

temperature:J density:J thennal expansion coefficient etc.. Preferably the property tested should have weIl

established values for linear polymers in the literature and the property should experience large changes

with molecuIar weight. This would fucilitate the comparison between linear and branched polymer

properties and it couId be determined whether the correct basis for comparison is effective or number

average molecuIar weight. Once the effect of chain branching on polymer properties is verified, future

work could study the effect of the a-olefin copolymer length on the bulle properties of polymers. The

concept of predicting properties of branched· polymers from linear polymers of equal effective molecular

weight could prove useful as large amounts of data have been collected for linear polymers but data for

branched polyrners is limited.

PART2: PENDANTDROPMŒTHOD

A detailed experimental procedure was proposed to measure the interfacial tension of polymer

melts with the pendant drop apparatus. The procedure improves confidence in experimentai results by

establishing strict criteria to detennine the equilibrium state of a pendant drop. This ensures that the

interfacial tension measurements are not affected by dynamic factors ofunstable drops. Measurements of

interfacial tension were found ta be dependent on drop volume and the maximum stable drop volume was

shown ta yield accurate interfacial tension measurements representative ofliterature values.

Drop volumes smaller than the maximum stable drop volume yielded reduced values of interfacial

tension. At smaller drop volumes:J it is believed that contact between the drop and the syringe bodY:J

which is unaccounted for in the Bashforth and Adams equatio~ alters the shape of the drop profile and

reduces the measured value of interfacial tension. This explains the effect of syringe diameter on

• interfacial tension measurements. Larger syringes produce larger drops and their profiles are less
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susceptible to the effects of the syringe due to their larger drop volumes. Thus, as syringe diameter

increases, the effeet ofdrop volume on the measured value ofinterfacial tension decreases.

The detailed experimental procedure was used to determine values of interfacial and surface

tension with various polyethylene and polystyrene resins over a range of temperatures. The excellent

agreement ofthe experimental resu1ts with the corresponding Iiterature data validates the e1feetiveness of

the experimental Methode
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Aot\PPENDIX

• Ml MOLECULAR STRUCTURE OF LLDPE

Linear low density polyethylene (LLDPE) is a copolymer of ethylene and

a-olefin monomoers(76). A typical LLDPE polymer Molecule is generally desrcibed as:

[-(c~ -C~)n -(C~ -C~-l (A-I)

•

•

where n is the number of repeat units of the ethylene comonomer (CHrCH2 ) within the

overall repeat unit which has j units and CHR is the a-oJefin comonomer where R now

corresponds to the length ofthe side chain or branch. The molecular structure of LLDPE

is characterized by long sequences of ethylene units (CHr CH2) which foem the backbone

of the polymer chain interuppted by single olefin units (CHrCHR) where R corresponds

to the length of the alkyl chain. For an LLDPE copolymer containing the a-olefin

comonomer I-butene, R is two cacbons long, for I-pentene R is three carbons long, etc..

The chain branching density, Pb, is defined as the number ofbranches per 1000 (or laD)

carbons.

A typical LLDPE copolymer contains 2-4% of a-olefin comonomer but polymers

are produced with a-oletin content ranging from 0.3-20 mol%. The most common a­

olefins presently used in the production ofLLDPE are I-butene, I-pentene, I-hexene and

l-octene.

Ml EFFECT OF CATALYST ON LLDPE STRUCTURE

Catalysts are needed to incorporate the a-olefin comonomers into the ethylene

chain because the ethylene comonomer has a much greater reactivity than the a-olefins,

due to steric effeets. Only a-olefins with the smallest a1ky1 groups (l-butene to l-octene)

cao be easily copolymerized with ethylene due to the decrease in reactivity with increasing

alkyJ chain length. LLDPE resins are produced with either titanium based catalysts

(Ziegler-Natta) or metallocene catalysts.
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A.2.1) ZIEGLER-NArrA CATALYSTS

AIl Ziegler-Natta (Z-N) catalysts contain mixtures of severa! different types of

active centers, each of which produces polymer chains of different number average

molecular weight. In addition each catalyst varies in its ability to incorporate the a-oJefin

comonomers into the ethylene chain, resulting in non-uniform chain branching. Usually

the Molecules of the smallest molecu1ar weight have the highest degree of chain

branching(76). Thus, Z-N catalysts produce LLDPE copolymers with a broad molecular

weight distribution and the a.-oJefin content (chain branching density) varies widely from

Molecule to molecule. A typical copolymer mixture produced with Z-N catalysts contains

copolymer molecules with a broad range of compositions, from almost Iinear

Macromolecules, which are usually ofa higher molecular weight, to short Macromolecules

with high a-olefin content. For example, a resin containing 3 mol% of a-olefin is in fact a

nm."ture of of macromolecules with olefin contents ranging from below 0.3 mol% in the

high molecular weight fraction of the resin, to over 20 mol% in fractions with the lowest

molecular weight.

A.2.2) METALLOCENE CATALYSTS

Metallocene catalysts contain only one type of active center. Thus, they produce

ethylene a-oJefin copolymers with narrow molecular weight distributions and uniform

chain branching (a-olefin content).

A.3) FREE VOLUME

The free volume is defined as follows(73}:

1) Expansion Volume

The free volume can be thought of as the volume change due to thermal expansion

ofinitially close-packed molecules at 0° K.

(A-2)
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•
where VT is the volume at temperature T, Vo is the volume occupied by the molecules at

0°K in a close-packed crystalline state and Vr is the free volume.

2) EmptyVolume

The free volume can also be thought ofas the total volume less the Van der Waal's

volume whicn represents the aetual physical dimensions ofthe molecule:

(A-3)

•

•

where Vw is the Van der Waal's volume.

Note that there is only one type of empty space between molecules but the

separate definitions aIIow the concept offree volume to be modelled in different ways.

A.3.!) FREE VOLUME OF POLYMERS

The thermal expansion coefficient of polymers is eonsiderably less than that of its

corresponding monomerC80
). The differenee in thermal expansion or free volume is due to

differences in structure ofthe polymer and the monomer. As the monomer molecules are

connected to form the polymer molecule, external, volume-dependent degrees of freedom

of the monomer are replaced by low-amplitude vibrations internaI to the polymer chain

whieh do not affect the volume. Rence, the fraction of thermal energy which promotes

liquid expansion is progressively reduced as the length of the polymer chain increases.

However, a small counter-effect exists. As the monomers are joined to fonn the polymer,

the dissapearance of the monomer ends reduees the total molecu1ar surface available for

intermolecular contacts. This decreases the total cohesive energy which resists thermal

expansion. Bath effects are taken mto account by the Prigogine structural parameter (e/q)

which is the ratio ofthe number ofextemal degrees offreedom, 3e ofthe Molecule, ta the

number ofextemal contacts, q. The parameter e/q decreases in passing from a monomeric

liquid to a polymerie one. The parameter c is a constant for a molecule of a given

structure and it indicates the reduction in its degrees of freedom due to structural effects.

For a small molecule liquid c=1 and for a macromolecule c<1. The free volume afa series

of homologues decreases with increasing molecuIar weight through a decrease in the
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structural parameter c/q. Furthermore, the decrease depends on the flexibility ofthe chain,

that is the extent to which the valence bonds reduce the extemal degrees offreedom.

Ml SPINNING DROP METROD

Vonnegut(l6) was the ficst to suggest that the interfacial tension between !Wo

immiscible liquids could be measured by the deformation ofa spinning drop ofone liquid

embedded in another liquide A drop of the less dense Iiquid is inserted in a glass tube

filled with the denser Iiquid. The tube is rotated at a given speed and temperature about

the horizontal axis. The increase in the energy ofthe system, due ta the centrifugal

acceleration, increases the interfacial area ofthe drop. The drop changes from its initial

spherical shape ta that ofa long cylindrical rode At equilibrium, the centrifugai and

interfacial forces are balanced and the drop shape remains static.

When the length ofthe drop is at least four tirnes the drop diameter, the radius

along the cylindrical drop can be considered constant and the curvature ofthe cylindrical

endcaps can be ignored. The required length to diameter (LID) drop ratio is achieved with

high rotational speeds. Thus, the relation ta detennine interfacial tension is reduced ta:

(A-5)

•

where Ap is the density difference between the liquid phases, (j) is the rotational speed in

radians per unit time and dis the horizontal diameter ofthe drop. When the LID ratio is

less than four, equation (A-5) may yield innaccurate estimations ofthe value ofinterfacial

tension. Princen et al.(81) developed numerical solutions based on exact equations ta

calculate the interfacial tension for un ratios less than four.

A.4.1) EVOLUTION OF THE SPINNING DROP METROD

Patterson et al.(82) were the mst to use the spinning drop method to measure the

interfacial tension ofpolymer melts. The equilibration times ofthe polymer systems

studied were extremely long due to the high viscosity ofthe Iiquids and the low rotational
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speeds ofthe spinning drop apparatus. However, a linear reIationship was observed

between the logarithm ofthe drop Iength and the reciproca1 oftime after a relatively short

induction periode By extrapolating dynamic results to infinite time, steady state

measurements could be accurately predicted after 10-20 minutes. Verdie~) round similar

results and confirmed the relationship for the drop radius, as well as drop length.

10g[L(t)]=10g[Lcol+ C
t

d
10g[R(t)]=log[~]-­

t

(A-6)

(A-7)

Elmendorp et al.(84) improved the maximum rotational speed ofthe spinning drop

apparatus while reducing vibrational effects. The higher rotational speeds reduces the

rime required to reach equilibrium for viscous polymer melt systems, which minirnizes the

effects ofdegradation. In addition, the use ofvery high rotational speeds can further

reduce the equilibration tintes by forcing the drop to its equilibrium shape.

Joseph et al.(83) provided a comprehensive review ofthe spinning drop method and

• a detailed description ofthe apparatus and an experimental procedure. Theyalso

improved the relationship relating the transient behaviour ofthe spinning drop dimensions.

(A-8)

Joseph et al. (83) aIso proposed that the Hsu-Flumerfelt(8S) theory ofpure extension

could be used to derive a relationship characterizing the equilibration time constant, m, of

both Newtonian and visco-eIastic fluids.

1

(ytlp)) 1
m= -- --

4w (~.u)
(A-9)

In a subsequent study, Hu et al.(86) improved the expression which charaeterized the

equilibrium time constant. Numerical simulations indicated that the equilibration rime

depended on a complex funetion of the two polymer viscosities rather than a simple
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viscosity difference. The results also indicated that the time constant was affected by the

dimensions ofthe glass tube in addition to the other parameters from equation (A-9).

~ DROP PROFILE ANALYSIS PROGRAM

The program. is inititiated in MS-DOS by typing the command line [resto 1

"filename" 170 1) i'l the tape-e directory.

The edge detection program reduces the image ofthe drop to a contour by

comparing colors ofadjacent pixels. The drop refracts incoming light away from the

camera lens so it appears as a black object on a white background. The contour is defined

as the region where the black pixels change in color to white. Ifthe drop is not adequately

illuminated, the camera will not detect a transition in the pixel color at the drop interface

and the program will not be able to establish the drop contour.

The program prompts the user to select a portion ofthe drop profile to analyze

allowing the elimination ofthe syringe contour.

• Next, the prograrn smooths the drop contour. An error in the smoothing algorithm.

prevents certain drop images from being analyzed. Ifthis problem is encountered

re-record the drop image until the program can analyze it. Moving the camera so the

image ofthe drop profile shifts on the screen can help.

The next stage ofthe program is the shape comparison routine. The program asks

the user to speci:fY a range ofvalues ofB. The program generates a profile from each

value ofB which it compares to the experimental drop profile and determines the sum of ­

the residuals between the two curves. The optimum fit corresponds to the value ofB

which generates a profile that mininûzes the sum ofthe residuals. The computer .

detennines the residuals by three different methods, sr, srr and ten, thus generating three

optimum fits.

•
The program requires the user ta input the range ofB values to be tested but the

experimental value ofB is unknown. InitiaIly, the user must try a wide range ofB (0.5­

1.1) with a large step size (.01-.005) and 20-30 steps to determine an approxirnate value
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ofB, then, increase the precision by narro~g the step size (.002). Ifthe correct value of

B is outside the range ofvaiues tested, the optimum fit will usually correspond ta a value

close ta either the upper or lower limit tested.

The optimum fit generated by the program to match the experimental profile can

be visually inspected. Usually, the optimum fit does not match the experimental profile,

exposing another serious flaw in the program. The user must rerun the program varying

the percentage ofthe curve analyzed untU the optimum fit visually matches the

experimental profile perfectIy.

When the program queries "do you want to cut the syringe?", answer yes and

select the entire drop profile just below the syringe. The fit will most likely be poor as

explained above. Rerun the program, this time choosing a smaller portion of the drop

profile, perhaps 5-10 pixels below the previous point, which eliminated the syringe from

the drop contour. The fit should improve as smaIl portions ofthe drop profile are

successively eIiminated. This procedure is repeated until the profile generated by the

program matches the experimental profile perfectly. If the profiles do not match, then the

• value ofB provided by the program is meaningless as it does not represent the

experimental drop profile shape.

The influence ofthe syringe body causes the closest points to deviate from the

Bashforth & Adams equation, requiring their elimination to obtain a proper fit to the

remaining experirnental profile. Note, that only a small portion ofthe drop profile closest

to the syringe should be eliminated to obtain a proper fit. Ifa large portion ofthe drop

'profile is eliminated, the fit generated by the B&A equn will not be representative ofthe

true drop shape.

A.61 RADIUS OF CURVATURE

Technically, the shape comparison program should provide the radius ofcurvature

at the drop apex, as it is one ofthe adjustable parameters used to fit the Bashforth and

Adams equation to the experimental drop profile. Once again, the program has an error,

which calculates the radius ofcurvature incorrectly. It assumes the radius ofcurvature at
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the drop apex, ~ is the distance between the two furthest points on the curve which is

incorrect.

The correct radius ofcurvature is calculated by fitting the equation ofa circle ta

the drop profile. Because the drop profile is ellipsoidal and not a perfeet circIe, the radius

ofcurvature is not a constant and increases, progressing along the drop profile from the

apex ta the equatorial diameter. The correct radius ofcurvature is detennined by fitting a

circle to an unknown portion ofthe drop profile which has an average residual of 1% of

the radius ofcurvature itself

In MS-DOS under tape-e, files are generated, each representing a different

percentage ofthe drop profile, with the command line: [redtheo filename.ext

newfilename.ext %]. The fiIename.ext is generated by visually inspecting the optimum fit

to the experimental curve in the shape comparison program. Thus, there should be three

files each with the same image filename, but a different extension: sr, srr or ten. The

newfilename is the new fiIename denoted by the user. The extension can be any 3

characters but should he labeled .sr for reasons that will become clear later. The % is a

number from 0-50 which indicates the percentage ofthe drop profile added ta the new file.

Files are generated with percentages varying from 35 ta 45% ofthe drop.

Returning to windows, open SigmaPlot and press F5 then open cir.fit and then

press FIO and open resid.xfin. Bath programs are in the tape-e directory. The first file

fits the drop profile to a circle and the second calculates the average residual between the

profile and the fitted circle. Then execute a program ca1led Roft:IO, (icon in Programs

window) which is a winbatch file that automates the calculations within SigmaPlot. The

program ooly works with an extension .sr which is why ail files generated with the redtheo

program must use titis particular extension. After the program is completed a column with

two numbers should be visible, the top number is the radius ofcurvature in pixels and the

bottom number is the average residual. Try different percentages ofthe curve until

obtaining a residual which is 1% ofthe radius ofcurvature.
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A.V AUTOMATE» RECORDING OF PENDANT DROP IMAGES

.Open the TCPro imaging software and focus the digital camera on the drop. In the

Wmdows group "ProgramsU is an owl icon labelled TimeRev6. Once executed, the

program asks the user to enter a filename no more than 5 digits. 1 usually incorporate the

data into the fiIename like "k062ln: k for kevin, 06 is month, 21 is day. The program then

asles a for the time in minutes between pietures. The program then makes an image

labelled k0621sXX.tif every specified time interval. The s stands for sample nur;nber

which is indicated by a two digit numbec the program assigns to each image 1-99. Ifthe

number ofimages exceeds 99, the program starts over using a different tirst letter

specified within the program code, ie j0621s1-99 and then 10621s1-99. This allows a total

of300 images to be independently taken during any individual unmonitored experiment.

A.8) PROGRAM CODE

Both programs use the Wmbatch scripting language wd are macro programs that

run ovec the Microsoft Wmdows operating system.

• A.8.1) AUTOMATED RECORDING OF PENDANT DROP IMAGES

Sample = AskIine(IIFilenamel ,"Input filename ll
,llll)

n=AskLine("Enter the number ofIast pieture to be takenll,IIIterations","99 Il)
m'-'AskLine(IIEnter the number ofminutes between picturesU

, "Mnutes (between 1­
60)11,"30")

s=m.*60

j=AskLine("Enter the starting sample number", IIInitial Sample Number", ft l ")
Display(3,IITime delay between imagesIl , "%s% seconds")

Forb=1 to 3 by 1
Ifb 1

d_IIS"

EndIf
Ifb-2

Ifb 3
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d="l"
EndIf

For i = j to n by 1
WmActivate(ltTCProlt)
SendKeysTo("TCPro","g") ;disable screensaver ifpresent
WmActivate("TCProIt)
SendKeysTo(ITCPro","1agit)
WmActivatee'TCPro")
SendKeysTo("TCPro","laflfs-")
WmWaitExist("Save", 10)
SendKeysTo("Save","%Sample%%d%%i%.tif--")
TimeDelay(s)

Next

j=l
Next

A.8.2) RADIUS OF CURVATURE PROGRAM

WmAetivate("SigmaPlot")
File = AskLine("Filename", "filename in CAPITAL LETTERS"," If)
ext= IISR"

SendKeysTo("SigmaPlot", lt !fhlfi%file%.%extO/O{TAB}_")

WmActivate("lmport Text - %File%.%ext%lt)
WinWaitClose("Analyzingll)

WmActivate("SigmaPlot")
WmAetivate("Import Text - %File%.%ext%lt)
SendKeysTo(IIImport Text - %File%.%extOAI", Il {TAB}w{TAB 6}_")

WmWaitClose("Importing")

SendKeysTo(ltSigmaPlot", Il{f5}{TAB }r")
WmWaitClose("Regression")

SendKeysTo("Curve Fit Results - CIR.FIT", '·k")

SendKeysTo("Keep Regression Results - CIR.FIT","p{TAB}f{TAB}r{TAB}.....")
SendKeysTo("Curve Fit Results - CIR.FIT","d")
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SendKeysTo(1fSigmaPlotlf
, " {FIO}If)

SendKeysTo("User-Defined Transfonn - RESID.XFM'':,''{TAB}x")
WmWaitClose("User-Defined Transfonn - RESIO.XFMIf)
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