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Abstract

Optical properties of polyethylene blown films are of great commercial and scientific
interest. An understanding of the relationship between morphology and optical properties
will have a significant impact on product and process optimization.

In this \vork, a number of linear low density polyethylene (LLDPE) resins of different
molecular and structural characteristics were studied. Intrinsic properties such as refrac
ti\·e index and absorption coefficient \Vere estimated from resin compositions using group
contribution models. The refractive indices of sample films were also measured using the
method of Transmission Spectrum.

The morphology of polyethylene films was investigated using Atomic Force i\Iicroscopy
(AF~T) and Near-field Scanning Opticai J\Iicroscopy (NSO;\I). Both the surface and bulk
morphologies were evaluated. The observation shows the dominant spherulitic struc
ture on the surface as weIl as in the bulk, as the result of nucleation and crystallization
during the film blowing process. In addition to qualitative observations and compar
isons, quantitative characterization methods were employed to describe the features of
the morphology.

Based on the morphology characterization, the surface reflection was described by
the Beckmann-Davies theory of reflection of electro-magnetic waves by rough surface.
The directional distribution of reflected intensity \Vas computed according to the surface
roughness information. The gloss values of sample films were computed accordingly and
compared with experimental measurements. Furthermore, the problem of light trans
mission and scattering was investigated. A scattering geometry was proposed from the
observations of the morphology of sample films. The light scattering by the surface of
polymer films was analyzed using a model that is based on the lVIie theory of scatter
ing. The haze values of sample films \vere computed and compared with experimental
measurements .
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Morphologie et propriétés optiques de films polyolefins

par

Lei \Vang

Soumis au département de génie chimique en Novembre 1999~

en vue de robtention du titre de Docteur en Philosphie

Résumé

Les propriétés optiques des films de polyéthylènes obtenus par gonflage de gaine
sont d ~un grand intérêt à la fois commercial et scientifique. La compréhension de la
relation entre la morphologie et les propriétés optiques aura un impact important sur
l'optimisation du procédé et du produit.

Dans ce travail~ un certain nombre de résines de polyéthylène linéaire basse densité
(LLDPE) de différentes caractéristiques moléculaires et structurelles ont été étudiées. Les
propriétés intrinsèques comme rindice de réfraction et le coefficient d ~absorption ont éte
estimées à partir de la composition de la résine en utilisant les modèles de contribution
de groupe. L'indice de réfraction des échantillons de film a également été mesuré par la
méthode de Spectre de Transmission.

La morphologie des films de polyéthylène a été étudiée à l'aide d'un ~Iicroscope à
Force Atomique (AFl\I) et d~un microscope optique à balayage near field (NSO:\I). Les
morphologies de surface et interne ont été évaluées. Les observations montrent une struc
ture sphérolythique dominante tant à la surface qu'à coeur, résultant de la nucléation
et de la cristallisation pendant le procédé d'extrusion gonflage. En plus de ces observa
tions et comparaisons qualitatives, des méthodes de caractérisations qantitatives ont éte
utilisées pour décrire révolution de la morphologie.

A partir de la caractérisation de la morphologie, la reflection surfacique a été décrite
par la théorie de Beckmann-Davies de reflection des ondes electro-magnetiques par sur
face rugueuse. La distribution directionnelle de l'intensité de refiection a été calculée
numériquement à partir de la rugosité de la surface. Les valeurs de gloss des échantillons
de film ont alors été calculées et comparées à des mesures expérimentales. Par ailleurs, le
probème de transmission de la lumière et de la diffusion ont été abordés. Une géométrie
diffusive a été proposée à partir d ~observations de la morphologie d ~échantillons de films.
La lumière diffusée par la surface du film de polymère a été analysée en utilisant un
modèle basé sur la théorie de diffusion de NEe. Les valeurs de haze des échantillons de
film ont été calculées et comparées avec des mesures expérimentales.
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Chapter 1

Introduction

Polymerie materials are widely used in packaging, usually in the form of films. The

most important factors in selecting films for packaging applications are strength~ barrier

properties and transparency. The properties of a film are a consequence of its struc

tures. This structure may be considered at different levels, ranging from the molecular

to macroscopic. ~lany properties, such as density and electrical properties depend upon

the molecular structure, whereas transparency and mechanical properties depend upon

larger structures. The strength and flexibility of crystalline polymers, for example, de

pends upon the size, perfection and organization of the crystals. This project seeks to

establish the underlying principles that relate optical properties, particularly haze and

gloss~ of polyethylene films to film morphology.

1.1 The Film Blowing Process

The most common method to produce polyolefin films is the film blowing process [1]. Film

blowing produces thin films more rapidly and economically than the casting process. The

melt film blowing process is based on simultaneous stretching and inflation of a moving

tube of polymer melt extruded from an annular die. The bubble of molten polymer is

cooled while this is occurring and crystallizes at a freeze-line, beyond whieh no significant

1
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deformation is possible. The inflated circular-cylindrical tube sa formed is further cooled

and then passed through a train of guide rollers which fiatten it sufficiently for it to

go through a pair of driven rubber nip-rolls without crinkling. It is then wound onto

cylindrical cores as final product, either as tubes or as fiat sheets after the sides are cut

off. The schematic of the film blowing process called tubular film blowing or simply film

blowing is shown in Figure 1-1. This process most often is conducted vertically upward.

In practice, cooling is usually achieved by blowing a jet of cool air onto the film from

an annular air ring external ta the die. In addition, internaI cooling is achieved by air

inside the bubble. The bubble is, in princip le, unsupported between the die and the

guide system. The biaxial stretching is achieved by over pressure from inside before the

freeze-line. The two axes of orientation are the axial direction (machine direction, ~ID)

due to the drawing of the tube and the circumferential direction (transverse direction,

TD) due ta the blowup of the tube. The mechanical properties of blown film are nearly

uniform in both directions as a result of this biaxial orientation.

The film blowing process is very important commercially. A substantial fraction of

polyolefin production (low-density polyethylene LOPE, linear low-density polyethylene

LLDPE, high-density polyethylene HOPE and polyprop):lene PP) is converted into pack

aging films [1]. The quality of the output is usually measured by the uniformity of film

thiekness and the optical clarity. Uniformity of film thiekness requires steady uniform

output from the serew extruder driving the fiow, a weil designed die held at a steady

uniform temperature with a carefully designed die gap, even air eooling and low friction

at the guide rolls or plates. Unfortunately, the complexity of this process and the great

number of proeessing parameters involved, combined with the complexity of the process

of melt solidification have made it difficult to obtain comprehensive and accurate analysis

of the film blowing proeess and the morphology evolution during the process .

2
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•

The polymer single crystal was first discovered in 19.57 by Keller [2]. These single crystals

are lamellar structures, about 100.4. thick, in which perfect order exists~ as has been

shown by electron diffraction patterns. In most solid crystalline polymers, spherical

aggregates of crystalline material, called spheru/ites, are recognized by their characteristic

appearance under the polarized light microscope. Electron microscopy of fracture surfaces

in spherulites has shown that lamellar structures persist throughout the body of the

spheruLites. This seems to be the natural resuLt of crystal growth, in \vhich the spherulite

originating from a nucleus grows at the expense of the surrounding non-crystalline melt.

~vlost or aU linear polymers can crystaLlize [3]. Among poLyolefins, this is the case with

polyethylene (PE). The situation is more complex for polymers that contain hulkier side

groups attached to the backbone. For polyoLefins, atactic poLypropylene (PP, side chain:

CH3 ) or polystyrene (PS, side chain:phenyL group) are amorphous.

Semicrystalline poLymers are a complex mixture of amorphous and crystalline phase

poLymers. It is generally assumed that their morphoLogy consists of thin crystaLline

lamella separated from each other by amorphous layers and connected by tie moLecules

through the amorphous phase. Crystalline lamellar and amorphous interlamellar layers

can form spheruLites or other types of morphological textures. Spherulites are the basic

nl0rphology for poLymers crystallized from the meLt or concentrated solutions. They are

usually obtained in industriaL processes such as extrusion or injection molding. In a

spherulite, crystalline Lamella separated by amorphous layers radiate from a center and

branch sufficiently often to occupy the outwardly increasing voLume. The spherulitic

structure is the dominant morphology in polyethylene blown films, as shawn in Later

sections .

4
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Appearance of Transparent Objects

The appearance of a transparent abject consists of several visual characteristics, as shawn

in Figure 1.3.

Appearance of Transparent übjects

Total Transmittance

Direct Transmittance Diffuse Transmittance

\Vide Angle Scattering ~arrow Angle Scattering

•

Figure 1-2: Appearance of Transparenct übjects

The terms most often used ta describe the optical appearance of an abject are trans

parency, translucency and opacity. :\. transparent sample is one that transmits light 50

as ta render abjects beyond it perfectly visible. At the other extreme, an opaque ma

terial transmits no light, and aIl information concerning objects lying behind it is last.

A translucent specimen lies between these two extremes in that it transmits light, but

diffuses it sa that abjects heyand it are not completely visible. The difference between

transparency and translucency is best iIlustrated by examining clear glass and frasted

glass. In most cases, polymerie materials have intermediate praperties. For example,

polyethylene film is transparent in the sense that abjects may be approximately seen

5
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clearly through it~ but it is not perfectly clear like fine optical glass and often possesses

a hazy and turbid appearance. Different films may also differ in the degrees of haziness

and fine detail resolution of the images of objects beyond them. For polymerie films~

direct transmittance is defined as the ratio of the intensity of light that does not deviate

from its incident direction to the original intensity[4]. \Vhen the direct transmittance is

larger than 90%, the film is considered transparent, and when it is less than 90%, the

film is considered translucent. An opaque material has transmittance of 0%.

The deterioration of the image vie\ved through a polymer film is due to the decrease

ln light intensity when passing through the film. This reduction in intensity is mainly

due to light scattering at the surface and in the bulk of the film. The scattering of light

is the resuIt of inhomogeneity of the medium due to spatial variations of the refractive

index in the film. The refractive index variation could be the result of local density

variation. Polymers with regular molecules, such as polyethylene and co-polymers, are

likely to crystallize during the solidification process, whereas amorphous polymers, such

as polymethyl methacrylate and polystyrene, rarely solidify into the cry·stalline phase.

Since the density of the crystalline phase polymer is higher. the refractive index is higher

than that of the amorphous phase. As a result. the crystalline polymers tend to scatter

light more than amorphous polymers and, therefore, the former appear less transparent.

1.3.1 Color

•

The color of a transparent object is associated with absorption of certain wavelengths

of the visible light spectrum (400nm - SOOnm). This effect in polymer films is usually

achieved by incorporating pigments and/or dye into the melt. The coloring additives

are well-mixed with the polymer melt and the final product. Because of the presence of

additives, the corresponding wavelength will be absorbed when white light passes through

the specimen. As a result, the color of the specimen will be the sum of the residual visible

6
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light spectrum. It is kno\vn that color is not an absolute property, but depends very much

on the surface condition of the test sample and viewing conditions. Two colors that will

match in one set of conditions may not match in another. Similarly, two mouldings of a

plastic rnaterial may appear to have different colors if their surface finishes are different.

Renee, the differentiation and testing of color is still largely done visually [5}. Color of

polymer films is not within the scope of this project.

1.3.2 Total Transmittance

The total transmittance is the ratio of all the light flux that is transmitted through the

specimen to that of the incident light. It represents the ability to carry visual information

of abjects located on one side ta an observer located on the other end. This ability may be

reduced by imperfect transmission, such as loss of light intensity due ta surface refiection,

light scattering at the surface and the bulk, refraction at both surfaces and absorption

by the materia1. Since total transmittance includes aIl of the light intensity that is

transmitted, it is further divided into direct transmittance and diffuse transmittance

according ta the direction of the light flux.

Direct Transmittance

Direct transmittance is the amount of light flux that does not deviate from the path of

incident light.

Diffuse Transmittance: Haze and Clarity

Diffuse transmittance includes aIl of the light intensity that deviates from the path of

incident light, due to light scattering or refraction by the abject. It is further divided into

narrow angle scattering and wide angle scattering, which lead to the two most important

areas of evaluating transparency of a polyethylene film: haze and clarity.

7
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Figure 1-3: Schematic of how light scattering affects the contrast of objects viewed
through a scattering specimen
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Figure 1-3 shows how a specimen that is scattering light affects the appearance of an

object viewed through it. In order to sirnplify the diagram, refraction and reflection at

the specimen/air boundaries have been omitted, since they do not materially affect the

fol1owing discussion. The simplest possible object is considered. A single luminous point

is placed at 0 00 an otherwise black background. The first situation to be examioed is

when the scattering specimen is absent. The point 0 emits light in ail directions, but

only that travelling within a narrow cone enters the eye at E and forms the visual image.

No other light is received by the eye. If the eye turns ta look at point B, the center of the

field of vision will appear dark. If a scattering specimen is now interposed betvv·een the

observer and the object, the situation will change into what is shown in Figure 1-3. First

of aIl, sorne of the light that \vould have travelled to the eye directly \vill be scattered as

it traverses the specimen, so that the point 0 \vill appear less bright. Secondly, if the eye

is focused on point B, it will receive sorne light that has been scattered by the sample.

Thus, the net effect of light scattering by the specimen inserted between object point 0

and the receiver is to make the bright spot less bright and the surrounding area lighter.

The contrast of the object viewed through the specimen is therefore reduced, and the

object will appear hazy.

Consequently, if the quantity of scattered light increases, the point 0 will appear

darker, the point B and the surrounding area brighter, and the contrast will decrease.

The directional distribution of the scattered light also affects the appearance of the objecte

From Figure 1-3, it is evident that as the center of the field of vision moves away from

the bright point 0 through B, the angle, at which light is scattered in order ta reach the

eye, increases.

The second aspect of transparency is clarity, which is defined as the ability of a spec

imen ta transmit the fine detail of an object placed beyond it. Figure 1-4 i1Lustrates

tVII·O neighboring bright point objects at 0 and 0' on an otherwise uniformly black back-

9
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Figure 1-4: Schematic of how light scattering affects the fine details of objects viewed
through a scattering specimen
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ground. To sirnplify the diagranl. only the central rays of the cones of light entering

the eye have been drawn. and reflection and refraction at the specimen/air boundaries

have been omitted. The case is considered in which the angle Q is about one minute

of arc~ so that in the absence of the scattering specimen~ the two bright points are just

resolved by eye. \Vhen the specimen is interposed~ sorne of the light emitted by point 0

in the direction OX will be scattered through an angle ()~ and will appear to be coming

froITI 0'. If the scattering specimen is not too close to 0 and 0'. since Q is snlall. ()

is small. If the intensity of this light scattered at low angles is comparable with that

reaching the eye directly from O'~ it impairs the observer~s ability to see 0'. \Vhen the

specimen is inserted between the eye and the object~ light scattered at lo\\" angles causes

the two point-sources to appear to be surrounded by bright halos. If these halos overlap~

the points can no longer be resolved. Thus~ the inability to resolve fine detail through a

sample is due ta light scattered at low angles. The apparent loss of contrast in objects

is caused by light scattered at larger angles. These facts form the basis of the physical

methods for assessing c1arity and haze. The separation between these aspects of trans

parency is due to this difference between the scattering angles corresponding to the two

cases.

Figure 1-.5: Visualization of haze: 10ss of contrast
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The visual effects of haze and clarity are illustrated in Figure 1-5 and Figure 1-6.

As shown~ a group of cubes are randomly placed on the ground. The lines indicate the

distance among cubes and the distance from the viewer. The viewing field is then half

covered \Vith a polymer film. As can be seen in the first case in Figure 1-·5. the contrast

of the field is reduced when viewed through the specimen. The letters on the cube on

the right sicle appear darker than those on the cube on the left side which are behincl the

film. One may also notice that the details, the letters. of the cube are still visible and

that the contrast reduction is uniform over the distance.

In Figure 1-6 the situation is somewhat different. The contrast of the letters on

aIl the cubes remains close. The letters. however. on the cubes on the left side of the

viewing field~ which are viewed through the film, are not clear. For cube close to the

film. the details of the letters are still clistinguishable. For cubes further away fron1 the

film~ however. aIl details are lost and the letters on these cubes are rendered completely

unrecognizable. This experiment reveals the different aspects of appearance that are

associated \vith haze and clarity. In addition~ it also sho\vs the key factor in differentiating

haze and clarity. Haze is independent of distance~ whereas clarity strongly depends upon

the distance between the film and the objects beyond it.

Figure 1-6: Visualization of clarity: loss of fine details
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1.3.3 Glass

Another important aspect in the appearance of polymer films is gloss. GLoss is concerned

not with the visibility of a body viewed through a sample, but rather with the quaLity of

the image formed by reflection of its surface. It is on the basis of such assessments that

\ve differentiate between a high gloss and a matte paint, regular paper and photographic

papers. It should be noted that transparency is influenced both by the surface and

the interior of the specimen, whereas gloss is a property dominated by surface features.

Physically~ it represents the specular reflection of the surface as defined by industrial

standards [6J. For a perfectly smooth surface, incident light is completely refiected in

the specular direction and there is no light refiected in the other directions. In this case,

the surface appears to be clear and mirror-like. At the other extreme, for a very rough

surface, the specular reflection is diffused completelyand the surface appears matte.

1.4 Motivations and Scope of the Thesis

The optical properties of polymer thin films are important criteria in determining their

applications. Thus~ the study of appearance is of great importance~ both commercially

and scientifically. At the simplest level~ the concern is to understand the relationship

between the transmitted and reflected light intensity due to an object, and its visual

appearance, in order that the physical appearance may be reLated ta the structure of

the abject. At a higher leveL, the manufacturer may wish to exercise control aver the

microstructure of the product, 50 as to achieve the desired appearance. Like other macro

scopic physical properties, the optical properties of polymer films are determined by film

morphology and resin composition. The former is strongly influenced by processing con

ditions. Previous experimental studies, as reviewed in detail in Later sections, focused on

empirical studies of the effect of resin compostions and processing conditions on the op-

13
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tical properties. Due to the complexity of resin compositions and processing conditions,

it is very difficult to obtain fundamental relationship describing the optical properties of

films. Since the optical properties of plastic films are strongly influenced by the mor

phology, it is reasonable to deal with the issue of the transparency of films in relation to

morphological factors.

The goal of this project is to obtain an understanding of the relationship between

the morphology and optical properties. Such an understanding would help to determine

the processing and compositional factors that influence the optical properties of plastic

films. Ultimately. this should enhance the optimization of compositions and processing

conditions in arder to obtain desirable transparency and gloss characteristics.

Light emanating from an object is characterized by its state of polarization, its di

rectional distribution, and by the combinat ion of wavelengths that it contains. Since the

eye is insensiti\'e to polarization differences, this aspect will not be considered in this

project. The directional distribution determines both the transparency and gloss of the

object. It is specifically these geometric aspects that will be considered. The appearance

of color is aiso an important optical property. The differences in color arise from the

differential absorption of the wavelengths present in the incident light. However, since

the materials concerned in this projeet are mostly colorless, the foeus shall be placed on

the transmission and reflection of light by the material.

1.5 Thesis Objectives

The main objectives of the research carried out in this thesis are listed below:

•
1. To prediet the refractive index of polyethylene films from the chemical com

position of resins and to verify the predictions using experimental methods

14
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To characterize the surface and bulk morphologies of polyethylene blown films

using Atomic Force J\Iicroscopy and Near-field Scanning Optical ~Iicroscopy

To develop a quantitative mathematical description of the morphology in

polyethylene blown films

Ta employ optical theory to predict the gloss of a collection of polyethylene

blown films

To develop a realistic model of light transmission and scattering for polyethy

lene blown films

To validate the models developed in (.5) by comparing the predictions from

the models with experimental data.

Thesis Organization

•

Chapter 2 deals with the refractive index of the materials. The prediction of refractive

index is made based upon the resin composition information. An alternative method to

measure the refractive index is introduced to measure the refractive indices of polymer

thin films. Comparisons are made between the refractive indices computed from the

structural information of the resins with those measured from the film samples.

In Chapter :3~ a thorough study of film morphology using various microscopie meth

ods is presented. Both the experimental observations and the characterization of these

observations are presented.

A model of gloss, based on the Beckmann theory of reflection of electro-magnetic

waves by a rough surface is presented in Chapter 4. This model is used for computing

the refiection field intensity for simulated rough surfaces as well as for surfaces of film

15
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samples. The gloss of film samples is computed from the surface morphology derived in

Chapter :3. The results are compared with experimental measurements.

Light scattering by polymer films is discussed in Chapter 5. The scattering geometry

is identified based upon the observations made in Chapter 3. Computations for forward

light transmission are made for simulated geometries and film samples as weLl.

Chapter 6 presents the general conclusions of the thesis, suggestions for future work

and contributions to knowledge.

16
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Chapter 2

Refractive Index

2.1 Refraction and Extinction

A light beam can be considered either as an electro-magnetic wave or a stream of pho

tons. The wave description is most often used in describing the propagation of light. A

simple harmonie plane wave traveling in the:: direction can be described by a complex

disturbance C(t. =) at any given time t,

U = Uoexp[i((N·t - k=)] (2.1 )

where Co is the amplitude of the electro-magnetic wave. ~. and k are the angular frequency

(rad.s- 1 ) and wa\'e number, respectively. The wave number can also be written as:

•
where À is the wavelength. The phase velocity of the wave is given by:

IN'
V =-

k

li

(2.2)

(2.3)
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Nlaxwell's theory of the propagation of electro-magnetic wave shows that a coherent,

linearly polarized, plane wave consists of a transverse vibrating electric field vector E

and a transverse vibrating magnetic field vector H, E and H being perpendicular to each

other Pl These vectors are related by E = ZH where Z is the wave impedance given

by J/-lr/-lO/ €r€O· The medium is described by the relative permeability /-lr and relative

permittivity €r. /-lo and €o represent the permeability and permittivity of free space,

respectively. At optical frequencies, J.lr = 1 is very close to physical reality and Er = n 2
,

where n is the refractive index and is defined as the ratio of velocity of Iight in free

space to the velocity of light when passing through the medium. For transparent media,

I.e. there is no attenuation when light passes through, n and Z are real and E and H

are in phase. For attenuating materiaIs, the refractive index takes a complex form of

n = n - Ù" where n and li represent the refraction and extinction, respectively. Z is

also a complex quantity and E and H are out of phase by arctan(lifn). The intensity of

the wave is then given by the time average of Poynting's vector E x H. In optics, the

amplitude U is usualLy taken to represent the electric field E because optical materials

are predominantly dielectric rather than magnetic at optical frequencies and also because

most of the optical effects are related to E rather than to the magnetic field H. The

intensity of light is thus proportional to IUI2
•

Consider a coherent plane wave incident on a slice of material, \Vith its two surfaces

parallel ta each other. Assume the incident amplitude to be Uo. and the existing ampli

tude to be U. Light undergoes a change of phase when it passes through the material.

In addition, sorne light may be lost due ta extinction, either from scattering or from

absorption by the materia1. This phase change and extinction can be represented by a

complex refractive index n = n - ili. The existing amplitude is then given by:

•
U = Uoexp( -ikonz )exp( -kOIiZ)

18
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where ko is the free space wave-number. This describes a harmonie 'Nave whose amplitude

is decreasing exponentially as it passes through the material. The intensity 1 of the

existing light beam is obtained from 1[[[2:

1 = loexp( -2kol'i.z) (2.5 )

The attenuation or extinction coefficient 2kol'i. is composed of the contributions of scat

tering and absorption: 2kol'i. = a + k. Here a and k are the absorption coefficient and

scattering coefficient, respectively.

The basic la\\' of refraction was found by Snellius (1618). It represents the significance

of refractive index in geometric optics. It is known as Snell's lav.;:

SIn l
n=-.

SIn r
(2.6)

•

where i and r are the incident angle and refraction angle of the light beam, respectively.

2.2 Group Contribution Theory

2.2.1 Dielectric Description of Refraction

The refraction and extinction of polymers ma.y be described by dielectric polarization

at optical frequencies [8]. For an assembly of j\j objects per unit volume, each of size

much smaller than the wavelength À, and sufficiently separated to be non-interacting,

the dielectric polarization P in the applied field E is given by P = IVo:E. Here Q is

defined as the average optical polarizability. The dielectric displacement D is given by

D = (oE + P where (0 is the permittivity of free space. The relative permittivity Cr of

19
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the assembly defined by D = f.oE,.E. It follows that

lVa:
E,.=l+

Eo
(.) -)_.1

The polarizability a is generally complex, being written as a = a' - ici'. The real part of

a describes refraction and the imaginary part describes extinction. Thus, E,. is generally

complex and related to the complex refractive index by E,. = n 2 • It follows that

(2.8)

2.2.2 Lorenz-Lorentz Relationship

It is from the dielectric description of refraction theory that Lorenz [9] and Lorentz [10]

independently formulated the following relationship,

f.,. - 1 AI 4n:\or' p n 2
- 1 Al R

---IVO:: - - - LL
f.,. + 2 p - 3 . - - n 2 + 2 p - (2.9)

Here, 111 is the molecular weight and p lS the density of the compound. RLL lS the

Lorenz-Lorentz molar refraction.

2.2.3 Gladstone-Dale Relationship

For organic liquids, Gladstone and Dale found that the ratio (n - 1)/ p is a characteristic

constant of the substance when measured at a standard \vavelength [Il]. They also

established the relationship:
AI
-(n - 1) = ReD
p

(2.10 )

•
where ReD is the Gladstone-Dale molar refraction. It should be noted that the Lorenz

Lorentz relation is largely a theoretical one, whereas the Gladstone-Dale relation is em-
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pirica1.

2.2.4 Predicting Refractive Index of Polymers

Goedhart [12] used the above two molar refractions to study the index of refraction for

over 100 different organic compounds with 43 different functional groups. He was able

to assign a molar refraction value to individual functional groups. Using these groups

to predict n yielded a precision of ±O.4% (standard deviation). The values of Lorenz

Lorentz molar refraction RLL and Gladstone-Dale molar refraction ReD for different

functional groups at ,\ = 589nm are listed by van h-:revelen [4]. van I\:revelen also used

these values to calculate the index of refraction of 51 polymers. The RLL and ReD group

values yield refractive index values within ±0.5% (standard deviation) from experimental

measurements. Since most of the group contributions for R were developed from data

on liquid organic compounds rather than polymers~ its applicability for crystalline poly

mers is not clear. This is because the long chain is regularly folded and the functional

groups are much closer to each other than they are in solutions. As shown by van Krev

elen~ howeveL these group contributions can be used to calculate the refractive indices

of crystalline polymers with reasonable accuracy. The reason for this transferability of

R values from liquid organic compounds ta high polymers is that the intrinsic refractive

power of a given structural unit is only affected very slightly by whether this structural

unit is located in a small molecule or in a polymer chain. Changes in the molar vol

ume account for most of the differences between the refractive indices of liquid organic

compounds and polymers containing the same structural units. The refractive index of

the crystalline phase polymer is usually higher than that of the amorphous phase. For

example~ the refractive index n at 298K of polyethylene is 1.4ï6 in the limit of 0% crys

tallinity (completely amorphousL and 1..565 in the limit of 100% crystallinity [13]. Since

the density of the crystalline phase is also higher, however, the molar refraction in both
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the Lorenz-Lorentz relationship and Gladstone-Dale relationship remains constant. An

alternative approach to predict the refractive index of aU polymers constructed from ele

ments (C~ N ~ 0, H~ F, Si, S~ Cl and Br) is also proposed using group contribution theory

[14] .

The refractive index n of a polymerie material is computed from functional groups as

follows. From equations (2.10) and (2.9), the refractive index is given as:

and

(
j~[ + 2pRLL ) 1/2

nLL =
AI - pRLL

pRGD
nGD = 1 + Al

(2.11)

(2.12)

•

\vhere Al is the molecular weight of the repeating unit of polymer molecules.

From the above equations the value of n is defined by the combined effect of two key

physical factors:

1. The value of n increases \Vith increasing intrinsic refractive power of a material~ as

quantified by its molar refraction R. Since RCH < RCH
2

< RCH
3

[4L increasing contents

of comonomers (butene~ hexane and octane groups) will increase the molar refraction and

therefore increase the refractive index n: on the other hand, increasing amount of total

unsaturation will decrease the molar refraction and decrease the refractive index.

2. The value of n increases with amount of material per unit volume~ as quantified by

decreasing molar volume. Since crystalline polymers normally has higher density than

amorphous polymers of the same molecular composition, higher crystallinity will result

in an increase of the refractive index n.

RLL and RGD have relatively little dependence on temperature and percent crys

tallinity, while Al/p changes significantly with changing temperature and/or crystallinity.

AlipeT) normally increases \vith increasing temperature and decreases \Vith increasing
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crystallinity due to the change in density. Consequently~ n normally decreases with in

creasing temperature and increases with increasing crystallinity.

The resins included in this study are polyethylene copolymers. Once the detailed

infornlation aLout the resin composition is known, the refractive index can be derived

using the above relationships. For example. for the poly(ethylene-butene) copolymer. the

nl0lar refraction is given by:

R LL - (1 - Pcm )RLLc2H-t + Pern RLLbut + P tu ( R LLcH - RLLcH3)

RGD - (1 - Pcm)RGDc2H-t + PcmRGDbut + Ptu(RGDcH - RGDcH3)

(2.1:3 )

(2.14 )

where Pcm and Ptu are the mole percentage of comonomer and total unsaturation~ re

spectively. ;VIolar refractions RLL and RGD for ethylene~ butene and carbon double bond

are listed in [4]. In addition,

(2.1.5)

•

The refractive index is thus given by equation (2.l1) and (2.12).

For Sampie B in Table 2.1. a poly(ethylene-butene) resin. The molecular weight of

the repeating unit .\I is given by:

the Inolar volume v is given by:

"\;[ 29.0478
v = - = = :31 ..594:3

p 0.9194

The molar refraction for -CH2-. -CH3 and = CH- groups are listed in [4]. The Lorentz

Lorenz Inolar refraction for these groups are 4.649, .5.644 and :3.616, respectively. The



• CHAPTER 2. REFR.-\CTI\lE INDEX

Gladstone-Dale molar refractioll for the same groups are 7.831~ 8.82 and 6.80, respectively.

The molar refractions for the monomers are:

- (1 - 0.040:3) * (2 * 4.649) -i- 0.040:3 * (2 * 4.649 + :3.616 + .5.644) +

(0.0286/1200) * (2 * 3.616 - (4.649 + .5.644))

- 9.6711

- (1 - 0.0403) * (2 * 7.8:31) + 0.0403 * (2 * 7.831 + 6.80 + 8.82) +

(0.0286/1200) * (2 * 6.80 - (7.831 + 8.82))

16.2914

The refractive index Tl of a polymerie material is computed from functional groups as

fo11o\\"s. From equations (2.11) and (2.12), the refractive index is given as:

•

nCD

_ (AI + 2pRL L )1/2
J1- pRLL

_ ( 2~;047_8,,~ 2 * 0.9194 * :~6711 )1/2

_9.0/~4 - 0.9194 * 9,,)111

- 1..5243

pRCD
- 1 + JI

0.9194 * 16.2914
1+-----

29.0478

1..51.56
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•

The resins used in this study were supplied by Dr. .100 Teh from NOVA Chemicals~

Calgary, Canada. Structural data regarding these resins were also supplied by NOVA

Chemicals. The data are shown in Table 2.1. AIso~ films made from these resins. un

der similar conditions were supplied by NOVA Chemicals. The materials included in

this study are provided by NOVA Chemicals (Calgary, AB). A number of polyethylene

copolymer resins are employed. Detailed information on the resin compositions was pro-

vided by NOVA. Sample films included here were made by NOVA from these resins under

similar processing conditions.

Table 2.1: Structural information of resins

Resin Sample Camo Como Oensity Total ~I v
Number Type molar % (gjcm3

) Unsaturation (gjmol) (ccjmol)
B P97240:3:978.586 BUT 4.03 0.9194 0.0286 29.0 :31..5
H P971664:97.5866 BUT ;J.S 0.919 0.064.51 28.9 :31..5
A P97240:3:978.5S.5 HEX :3.94 0.920S 0.03792 30.1 :32.7
C P97240:3:978.587 HEX 3.77 0.92:34 0.0:3896 :30.0 :32.5
0 P97240:3:978.582 BEX :3.08 0.9192 0.04474 29.6 :32.2
E NjA HEX 2.56 0.9194 0.0:324.5 29.:3 :31.9
~vI P9S07250:98072.51 HEX 4.5 0.9192 NjA :3004 :3:3.1
G P97240:3:9785S:3 OCT :3.2 0.92 0.074:3·5 :30.6 :3:3.2
1 NjA OCT .5 0.907 0.0772.) :32.1 :3.5.:3
.J NjA OCT 3.2 0.918 0.06.524 :30.6 33.:3
L P970268:970703 OCT 2.8 0.9212 NjA :30.2 :32.8
F P971:351 :9747.51 LOPE NjA 0.9190 NjA 28 :3004
K P971:3.51:974752 LOPE NjA 0.9203 NjA 28 :30.4

Como: Comonomer. i"l: rvlolecular weight of the repeating Unit. v: Nlolar volume.

2.5
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•

Three rnethods are commonly used in the measurement of the refractive index of plastic

materials [1.5].

Refractometric Method

The refractometric rnethod requires the use of the refractometer. The Abbé refractometer

is the most widely used refractometer in practice. It requires a source of white light and

a contacting liquid that will not attack the surface of the plastic. The contacting liquid

must also have a higher refractive index than that of the plastic being measured. The test

is carried out b.y placing a specimen in contact \Vith the prism using a drop of contacting

liquid. The polished edge of the specimen is kept towards the light source. The refractive

index is determined by moving the index arm of the refractometer 50 that the field seen

through the eyepiece is half dark. The compensator is adjusted to remove aIl color for

the field. The value of refractive index is read out from the refractometer.

Becke Line l\tIethod

The Becke Line :\Iethod requlres an optical microscope having a magnifying po\ver of

200x 1 together with a range of liquids of known refractive index. The material to be

tested is mounted in a liquid of known refractive index and examined in monochromatic

light with the condenser adjusted to give a narrow axial bearn. \Vhen the test pieces

and the liquid have different refractive indices~ each particle is surrounded by a narrow

luminous halo (the Becke Line) which moves as focus is adjusted. If the focus is lo\ver~

then the Becke line moves towards the medium having the lower refractive index. The

test is repeated with particles mounted in other immersion liquids until a match is found

or until the index of the test sam pie lies in between two of the known indices in the series

1[50 R489
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of Liquid standards. If the Becke line phenomenon does not appear~ then the refractive

index of the material being examined is equal to that of the immersion liquid. The

test pieces shouid have a thickness significantly less than the working distance of the 8

mm microscope objective. Its Linear dimensions shaH aiso be sufficiently smaLl and so

distributed that simultaneous observation of approximately equai areas of sampLe and

surrounding field is possible.

Microscopie Method

The ;\Iicroscopic method only requlrcs a microscope of magnifying power of 200x or

more. A specimen of convenient size, having a fair polish and t\VO parallel surfaces, is

used. The test is carried out by alternately focusing the microscope on the top and the

bottom surface of the specimen and reading the longitudinal displacement of the Lens

tube accurately. The difference between the two readings is considered the apparent

thickness of the specimen. The refractive index is determined by:

Actual thickness
Refractive index = -------

Apparent thickness
(2.17)

•

Among these three methods, the refractometric method is more accurate since the

other two methods require the precise focus point on the surfaces of the specimen, which

is subject to the operator's skill.

2.3.3 Method of Transmission Spectrum

The method of transmission spectrum is employed here to determine the refractive indices

of sample films. The transmission spectrum method "..·as first introduced to calculate the

refractive index~ absorption coefficient and thickness of a thin layer of amorphous silicon

on a substrate for the transmission interference fringes of the spectrum [16] .
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The transmission spectra of film samples are obtained using a Hewlett-Packard 8453

U\;-Visible Spectrophotometer. The UV-Visible Spectrophotometer is able to measure

the spectrum over a range of \vavelengths from 200nm (UV) to 1100nm, incLuding the

visible Light spectrum 400nm "" SOOnm. A section of the transmission spectrum of film

sample A is shown in Figure. 2-1. The interference fringes are the peak formations on

the spectrum.

Transmission spectrum
Sample A

81.2

c
o

'00
en·E
ê 1,f'\J \\j \ \)~ 79.2
~

[ 1
78.2 --------l._~ ~ /

900.0 950.0 1000.0 1050.0
Wavelength À (nm)

Figure 2-1: Transmission spectrum of Sample A
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Assuming a film of thickness d and refractive index n~ the basic equation for interfer

ence fringes is

2nd = mÀ (2.18)

•

\vherem is the order number, which is an integer for m~"{ima and half integer for minima:

À is the corresponding wavelength. The transmission spectrum can be expressed as [16]:

T=
Ax

(2.19 )
B - C x cos cP + Dx 2

where

A - 16n2 s (2.20 )

B - (n + 1)3(n + 8
2

) (2.21 )

C - (2(n 2 - l)(n 2 _ 8 2 ) (2.22)

D - (n - 1)3(n - 8
2

) (2.2:3 )

4iTnd
(2.24)<f; -

À

x - exp( -ad) (2.2.5)

Here~ a is the absorption coefficient and s is the refractive index of the substrate that

supports the sample film. In this case, the substrate is BKi glass, so s = 1..518.5 at

n = .j.50nm. The extremes of the interference fringes can be written as

TM
Ax

(2.26)-
B-Cx+Dx2

Tm
Ax

(2.27)-
B + Cx + Dx2

where T.\f and Tm are the maxima and minima on the transmission spectrum. Next,

T;'t,f and Tm are to be transformed into continuous functions of wavelength À, and thus
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of n(À). This transformation is achieved by fitting aH Tu values with a smaoth curve,

usually polynomials, such that 1'."1 will have a "'alue for each and every value of À.

Similarly, a curve of the same order is fitted ta aIl Tm values.

F t · (") ')6) d (.) ')-) . h .rom equa Ions _._ an _._1, \\e ave.

1 l 2C
Tm - TM = A

Solving this equation for n gives:

and
iV ") T:,,{ - Tm 5

2 + l
. = _5 T rr + ?

A,f1. m -

(2.28)

(2.29)

(2.30)

Equation (2.29) can be used ta derive the refractive index.

Once n(À) is knawn, x can be calculated in a variety of \vays. Solving for x by TM

from equation (2.26) gives:

•

where
Sn 2 s 2 2 2

E.u = -- + (n - 1)(n - 5 )
T.\!

Similarl.y, solving for x using Tm from equation (2.2ï) gives:

where
C\ 2
~n 5 2 2 '}

Em = Tm - (n - 1)(n - 5 - )

30
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Combining these tVlO solutions, one arrives aL

where

(2.3.5 )

and (2.36)

From the values of x~ the absorption coefficient a(À) can be obtained using equation (2.25).

In Figure 2-L the interference fringes are defined by:

T.\f and Àmar : transmittance and wavelength of maxima

Tm and Àmin : transmittance and wavelength of minima

These data must be corrected because of the slit width of the spectrophotometer: [.

The HP 8453 liV-Visible spectrophotometer has a slit width of l = Inm.

and

TMcor

Tmcor

l '2
- T.\lerp + (Tuexp--)

w;\[

l ')
- Tmerp - (Tmexp-)

W m

(2.37)

(2.38 )

(2.39)

(2.40)

•

In the fol1owing discussion, TM and Tm refer to the corrected values. The envelopes

of T.H and Tm are computed as follows. For each value of Amar , a Tm is interpolated from

aIl of the Àmin and Tm pairs using a .5th arder polynomial. The values of T.u at each Àmin

are obtained using the same method. 50, for aIl the values of Àmar and Amin, both TM

and Tm values are available. Hence T,u and Tm are continuous functions of wavelength

A. Figure 2-2 shows both the values of the measured transmission spectrum of Sample
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A and the corrected transmission spectrum.
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.Q 0.89CI)
CI)

-E
CI)

c 0.88rn
~.....

0.87

-'--:--..-- ..-- --:- .,/. .. .. '.---- .. .. ------:. :. . . . . . .

. ...
T . .. ." -'---

-- exp • ~.---- - --
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correcte<1
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820

Wavelength À (nrn)

Figure 2-2: Transmission intensity and Transmission intensity corrected by slit width of
the spectrophotometer as functions of wavelength

The refractive index of the film is thus given by equation (2.29). Using the least-square

method~ the obtained values of n at different \vavelength are fitted to the curve

•
ad 2

n = no + (-)
,\

3.-"• .!.

(2.41)
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where no is the refractive index at infinite wavelength and ad is hy definition the dispersion

of the curve.

The thickness of the film can he derived independently from the transmission spec

trum as weIl, using equation (2.17).

(2.41)

with À l > À 2 • Thickness dis expected to be constant and does not depend on wavelength.

To increase the accuracy of computation~ more iterations to compute the refractive

index n and the thickness d are performed. From equation (2.17)~ the order of interference

mIS:

2nd
m=--

À
(2.42 )

andm is an integer for maxima~ and half integer for minima. vVhen m 1S known. the

thickness can also be obtained as:

The average of d2 is taken as the thickness of the film. m is thus taken when the difference

between d and d2 reaches minimum. From the values ofm and d 2 , we have:

n!;\
n -2 - .)d

- 2

(2.44 )

•

Table 2.2 shows the values of 7'.\1 and Tm after being corrected by the slit width of the

spectrophotometer. The values of n and nI are functions of wavelength. The thickness

is determined independently at each wavelength. As can he seen, the thickness d2 shows

a large inlprovement from d. The standard deviation decreased from :375.5nm to 27nm.

This is achieved by finding the right arder number m such that 0"d 2 is minimum.

A general flow chart of the computation steps is shawn in Figure 2-:3 .
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Curve fitting

Transmission Spectrum

1
Extract T.\-! and Tm

1
Correct T.\/,Tm by slit width

1
T\f(A) and Tm(A)

1
- refracti 'le index n (A)

1
thickness d -

nI = no + (r)2 :order number m 1
'---

l
d - m.\

2 - nl :---

1
n - m.\

2 - 2d1

•

Figure 2-3: Flow chart of the computation of the refracti'le index from transmission
spectra
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Table 2.2: Values of À. T,u and Tm for the spectrum of Figure 2-1. Calculation of n and
d.

À T,\/ Tm n d m d2 n2

881 0.7988 0.7846 1.516 33..52 94 27.32 1..51:3
877 0.798:3 0.7843 1..51.5 28.10 94.·5 27.35 1..51:3
8~') 0.7978 0.7841 1.514 34.91 9.5 27.:35 1..51:3,-
868 0.7974 0.7839 1.512 :33.49 9.5.5 27.:38 1..514
864 0.7970 0.78:38 1.512 :31.50 96 27.40 1..514
860 0.7967 0.78:36 1.511 2:3.:32 96.5 27.42 1.·514
8.5.5 0.7964 0.78:33 1.511 27.09 97 27.40 1..514
8.51 0.7961 0.7829 1.511 25.71 97..5 27.40 1..514
847 0.7959 0.7826 1..512 24.8.5 98 27.:39 1..514
843 0.7956 0.7821 1..513 24.60 98 ..5 27.:37 1..514
839 0.7954 0.7817 1..514 2.5.1.5 99 27.:36 1..514
83.5 0.79·51 0.7813 1..515 26.8:3 99.·5 27.:3.5 1.514
8:31 0.7947 0.7809 1..515 :30.48 100 27.:34 1.514
8')- 0.794:3 0.7807 1..514 100..5 27.:36 1..514( -1

dave =28.4:3pm Gd= 3.ï.5pm d2ave =27.4pm (J"d2 =27nnl

The dependence of .r on wavelength A is determined from experimental data for TM

and Tm by equation (2.:34). The absorption coefficient as a function of wavelength a(A)

can be calculated from x{A) and the thickness d from equation (2.24):

log x
a=---

d
(2.4.5)

The conlputed value of a for sample A from the spectrum in Figure 2-1 IS listed in

Table 2.:3.

Once a is known, the extinction coefficient 1\., in the absence of light scattering, is

determined by:

•
aA

1\.=-
4iT

3.5

(2.46 )
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Table 2.:3: Values of E A[ and x for the spectrum of figure 2-1. Calculation of absorption
coefficient a.

:39.804
:39.845
:39.881
:39.914
:39.948
:39.98.5
40.02:3
40.062
40.101
40.129
40.1.56
40.171
40.169
40.144

x
0.8802
0.8796
0.8791
0.8786
0.8782
0.8776
0.8771
0.876.5
0.8760
0.87.56
0.87.53
0.87.5:3
0.87.56
0.876.5

4.671E-06
4.6948-06
4.710E-06
4.7238-06
4.738E-06
4.75.5E-06
4.776E-06
4.800E-06
4.826E-06
4.841E-06
4.860E-06
4.869E-06
4.8.58E-06
4.829E-06

aaue=4.78E-6

•

2.4 Results and Discussions

Figure 2-4 sho\vs another measurement of the transmission spectrum of sample A. The

computation based upon this measurement is listed in Table 2.4

Each film sample is measured over a different area. The calculation for each mea

surement is made following the same procedure. Ail measurements of the transmission

spectra of samples films are listed in the Appendix A. The computation of refractive

indices are also listed in corresponding tables.

Based on the structural information listed in Table 2.1 and the computation method

described in Section 2.2.4, the refractive indices for aIl resins were calculated. The pre

dicted values are shawn in Table 2..5.

The final values of the refractive index are the average of the results from each mea

surement. Comparison bet\'v'een the refractive index derived from the chemical con1po

sition of the resins with that obtained from the experimental measurements is made in
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Figure 2-4: T .ransmlssion spectra of Sample A
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Table 2.4: Values of À~ TM and Tm for the spectruID of Figure 2-4. Calculation of n and
d.

À T~\J Tm n d m d2 n2
961 0.8100 0.7900 1..511 27.87 87 2.5.78 1.51:3
9·55 0.810.5 0.7897 1.514 23.65 87..5 .)O" ....) 1.51:3_.J. t_

9.50 0.8105 0.7894 1.515 25.04 88 2.5.70 1.51:3
94·5 0.8102 0.7890 1.516 32.24 88..5 25.70 1..51:3
941 0.8099 0.7886 1.517 21.74 89 2.5.7:3 1..51:3
9:35 0.8094 0.7880 1..517 :32.49 89.5 2.5.70 1..514
9:31 0.8090 0.7877 1..517 2.5.66 90 25.7:3 1..514
926 0.8086 0.7872 1..518 25.17 90..5 2.5.73 1..514
921 0.8083 0.7868 1..518 24.65 91 25.72 1..514
916 0.8080 0.7865 1..518 30.26 91.5 25.74 1..514
912 0.8078 0.7862 1..519 23.8:3 92 25.73 1..514
907 0.8076 0.78.59 1..519 29.41 92 ..5 .)- ...- 1..514_:J. /.)

90:3 0.8074 0.78.56 1..520 23.30 93 2.5.74 1..514
898 0.8072 0.78.53 1..520 9:3 ..5 25.73 1..514
dUL' e =2.5. 79pID CTd= 4.07pm d2aue =25.73pm CTd2=20nm

Table 2..5: Refractive indices computed from structural information using Lorentz-Lorer:tz
and G ladstone- Dale relationships

Resin RLL ReD nLL nCD
B 9.6711 16.2914 1..524:3 1.5156
H 9.6497 16.2.554 1..5239 1..51.53
A 10.0291 16.8944 1..52.51 1..516:3
C 9.997.5 16.8412 1..5268 1.5178
0 9.869.5 16.62.54 1..5237 1.51.52
E 9.7730 16.4627 1..52:37 1..51.51
M 10.1:331 16.0697 1..5242 1..5156
G 10.1892 17.1640 1..5243 1..51.56
1 10.6906 18.0090 1..5161 1..5089
.J 10.1892 17.1640 1..5229 1..514.5
L 10.0780 16.9764 1..52.50 1.5162
F 9.298 15.662 1..5224 1..5140
I~ 9.298 1.5.662 1..523:3 1..5148
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Table 2.6. Because the molar refractions are available at À = 589nm, aU of the refrac

tive indices are computed at this wavelength. Since the dispersion ad is comparatively

small at different wavelengths~ n does not change greatly over different wavelengths in

the visible spectrum as shown in Table 2.2 and Table 2.4.

As shown in Table 2.6~ the predictions of the Lorenz-Lorentz relationship and the

Gladstone-Dale relationship are faidy close to each other. Of aIl the resins, Band

H are poly(ethylene-butene); A, C, D, and E are poly(ethylene-hexane); G, land J

are poly(ethylene-octane). The compositions for samples in the same group are very

similar ta one another, hence, the refractive indices are also very close. \Vhen comparing

with experimental measurements, agreement \vithin ±2% is generally found~ with the

exception of sample J. The instrument error is estimated at ±1%. The main reason for

the discrepancy, aside from the instrument error~ is the variance in thickness of the film.

Since the polyethylene films in the stady are quite soft, it is difficult to keep the film

perfectly fiat on the focal plane of the spectrophotometer during measurements without

any stretching. For very soft film such as sample .J, the variance in thickness due to

stretching is more significant than those of the stronger films. By using a glass slide

as support, the effect of streching has been greatly reduced in most cases. It cannot,

however~ completely eliminate the stretching for sample J because of its softness. Hence,

the error in the measurements of sample .J is larger than those of the other films.

For future ca1culation of gloss. light transmission and haze presented in later sections~

the experimentai data of refractive indices are used.

2.5 Summary

The refractive index is the most important optical property of polymer films and the

foundation to other optical properties. Unlike transparency and glass, it is not infiuenced

by the processing conditions during the manufacturing, but is only a function of the
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Table 2.6: The refractive indices of resins at À = 589nm

Sample nLL nGD n erp
-1aexp m

B 1 -.) 1.52 1..53 4.58.Q-

H 1.52 1.52 1.50 5.55
A 1.5:3 1.52 1.54 5.00
C 1.53 1 -.) 1.50 ·5.70.a_
0 1.52 1.52 1.51 2.13
E 1.52 1.52 1..50 6.97
G 1.52 1.52 1.51 3.68
l 1.52 1.51 1..51 6.46
J 1 -.) 1.51 1..5ï 5.81.a_
L 1.52 1..52 1..52 4..54

composition of the resin. Once the properties of the resin are known~ refractive index

can be estimated from available group contribution theories. The important factors in

determining the refractive index of a polymer material are the chemical composition~

i.e. the monomer and comonomer, comonomer percentage~ total unsaturation and the

density. For LLOPE, high crystallinity leads to higher density and lo\ver molar volume,

if aIl other parameters are made constant. This decrease in molar volume will increase

the refractive index n. Furthermore, increasing comonomer contents will increase the

molar refraction R, \vhich leads to larger values of n. On the other hand, increasing total

unsaturation will decrease the molar refraction and decrease the refractive index.

Notice here that the molecular weight. :JIlL" polydispersity, J.\IIlJ/J1n and chain branch

ing of the polymer are not directly included in the group contribution theory. Although

the influence of these parameters on the refraction by polymer materials still awaits fur

ther study, it is possible to qualitatively speculate from the crystallization point of view.

For crystalline polymers, such as polyethylene, polyethylene copolymers and polypropy

lene, Alw , J.\;[IlJ/AJn and long chain branching have a strong influence in the crystallization

during solidification. 5ince the density of the final product is dependent upon crystallinity

and is a strong factor in group contribution theory, the refractive index is indirectly being
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influenced by 1\lw~ Alw/Aln and chain branching. However~whether the density alone can

account for the influence of AIUJ~ L"lw/ftrln and chain branching in determining the refrac

tive index is not certain. Further study in this area requires advanced understanding

of crystallization kinetics and the effects of molecular weight, polydispersity and chain

branching on the refractive index.

In addition~ the Nlethod of Transmission Spectrum is adopted to measure the refrac

tive indices of sample films. The results show good agreement with predictions based

upon the chemical compositions of resins. The advantage of this method lies in its sim

plicity in operation and sample preparation. The formulations are rigorous and in closed

form. In addition~ it provides a method to determine the thickness of the sample film in

dependently. It can either serve as a method of measuring thickness for very thin films or

as a validation of the results of refractive index when comparing to the known thickness

of film .
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Morphology of Polyethylene BloW"n

Films

3.1 Introduction

~Iorphology of polythethylene blo\vn films is the center of this study. It serves as the

intermediate step between molecular structure and the macroscopic physical properties.

The goal here is to determine the surface and the bulk morphologies of the sample

films induded in this study using various microscopy methods. In addition~ various

characterization methods are applied to quantitatively describe the morphology of sample

films. These characteristics \vill not onl:y be used in determining the light reflection and

transmission behavior of the sample films but also provide parameters in future studies

to describe the morphology development as a result of molecular structure and thermo

mechanical history during the film blo\ving process.
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Apparatus

•

The apparat us used in the characterization of film morphology is the Topo:NIetrix Au

rora 2100 Near-field Scanning Optical Microscope/Atomic Force NIicroscope~ shawn in

Figure :3-1. including the laser source, microscope and viewing monitor. The microscope

is placed on an air-pressure table for vibration isolation. The air pressure of the table is

maintained at 100 psi. Figure :3-2 shows the layout of the microscope. The scan sizes of

this apparatus range from Ij.lm x 1j.lm to 35j.lm x :3.5j.lm. The maximum resolution of the

scan can attain 1000 lines per j.lm.

Figure :3-1: Experimental setup, including laser source, microscope and viewing monitor

The concept of near field scanning optical microscopy was first proposed in 1986 by

IBivI Zürich [17] and at Cornell University [18]. Near-field scanning optical microscopy
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Figure :3-2: TopolYIetrix Aurora 2100 NSOM/AFl\1 apparatus mounted on a compressed
air vibration-isolation table from Integrated Dynamics Engineering
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(NSOrvl) allows the user to map the optical appearance of a sampIe using a probe that

is smaller than the wavelength of visible light. It breaks the diffraction barrier so that

a persan can see features that are smaller than wavelength of visible light and thus are

invisible in conventional optical microscopes [19]. The resolution of NSONI is limited

primarily by the probe size and the probe to sampie separation. The probe is a very

sharp tip made from single-mode fiber optic. The aperture is fOo.J 50nm. The fiber optic is

coated with aluminum to prevent light loss, thus ensuring a focused beam from the tip.

In order to expand the NSO~I capability to samples with arbitrary surfaces, a distance

regulating system must be employed ta ensure that the tip-to..sample separation distance

is sufficiently small to allow near-field imaging. In the Aurora system used in this study.

a shear-force feedback system is used.

Shear-Force Feedback

To analyze a sampIe in the optical near field, the aperture of the optical fiber used to

illuminate the sample must be brought into close proximity of the sample. Because most

samples exhibit sorne topography, a feedback mechanisrn, which rnaintains a constant

tip to sarnple distance, has to be used. In 1992 two groups proposed independently a

method known as shear-force microscopy, as shawn in Figure 3-:3 [19](20]. This methad

has becorne the standard for NSOl\L The Aurora system is built following the same

concept. Practically aIl NSOlvi publications up to now have been done on instruments

using the shear-force distance regulation rnethod.

As shown in Figure :3-4, the tip of the fiber is mounted on a rigid vertical piezo, unlike

the cantilever used in normal Atomic Force tvlicroscopy. In contrast to ordinary Shear

Force :\licroscopy, the spring constant is low parallel to the surface and high perpendicular

to it. Consequently, when a dither piezo is used to drive the probe at or near its resonance

frequency, very small shear forces between the tip and the sample can produce a resonance

shift sufficient to generate substantial changes in the amplitude and phase of oscillation.
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Figure 3-3: Schematic of a combined shear force and near-field scanning optical micro
scope.
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This change can be measured optically [19] or non-optically. The most reliable and

cornmonly used non-optical sensor incorporates a tuning fork [21]. Here the probe is

attached to a tuning fork. Any change caused by surface-to-tip interactions is rneasured

electrically. The adva,ntages over the optical method are i) lack of interference between

the feedhack laser \vith the observation light~ ii) no time consuming adjustments, and

iii) higher sensitivity. In the Aurora system, the amplitude darnpening or phase shift

while the probe is oscillated at its resonance frequency are recorded by projecting a

magnified image of the light refiected off the tip onto a position sensitive detector. In

operation. a guidance laser (6:3:Jnm) is shined on the tip during the scan. The refiection

off the tip is collected by a photo detector. The refiected intensity is detected by the

four quadrants of the photo detector and the direction of changes is accurately produced.

The resulting ac signal can be normalized and demodulated to yield an amplitude and/or

phase sensitive signal. This signal is then compared with a reference level in a standard

feedback circuit linked to the vertical motion of the scan piezo. The system will then

adjust the absolute probe position to maintain a constant shear force and, presumahly,

a fixed relative distance from the sample. The change in amplitude is monotonie with

the distance and can he used for distance regulation. Although the name suggests sorne

highly destructive mechanism, it is actually a non-contact technique [22L and therefore

very gentle. Hard samples~ like glass, can be scanned for hours \vithout any damage to

the fragile aperture. At the same time, the tip will Dot cause any damage or modification

to the surface morphology of the soft sample films. Another advantage is that \vhile the

system is able to determine the surface profile of a sample by tracing the tip position and

movement, light emitted from the aperture \vill pass through the sample and he picked

up by the Photonmultiplier tube (Pj\'lT) at the same time. The PNIT has a filter of

488nm to clear aIl of the ambient noise. The resulting dc signal from the Pj\lT can he

used to generate the NSONI image. This mechanism can be simultaneously used for both
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near-field and shear-force microscopy! or for shear force imaging alone.

~Iotion Force

•

Figure 3-4: Tip oscillating horizontally above a surface, i.e. shear-force motion

Surface Imaging

For AFi\I imaging, the apparat us behaves similarly to ordinary shear-force microscopy.

The resolution and accuracy of the surface profile is determined by the scan rate and

scan size. For NSOi\I imaging, the achie\"able resolution degrades with increasing distance

from the probe [2:3]. Thus, although it may be possible ta obtain super-resolution infor

mation in three dimensions within a few tens of nanometer of the surface, more deeply

buried structures in transmissive samples can not be sufficiently studied using NSO:\[

withaut using the optical sectioning techniques of conventional optical microscopy. For

this reason~ the i\SOiVI images only show the top layer of the surface structure.

Sample Thickness

The boundary conditions that exist ln the immediate vicinity of the probe play a

dominant role in determining both the resolution and contrast in NSONI, because they

determine the degree ta which the electro-magnetic energy in the near field is coupled to

the far-field detector. Consequently, high-resolution surface information can be obtained

in transmission even from thick specimens [24] .
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Flat Surface Condition

Since the probe is controlled by a distance regulation system, the shear-force feedback

system that reacts ta the atomic force between the surface and the probe can accurately

trace the profile of the surface to maintain constant distance. As a result, the relative

=height of the surface roughness cannot he determined from NSO;\iI images. However,

the geometrical characteristics of these roughness such as size, shape and aggregation or

clustering, can be seen clearly using NSOivr. The surface height profile is provided hy

shear-force imaging.

Detailed technical information regarding this instrument is listed below.

Photonmultipler Tube

Cathode: Bi-Alkali detector

Voltage: 0 to 1200 V

NSOM Probe

Type: Single-mode fiber optic

Diameter: 12.5 j1m

Aperture: 50 nm (nominal)

Output: 10n\V (nominal)

Fo rce Feedback

Detection: Phase

Frequency: 45 to 120 kHz

Resolution: 1 nm vertical

Tip-to-sample Separation: 2 to 1.5 nm

X-y Sample Positioner

T,ype: Piezoelectric

Travel: 7 mm, X and Y

Resolution: 0.1 J.Lm
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Laser Excitation Source

Type: Argon ion

\Vavelength: 488 nm

Output power: 15 m \V

Power source: 100 to 120 V, 10 A, 50 to 60 Hz

Cooling: Air

3.2.1 Experimental Techniques

Samples for AF;\I/NSONI scanning are cut from the sheets of films into 10mm x 3mm

sections. They are then placed on a drop of embedding liquid on a glass slide. The

purpose of having embedding liquid is to prevent the sample from sliding while being

scanned and to eliminate air pockets trapped beneath the sample. The type of liquid

being used as embedding media is determined after many trials of different kind of liquid.

The selection of embedding liquid is also very important in eliminating the static charges

on the sample surface. In this work~ a leak detection compound from Cantesco, CA is

used as the embedding media for most sample films. The embedding media contains

mostly non-ionic surfactant. The sampIe is then placed on the scanning stage of the

apparatus and ready for AF~1 imaging.

First of aIl. the guidance laser (Photo Diode laser 6:3:3nm) that controis the feedhack

IS focused on the tip of the scanning probe. The direction of the photo detector is

then adjusted to maximize the sensor feedback from the reflection by the tip. The next

step is to establish the resonance frequency of the scanning probe. This is achieved by

scanning the frequency space from 4.5 kHz to 120 kHz. The resonance frequency is the

one that gives the maximum sensor feedback. The resonance frequency is different for

each probe and can aiso change due to different probe-sample interaction, which requires

the resonance frequency to be determined each time when either the probe or the sample
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is changed. Once the resonance frequency is determined, the probe is then lowered to

the surface of the sample and entered into feedback.

Once the probe is stabilized in feedhack, it is then possible to start line scan for any

line in the area of interest. During the line scan, the probe will repeatedly scan over

one single line. The purpose of line scan is to allow user to adjust the feedback control

parameters such as proportional, integral and derivative, so that the surface profile is

repeatable and accurate. In addition, the proper scan rate and scan range are determined

at this stage. This is when various artifacts in AF~I imaging occur. These artifacts are

discussed in detaiL in the following section with respect to their origine \Vhen the Line

scan is stable and repeatahle for a randomly selected line, the surface scan can start.

The result is moni tored in real time and recorded in the end.

Because of the high-sensitivity of the instrument, this seemingly simple procedure can

be complicated b)" a wide range of factors. The most common problem in AFNI imaging

is the artifacts caused by various sources. It is imperative ta identify these artifacts

and eliminate them to ensure the authenticity of the image. The main sources for the

artifacts are probe geometry and non-ideal performance of piezoelectric ceramics, which

are used in controlling the probe position and move the sample for raster scanning and

static electric charges.

Probe Geometry

\Yhen imaging steep or thin convex features, the sharpness of the probe tip has a

significant effect on the image. A probe with a large radius will begin to interact with

the surface features well before the center axis of the probe reaches the feature. After the

probe begins to interact with the feature it traces a rounded edge rather than a sharp

edge. Furthermore, the image will be much wider than the actual sample.

Another kind of artifact associated with tip geometry is tip asymmetry. If the probe

IS not uniform, artifacts will be seen in the resulting image. For instance, a spherical
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shape of a surface domain may appear elongated if the shape of the tip is asymmetrical.

Normally for asymmetrical tip, the artifact is independent to the direction of scanning.

Therefore this artifact can not be eliminated by changing scanning direction.

To correct this artifact, repeated experiments on the same sample are done using

different probes. The shape of probe tip is also closely monitored during the scanning to

ensure the sharpness and symmetry at the ti p.

Piezoelectric Ceramics and Scanner Stage

The mechanical construct of the AF~\'I/NSO~I apparatus can introduce artifacts to

images as weIl. These distortions can he separated into horizontal and vertical, since

the scanner stage is driven in the x - y (horizontal) plane and the z (vertical) axis is

dynarnic.

Horizontal distortions include non-linearity and drift. Non-linearity of the piezoelec

tric ceramics can result in horizontal image distortions. There are several manifestations

of piezo non-linearity in the horizontal plane. The most noticeable effect is that straight

tines on the sampIe will appear to be curved in the image. Crosstalk between the x and

y ceramics results in horizontal and verticallines which should be perpendicular being at

an incorrect angle. Creep also results in horizontal image distortions, and is most corn

monly seen in AF~I images when features in repeated scans are shifted in position. Drift

is the shift from desired position because of non-linearity of the piezoelectric ceramics.

This distortion is significant especial1y when zoofuing in on small features on the image.

In order to prevent these artifacts, repeated scans over the same area are performed, and

the image is recorded only \vhen no drift or distortion is found during the scanning.

Vertical distortions include bowing, vertical creep distortions and dynamic range ar

tifacts. Bowing is a common vertical distortion that occurs because the scanner moves

out of the plane of the sample when it is scanning. Bowing may occur due to two factors:

the scanner geometry and the angle between tip and sample. Creep distortions in the
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vertical dimension can be seen when a rapid large change in height is encountered. A

large step is an example of such a feature. In this case~ the top of a steep feature will

appear to be sloped~ since the :; ceramic will continue to distort after the top of the

feature is reached.

Another type of creep distortion is the discontinuity in scanning neighboring lines.

This is a combined effect of horizontal distortion and the creep of z ceramic. It results

in the sudden change in surface height during scanning. Although the surface profile is

kept the same~ the entire line appears much higher or lower than the previous line. There

is also shift in x position when this jump occurs. The third kind of vertical distortion~

dynamic range artifacts is because piezoelectric ceramics have a limited physical range.

If the change in sampIe height exceeds this range, due to sample tilt. warp, surface

feature size~ and objects on the surface~ no meaningful data will be collected for the

sampie beyond the dynamic range. This is called the dynamic range artifacts and will

appear as a fiat spot on the sample. Common treatment for vertical distortions include

increasing driving amplitude for the tip ta ensure sharper response and Emit creep in

vertical movement and careful sample preparation to ensure the sample area is fiat and

smooth ta reduce possible dynamic range artifacts.

Static Electric Charge

The most common artifact in the AF~I/NSO~Istudy of film morphology is due to the

static electric charge accumulated on the surface of sampIe films. These static charges

nlay be the result of ambient air, friction between film and other abjects prior to sample

preparation, or the additives in the film itself. Because of the static electric build-up, the

surface will have enough static ta attract the tip ta the surface. On the viewing monitor,

the tip will have sudden vertical movements even if it is not in scanning mode or the tip

\,.. ill tap the surface at regular interva1. Because of the static build-up, no meaningful data

regarding the surface profile can he collected. It is not possible to neutralize the charge by
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spraying on the sample any kind of liquid, in order to preserve the surface profile. Since

polymer itself is dielectric, grounding is not a feasible \vay either. Various embedding

liquid were used in order ta minimize the electric charge on the sample surface. It is

found that sugar water has a significant effect in reducing the electric charge of samples.

Typical artifacts that result from static charges are sharp peaks on the surface profile

that are not repeatable, the low frequency noise on the internaI sensor feedback~ linear

or triangular surface profiles, and 50 on. These deformations of the surface profile are

not responsive to the changes in feedhack control parameters~ i.e. the PID values. In

extreme cases, it can be observed from the viewing monitor the vertical oscillation of the

scanning probe in its initial state. The static charge cannat be avoided completely. Ta

reduce its effect~ one can improve the shielding and grounding of the scanning stage. The

selection of embedding media is also important 50 that there is no ion added ta the film

samples.

Other type of artifacts include vibration and feedback control. The vibration is re

duced to minimal by placing the apparatus on a compressed-air vibration isolation table

from Integrated Dynamics Engineering. The table is kept afioat at lOOpsi input air pres

sure. Feedback control requires many trials to determine the optimum combination of

control parameters.

In generaL ta ensure the quality and reproducibility of the images, repeated scans are

done for the same sample at different areas. In addition, different probes are used for

the scanning of the same sample. The apparatus is regularly calibrated using a standard

sample of semiconductor grid, to test the performance of x - y piezo and z piezo.
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Surface Morphology Observations

AFM images

•

The samples studied here are of different reSln compositions, produced under similar

processing conditions. The AF~'I scan size is 351lm x 3')/-lm. Scan rates varied from 10%

to 50% of the range per second. Although the AFNI apparatus used in the study has

the ability to scan at Ip:m x Illm range, it is the selected large scan size which is of

great interest. It cantains a large number of data points for the surface and offsets the

statistical bias and thus, produces a more accurate statistical representation of surface

characteristics. This was demonstrated by repeatedly scanning the same region of interest

at different ranges and scan rates. It was seen that 3.5p:m x 3')llm would produce the

optimum effect. For smaller scan ranges, the images obtained contained random noise

generated by the tip, and repeated scans \Vere unlikely to reproduce identical surface

profiles because of the hysteresis of the x and y piezos that controls the raster scan. In

addition. the smaller scan range results in surface profiles that depend largely upon the

location on the surface. Therefore, surface roughness values obtained from these images

will be more prone to statistical bias. In generaL a smalIer scan range adds more noise

into the surface roughness, and renders the final results less dependable. AlI aspects

considered, the scan range of :3.5pm x 3.5pffi was selected as the desirable scan range for

aIl of the samples.

Mor-phology of Sample Films

Figure 3-·) sho\vs the AF~I images of the surface topography of various samples. In

aIl of the scanned images, the dra\v direction during film blowing process (i.e. machine

direction) is vertical upwards with respect to the page. The stacked three-dimensional

domain structure is apparent on the images for aIl samples. It is believed that such
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roughness domains observed on the samples are spherulites~ mainly the result of crys

tal1ization on and beneath the surface during the film blowing process. In the fol1owing

discussion of surface morphology~ the term ~~domain~' is used to refer to the spherical

entities observed on the film surfaces.

The major difference among different sample surfaces is the size of the domain struc

ture. For Sample D~ the average and dominant domain size is of 200 to :300 nm in

diameter. \Vhereas for SaIIlpie I~ the dominant domain size is Illm in diameter. It is

generally agreed that surface morphology is also affected by the biaxial extensional flow

and shear deformation that occur in the blowing process. The effect of the mechanical

history in the blowing process is reflected in the shape of the domains as weIl as their

arrangements. Since al1 sample films are produced at similar processing conditions, it is

considered that the effect of the mechanical history during the process on the differences

in surface morphology bet\veen sampie films are less significant than the effect of crystal

lization behavior~ which strongly depends on the thermal history, the resin compositions

and the polynler structure, i.e. molecular weight distribution, long chain branching,

cornonorner type and content. A quantitative assessment of the effect of crystallization

during the film blowing process on the surface morphology of films must await detailed

crystallization kinetics study of the different resins.

The surface profile of sample film l is shown in Figure :3-6. The left side is the top

view of surface morphology and the right side is the three-dimensional vie"v of the same

surface. There is no significant variance in the shape of the domains. This observation

suggests that the influence of the mechanical history, such as the biaxial extensional flow

and the shear deformation in the melt flow during the blowing process~ may not have

a significant influence on the morphology of the filnls studied. Of aU the sample films

studied. none exhibited strong orientation preference \Vith respect to machine direction,

neither in the shape of the domain nor in the aggregation of clusters. Setting aside
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the effect of impingement during the development of domain structure. aU samples show

similar randomly distributed structures. Comparing the images to the other sample films

presented in Figure 3-5, the domains of Sample 1 appears to he more uniform in size. On

average, the domains in Sample 1 appear to be larger than the domains observed for other

film surfaces. Since the processing conditions were identical in producing these films, the

difference in surface morphology is attributed to the different resin compositions.

The surface topography of aIl samples are shown in Appendix B. The outside and

inside surface topography of ail samples exhibit spherulitic structures to sorne degree.

There is no regular clustering, nor preferred orientation in either distribution or the

shape of individual spherulites on ail the samples. Since aIl sample films are produced

under similar processing conditions, it suggests that the biaxial flow in the process does

not have a significant influence on the formation and growth of spherulites on the film

surface.

Morphology of Inside and Outside Surfaces

Figure :3-7 shows images of the inside and outsicie of sampie D of Set I. The difference

in the physical conditions on the outside and the inside surfaces of polymer films during

the film blowing process is a natural result of the film blowing process. The outside surface

is cooled by air flow from an air ring placed outsicie the die, whereas in most instances, the

inside surface is cooled with stagnant air inside the film bubble. Due to this difference, the

temperature on the outside surface is Iower than that of the inside surface. From Figure :3

7. it can be seen that both sides exhibit sirnilar domain structures. The outside surface,

however. noticeably has a more diversified domain size distribution and smaUer domains

on average than the inside surface. This observation is in contradiction to the conclusion

in Smith et al [25], who found no difference between the surface morphology of the outside

and inside surfaces of polymer blo\vn films. This difference in surface morphology of the
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Oulslde Surface of Sample D

Figl1},(\ :l-l 0: Olltsidc\ Sl1rfacc\s of SamJ>lc D Set. 1and Sam pie D82 Set. II
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Inside Surface of Sampie D

Figure :J-Il: Illside Surfaces of Sample D Set. 1and Salllple D8:.! Set. II
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Outside Surface of Sample 0

•

Figure :1-12: Out.si<!e Surfaces of Sample J) Set 1 and Salllple D~H Set. Il
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Figure :3-15: NSOl\1 images of outside surface of Sample D 20llm x20pnl and 10j.Lm x 10j.Lm
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Figure 3-13 and Figure 3-14 show the AFJ\I and NSO:\-I images of the outside and

inside surfaces of Sample D. It can be observed that there is good correlation between

the images of the top layer of spherulites by AFM and NSO:\L The relative:: position of

the spherulites is not c1ear in the NSOl\I image because during the scan the tip-to-sample

distance is maintained constant. Renee, the optical image does not reveal the relative

height of the spherulites. The boundaries of the spherulites, however, are more c1early

defined in the NSO NI image.

Figure 3-15 shows the NSO~I image of the outside surface of Sample D at the ranges

of 20llffi x 20llm and 10flm x lOllm.

In Figure 3-15, the top layer of the surface shows separate domains that agree with

the findings from the AFNI images of the same surface. Comparing with AF:\I images,

the boundaries of the spherulites are more clearly defined. The spherulites appear to

have similar shape and size, indicating a more or less uniforrn nucleation and growth of

spherulites at the top layer of the film surface where there is no impingement. There is

no segregation or clustering of spherulites on the surface.

3.3.3 TEM iUlages

Other microscopy methods \Vere employed to characterize film morphology. Among them,

Transmission Electron ~Ticroscopy (TE~l) is a relatively \vell established method [26].

By passing a beam electron through a thin slice of sample, the electrons are deflected

by the molecules inside the sample. The resulting pattern will then accurately describe

the internaI structure of the sample. TE~I has the highest resolution among aIl of the

microsco?y methods used in this study. Its application, however, is limited due to the

difficulty in sample preparation. For successful TElVI imaging, the sample cannot be

more than a fe\\' tens of angstroms thick. The method used ta prepare a polyethylene

blown film for TEiVI involves producing an accurate replica of the surface. This is done
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Figure 3-16: TElVI image of outside surface of Sample G
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Figure 3-17: TEM image of outside surface of Sample G
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by depositing a layer of platinum atoms on the surface of the film in a vacuum chamber.

First. the platinum is heated to its vaporizing temperature. The floating atoms in the

vapor are then freely deposited on the film sampie which is positioned on the bottom of

the oven. The thickness of the replica is determined by measuring the deposit thickness

at a reference point next to the film sample. The replica must be separated from the

film without any damage to its profile before it can be successfully imaged using TElVI.

The film sample with the replica deposited on its surface is sandwiched between two

glass slides and immersed in boiling xylene. After the polyethylene film is completely

dissolved~ the replica is preserved on one of the glass slides and is ready for TENI imaging.

The TENl image of the outside surface of sample G is shown in Figure 3-16 and

Figure :3-17. The humps clearly visible on the surface are identified as spherulites. The

lamellar structure of these spherulites is clearly visible on the finer scale TENI irnage.

The dinlensions of the spherulites observed here roughly matches the dimension of those

from the AF~[ images shown above. This confirms that the roughness of the film surface

is due to the presence of spherulites.

3.4 Cross-section Morphology

The bulk morphology is determined by an exanlination of the cross-section of the film

sample.

3.4.1 Sample Preparation: Ultramicrotomy

•

Ultramicrotomy is very commonly used in the preparation of biological specimens and

polymer nlaterials for microscopy. The materials must be carefully fixed, stained and

embedded prior to sectioning. The purpose is to provide sections with visible fine struc

ture that represent the original materia1. Polymer materials are generally easy to prepare
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prior to sectioning. Due to the softness of the rnaterial~ however, sorne polymer materials

are very difficult to section at room ternperature. Therefore~ they must be hardened

either chernically, or by cooling below roorn temperature during rnicrotomy. This process

is called cryosectioning.

The ultrarnicrotome used here is the Leica Reichert Ultracut S with Reichert FCS

chamber system attachment. The Ultracut system includes:

Ultracut S Nlicrotome

Stereomicroscope

Drive system

The FCS chamber system is an attachment specifically designed for ultrathin frozen

sectioning. It includes:

Cryochamber

Control Unit

Dewar vessel for liquid nitrogen on mobile trolley

Liquid Nitrogen pump

The rnaterial is polyethylene blo\vn thin films. Since the sample is often too soft for

sectioning at room temperature~ it is cooled below its glass transition temperature for

better results. The sectioning operation is conducted at -16üoC. Typical sarnple cutting

directions (PL direction~ VL direction and 4.5°) are shown in Figure 3-18.

A section (-lmm x 4mm) of the sample film is inserted inta a drop of embedding

media liquid on a sample holder. The embedding media used here is the Frozen Tis

sue Embedding ~Iedia from FisherDiagnostic. It contains water, polyvinyl alcohol, 2

phenoxyethanol, polyoxpropylene-polyoxyethylene block copalyrner. The sample is then

immersed in liquid nitrogen until the film sample and the embedding media are frozen.

The frozen sampIe is then placed into the frozen chamber of the microtome that has been

cooled to -160°C and positioned according to the required section direction. A 4.50 glass
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knife is used in the sectioning.

The sample in the PL direction is trimmed using the side edge of the glass knife.

After trimming~ it is turned into the VL direction and moved to the center of the knife

edge. The sample is then sectioned in either VL direction or 4.50 direction for different

thicknesses (1flm '" 5flm) at various speeds (lmm/s, .5mm/s, Smm/s). The results are

vie\ved through the stereomicroscope attached to the microtome. Finally, the slice is

placed on a thin glass slide for further analysis.

4.50 direction

Film
thickness

Film surface

PL direction

~

VL direction

",,4rnm

Figure 3-18: Sample cutting direction

•

3.4.2 Cross-section Morphology of Sample Films

Figure 3-19 sho\vs the cross-section of film G. The cutting direction is vertical. The

scan range here is lOflm x lOp;m. Slices with varying thickness were aiso exarnined

by AFi\I and it was found that the slices with different thicknesses exhibit the same

morphology, which rneans that the layer structure in the sample slices is net influenced
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by the preparation conditions. The domain structures are densely packed in the hulk of

the film sample. The size of these domains appears to he uniform. \Vhen compared to the

domains of the surface, the size of the domain in the bulk is generally much smaller. This

is hecause the nucleation occurs first on the surface because it is cooled before the bulk.

The nucleation in the bulk immediately follows. Due to the large amount of nucIeation

points, however, the spherulites in the bulk will he fully impinged, while the spherulites

on the surface are allowed a longer time to develop with a free boundary. As a result,

the spherulites on the surface are larger in comparison with those in the hulk.

3.5 Characterization of Morphology

The AF~.f and KSOi\:[ images presented above give us qualitative knowledge of the film

morphology. These observations, however, would not be useful without a quantitative

analysis. In this project, a number of methods have been employed in the characterization

of the morphology of films.

3.5.1 Surface Roughl1ess

Surface roughness is best described by the statistical distribution of its deviation from a

certain mean level. The average height of a rough surface E,(x. yL i.e. its mean level. is

defined as:
1 x y

G"aue = 4",,}.. j .j .f,(x,y)dxdy
_'\. -.X.-}'

(3.1 )

•

\vhere 2.\' and 2Y are the dimensions of the boundaries of the rectangular region under

consideration, and the area A is given by A = 4..\'Y. Let (Jaue = 0, then the standard

deviation is given by:

(3.2)
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As defined here, the standard deviation (J' is the root-mean-square value of ç~ which

describes the surface roughness. A large (7 corresponds to large roughness; on the other

band~ when (7 -r 0, the surface ç will cease to be a random variable and become a smooth

surface. In the present \vork, the value of the surface roughness from experimental images

is obtained by:

(7=

1 N
_ '"' _2,V L-':"k
• k=l

(3.3)

where Zk- k = 1,2, ... are the surface heights of discrete points on the surface. \Vith the

surface profile, the surface height average and the standard deviation are easily computed.

Area roughness measurements can characterize how "rough" a surface is and make

quantitative comparison among sample surfaces. It cannot, ho\vever, represent any ori

entational preference or clustering of the roughness on the surface. Therefore, in addition

to area roughness, line roughness is also measured and compared. On the AF~vI image

of a surface profile, horizontal and vertical lines are randomly picked. Their average

height and standard deviation are computed from the line profile. The results show that

the surface roughness distribution has no orientational preference of spherulites, i.e. the

average height and standard deviation for lines in x and y directions are mostly identical~

suggesting the surface roughness is one-dimensional. For different horizontal or vertical

lines. the parameters are also identical. This shows that there is no clustering on the

surface and aIl the roughness is uniformly randomly distributed.

The standard deviation of surface roughness, i.e. (7, of aIl film samples are presented

in Table 3.1.

Table 3.1: Surface Roughness of Sample Films (nm)

A B C D E F G H l J K L NI
0 29.8 20.4 32.2 36.9 34.6 109.1 41.7 24.3 32.4 27.8 58.5 27.0 26.9
l 27.9 19.4 38.9 39.3 34.9 85.0 4.5.2 28.6 3:3.7 28.1 42.9 23.6 28.7
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Lateral Correlation Function and Correlation Length

For a simple one-dimensionai case, the surface is given by a random stationary process

TJ( x) and is constant in the y direction. Let 1]( x) be a random variable assuming the

values z with a probability density wez); let the mean value be zero:

< TJ >= 0 (3.4)

For a purely random function 1](.r)~ any two values 11(xd and TJ(X2) are independent, i.e.

the function does nat contain any non-random periodic spatial patterns. The separation

parameter is defined as:

(3.5 )

\Vhen T is small~ i.e. when Xl and X2 are close to one another, then 1](xr) and 1](X2) may

be correlated. The apparent extreme case is that the tVII"O points will be identical when

r = O. Thus~ the probability density function w( z) is not able to amply describe the

rough surface 1]. In addition, we must know the correlation function of 1]. defined as:

1 jL
B(T) = lim ')L TJ(x)1](x + r)dx

L~= _ -L
(3.6)

or the normalized correlation function~ aiso known as the autocorrelation function, de

fined from the correlation function B( r) as:

•

< 1]11]2 > - < 1]1 >< 1]2 > < 1]1112 >C (T) = ------::-------- -
< 11r > - < 1]1 >2 < 1]f >

It fo11ows that for a purely random surface:

lirnC(r) = 1
T~O

ï9

(3.ï)

(3.8)
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(full correlation~ linear dependence) and

lim C(r) = 0
T-+-OO

(3.9)

(independence). For a pure random surface, C(r) will decrease monotonically from its

maximum C(O) = 1 to C(oo) = O. Should there he a weakly repeating pattern, however,

embedded in the random surface, a local maximum would occur at C(T) and T is defined

as the correlation length.

The autocorrelation function of surface height is also an important factor in sta

tistically characterizing the surface roughness, which is the indicator of whether the

roughnesses on the surface form clusters, are far from each other, or form other regu

lar or irregular distribution patterns. ~Iany researchers assume a Gaussian correlation

function, which represents a normally distributed random surface~ and others assume the

correlation function to be simply exponential [27]. An improved approximation [28] is

applied here. The lateral correlation function C (T) given by

r
C(T) = exp(-ITIQ) (:3.10 )

where r is the spatial distance. T is the lateraI correlation length and a is a constant.

To determine the values of T and a:, different values of C( T) are calculated from discreet

data points C j from the surface height profile with

(:3.11)

•

and C(O) = 1. lV, the number of data points, is given by the size and resolution of the

surface height image. After determining the values of C j from the surface topography

extracted from the experimental AFlVi images, the correlation length T is determined by
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the value of r at the first peak on C(r). The value of C(T) indicates the strength of

this correlation. SmaU values C(T) represents a weak correlation. On the other extreme

C(T) = 1 represents a purely periodic surface. Once T is determined from C(r). Q is

then fitted from Cj using the least-square method.

1.0
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---- Line 163
--- Line 213

0.5
c:
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Ü
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~c: 1
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Figure 3-20: Lateral correlation functions for Lines 43~ 163 and 213 of Sample 1.

Figure :3-20 shows a plot of the correlation functions for the lines 43, 163 and 213 of

sample l outside surface. The correlation lengths T = 3.929j.Lm, 3.504j.Lm, 3.90Sl1m are
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Figure 3-21: Lateral correlation functions for Lines 41, 171 and 211 of Sample D.
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Figure 3-22: Lateral correlation functions for Lines 2ï ~ 114 and 2:30 of Sample G.
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Figure :3-2:3: Lateral correlation functions for Lines 25~ 134 and 2:30 of Sample .1.
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found for lines 47~ 126 and 2:3.5, respectively. In physical terms, the correlation function

represents how the roughness is distributed laterally, i.e. either they are segregated in

certain areas of the surface or equally distributed over the surface. The lateral correlation

length is the indicator of how regularly a pattern does repeat itself in a neighboring

pattern that resembles its characteristics. In the case of Sample l, whose surface has

domains of one micron in size on average, the local pattern that covers the surface is of

the dimension of 3 ,...., 41lm. Figure 3-21 shows the lateral correlation function for Sample

D outside surface at lines 41, 171 and 211. Using the same computing scheme, the lateral

correlation length T was found to he T = 3.0·)llm, 2.57f.lm, 3.30llm. These values indicate

that the local repeating pattern on the surface of Sample D is of the dimension of 2 ,...., Ilm,

and is smaller than that of Sample I. The comparison is observed from the experimental

images shawn in Figure 3-5. Similarly, Figure 3-22 shows the lateral correlation function

of Sample G at lines 27, 114 and 2:30. Figure 3-2:3 shows the laterai correlation function

of Sample J at lines 2.5, 134 and 2:30.

The Iaterai correlation length T of aIl sample films are listed in Table :3.2.

Table 3.2: Lateral Correlation Length of Sample Films /lm

A B C D E
0 3.44 3..j.5 3.74 2.97 3.11
l :3.68 :3.8:3 3.86 :3.17 :3.27

F
12.11
10.21

G
3.0:3
3..50

H
4.31
4.43

l
3.78
3.91

J h':

4.08 8.38
3.84 8.09

L
3.92
3.38

NI
3.8

3.62

•

3.5.3 Line Fractal Dimension

Surface roughness can be evaluated in a variety of ways. The above mentioned standard

deviation of roughness and Iateral correlation function are among the most commonly

used characterization methods for rough surfaces. These conventional characterization

methods usually reduce aIl of the complex surface characteristics to one numher and that
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frequently fails to capture aIl of the details and leads to a poor correlation between mea

surements and observations. The approach of fractal analysis is an attempt to describe

the features of the rough surface in addition to conventional characterization methods.

The dimensions of Euclidean geometry are non-negative integers. The dimensions

O~ 1~ 2 and :3 correspond to dots, lines. planes and bodies, respectively. This simple

classification is not able to capture ail of the complex geometries observed in natural

and artificial objects~ especially for very irregular shapes. Fractal dimension was first

introduced by Nlandelbrot [29L to describe coast lines. which~ unlike any other complex

cun'es in mathematics. cannot be approximated by continuous line segrnents. regardless

of the length of line segments. Such observation leads to the conclusion that coast lines

have a dimension that lies between 1 and 2, i.e. a straight line and a plane.

Assume a continuous function [(x). It follows that If(x +~) - f(x)1 ---7 0 as ~ ---7 O.

This expresses the fact that over a short spatial distance ~~ the change in the function

f(x) can be arbitrarily small. The continuous property of f(xL ho\vever. does not guar

antee that it is differentiable. A differentiable function f(x) requires not only continuity.

but also that as ~ ---7 O~ there exists a finite value ff (x) such that:

f f() l' [( x + ~) - f (x)x = lIn -------
.:l~o ~

(:3.12)

The derivative has another meaning as the slope of the function f at point J:.

The Lipschitz condition for a random process f( x) limits the variation of the incre

ments of f [29]:

var(f(x+.:l)-f(x))"'v~2Q, as ~---70

•
Here the symbol '"V means that the left hand side asymptoticaIly approaches a constant

times the right hand side as sorne limit is approached. Ct is referred to as the Lipschitz

exponent and 0 < Ct :S 1. If the profile of f( x) is smooth, Ct = 1.
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The line fractal dimension is calculated from the so-called box-count algorithm given

by Chesters [30]. The roughness profile is analyzed in terms of a "roughness spectrum" ,

which gives the fractal dimension as a function of feature size. This method overlays

the profile with a uniform grid or a set of boxes of height b. A count is made of the

~non-empty~ boxes (IV) for which any portion of the profile falls within the box. The box

size is then divided in half and the count repeated. The box dividing process continues

until the box size is very close ta the pixel size. The slope of the count as a function of

box size on a log scale represents the Fractal Dimension value, Rf. Generally, if a profile

is perfectly smooth and level (i.e., a straight Line) then the dimension equals 1. This is

because the number of boxes required to cover such a fiat profile changes in exact linear

proportion ta the box size.

(3.14)

If the profile is a rough curve, the boxes needed to cover it will increase more quickly

when the size of the boxes decreases.

(3.15)

•

The line fractaL dimension Rf is used to measure the smoothness of surface profile with

1 < Rf < 2. A higher value of Line fractal dimension represents a very ··broken" line.

As Rf --1- 2, the Line is doser to a two dimensionaL area, meaning a dense distribution of

roughness on the Line. On the other end, a lower value of Rf represents a smoother line

with less and sparsely distributed roughness. At the extreme when Rf = l, the line is

straight. It should be noted that in the graph for polyethylene film surface profiles, the

Lateral units are in /-lm, whereas the height is in nm. If presented in the same units, the

surface is very close to being perfectly fiat and it would be difficult ta observe the surface

profile.
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Figure :3-24: Surface profiles of line 133~ and verticalline 1.53 of Sampie D outside surface;
their fractal dimensions are R f133 = 1.·52 and Rftl153 = 1..51.
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Figure :3-2.5: Surface profiles of line 140~ and verticalline 166 of Sample D inside surface;
their fractal dimensions are R J140 = 1.48 and RJu166 = 1.49.
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As seen from Figures 3-24 to 3-27, the line fractal dimensions for horizontal and ver

tical (x and y) lines are the same for any sample. Similar to line roughness measurement

earlier in this section~ this suggests that the surface roughness distribution is the same

in x and y directions and that there is no orientational preference of spherulites due to

the extensional flo\v d uring the film blowing process.

The line fractal dimension of sample films are listed in Table 3.3.

Table 3.3: Line Fractal Dimension of Sample Films

A B C D E F G H 1 J I\: L NI
0 1.43 1.59 1.5.5 1 ...) 1..55 1.4:3 1..53 1.5--1 1.48 1..5i 1.:39 1.5.5 1.5i•.J_

1 1.5--1 1..57 1.56 1.49 1..51 1.:38 1.48 1..50 1..53 1.6:3 1.46 1.56 1.51

3.5.4 Two-Dinlensional Fractal Dimension

A variety of surface structures such as aggregates. porous and highly dispersed materials

exhibit rough surfaces that are best described in terms of fractal rather than Euclidean

geometry [29].

The algorithm for 2D surface fractal dimension is given in Gomez-Rodriguez [:31][:32].

This method is called ~~Lake Pattern"', since the analysis is based on lake patterns recog

nized on a Z plane intersecting the image. The relationship bet\veen two variables of each

lake (the perimeter (L) as a function of area (.-1)) is evaluated. The fractal dimension

DJ will he defined as:

L - a:DjA.Df/2

DJ - Dj+l

(3.16)

(3.17)

•
where a: is a constant, and Di is the fractal dimension of the lakes~ coastline. DJ is the

fractal dimension of the three dimensional surface.
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Theoretically, the 2D fractal dimension indicates the extent to which the surface is

"broken". Similar to the case of the one-dimensional fractal dimension, larger values of

fractal dimension indicate a rougher surface in terms of smaller distributed roughness

zones separated from each other. The boundaries of these roughness zones appear more

randomly formed. On the other hand, a smaller fractal dimension, i.e. Df ~ 2, represents

a dose-to-flat surface that has very slow changes in surface roughness and the boundaries

of the roughness zones are smoother. Df = 2 indicates a smooth surface that has no

irregular roughness in Eudidean geometry.

Figure 3-28 and Figure 3-29 show the surface profiles of the outside and inside surfaces

of Sample D of Set 1. The spheruLites on the outside surface appear to be smaller than the

ones on the inside surface. TypicaL spherulite size of the outside surface is 0.2 l'V O.41Lm

and 004 '" O. ï J.Lm for the inside surface. The sizes of the spherulites on the inside surface

appear more diversified whereas the outside surface appears to be more uniform. The

lakes found on the outside surface are smaLler in circumference than those on the inside

surface. Consequently, the fractal dimensions of the two surfaces are Dfout = 2.5ï and

D ') ~of in = _.0 .

Similarly, Figure 3-30 and Figure 3-31 show the outside and inside surfaces of SampLe

OS2 of Set II. Figure 3-32 and Figure 3-33 show both surfaces of Sample DS4 of Set II.

The fractal dimensions of the two surfaces of sample 0 82 are D fout = 2.46 and

DJ in = 2.44. For sampLe Ds.t, D fout = 2.49 and Df in = 2.43. Between the two

samples in Set II, the two surfaces of sample 0 82 are doser in terms of surface profile.

In addition, DJ of Sample D of Set l is larger than those of the corresponding ones in

Set II. This is in agreement with the observations that the spherulites on the surfaces of

samples in Set II are considerably larger than those of Sample D in Set I.

The surface fractal dimensions of sample films are listed in Table 3.4.

Conclusions can be drawn from the 2-D fractal dimension measurements of various
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•
Figure :3-28: Lake Pattern of Set l Sample 0 outside surface; Df = 2..5ï
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Figure :3-29: Lake Pattern of Set l Sam pIe D inside surface~ DJ = 2..50
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Figure :3-:30: Lake Pattern of Set II Sample D82 outside surface: DJ = 2.46
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Figure :3-:31: Lake Pattern of Set II Sample D82 inside surface: DJ = 2.44
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Figure :3-:32: Lake Pattern of Set II SampIe D84 outside surface; D f = 2.49
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Figure :3-:3:3: Lake Pattern of Set II Sample D84 inside surface; Df = 2.4:3
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Table 3.4: Two-Dimensional Fractal Dimension of Sample Films

o
l

A
2..58
2.47

B
2.56
2.63

c
2.52
2.60

D
2.57
2.50

E
2.52
2.50

F
2.30
? ?-....... 1

G H l J K
? ... - 2.52 2.46 ? ... - 2.29.... ;:) ( .... ::Ji

? -- 2.51 2.49 2.60 2.38.... ;:):)

L
2.49
2.48

NI
? --.... :) 1

2.51

sample films regarding their surface textures. In general, the inside surface of a film is

relatively smoother than the outside surface due to the difference in cooling during the

film blowing process. However, the differences are not large. The spherulites on the

inside surfaces are on average larger than the ones observed on the outside surface. This

difference is indicated by the fact that the fractal dimensions of the inside surface for any

sample film are lower than those of the outsicie surface, which confirms the observation

and computation of the line fractal dimension made earlier.

3.5.5 Spherulite Size Distribution

Surfaces of sample films contain sperhulites of various sizes. Spherulites are separated

using the "slope" method. At any given point (xo, Yo, =0) on a surface ((x, y, =), the

gradient of the surface is given by:

(3.18)

The slope is gi ven by:
~

S = ---r:::::;;::::::=::::ô:=:==:;;:::==
J(~)2+ (~)2

(:3.19)

•

To separate domains on the surface profile, a subroutine \vill scan the surface for

points \Vith slopes above a predetermined threshold. Such points are considered to he on

the perimeter of domains. The tracing of the perimeter is done by checking the slopes of

the neighboring points. The aIgorithm will iterate until aIl of the points on the perimeter
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Sample D Sample G

•

SampIe 1 Sample J

Figure :3-34: Spherulite analysis of Samples Dl G~ 1 and .J
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of a single domain are found. Once the perimeter is established for a single domain.

the surface area and volume of the domain are computed by integrating over the points

inside the perimeter. This procedure is repeated over the entire region of interest. By

experimenting \Vith different values of the slope for the separation of domain structures,

an optimum value of l is selected for aIl samples. The results for samples shown in

Figure :3-5 are presented in Figure :}-:34. The Humber densities of spherulites of sample

surfaces in Figure :3-:34 are presented in Figure :3-:3.j.

3.6 S urnmary

A thorough AF~I/NSONI study of polyethylene blown film morphology is conclucted.

It presents a rigorous and comprehensive approach to characterize the morphology of

polymer films. Observations from morphological information conclude the existance of

the spherulitic structure on the surface as weIl as in the bulk of the sample films. AlI

samples exhibit similar surface structures. However, it differs in size and distribution

of spherulites among sample films. The surface roughness of sample filnls is caused by

nucleation on and beneath the surface. The formation and shape of the spherulites did

not show any orientation due to the extensional and enlongational flow during the filn1

blowing process. The distribution of spherulites does not show any clustering or preferred

pattern. The spherulites are randomly distributed on the surface.

Resin composition and processing conditions appear to play a critical role in the for

mation of the surface roughness. Detailed knowledge regarding the formation of the film

morphology as functions of resin composition and processing conditions requires detailed

knowledge of crystalIization kinetics, including nucleation and growth of spherulites. It

is also needed to couple such knowledge in a comprehensive realistic model of the film

blowing process.

The surface morphology is characterized using paranleters such as the standard de-
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viation of surface roughness, Lateral correlation length and fractal dimensions. These

characterization methods provide quantitative ".'..ays to study surface morphology. Since

this methodology is not material-dependent~it can he applied to aH kinds of rough sur

faces .
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Surface Reflection and Glass

4.1 Introduction

4.1.1 G 105s: Specular refiection

For a weIl polished or perfectly smooth surface~ i.e. mirror, light is refiected in a directive

manner according to the laws of classical optics~ whereas a plane with a rough surface

(wall. white paper ~ plastic film, etc) \viU scatter the incident light in aH directions. The

scattered field in such cases is considered to be the sum of t\VO components: the specular

component and the diffuse component. Specular refiection is the same as the reflection

off a smooth surface. It is directionai and obeys the laws of cLassicai optics. Diffuse

scattering, on the other hand, contains a larger area and shows Little directivity. Gloss is

defined as the optical property that measures the ratio between the specularly refiected

intensity and the incident light intensity. Because the reflection of incident light depends

largely upon the surface ante which the refiection occurs, gloss is closely associated with

the surface roughness of the materia1. In the case of polymer films, gloss is not only a

function of the surface profile but aiso are intrinsic materiai property as well, i.e. the

refractive index of the polymer film. For the same polymer resin, the refractive index of
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the crystalline state is usuaIly different from that of the amorphous state. However~ such

difference is small and is usually neglected in the study of surface reflections. Therefore,

the refractive index of a polymer film here depends only upon the chernical composition

of the resin from which the film is made. The main interest in this study is to evaluate the

surface roughness and its effect on gloss. In industrial standards, specular glass is defined

as the relative luminous reflectance factor of a specimen in the mirror direction [6]. Here,

the relative luminous refiectance factor is the ratio of the luminous flux reflected from

a specimen compared to a standard surface under similar geometric conditions. For the

purpose of measuring specular gloss, the standard background surface is polished glass.

The surface roughness depends largely on what occurs during solidification, in addi

tion to thermo-mechanical history experienced by the material during the film blo\ving

process. The solidification behavior of the material is related to the chemical composi

tion of the resin and the additives, such as nucleating agents and clarifying agents. The

surface roughness is associated with the crystalline morphology and deformation-related

defects that are ohtained during the melt fiow in film blowing. The addition of nucleat

ing agents can produce different effects in the blowing process. In the presence of such

agents, the polymer exhihits a higher density of nuclei at the start of the crystallization.

This \vould, however, usually he associated with smaller spherulites in the final product.

Furthermore, nucleating agents on or near the surface contribute to surface irregularities.

A general review of the relation between glass and surface topography is given by

\Vhitehouse [:3:3]. l\Iost of the work in the area of surface gloss has been devoted to

paper coating techniques, paints and associated topics. Lettieri [28] has applied angle

resolved light scattering (ARLS) to measuring surface roughness of paper coating, by

obtaining the ARLS patterns of laser light scattered from glossy paper samples and

then comparing them with patterns calculated using the theoretical model based on

plane-wave scattering from an isotropie rough surface. Sorne other research in this area
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includes the work of l\Iendez [34] on the gloss of paper coating. Published theoretical

assessment of gloss is limited. A general expression based on the scalar Kirchhoff solution

was proposed by Alexander-Katz [35]. The author proposed an analytical solution to

describe surface roughness using two statistical parameters, i.e. the standard deviation

value of surface height and the lateral correlation length L c ' Assuming an exponential

distribution and Gaussian correlation function, an analytical solution for the surface

refiection was derived. Because of the lack of experimental data, the model could not be

validated. The theoretical basis used to determine the far field intensity distribution by

refiection of the electro-magnetic wave from a rough surface, characterized by statistical

properties, has been established in the \vorks of Davies [:36] and Beckmann [:37].

In this work. the generally accepted Beckmann approach for theoretical and numerical

assessment of refiection from the surface of polyethylene blown films is applied. The

surface roughness information is gathered using the AF:\I method as mentioned earlier.

4.1.2 Experinlelltal Measurement of Gloss

According to Hunter [38] ~ ~~Gloss is defined as the degree to which a surface simulates a

perfect mirror in its capaci ty to refiect incident lighC; also "glass is determined by the

surface's geometric selectivity in reflecting lighf'. In most practical glossmeters, specular

gloss is the property determined. This is usuaUy taken ta be the fraction of incident light

flux refiected in the direction of mirror refiection (the specular direction) when a specimen

is illuminated by a paraUel light beam.

Gloss measurements of aU of the sample films supplied by NOVA Chemicals were

conducted in accordance with standard A5TlVI D24.j7-90. The apparatus used is shown

in Figure 4-1[6]. As shown, unpolarized white light from an incandescent lamp is con

centrated by a condenser lens onto the source field aperture, which lies in the focal plane

of the source lens. The resulting paraUel beam is refiected at the surface of the test
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Figure 4-1: Diagram of Glossmeter showing essential components and dimensions.

sample and then collected by the receptor lens. The receptor field aperture lies in the

back focal plane of the receptor lens, and the image of the source field aperture formed

after refiection in the sample surface lies wholly within it. Specular reflection is thus

determined by the ratio of the refiected intensity Ir and the incident intensity 10 ,

4.2 Reflection by Rough Surface

For a perfectly smooth surface, the specular reflection is gi ven by the reflection coefficient

Rs which is given by the Fresnel equation [7].

Ir
la

~[( cos i - Vn 2
- sin

2
i )2 + (n 2

cos i - v'n2 - sin
2 i )2]

2 cos i + Vn 2 - sin2 i n2 cos i + Vn2 - sin2 i
(4.1 )

•
where R s is the specular refiectance. Ir and la are the refiected and incident intensities,

respectively. n is the refractive index of the material and i the incident angle. The Fresnel
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equation shows that the refiection of a smooth surface is only a function of refractive index

of the sample and the incident angle. In the case of polymer films, there is a variation

in reflection due to the roughness of the surface that scatters the incident light in aH

directions, causing the reduction of intensity in the specular direction and an increase in

diffuse refiection. Such a variation is characterized by the Kirchhoff solution [3ï].

z

Figure 4-2: The general scattering geometry; k l and k 2 are the incident flux vector and
reflected flux vector, respectively; el and e2 are the incident angle and reflected angle,
respectively; e3 is the lateral displacement angle; l is the incident plane and S is the
scattered plane.

The generaL scattering geometry is il1ustrated in Figure 4-2. The angle of incidence.

between the direction of propagation k l and the =axis, is denoted by ()l' The scattering

angle~ between the direction of refiected flux k 2 and the;: axis, is B2 • For lateral scattering

out of the plane of incidence, a third angle ()3 is introduced, representing the azimuthal

angle. Introducing a new vector v = k l - k 2 , in Cartesian coordinates [3ï]:

')-

v = (vx,vy,v:) = _;1 (sinB l - sin()2cos()3, -sin()2 sinB3, cosB l +COS()2) (4.2)
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For any surface given by = = ç(x. y), the scattering factor p, defined as the ratio

between the reflected intensity of a rough surface and the reflected intensity of a smooth

surface under the same geometric conditions, is given as a function of the surface profile

and reflection coefficient for a smooth surface in two dimensions [:37]:

here.

1 JX jF aÇ 8ç .
p = x-y a (a-a + c-a - b)elv.rd.rely

4_ cos 1 -x -Y" x Y
(4.:3)

b (4.4)

where Rs is the reflection coefficient of a smooth surface given by the Fresnel equation

under identical geometrical conditions and the surface vector r = (x,y,ç(x.y)). This is

the general Kirchhoff solution for rough surfaces.

After integration by parts:

- 1 {(b + aux + CL'y ) lX 1l" iv.rd dp- ,. ," e .r y
4_\:1' cos BI V= -X-y

. X . Y
IC 1 iv.rlY d .za 1 iv.rlx d· }-- e _y x - - e -x Y
u= -x l.'= -l""

(4 ..5)

•

At the specular direction, BI = 82 and (J3 = O. V = (0,0,:2 cos al), v· r = (0,0,0) and from

equation (12) a = :2 sin BI, b = :2 cos (JI and C = O. Therefore, the larger is the surface

roughness. the larger will be the derivative tern1s, and the stronger will be the effect of

surface roughness on the specular reflected intensity. For a smooth surface. ç( x. y) = 0

for ail (x, y), the derivatives in equation 4.:3 \vould vanish and the reflection coefficient

would be the same as Rs given by the Fresnel equation.
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From the above equations, consider the mean value of the integral

x y .
< j 1 e1v.rdxdy> =

-x -y

(4.6)

Assume the random surface ç is isotropically rough, satisfies the same statistical distri

bution 1oL'( =) in aIl directions over the surface, which is very close to reality illustrated

by the experimental images shown in later sections. Then the mean value, which is the

one-dimensional characteristic function x( =) of a random surface is given by

(4.7)

In the case of the one dimensional Gaussian distribution, with a standard deviation of u,

(4.8)

It follows that, for the reflecting area .4 = 4X"},P, the mean scattering factor is:

\vhere . .
4

s1n Vr S1n V y
Po = ..

vrvy

Since .4 » À2
, po will equal unity for V r = V y = 0, for the specular direction of

(4.9)

(4.10)

(4.11 )

•
but it drops ta zero rapidly as saon as f)2 leaves the specular direction. Therefore, the
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mean scattering factor < p > would be infinitismal anywhere in the space, except for a

very narrow cone along the specular direction. For the ideal mirror surface, the scattering

factor is zero everywhere, except in the specular direction.

To simplify the analysis, assume a random rough surface, "vith a Gaussian height

distribution function. Further, assume the surface is isotropic, i.e. the distribution of

roughness is identical in aU directions. Therefore, the lateral correlation length T is

the same in aH locations and directions and the lateral correlation function C( r) is one

dimensional. The experimental results are presented to validate this assumption in the

following sections.

The field distribution D(B2 , ( 3 ) of the diffuse light scattered by an isotropic surface

in the direction (82 , ( 3 ) is given by Beckmann and Spizzichino [3i]:

2;r[F(82 , ( 3 )f (O:;;
D(82 , ( 3 ) = A Jo Jo[vxy (B 2 • ( 3 )r](exp{ -9(82 )[1 - C(r)]} - exp[-g(8)])rdr

(4.12)

\vhere 83 is the azimuthal angle in the refiected field, Jo is the Bessel function of the Oth

order and

.)-

_ _;L (sin2 BI + 2 sin BI sin B2 cos (J3 + sin2 ( 2 ) 1/2

'>710"
- [T( cos BI + cos (J2)]2

1 + cos (JI cos O2 - sin BI sin (J2 cos ()3

cos BI (cos BI + cos ( 2 )

(4.13 )

(4.14)

(4.1.5)

•

From the above equations, the entire field vector distribution can be determined. In par

ticular, D(B l , 0) represents the flux in the specular direction. Using the lateral correlation

function defined above, the angular intensity distribution is computed by the following
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equation at the incident scattering plane, i.e. ()3 = 0

l
~ r

I(()2) = [F(B2 ,O)]2 Jo(vr)exp(-g)[gexp(-(-)O) -l]rdr
o T

where the function v is given by

(4.16)

(4.17)

•

FoLLowing the computation scheme described above, the reflected field from a rough

surface is then determined using equations (4.12) through (4.16). Various field distribu

tions were computed for different rough surfaces. The focus is to study the correlation

between reflection from a rough surface and its characteristics. Intensity distributions

were computed for simulated surfaces with different values of standard deviation of sur

face heighL Lateral correlation length, and incident angles. Also for aIl of the sample

films incLuded in this study, refiected intensity was computed based on the AF~I images.

The gloss of these samples \vas estimated from the intensity distributions.

4.3 Results and Discussion

As previously stated, gloss is a term used ta describe the aE10unt of mirror-like (specular)

refl.ection relative to the incident intensity. Because of the surface roughness observed

in the samples, any incident light will be scattered over a range of angles, causing the

reduction of specular intensity and the increase of diffused intensity. The reflected in

tensity distribution is computed by equation (4.16) from the refiection theory for rough

surfaces. To study the effect of surface roughness on the intensity distribution, refiected

intensity distribution on the incident plane, i.e. ()3 = 0, is computed for different values

of surface height and different values of Lateral correlation Length for a simulated rough
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surface with a Gaussian distribution funetion.

4.3.1 Influence of Surface Roughness

Reflected Intensity Distribution with different cr
2
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•

Figure 4-3: Reflected intensity distribution for an isotropically random surface \Vith
a- = 24nm, :34nm, 44nm respeetively. The incident angle is 4.50 for aIl three cases.

For an isotropie rough surface, the refieeted intensity distribution depends upon the

standard deviation of the surface roughness and the lateral correlation length of the sur-
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face. The reflected intensity distribution for different values of surface height is presented

in Figure 4-:3, for three different u values with the same incident angle and correlation

length. Figure 4-3 shows that the specular intensity increase as the rms value u of sur

face roughness decreases. This trend is expected because the coherent component, i.e.

the specular reflection, would he dominant at a smaller u value, whereas the incoherent

component, i.e. the diffuse refiected intensity, should only take a smaller portion of the

total refiected intensity. In physical reality, a decreasing u represents a smoother surface.

Consequently, the reflection tends to he more concentrated around the specular direction;

this explains the increase in intensity and decrease in diffuse reflection.

4.3.2 Influence of Lateral Correlation Length and Incident An

gle

Figure 4-4 shows that specular intensity rises with increasing laterai correlation length.

This is hecause a longer lateral correlation length means a slower change in surface

heights over the distance and fewer roughness humps within the reflection region. As a

result. the specular refleetion is enhanced. Reflection intensity for two different incident

angles is shown in Figure 4-.j. The specular direction in the intensity distribution shifts

accordingly. It shows that specular reflection follows the classical optical theory, i.e. the

reflected angle equals the incident angle.

4.3.3 Influence of Refractive Index of the Material

Figure 4-6 shows the specular gloss as a function of refractive index of the material at

20~ 4.j and 60 degrees , respectively. There is a monotonie increases in gloss with increasing

refractive index. This is in accordance with the classical optical theory for perfectly

smooth surfaces. According to the Fresnel equation [7L the higher the refractive index,

the higher will he the reflected intensity in comparison to the transmitted intensity.
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Intensity Distribution with Different
Lateral Correlation Length T
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Figure 4-4: Reflected intensity distribution for an isotropically random surface with
various lateraI correlation lengths: T = .550nm, ï.50nm, 9.50nm, Il.50nm. The incident
angle is 4.5 0 for all cases .
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Reflected Intensity Distribution
for different Incident Angle
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Figure 4-5: Reflected light intensity distribution with scattering angles, for incident
angles of 45° and 60 0

; the maximum of reflected intensity is reached at angles 4.jO and
60° ~ respectively~ indicating that specular reflection follows the classical optical theory.
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Glass Value vs. Refractive Index
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Figure 4-6: Gloss value as a functioll of refractive index of the material at three incident
angles: 20°, 4.jO and 60° .
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Hence~ the fraction of intensity refiected increases \Vith the original incident intensity.

The computation in Fig 4-6 assumes a fixed rough surface with a standard deviation of

surface height of 49 nnl. Figure 4-6 also shows that the difference in specular gloss at

different angles are larger for higher refractive indices~ the differences are small for snlaller

refractive indices. This is again the result of the weak reflection for materials \Vith small

refractive index. In addition~ although ail three curves exhibit monotonic increase with

increasing refractive index~ the slopes of the three curves are different.

4.3.4 Reflection and Glass of Sample Films

A conlparison of theoretical gloss values and the experimental measurements~for the

various polyethylene films included in this study~ is presented in Figure 4-ï. There is

good agreement between the theoretically computed gloss values and the experimental

measurements. Because of the design of the glossmeter used in the experimental mea

surements~ the measured gloss value may not consist of only the reflection fronl the film's

top surface. It also includes the reflection of the surface of the background onto which

the filnl is placed for measurement [39]. As a result~ for highly transparent films. such an

effect would be more significant and hence, a higher gloss value would be nleasured. In

the theoretical assessment of gloss from the surface profile~ this effect is not taken into

consideration. This is the main reason behind the discrepancy in the observed difference

between theoretical prediction and experimental measurements for high clarity film sam

pIes in Figure 4-ï. For less transparent samples~ the effect of background reflection is

less significant. in which case better agreement between the theoretical values and the

experimental measurements would be expected.
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Figure 4-7: Comparison between experimental gloss values and values computed from
the surface topography of sample films .
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•

A model was developed to compute the reflection of light by the rough surface of polyrner

films based on the theory of the general Kirchhoff solution of the reflection of electro

magnetic waves. The gloss of films was computed by combining this model with the

results of the statistical characterization of the surface morphology of the films. The

computed gloss values were in good agreement with the experimental measurements.
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Chapter 5

Light Translllission and Haze

5.1 Introduction

Cnlike gloss which is only a function of surface morphology, light transmission is depen

dent upon the surface as well as the bulk morphology. It is known that the reduction

from perfect transparency for polyethylene blown films is mainly due to the scattering

of light. As shown in Chapter 2. the resins or sample films in this projeet are weakly

absorbing materials. The loss of light intensity when passing through the material is thus

negligible.

5.1.1 Relatiollship betweell Trallsnlittallce and Microstructure

A range of approximation theories has been employed in the study of light scattering by

polymerie materials. Among them~ the Rayleigh approximation assumes that the size of

the seattering particles is much smaller than the wavelength of incident light and that

the difference between the refraetive index of the scattering particLe and the surrounding

medium is very small[40]. Beeause of its restrictions, its application in studying light

seattering by solid polymers is limited. A more generalized approaeh, based on the
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Rayleigh approximation, is the Rayleigh-Gans-Debye approximation theory, which still

requires that the refractive index mismatch is very small, but it is not limited to small

particles[40]. The Anomalotis Diffraction approximation, on the other hand, requires

that the size of the scattering entities is very large compared to that of the incident

\vavelength and that the refractive index mismatch \vith the surrounding medium is very

small[41].

The Rayleigh-Gans-Debye approximation was the principle theory used in the treat

ment by Stein and co-workers of light scattering by spherulites in semicrystalline poly

mers. Individual polymer crystals are very thin (typieally '"V 10nm) lamellae, which alter

nate with lower-density layers of amorphous polymers of similar size. Large numbers of

crystallites gro\v radially outwards from a common nucleus to form a spherically shaped

spherulite superstructure. The introduction of theoretical treatment of light scattering

by spherulites was made by Stein and Rhodes [42]. It is shawn that the sphere, as a result

of the regular orientation of the anisotropie crystallites, can be characterized by differing

radial and tangential refractive indices. In addition, Stein and Prud'homme [43] pointed

out that the light scattering properties of spherulites, and hence the transparency of

semicr.ystalline polymers, are not dominated by the fine scale refractive index fluctuation

as a result of the alternating crystalline amorphous phase layers inside a spherulite. It was

determined by the optical properties of the larger spherulitic superstructures. Following

this approach, further studies were carried out for the low-angle light scattering pattern

of anisotropie two-dimensional spherulitic disks [44J, the light scattering of orientationally

disordered spherulites [45] [46], and light scattering patterns of different crystalline ori

entations [47J. Based on the theories for light seattering by two-dimensional spherulites,

Prud'homme [48] studied the multiple scattering of a layered structure. It was found

that multiple seattering tends ta make the scattering envelope more diffuse, reducing the

intensity in the high intensity region, while increasing the intensity in the low intensity re-
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gion. In addition to light scattering by perfect spherulitic dises, the theory of small-angle

light scattering was developed for oblique incidence of the light beam on the surface of a

two-dimensional spherulite [49] and scattering of light by disordered spherulites [.50]. For

small-angle light scattering by random assemblies of :runcated spherulites [51], the effect

of truncations on the scattering patterns for two-dimensional spherulites is explored as a

function of the size, number, and location of the truncations. There were also reported

works describing the scattering of arrays of spherulites [52] [.53].

A different approach using the Anomalous Diffraction approximation theory has been

applied to the study of light scattering by latex solutions [41]. These studies have been

very successful inside their domain of validity. In particular, the light scattering ap

proximation theories have been applied to the study of polymer morphology from small

angle light scattering (SALS) patterns. However, because of the restriction on the refrac

tive index mismatch between the scattering entities and the surrounding medium. the

applications of these approximation theories are limited.

In addition to approximation theories, the i\Ee scattering theory [40] provides an

analytical solution to ~Jaxwelrs equations for light scattering by a single homogeneous

sphere, regardless of its refractive index and size. For immiscible polymer blends where

one component provides only a small volume fraction, or for samples containing a low

level of voids or additives, a different approach becomes appropriate, in which the sparsely

distributed second phase is regarded as an assembly of separate scattering particles. Pro

vided that these are positioned randomly, the overall scattered-light intensity distribution

may be calculated simply by adding the intensity contributions from individual particles.

Based upon a geometry in which the scattering particles are sparsely distributed in a

uniform surrounding medium, a model based on the Nlie scattering theory was proposed

by \Villmouth [.54]. It assumes a random distribution of scatterers of the same size in

the medium and neglects multiple scattering effects. The volume fraction of scattering
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partides in the bulk is limited to "J 10--1, in order for the assumption of neglecting mul

tiscattering to be valid. This requirement implies that the scattering particles in the

surrounding medium have to be either very sn"lall or very few. For polyethylene blown

films, in which the spherulites are abundant, this model cannot be employed.

Other works on light transmission and scattering by thin films are mostly concerned

with Polymer-dispersed Liquid Crystal PDLC thin films. PDLC films consist of liquid

crystal (LC) microdroplets dispersed in polymer matrices [55]. They can be switched

electrically from a cloudy, light scattering state ("off state") to a transparent state ("on

state"). The parameters of interest here are the refractive index of the LC drop lets as

\\'ell as the surrounding polymer medium, the volume fraction, the size and distribution

of the Le droplets. The radius of these droplets is O.lpm ""oJ 10pm, and the volume

fraction they occupy is 10% ""oJ 50%. Theoretical treatment of light scattering by nematic

droplets was based on the Rayleigh-Gans-Debye approximation [56][57]. The results were

used in the study of light scattering by PDLC films [58], assuming that the droplets form

a collection of optically isotropie scatterers with negligible multiple scattering. Another

mathematical model has been proposed to describe the optical behavior of the material

in the framework of the Anomalous Diffraction theory [.59]. An attempt at the theoretical

solution to the multiple scattering problem is reported using the homogenization approach

[60]. As pointed out in [.58], an exact analysis of light scattering by POLe films is not

possible, because no theory of multiple scattering is available.

The present work relates to the optical properties of commercially produced polyethy

lene (PE) blo\vn films. In the industrial film blowing process, melted polymer is extruded

from an annular die gap and is then blown to a tube much larger than the die \vhile being

stretched longitudiually and cooled by cold air emitted from an air ring outside the die

gap. The basic physical processes governing the transparency of blown polyethylene films

were first studied by Clegg and Huck [61] [62]. For thin blo\vn films, they demonstrated
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that nearly all of the light scattering was caused by light scattered at the surface rather

than the bulk. Clegg and Huck showed that film haze increases with melt elasticity. Two

dissimilar scales of melt flow surface defect were identified, the finer leading to film haze

and the coarser to imperfect clarity, and these were tentatively ascribed to different as

pects of the extrusion process. Secondly, Clegg and Huck showed that surface roughness

is also caused by the growth of spherulites close to the film surface. This process becomes

more important for crystalline polymers such as polyethylene. From their conclusion, a

multistage cooling mechanism was proposed to improve transparency in which the reduc

tion in haze is solely attributed to changes in crystalline morphology. Fritz and Rothe

[63] carried out a more detailed analysis and emphasized the inverse relation between

haze and gloss for films \vhere surface scat ter is dominant. Hert and co-workers [64] have

studied films made from low-density polyethylene manufactured using Ziegler-Natta cat

alyst. Again it was found that the majority of scattered light originates from the surface

roughness. and, in this case, the dominating cause for such roughness is crystallization

on and beneath the surface.

Other works on the transparency of polymers are mostly concerned with polyethylene

terephthalate. Giuffria [6.5] identified both surface and internaI scattering as contribu

tions ta haze. Ouchi and co-workers [66][67] studied haw the contributions to haze from

both the surface and interior of the films varied with dra\v ratio and with the state of

polarization of the incident light. Hobbs and Pratt [68] have studied the origins of haze

in biaxially oriented polypropylene films. It \vas shown that the main cause for haze is

a micrafibrillar surface texture, the extent of which is attributed ta the spherulitic mor

phology of the polymer. For thick polymer films, Su [69] studied the increased haze of

compression moulded high-nitride plastics resulting from water uptake after immersion

at selected temperatures. Jabrain [iD] investigated the appearance of an initial1y amor

phous extruded PET sheet that had been crystallized at various temperatures. Haze
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was determined as a function of percentage crystallinity, spherulite size and volume frac

tion; irrespective of crystallinity, it showed a ma.ximum for spherulite radii of "J 1.7JLm

and spherulite volume fractions of "J 0.6. Khan and Keener [71] studied the spatial and

optical properties of particle-doped PET film. It was found that haze and surface rough

ness follow the same trend during the biaxial drawing process, suggesting a correlation

between the two.

Recently, Atomic Force l\-licroscopy (AFNI) was used in studying the surface mor

phology as well as its relation to transmission haze for polyethylene blown thin films [72].

Smith and co-workers measured the haze of PE blown films with and without oil immer

sion [25]. The results showed that haze is mainly the derivative of the surface, whereas

the bulk contributes less ("J 20%) to the total haze. A qualitative correlation "vas found

between the surface roughness and transmission haze. Olley and Basset [73] studied the

effects of surface morphology on haze for drawn polypropylene films. By comparing a

smooth surface produced by fast cooling with that of a rough spherulitic surface, they

found that the surface morphology has a significant impact on the structure and number

of haze rings of the product. It is clear from the above experimental studies that surface

morphology is an important factor in the haze of blown thin films.

AlI of the theoretical studies of light scattering by polymer films summarized above

assume smooth incident and exit surfaces and that the scattering of light is from the bulk.

Little is known about the mechanism of surface scattering. In fad, there does not appear

to he a theoretical treatment of the relationship between surface morphology, fon~;ard

scattering and haze of blown films. ]\loreover, there are no quantitative correlations

between experimental haze data and quantitative measurements of forward scattering

and surface roughness. The present work attempts ta address these issues.
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Measuring Forward Transmittance and Haze

In industrial practice: the measurement of haze is specified in material testing standards

[ï4]. Raze is defined as the percentage of transmitted light which~ in passing through a

specimen: deviates from the incident beam by more than 2.50 from the normal incident

beam. In the study of light transmission and fonvard scattering by polymer films~ the

parameters of interest are direct transmittance, total transmit tance and haze, as sho\\'n

in Figure 5-1. Here fa is the incident flux~ ft is the direct transmitted flux~ (f$) 1 is the

forward scattered flux, i.e. the scattered intensity bet\veen 00 and 90°. (1.')~~5 is the

scattered flux that is deviated from the incident beam in between 2..5° and 90°. The

forward transmission parameters are defined as fo11ows,

Jo

D· T' ftlrect ransmlttance = la

Total Transmittance = ft + (fs )1
la

(.5.1 )

•
Figure 5-1: Schematic of light transmission through a polymer film sample

Haze is defined as the cloudy or turbid aspect or appearance of an otherwise transpar-
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ent specimen caused by light scattered from \vithin the specimen or from its surfaces. In

the specified test method, haze is the percent of total transmitted light which, in passing

through the specimen, deviates from the incident beam through forward scatter by more

than O.044rad or 2.50
• The standard procedure of measuring the forward transmittance

and haze requires the use of a hazemeter. The schematic of this hazemeter is shown in

Figure 5-2 [74]. The light source is an incandescent lamp. A nominally parallel 1-2cm

diameter beam strikes the specimen, which is placed against the entrance port of an in

tegrating sphere whose inside surface is painted uniformly matt white. Light is diffused

by multiple back-scattering from the white walls. The photocell, which is prevented by

baffles from receiving any light directly from the entrance port, detects an intensity that

is proportional to the total radiant flux entering the sphere.

~
nteorQtion

Sphere

A
?Osition n

., / / Reflectonce
\ Ç/ Standard
. Liçht Trop

Collimotor Tube

Sprin9 Retainer

Bose

Golvonometer and Scole

Volfoçe
Srabllizer

115 Volt
60 Cycle

Figure 5-2: Schematic of Commercial Hazemeter

The test is conducted by taking four different consecutive readings and measuring the
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photocell output as follows:

Tl -

T2 -

T3 -

T4 -

Specimen and light trap out of position, reflectance standard in position

Specimen and reflectance standard in position, Light trap out of position

Light trap in position, specimen and refiectance standard out of position

Specimen and Light trap in position! refiectance standard out of position

The quantities represented in each reading are incident Light! total light transmitted

by specimen, light scattered by instrument, and light scattered by instrument and speci

men! respectively. Total transmittance Tt and diffuse transmittance Td are calculated as

follows:

Tt
T2

- -
Tl

Td
T4 - T3 (T2 )

-
Tl

( - ?);:).~

•

Percentage haze is calculated as fo11o\\:s:

Td
Raze (percent) = Tt x 100

5.2 Theory of Light Scattering

5.2.1 Mie Theory of Light Scattering

Assume a single homogeneous sphere of radius a in a vacuum. Using Debye potentiaLs ÎÏl

and Ï12 [7], a plane wave incident light, having a unit amplitude! is expanded in spherical
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coordinates:

r- l
Il 1 -

r-l
112 -

l oc. 2n + l- L Zn-l tP (kr)p(l}(cos B) cos et>
k 2 n= 1 n (n + 1) n n

l ~ 'n-l 2n + 1 (1) •
k2 ~ z n(n + 1) if;n(kr)Pn (cos B) SIn cP

(.5.4 )

(5..5)

where k is the propagation constant, and k = 27ïm/Ào; m is the refractive index of the

sphere; Ào is the wavelength of incident light in free space; p~1}(cosB) is the associated

Legendre polynomials of degree 1 and order n; l/Jn is the Ricatti-Bessel function of the

order n.

By introducing the Debye potential to the rvlaxwell's equations, the original vector

form equations are reduced to two scalar wave propagation equations. Assuming the scat

tering particle is not magnetic, solving the scalar wave equations in spherical coordinates

gi ves the expression for a scattered wave [7]:

1 ~ 'n-l 2n + 1 (k )p(l)( () ,
- - k 2 ~ Z n(n + 1) an(n r n cos cos (/)

1 ~ 'n-l 2n + 1 b - (k )p(1)( B)' .- k 2 L- l ( ) n~n r n cos SIn ÇJ
n=l n n + 1

(5.6)

(.5.7)

where (Tt is Hankel functions of the order n, and an and bn are the ~Iie coefficients.

They are obtained by satisfying the boundary conditions at the sphere-air interface. At

r = a, the tangential components of the electric field E and magnetic field H must be

continuous across the interface. By matching the derivatives of Debye potentials with

respect to r at the interface of the sphere and the surrounding air, the coefficients an and

bn are obtained in the form of Ricatti-Bessel functions and Hankel functions [7].

•
tPn( 0: )tP~ (f3) - ml/Jn(j3 )1/J~( 0:)
(n(o:)tP~(f3) - m1/Jn(/3)(~(0:)
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where, Q and f3 are:

m~'n(Q)1P~(j3) - ~'n(6)1,b~(Q)

m(n(Q)1/,~(j3) -1/-'n(3)(~(Q)

2rra
Q - "0
13 - ma

(.5.9)

(5.10)

(5.11)

Q is aiso called the size parameter. The Ricatti-Bessel functions 1/'~ X and Hankel functions

( are derived from half integral order Bessel and Neumann functions:

?t!n(Z) - (- - j') )1{2 J ( - ) (5.12)Il ... - n+ 1 ...
2

Xn(Z) ( __ j'J)1/21V (-) (5.13)- Il ... - n+!. ...
2

(n(Z) - rPn(=) + iXn(=) (5.14)

The physical meaning of i\Iie coefficients an and bn can be explained by multipole

expansions. Any distribution of electric and magnetic dipoles may be represented by a

superposition of e1ectric and magnetic multipoles located at sorne origin with arbitrary

muitipole movements. In the case of light scattering, the distribution of charges and cur

rents is oscillating at the same frequency as the incident wave and the scattered radiation

arises from these multipole movements. Consider the Debye potential corresponding to

the partial waves~ iifn and rrin' defined by:

00

r -"' ~_s
III = Lr/lln

n=l
00

r -s _ ~ ~_s
112 - L ' /l2n

n=l

(5.16)

•
Then ii:1 describes the radiation by an oscillating electric dipole whose moment is pro-
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portional to the scattering coefficient al. ii~l is the Debye potential representing the

radiation by an oscillating magnetic dipole whose moment is proportional to the scatter

ing coefficient b1 • The higher terms an and bn in equation (5.8) and (5.9) are multipole

moments and they are related to each term in the expansion of the Debye potentials in

equation (.j.15) and (5.16) . This gives the NIie coefficients a clear physical meaning.

The scattered radiation is a superposition of multipole radiations, each weighted by its

appropriate multipole moment. The frequency of the oscillations is equal to the exciting

frequency~ i.e. the frequency of the incident light, and the partial fields corresponding

to each mode mutual1y interfere ta produce the total scattering field. Each scattering

coefficient determines the magnitude of the wavelet associated with each particular mul

tipole.

\Vhen an and bn are known, the intensity distribution of the scattering field can be

calculated from the above equations. At the far field zone of the scattering field~ when

kT » n, here n is the order of the Ricatti-Bessel function~ the ~Iie amplitude functions

SI and S2 are defined by,

with

(5.17)

(5.18)

•

PJl)(COS 0)

sin a
d- da [p~l)( cos 8)]
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The field vectors (EtjJ,E(J,Htp,H(J) aregiven by:

H
iexp(-ikr). A..~ 2n + 1 S

- (J = - sin ~ L- 1
kr n=1 n(n + 1)

Eo
-H. - iexp(-ikr) ~ 2n + 1 S

- tp - k cos cP L- ( 1) 2
~r n=1 n n +

Using Poynting's theorem, the energy flow in the scattered wave is given by:

(5.21 )

( - ')0»)::> ....~

(- ')'3).J._.

where the asterisk denotes the complex conjugate. The intensity of scattered light in the

Band 9 azimuths is:

1"

18

(.j.24)

(- ')-)::>._D

•

These two components are perpendicular and parallel, respectively, to the scattering

plane, which contains the incident direction and the direction of the scattered wave

(8.6).

Each of these components of the scattered light can be thought of as arising from the

component of the incident beam polarized in the same sense, i.e. Itj originates from the

incident beam of intensity sin2 4J polarized perpendicularly to the scattering plane, and

18 from a beam of intensity cos2 8 polarized parallel to the scattering plane.

For unpolarized incident light of unit intensity, the scattered intensity from a single

homogeneous sphere measured at distance r from the center of the sphere is given by:

(.j.26)
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Scattering cross section C, defined as the total energy scattered by a partide in aH

directions, can be obtained by integration of (5.26) over the surface of a sphere:

Scattering efficiency factor Q is obtained from the cross section by dividing by the

actual geometrical cross section, which is 7ra 2 for a sphere:

Q -
C

(.5.28)

Exact evaluation of the scattering problem requires the sum of the infini te series. It

is, of course, physically impossible to compute aIl of the terms. For a converging series,

ho\vever, when a sufficient number of terms are summed, the results can be arbitrarily

close to the exact sumo It is kno\vn that for any converging series Sn and any given

small number t, there exists a number LV such that t > Ln>N Sn' In practice, when

the individual term of the series reaches below the preset precision (SN < 10- 10
) the

remaining terms of the series are considered to be insignificant and the computation is

stopped. The partial sum of the series is taken as the sum of the entire series.

The scattering cross section is related to the transmission of a beam through multiple

scatterers. The attenuation due to scattering is [40]:

•
The transmission is:

dl
--=rl

dx

lt
la = exp(-rl)

13.5

(.5.29)

(.5.30)
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where la is the incident intensity. I t is the intensity at distance l, and T is the attenuation

coefficient l or turbidity. Here it is assumed that there is no absorption by the polymer

material when Light is passing through the medium. iYlultiple scattering particles can be

considered individually for their contribution to the total scattering field. For i'i particLes

of the same size in unit volume, the turbidity is given hy:

(.5.31)

•

where C is the scattering cross section of the particLes. This assumption is \'alid when

the effect of multiple scattering is small and can be neglected. \Vhen the voLume fraction

of scattering partides increases l incident light will likely be scattered more than once by

different scattering partides in its path. This multiple scattering effect has two signifi

cant impacts on the transparency of the materia1. Firstly, the direct transmitted light

flux will he greatly reduced when the scattering is strong. SecondlYl the length of the

path on which the light travels within the material increases significantly with multi

ple scattering. As a result, the absorption of light flux by the medium increases. The

combined effect of these two aspects leads to diminishing direct transmit tance and weak

total transmittance. The transparency of the material will diminish to translucency, and

eventually to opaqci ty.

5.2.2 Surface Scattering of Polyethylene Blown FilIns

A general schematic of the film cross section morphology is shown in Figure 5-3. The

poLyethylene blo\vn film is considered to consist of three layers: the entry surface, the exit

surface and the interior. The cross-section can be considered symmetrical with respect

to the x axis. Surface Layers are defined as the roughness between Zmar and Zmin' The

bulk, or the interior layer is from Zmin to -=min. The roughness on the surface consists

of spherulites formed on and beneath the surface during the blowing process. Since the
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x

•

Figure .5-3: Schematic of polymer film
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scattering of light is entirely a result of the superstructure of spherulites rather than

the refractive index fluctuation caused by the crystallite-amorphous alternating layered

structure inside a spherulite [52], spherulites on the surfaces and in the bulk are treated

as isotropie and homogeneous scattering entities. Note that in Figure 5-3~ the surface

layers contain only segments of the spherulites, i.e. the upper part of the surface of

spherulites constitutes the surface profile and the lower part is buried in the interior and

in contact with impinged spherulites in the bulk.

As shown in Figure 3-19, the bulk of the sample film is formed by a very high volume

fraction of spherulite. Since scattering is mainly caused by the refractive index mismatch

between scattering entities and the surrounding medium and in this case the interior of

the film is filled with spherulites of the same refractive index~ the light scattering orig

inated from the bulk is neglected. Therefore, the main contribution to light scattering

is due ta the surface. In the absence of light absorption, since the film is very thin, the

Debye potentials can be considered constant within the film interior. It is then possible

ta neglect the interior and consider the spherulites on the incident surface as a layer

of partial spherulites. Similarly~ the exit surface is considered also as a layer of partial

spherulites. The boundary conditions that the tangential component of E and H vectors

are continuous through the interfé\.ce are satisfied at the t\VO surfaces. Since the scatterers

are formed into one single layer, the effect of multiple scattering is not a factor in evaluat

ing the forward transmission field. Each spherulite will contribute independently ta the

final scattering field. Since the refractive index mismatch between spherulites on the film

surface and the surrounding air is large, the Rayleigh-Debye approximation theory and

Anomalous Diffraction approximation theory are not applicable in this case. Because it

has no restrictions as ta the refractive index mismatch and particle size, the ivfie theory

of light scattering is applicable.

For a polydispersed system, in which scatterers contribute independently to the total
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result, the turbidity is given by [40]:

T = L'X; C(a)p(a)da (5.32)

where p(a) is the probability distribution function of scatterers of the diameter a. C(a)

is the scattering cross-section. For sample films, the spherulites on the surface are ran

domly distributed and of different sizes. a and p(a) are represented by the domain size

distribution profile which is derived from AFNI images of film surface. Note here that

the term volume fraction denotes the ratio of the volume of spheruli tes in the surface

layer to that of the surface layer itself. It is different from the volume of spherulites in

the unit volume as used in previous studies [.j4].

Partial scattering cross section is defined as the total light flux scattered by a single

scattering particle between two angles ()l and ()2' For an unpolarized incident flux of unit

intensity it is deterrnined by integrating equation (.j.26) over the appropriate angles:

Assuming the thickness of the surface spherulites layer is t~ the direct transmitted

intensity is gi ven by:

It = [0 exp( -Tt) (.j.34 )

Therefore. in the absence of absorption. the total scattered intensity in aIl directions is:

13 = [0 - ft = [0[1 - exp( -Tt)] (.j.35 )

139

(5.36)
([ )(J2 (C)(J2
~ ()_l

[s - C

Since the scattering cross section represents the total energy scattered~ we must have for

any two angles () 1 and 0'].:
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which leads to the partial scattered intensity:

(5.37)

From partial scattering intensity distribution~ the forward transmission parameters

can be computed from equation (.5.1). Assume the incident intensity is unit~ direct

transmittance is given by:

DT -

TT -

the total transmittance is:

and haze of the film is:

ft

1o
- exp(-Tt)

I t + (15 )6°
1o

(C)90
- exp( -Tt) + T[l - exp(Tt)]

(.5.38)

(.5.:39 )

Raze -
(Is )~~5

It + (Isrgo
(C)~~5[1 - exp( -rt)]

C exp( -Tt) + (C)60[1 - exp( -Tt)]

(.5.40 )

•

5.3 Results and Discussion

5.3.1 Effect of Volulue Fraction of Scatterers

The scattering intensity distributions for different values of volume fraction of scatterers

are plotted in Figure .5-4, with a fixed size of the scatterers of 0.49j.lm. The refractive index
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of the polymer is assumed to be 1.5.5. The free-space wavelength in this computation is

assumed to be O.5.5j.Lm. Note here that the term volume fraction denotes the ratio of the

volume of spherulites in the surface layer to that of the surface layer itself. It is different

from the volume of spherulites per unit volume as considered in other studies [54]. The

scattering intensity at angles larger than 2.5° are plotted. Since the incident light is

unpolarized white light, the scattering field is axial symmetric and the distribution is one

dirnensional. The scattered intensity increases as the volume fraction of the scattering

spherulites on the surface increases. The rate of increase will slow down when the volume

fraction is alread)' high. Note here that the direct transmitted light flux at 0° is not

included in the plot, because the intensity of the direct transmitted beam is much larger

than that of the scattered ones, and, if included, it would make the variance in the

scattered intensity distribution much less visible.

Figure 5-5 shows the transparency parameters with respect to different volume frac

tions of scatterers. The diameter of scatterers is assumed to be O.15f.Lm, and the refractive

index is 1..5.5. These parameters are computed using Equation (5.1 L once the angular

intensity distribution of the scattering field is established. Kotice that the total trans

mittance a:ld direct transmittance are, respectively, the percentages of aIl transmitted

light flux and the light flux that stays in the direction of incident light with respect ta

the incident light intensity, \vhich is assumed to be unit. Haze is the percentage of light

intensity scattered between 2.50 and 90°, with respect ta aIl of the transmitted light

intensity, instead of the incident light. This definition excludes the influence of extinc

tion and backscattering on haze and is in accordance with the testing standard being

used ta measure the haze and transmittance [ï4]. As seen in Figure .5-.5, haze increases

with increasing volume fraction. The direct indication is that as the numher of the scat

tering spherulites increases, more light flux will he scattered away from the direction

of incident light. Total transnlittance decreases and this decrease is attributed ta the
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Scattered Intensity Distribution
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Figure 5-4: Scattering intensity distribution for different volume fractions of scattering
particles, assuming scattering particles have the same diameter of ü.49tLm
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Transmission Parameters
Refractive Index=1.55. a=0.15
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Figure 5-.5: Transmission parameters as functions of volume fraction of scattering parti
des
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increasing effect of backscattering \Vith the increasing amount of scatterers. As sho\vn

in Equation (.5.1 L total transmittance includes only the forward scattered intensity plus

the direct transmitted intensity. The scattering cross-section C represents the scattering

intensity in ail directions. Therefore~ when C increases, the light flux scattered between

900 and 1800 will al50 increase~ meaning the backscattering effect will increase. As a

result, more light flux will be lost from the incident light and the total transmittance

will decrease. Direct transmittance decreases with increasing volume fraction, due the

combined effect of the increase in the amount of light flux being scattered.

5.3.2 Effect of Size of Scatterers

•

Assume a fixed volume fraction of scatterers of 0.5. The intensity distribution of the

scattering field is plotted against the scattering angle in Figure .5-6. For smaller scat

tering particles~ the scattered intensity is more stable o\'er aIl scattering angles. As a

increases, the maximum scattered intensi ty starts to shift to lower angles, and the inten

sity distribution over scattering angles shows oscillatory patterns. As a increases further~

the scattered intensity distribution sho\vs multiple peaks. The number of peaks increases

\Vith a. Comparing the scattered intensity for a = O.4pm and a = 3pm~ the maximum

is shifting to\vards lower angles and the amplitude of the intensity increases. At larger

scattering angles, howeveL the scattered intensity of a = 3pm is significantly less than

that of a = OApffi.

The scattering pattern for a point light source is shown in Figure 5-T. For small

scattering particles~ the diffused intensity is more uniform over the entire viewing area.

Note that since the direct transmittance is not included in scattered intensity distribution~

the scattering field does not include the bright spot in the center which represents the

direct transmitted beam. As the size of scattering particles increases, rings start to appear

and the intensity in the surrounding area is reduced. These rings correspond to the peaks
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Figure .5-6: Scattering intensity distribution for different sizes of scattering particles,
assuming scattering particles have the same volume fraction of 0.58
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a = O.8/Lffi a = 3.01lffi

•

Figure 5-7: Scattering Patterns for various values of a
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in the angular intensity distribution as shown in Figure 5-6. As a increases, the number

of rings will increase. The intensity of ring decreases as the distance from the center

increases. The brightest ring is the one nearest ta the center. The results agree with the

angular intensity distributions reported in earlier studies of the light scattering pattern by

polymer films [75] . Starting from a = 0.2Ilm, the background which is originally uniformly

black appears white due to the wide angle scattering by the spherulites. It leads to loss

of contrast and makes the film appear hazy. \Vhen a = 0.8Ilm, haze reaches a maximum

and then starts to decrease as a increases further. However, the narrow angle scattering

effect increases with increasing a, indicating that the clarity of film deteriorates with

larger spherulites. As shawn in Figure 5-7, for a = 31lm the brightest ring is small and

very close ta the center. It represents the halos discussed in Figure 1-4. As the intensity

of the halo increases, the exact image of the center spot can no longer be differentiated,

which leads to loss of clarity.

Figure .5-8 shows the variation of transparency parameters with the diameter of scat

terers. The volume fraction is 0.1 and the refractive index is 1.55. Figure .5-9 shows

transparency parameters with the diarneter of scatterers at volume fraction = 0.3. l\Iaxi

mum haze is achieved at a = O.Spm for different values of volume fraction of spherulites.

\Vhen the size of spherulites increases above 0.8Ilm, the transmittance increases and haze

decreases. The transmitted light flux is the surn of two parts [40]. One is the intensity

that passes unperturbed, and the other is the scattered intensity field. \Vhen the size of

the spherulites a increases, the effect of scattering increases until it reaches a maximum.

As the spherulites grow larger, the percentage of direct transmitted intensity increases

and the effect of scattering decreases. In addition, the wide angle scattering decreases

with increasing spherulite size, which Leads ta the decrease in haze.
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Figure 5-8: Transmission parameters as functions of diameter of scattering particles;
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Effect of Refractive Index

•

Figure .5-10 shows haze for different spherulite diameters with refractive index of 1.55 and

1.75. The periodical profile of haze persists. For higher refractive index~ the maximum

haze occurs at smaller spherulite diameters.

To explain the effect of oil immersion on the haze of films as reported in [25], the

surrounding medium is changed to oil with refractive index close to that of the spherulites.

Figure 5-11 shows the haze for different sizes of scatterers with and without oil immersion.

Here the refractive index of spherulites m = 1..55 and of oil mail = 1.5. The scattering

geometry is the same for the two cases, but there is a significant reduction in haze

in the presence of oil. This indicates that as the refractive index mismatch between the

material and the surrounding medium becomes smaller, the effect of scattering is reduced

significantly.

5.3.4 Raze of Polyethylene Filnl Samples

Figure 5-12 shows the computed values of haze for six different blo\vn polyethylene

film samples. These are compared to experimental measurements[74]. There is good

agreement between experimental measurements and the theoretical values computed from

the morphology information. The theoretical predictions are in general lower than the

experimental values. This discrepancy is attributed to neglecting scattering in the bulk.

As pointed out by Smith [2.5], the main contribution to transmission haze cornes from

the surface. The measurements of haze for polyethylene blown films before and after oil

immersion showed up to 70% reduction in transmission haze. However, there is still a fair

amount of light being scattered by the bulk of the film. Because of the assumption that

the bulk of film does not contribute to light scattering, the calculated haze includes only

the contribution of the surface. To include the effect of bulk on the light scattering as

weIl as transmission haze, a detailed knowledge of the internaI structure of the spherulites
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is essential. In addition~ \\'hen the bulk is not completely filled by impinged spherulites,

the remaining amorphous area will become a source of light scattering.

5.3.5 Practical Implications

l\Iaximum transparency is achieved at low volume fraction for different spherulite sizes.

A lower volume fraction of spherulites on the surface indicates a smooth surface. This

explains the correlation between the surface roughness of films shown in Figure 3-.5 and

the corresponding haze values in Figure .5-12. A smooth surface will have low haze

and high transparency. As surface roughness increases, haze \vill increase. This positive

correlation between the surface roughness and haze of PE films is confirmed by the results

reported before [2.5].

For a fixed volume fraction~ maximum haze is reached at a critical spherulite size ac .

\Vhen the size increases further, haze will decrease and the transparency of the film will

improve, but c1arity wiU decrease as the narrow angle scattering increases. The critical

spherulite size a c is dependent on the refractive index of the material. The higher is

the refractive index, the smaller a c \vill be. It follows that to minimize haze~ the film

must either have very small spherulites or very large ones. This can be achieved by

adding nucleation agents. which causes high nuc1eation rates and a large nurnber of small

spherulites. Alternati\'ely~ increasing cooling rate will cause the film to solidify faster,

thus limiting the growth of spherulites. On the other hand, one can also increase the

cooling temperature without the addition of any nuc1eation agents. This will cause lower

nuc1eation rates and longer cooling times, allowing the spherulites to grow. The drawback

of larger spherulites is that although the transparency will improve in general, the clarity

of film will not he as good as that of films with very smail spherulites .
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•

Based on the characterization of surface morphology and bulk morphology, a scattering

geometry was proposed for the study of light scattering. A model based on the ~lie theory

of light scattering was developed to describe forward light transmission and scattering.

Computations of light transmission by polymer thin films identified the important factors

that influence the scattering of incident light and, accordingly, haze and transmittance

of the film. The model is aiso applied to actual film samples to predict the haze. The

theoretical results sho\\" reasonable agreement with experimental measurements .
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Chapter 6

Conclusions and Original

Contribution to KnoW"ledge

6.1 Conclusions

Polyethylene blown films are widely used as packaging materials. The optical properties

of the films are among the most important properties for this application. The optical

properties included in this study are refractive index. gloss and haze.

As the fundamental optical property~ refractive index is mostly a function of resin

composition. \Vhen the detailed structural information of the resin is kno\vn. refractive

index can be estimated from available group contribution theories. The irnportant factors

in determining the refractive index of a polymer are the monon1er and comonomer types

and ratio~ total unsaturation~ and the density. For LLDPE~ high crystallinity leads ta

higher density and lower molar volume~ if aIl other parameters are made constant. This

decrease in molar volume will increase the refractive index n. Furthermore~ increasing

comonomer contents or decreasing the amount of total unsaturation will increase the

molar refraction R~ which leads to larger values of n. The molecular \veight Alw ~ polydis-
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persity i\Iw/Aln and chain branching of the polymer are not directly included in the group

contribution theory. However~ these parameters will influence the crystallization during

the production process and result in the density variation of the final product. Since the

density is a factor in determining the refractive index~ the refractive index is indirectly

influenced by A[lL'~ Alw/AIn and chain branching. However, whether the density alone

can account for aIl the influence of Alw, l\lw/Aln and chain branching in determining the

refractive index is not certain.

The method of Transmission Spectrum has been adopted in this study to measure

the refractive indices of sample films. The advantage of this method lies in its simplicity

in operation and sample preparation. The theoretical formulations underlying the mea

surements are rigorous and in closed form. Also, the same measurements may be used to

determine the thickness of sample film from the transmission spectrum independently.

The present research is based on the consideration that, besides composition~ the

critical factor determining the optical properties of polyolefin films is their morphology.

Film surface morpholog:y is evaluated using a combination of AF~I and NSO:\'1 techniques.

The bulk morphology is obtained from the cross-section of the sample prepared~ by

ultracryomicrotomy. The study proposes techniques for comprehensive and quantitative

characterization of the morphology of polymer films.

Observations from morphological information confirm the spherulitic structure on the

surface. as weIl as in the bulk of the sample films. Resin composition and processing con

ditions play a critical role in the formation of surface roughness. The surface morphology

is characterized using parameters such as the standard deviation of surface roughness~

lateral correlation length and fractal dimensions. The results are used in the study of

light refiection and transmission by the films. Since the characterization methods are not

material-dependent~they can be applied to aIl kinds of complex geometries.

A model \vas developed to compute the reflection of light by the rough surface of
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polymer films based on the Beckmann-Davies theory of the reflection of electro-magnetic

waves by a rough surface. The directional distribution of reflected intensity was computed

for various surface morphologies. ft is found that surface roughness is the dominant

factor in determining the specular reflection of the surface. The parameters considered

are standard deviation of surface height (j and lateral correlation function C(T), here T

is the correlation length. Small (j values and large T represent a smooth surface \Vith

small variation of surface height.Also, the roughness is sparsely spaced. Consequently,

the diffuse reflection of the surface is less significant and the surface will appear glossy

or shiny. On the other end, large (j values represent large surface height variation, which

corresponds to a very rough surface. Small T values indicate roughness is more randomly

and densely packed on the surface. As a result, incident light will be mastly diffused and

the surface will appear matt.

The gloss of films was computed by combining the proposed model with the results of

the statistical characterization of surface morphology of the films. The computed gloss

values \Vere in good agreement \Vith the experimental measurements. Generally, the com

puted gloss values were lower than the experimental measurements. For highly trans

parent films, the discrepancy between computed values and measurements \Vas larger.

This is because the refiection of both film surfaces is combined in experimental gloss

measurements with the glossmeter. In fact, it is possible to have a measured gloss value

larger than 100% due to the double refiection. Double reflection is not considered in

the computation of surface refiection, and the computed light intensity includes only the

refiection of the top surface.

Light transmission and haze of polymer films involves more complicated issues. Pre

vious experinlental studies have shawn that the surface of the films is the dominant factor

in determining the haze of polymer films. The effect of light scattering at the surface

and its relationship to the haze of the film have nat been addressed by any previous
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theoretical studies.

In this projecL based on the characterization of surface and bulk morphology, a

scattering geometry is proposed for the study of light scattering. A model based on the

l\Iie theory of light scattering was developed to describe forward light transmission and

scattering.

~Iaximum transparency is achieved at low volume fraction for different spherulite

sizes. Lo\ver volume fraction of spherulites on the surface indicates a smooth surface. This

explains the correlation between surface roughness of films and haze. A smooth surface

will have low haze and high transparency. As surface roughness increases, haze will

increase. This positi\"e correlation between the surface roughness and haze of polyethylene

films is confirmed by results previously reported in the literature.

For a fixed volume fraction~ maximum haze is reached at a critical spherulite size.

\Vhen the size increases further ~ haze will decrease and transparency of the film \"'ill

improve, but clarity will decrease as the narrow angle scattering increases. The critical

spherulite size is dependent on the refractive index of the materia1. The higher is the

refractive index, the smaller the critical spherulite size will be. It follows that to minimize

haze, the film must either have very small spherulites or very large ones. This can be

achieved by adding nucleating agents~ which causes high nucleation rates and a large

number of small spherulites. Alternatively, increasing the cooling rate will cause the film

to solidify faster. thus limiting the growth of spherulites. On the other hand, one can

also increase the cooling temperature without adding in any nucleation agents. This will

cause lower nucleation rates and longer cooiing times, allowing the spherulites to grow.

The drawback of larger spherulites is that although the transparency will improve in

general, the clarity of film will not be as good as that of films with very small spherulites.
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Suggestions for future studies

•

This project presents a comprehensive study regarding the influence of the morphoLogy of

poLyethylene fiLms on their optical properties. In order to apply this knowLedge directly

in industrial practice! one must also understand the formation of morphology and the

important factors that influence it. This should include an evaLuation of the dependence

of crystallization behavior and morphology development on moLecular weight! molecu

lar weight distribution, chain branching and comonomer type and ratio. ULtimately!

crystalLization behavior and morphological rnodeIs need to he incorporated in film bIow

ing models depicting the thermo-mechanical history experienced by the material during

processlng.

6.3 Original Contributions to Knowledge

The present thesis represents a significant step towards improved understanding of polyethy

lene blown film morphology. It also provides a comprehensive study of the relationships

hetween morphology and optical properties of these films. To our knowledge, the present

work is the most comprehensive integrated study of morphology and optical properties

of polyethylene films and the relationship between them. Furthermore, \vhile sorne com

ponents of the follo\ving cIaims have been the subject of other studies, no studies have

reported the full integration of the findings invoLving each of these daims.

1. Atomic Force :\Iicroscopy (AF~I) and Near-field Scanning Optical ~Iicroscopy (NSO:\I)

were used to elucidate the surface topography of polyethylene hlown thin films.

2. Quantitative characterization methods are applied to describe the surface morphology.

The roughness of surface morphology of films is characterized by the standard deviation

of =height. The Lateral correlation function C(T) and Lateral correlation Length Tare

introduced to represent the characteristics and the distribution of surface roughness .
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The line fractal dimension Lf is introduced to characterize the general size and shape of

spherulites and their directional distribution. It also indicates if there is any orientational

preference, either in shape or distribution, of the spherulites on the surface. The two

dimensional fractal dimension Df is introduced to characterize the size distribution and

the clustering of the spherulites on the surface. The domain analysis is introduced to

separate and survey the spherulites on the surface of films.

:3. The bulk morphology of polyethylene blown films is obtained by studying the cross

section of sample films. It is shown that the bulk of the films consists of impinged

spherulites that are uniform in size.

4. Specular reflection and the angular intensity distribution by the surface of polyethylene

blown films are investigated. The gloss value is computed for sample films using the

quantitative morphological information obtained from AF1I/NSONI images .

.5. Forward light transmission and haze of sample films are investigated. The haze of

polyethylene blown films is regarded as a result of light scattering at the surface of the

film. A model is proposed to study the surface scattering, based on experimental obser

vation of film morphology. The values of haze of sampie films are computed from their

surface morphologies. Practical implications are discussed and directions are provided to

optimize the transparency of polyethylene blown films.

6. The method of Transmission Spectrum is adopted to measure the refractive index of

polyethylene blown thin films. The advantages of this method are that it requires mini

mum sample preparation and can determine the thickness of the sample independently.

The results are compared to values estimated using group contribution models.
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Appendix A

Translllission spectra and refractive

index of sarnple films

The measurements of transmission spectra and calculations of refractive indices for aIl

sample films are listed below.
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Appendix B

Surface rnorphology of salllple films

The outside and inside surfaces of aIl sample films are presented below.
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