A RHEOLDGICAL STUDY OF THREE

LINEAR LOW DENSITY POLYETHYLENE FILM RESINS

by

© Tony Samurkas

Submitted to the Faculty of Graduate Studies and Research
of McBGill University
in Partial Ful+fillment
of the Requirements for the

Degree of Master of Engineering

Department of Chemical Engineering
McGill University

Montreal, Canada September 1983



FOR MY PARENTS



ABSTRACT

The recent, rapid growth in the wuse of linear low
density polyethylene (LLDFE) for plastic film production by
the blown Ffilm process bhas resulted in a great deal of
interest in the rheclogical properties of this material, as
these properties govern processing behavior. In particular,
knowledge of rheological properties is .necessary for the

design of processing equipment.

The .main objectives aof this work were to investigate and
compare the rheological properties of three, superficially
similar LLDFE +ilm blowing resins with - those of a
conventional, branched LDPE +film resin. The rheological
properties of these resins were measured over a wide Eangé of
strain rates at three temperatures. The properties measured
were shear viscosity, first normal stress difference, complex
modulus, entrance pressure drop, extrudate swell and

extrudate distortion characteristics.

The apparently similar LLDPE resins showed dramatic
differences 1in zero—shear viscosity, extrudate swell,
entrance pressure drop and susceptibility to extrudate

distortion in shear flow, the differences in the other
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_meagured properties being less pronounced. The LDPE resin

tended to be more elastic than the linear resins while the

LILDPE resins were more viscous than the LDFE resin at

processing shear rates.

The entrance pressure loss data were used to sstimate
the extensional flow behavior of these materials although the
method wused [142]1 is thought to vield only qualitativley

meaningful results.
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Resume

Au cours des dernieres annges, 1 utilisation de plus en
plus grande du polyéthyléne basse densite lineaire (PEDL)
pour la production de +ilm souffle est responsable de
1°intergt accru pour les propriétés rhénlagiques de ce
matériau, et ce surtout pour la conception de l'équipement du

-” ”~
procede.

Le principal objectif de ce travail est d‘etudier et de
comparer les prnpriétés rhénlogiques de trois résines de PBDL
{(en apparence identiques) avec celles d’une resine
conventionnelle de palyéthyléne basse densité (FBD). Les
prcpriétés rhéulugiques de ces resines ont ®té evalufes a
trois tempé?atures diffgfentes, pour une grande variete de
vitesses de dé&formation. Les propriétés mesurees sont 1la
viscosite en cisaillement simple, les contraintes normales,
1l module complexe, la perte de charge d’entrée, le

gonflement a la filiere ainsi gue la rupture d’extrudat.

” - . .. . L
Malgre leurs caracteristiques similaires, les resines de
-~ ~ . - - .
PBDL ont demontre des differences marguees au niveau de 1la
. PPl - -~ sy N
viscosite Newtonienne, du gonflement a la +Filiere, de 1la

perte decharge d'entrée et de 1°'&tat de surface de 1 extrudat
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en cisaillement simple, les autre prnpriétés ne prééentant
pas de différence appréciable. La rééine de FBD a démontre
des prupriétés élastiques plus prunnncées gque les resines de
PBDL; par contre, les résines de PBDL se sont averees plus
visqueuses gue celle de PBD aux taux de cisaillement

Pt -~ 7
retrouves lors de procede.

La perte de charge d'entree dle a 1°&coulement du

~ R W
polymere dans le convergent, a servi au calcul des proprietes
~ - ~ . ~ - -~
elongationnelles de ces materiaux, meme  si la methode

utilisée L1421 ne fournit que des informations gualitatives.
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Chapter 1

INTRODUCTION

1.1 Overview

The large scale commercial introduction of Linear Low
Density Polyethylene (LLDPE) by Union Carbide Corporation
(UCC) in 1977 created a great‘ deal of interest in the new
processing technologies that would be required to efficiently
manufacture products from this material. The generaily
superior mechanical properties of end products as well as the
favourable process economics of LLDPE served to accelerate

these efforts.

An area of particular importance has been the
utilization of LLDPE to produce plastic films using the
tubular film blowing process. In this process, mplten
polymer is extruded through a narrow gap (on the order of 1

mm )} annular die. The molten polymer tube is then drawn



upward by a take-up device. Air is introduced into the
bubble at the bottom of the die-sa that a slight positive
pressure exists inside the bubble, inflating the bubble.
Around the periphery of the bubble, where it exits the die,
cold air is introduced and flows cocurrently along the
bubble, cooling and eventually solidifying the tubular film.
Thus, the molten polymer experiences both shearing and
extensional flows. A schematic of this process is shown 1in

. Figure 1.

One of the most commonly used polymers in the blown film
process is low density pblyethylene (LDPE). The molecules of
this material differ from those of LLDFE in that they contain
numerous long branches, which may be as 1long as the main
molecular chain [1], while LLDPE has no long branches. As a
result of this as well as other differences, the two
materials exhibit dramatically different rheclogical behavior
and, thus, processing characteristics. In order to
effectively design new blown film equipment, or to modify
existing equipment, a clear understanding of the rheological
behavior of LLDPE is required. In addition, an understanding
of how the rheology of different types of LLDPE film resins
differ is essential if newly designed film blowing lines are
to be sufficiently wversatile to run a variety of LLDPE

resins.
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Figure 1. A schematic of the film-blowing process.



It is the objective of this work to study those
rheoclogical properties of three, superficially, similar LLDPE
film resins and an LDFE +film blowing resin that are thought
to be of importance in determining their processing
characteristics. The properties of importance fall into four

broad categories.

1.1.1 Steady Shear Froperties

Steady shear is the primary mode of deformation
experienced by the molten polymer as it travels through the
extruder and subsequently through the annular die. A
knowledge of the shear rheology of a material givés some
insight into the power requirements of the extruder drive,
and of the die design in aorder to ensure uniform +Flow with

minimum pressure drop.

1.1.2 Dynamic and Elastic Properties

A knowledge of the elastic and viscous response aof a
polymer to small, periodic deformations yields information on
the manner in which stresses in the material decay with time
éfter deformation. This information is impurtént, at least
qualitatively, +Ffor ranking materials in terms of their
ability to retain their molecul ar arientation while

solidifying. The extent of orientation is an important



factor in determining the mechanical properties of the
solidified film. The elastic property of particular interest
in the +ilm blowing process is the tendency of the molten
polymer tube to swell as it exits the die. This behavior is
a result of the partial recovery of the strain imparted to
the melt as it flows through the die. DPepending on the
amgunt of swell the melt exhibits, the ratio of the takeup
speed to extrusion rate must be controlled in order to

produce films of the desired thickness [2].

1i.1.3 Flow Instabilities

At a given temperature, molten polymers exhibit Fflow
instabilities at a critical value of the shear rate. These
instabilities may manifest themselves as a distortion of the
extruded molten polymer or as fluctuations in the pressure
drop through the die, or as a combination of the two. In any
case, they may limit the production rate of the film blawing
process. I+ these phenomena are +to be minimized, an
understanding of the conditions under which they occur for a

particular material is essential.

1.1.4 Extensional Flow

After exiting from the annular die, the melt is

subjected to stretching in two directions: the machine



direction due to the windup device, and in »the transverse
direction due to the pressure difference between the bubble
interior and exterior. This is known as unequal biaxial
extension. How the material responds to such stretching is
important in determining how the polymer molecules are

oriented and how thin a film the melt can be made into.

It is hoped that a knowledge of the rheological
properties of the materials to be studied will provide some
insight into their processing behavior. Summarized below are

the primary and secondary objectives of this work.

1.2 Objectives

A. Primary Objectives:

1) Measure the steady shear properties aof the four
resins. Those properties to be measured are the shear
viscosity and, at low shear rates, the first normal
stress difference. The latter being & measure of the

elasticity of the melt.

2) Measure the elastic and viscous response of these
resins to small strain periodic deformations. These are

referred to as the linear viscoelastic properties of the

materials.



3) Measure the swelling behavior of these materials

after being subjected to steady shear.

4) Investigate the conditions under which flow

instabilities occur.

S) Compare the materials response as determined 1in
objectives 1 and 2 with the predictions of the model

propaosed by Acierno et al [3].

These properties will be measured at 190, 210 and 24006
in the case of the three LLDPE resins and at 190°C for the

LDPE resin.
B. Secondary 0Objective:

Measure the biaxial extensional rheology of these
materials using equipment develaoped at McGill by

Rhi—-Sausi [4] and subsequently modified by Yang [51.



Chapter 2

OVERVIEW OF LINEAR LOW DENSITY POLYETHYLENE

2.1 Manufacturing of_ LLDPE

In commercial terms, the four leading LLDPE technologies
are those of Du Pont Canada, Union Carbide Corporation (UCC),
Dow Chemical and, to a lesser extent, Phillips Petroleum. The
first three processes are based on the copolymerization of
ethylene with an (¢—olefin using Ziegler-Natta :;talysts;
Phillips having developed its own class of metal oxide
catalysts. These processes ére noted for their low operating
pressures compared to the older process for the production of
. highly branched LDPE. This branched resin is produced in
tubular or autoclave reactors by free radical polymerization
at pressures as high as 3000 atm and temperatures between 100
and 200°C [61. In contrast, LLDPE resins generally possess

little branching. Side chain length is controlled by the



choice of comonamer. Side chain frequency is controlled by
the concentration of comonomer used during copolymerization.
The distribution of side chain groups along the main
molecular chains is influenced by the nature of the catalyst
used. These factors influence the solid state properties of
the resin end products, but have little effect on the melt

rheology L[7,8].

LLDPE was first brought onto the market by Du FPont
Canada in the early 1760°'s, with Phillips following in 19703
their products were not as commercially successful as other
polyethyvlenes available at that time, although Du Pont did
grant several licences for this process [?]1. Du Pont’'s Sclair
solution process operates at relatively high (100 atm)
pressures and temperatures and is very flexible with respect
to product density and choice of comonomer. Originally Du
Pont ufilized primarily l1-butene as a comonomer, but has
recently begun using l—-octene as well [10]. The popularity of
thié process has been due to the very high (>95%) conversion
rates attainable, as well as the wide range of products that
can be produced using a single catalyst system. The Phillips
process is an emulsion type process that operates at
comparatively low pressures (20 atm) and at a sufficient
temperature to allow dissolution of the polymer in the
reaction medium. This process utilizes 1-hexene as a

camonamer. The resulting product is of a somewhat higher



density than those produced in the other LLDPE processes

[111.

The sudden growth in the importance of LLDPE as a
commodity resin may be attributed to the introduction of the
Unipol pr&cess by Union Carbide Corporation (UCC) in 1977.
The advantage of this process is that it does not require any
solvents and thus avoids the processing equipment required
far their recovery and purification. Polymerization takes
place in a fluidized bed. The catalyst is the bed material,
and an operating pressure of about 20 atm is used. The
ethylene-comonomer mixture is fed into the bed and serves to
fluidize the catalyst. Conversion of the reaction mixture is
on the order of 3X per pass, necessitating the recycling of
large amounts of gas. This process can use a variety of
comonomers, with 1-butene being/the most common, although
newer grades with longer comonomers have been introduced.
Unlike the Du Pont Canada and Phillips processes which vyield
a product in pellet form, the Unipol product is granular but

may be pelletized in a later stage [12].

In 1977 Dow Chemical introduced its solution phase
Dawlex process for LLDPE manufacture. This process operates
at a pressure of about 25 atm. This limits the choice of
comaonomer to C7 to Ci14 a-olefins. Lighter «o-olefins would

be too volatile to remain in solution at typical operating
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conditions [13]. Since these monomers are more expensive than
i-butene or 1-hexene, Dow's production costs are generally
higher than those of competing processes that are capable of

using 1-butene [?].

These technologies for the production of LLDPE are quite
similar to those used for HDFE production. The main factor
distinguishing the two technologies is the requirement for a
relatively high comonomer content in the LLDPE palymers
(3—-12wt%). The rate of polymerization of the comonomer is
lower than that of ethylene and the ratio of comonomer to
ethylene in the reactor must therefore be several times
higher than that required in the polymer. This requirement
places a limitation on the type and quantity of comonomer
that can be used  in a particular process. For example, in
the Unipol process the monomer mixture must be in the gaseous
state; thus, the comonomer must be sufficiently volatile so
that it does not condense under operating conditions.
Similarly, in a solution process the operating pressure must
be high enough to keep sufficient comonomer in the 1liquid
phase, and lower boiling comonomers would require higher

operating pressures [131.

The primary advantage the various LLDPE processes have
over the conventional LDPE process is their ability to

operate at substantially lower pressures, with the attendant

11



benefits. In Table I [13]1 a summary of the comparative costs
of the Dow, Du Pont, UCC and conventional LDPE processes is
given. The UCC process yielding granular product has the
lowest capital cost, followed by those of Dow, Du Pont
Canada, pelletized product UCC and, lastly, the high pressure
LDFE process. There is some disagreement in the published
literature regarding the capital and operating costs
associated with the various processes. According to UCC a
Unipol plant can be constructed for only 30%Z of the cost of a
conventional high pressure process ([(141]. In contrast,
Imhausen et al. L1511 «claim that their company’'s
(Imhausen—-Chemie GmbH) LDPE process is lower in both capital
and operating costs than a Unipol process producing
pelletized product, and has a capital cost 25Z greater than a
Unipol process vielding granular product. These authors cite
the high cost of the catalyst and comonomer and the higher
marketing and research costs associated with the newer LLDPE
processes. Imhausen et al. argue that the cost savings
inherent in operating at lower pressures are somewhat offset
by the cost of additional equipment required for feed

purification.

In addition to the relatively well established
technologies discussed, new processes and products are being
developed at competative costs. Chimie de France (CdF) has

developed a technology that permits operators of high

12




LOW DENSITY POLYETHYLENE FRODUCTION COSTS

(100 000 metric tons/yr; .915 g/cm’)

Frocess Fixed Investment,
" U.S5. Gulf Coast
million %, mid-1980

High pressure tubular
reactor, LDFE 74.9

Dow solution process, LLDPE 46.5

Du Pont, Canada solution process,
LLDFE S1.35

Union Carbide gas phase, LLDPE

pellets 52.5
granules 39.6

Table 1
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pressure LDPE plants to modify their processes to produce
LLDPE resins. The capital costs of this retrofit process are
about 454 lower than those of the gas and ligquid phase
processes previously discussed. It alsao utilizes
Ziegler—Natta catalysts, but as a result of its high
operating pressures has operating costs about 254 above those
of the Unipol process, and comparable to those of the Dow and
Du Pont Canada processes [16]1. B.F. Chemicals has developed
its own process based on the conversion of a gas phase fluid
bed process for HDPE production. They report that for a cost
of roughly U.5.%1 million this process can be modified to

produce LLDPE. The comonomer used is 4-methyl-li-pentene [171].

2.2 Solid State FProperties

It has been found that the length, number and
distribution of comonomer side chains have a profound
influence on the microstructure and mechanical properties of
LLDPE. The density of LLDFE is determined by the amount of
comonomer in the polymer, decreasing as the content is
increased [13]1. A smaller amount of a longer chain comonomer
is required than of a shorter chain comonomer to achieve the
same density [7]. The absence of long chain branching results

in a greater degree of crystallinity in LLDPE as compared to

14



LDPE resins; this results in a higher melting range. Since
any branching tends to reduce crystallinity, increasing the
level of comonomer tends to reduce the melting point of the
resin [181. The superior mechanical properties of LLDFE over
LDPE have contributed to its popularity. The extent of
improvement in such properties 1is controlled by the length,
frequency and distribution of the comonomer branches [17]1. A
summary of the mechanical properties of some LLDPE (two of
which are the subject of this study) film resins compared to
those of LDPE and HDPE film resins is given in Appendix A.
The well documented trend has been for the mechanical
properties to improve as the comonomer length is increased
£8,18,191. Depending on the process used, optimal mechanical
properties are achieved with comonomers of 8 to 12 carbon
atoms [13,201. A notable deficiency of LLDPE resins, when
they are used to make films, is their greatef haze compared
to LDPE films; this somewhat limits their use to products

were film clarity is not of importance [Z].

Workers at Du Pont Canada £i81 found that the
distribution of comonomer between the molecules of copolymer
affected end product mechanical properties. They noted that
LLDPE resins that had a homogeneous distribution of comonomer
exhibited reduced haze levels in films, as well as higher
impact strengths for other extruded articles, when compared

to heterogeneous copolymers. In addition, they showed that

15



both the polymer density and melting point increase as the
comonomer distribution becomes more heterogeneous for a given
comonomer concentration. The superior mechanical properties
of LLDFE as compared to LDFE and HDFE have enabled resin
processars to make thinner and lighter products that 5t§11
have acceptable mechanical properties. Conversely, products
of the same thickness or weight but with superior mechanical

properties can be produced using these materials.

2.3 _Processing_Behavior

With the introduction of any new resin some
modifications to existing process technologies must be made

to account for differences in resin rheology and thermal

properties. Because of its commercial importance and
sensitivity to variations in resin properties, the
madifications to film—blowing processes required to

economically utilize LLDPE resins will be considered.

The main difficulties, in terms of process
modifications, arise when one tries to process .LLDPE on
equipment designed to process LDFE resins. Unlike most LDPE
resins, which tend to exhibit a quite rapid decrease in
viscosity at processing shear rates, LLDPE resins exhibit a

much less pronounced viscosity reduction at comparable shear
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rates. This behavior is typical of linear, narrow molecular
weight distribution resins [91. Because of its increased
viscosity, the power requirements to extrude LLDFE are
greater than for LDPE, and LLDFE will exhibit a greater
temperature increase due to viscous heating, at a given shear
rate [211]. Hnwevef, since plastics extruders operate on the
principal of drag induced flow [2]1 a more viscous material
like LLDPE will generally haQe a higher specific output

{kg/hr-rpm).

To efficiently extrude LLDPE, new screw designs have
been developed. To wminimize viscous heating and reduce
extruder drive power requirements, Kurtz et al. £211
suggested using screws shorter than those normally used for
LDFE extrusion as well as using deeper channels on these
screws. Deeper channels will reduce the viscous heating
experienced by the melt. Normally in extruders, the channel
depth is progressively decreased as the extruder exit is
approached in order to generate pressure. Miller [22]
suggested progressivly decreasing the flight spacing as the
exit of the extruder is approached, thus achieving the
pressure buildup in the melt without having to decrease the
channel depth. The use of deep channels, however, can Eesult
in the presence of unmelted solids at the end of the flighted
sections. The melting must therefore be completed by a

barrier—-type mixing head attached to the end of the screw.
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To further reduce the viscosity of these materials they are
generally extruded at higher temperatures than LDPE-typically

200 to 250°C in film applications.

Due to the high shear stresses developed in the film
die, narrow molecular weight distribution resins such as
LLDFE experience a phenomenan known as sharkskin as they exit
the die. This is a surface irregularity characterized by a
series of ridges perpendicular to the direction of +low. It
usually occurs at a shear stress lower than that at which
LDPE exhibits distortion. Two simple, but not always
practical, ways to eliminate this effect are to reduce the
throughput of resin through the die or to increase the
temperature at which the resin is processed. More effective
methods have included using wider die gaps as well as having
the die either converge or diverge just at the exit of the

die [71.

A material ‘s extensional viscosity is a measure of its
resistance to elongation. Thus, a melt with a low
extensional viscosity requires less force to elongate it.
All LLDPE resins have lower extensional viscosities than LDPE
resins. In the +film blowing process, a low extensional
viscosity permits the praoduction of thinner films.
Associated with this lower extensional viscosity, however,

are problems with bubble stability. When the polymer bubble

18



is formed, it must be cooled so that the polymer will
solidify. This is commonly done by having an air stream
impinge on the bubble. An LLDFE melt can be deformed more
gasily than an LDFE wmelt, and it is more sensitive to air
flows. An air flow that impinges directly on the bubble can
create a force strong enough’ to destabilize it [21]1. Air
rings, which guide the flow of cooling air, have been
designed to direct the air flow so that it is essentially
parallel to the bubble surface. These designs permit
sufficient cooling of the generally hotter LLDPE bubble and,
because of the air flow pattern, also aid in stabilizing the
bubble. A more complete review of air ring technology is

presented by Strater [231.

Although LLDFE can be processed at rates comparable to
those attained with LDFE on suitably modified equipment, most
resin processors are compromising and using blends of LLDPE
énd LDPE. Speed [24] found that as LDPE is added to LLDPE,
the onset of flow 1instabilities occurs at higher shear
stresses and the viscosity is reduced. Furthermore, the
torce required to stretch the molten bubble rapidly increases
as LDPE is added to LLDPE, sc that at about 35 wt¥ LDPE in
LLDPE the stretching force is near that for pure LDPE. In
general it was found that the mechan{cal properties increased

almost linearly as LLDFE was added to LDPE [24].

19



Chapter 3

RHEOLOGY OF MOLTEN PLASTICS

31 Viscometric Functions

J.1.1 Introduction

A viscometric flow is one in which the deformation
experienced'by a given element of fluid is indistinguishable
from steady simple shear [25]1. When a polymeric liquid is
sheared in a viscometric f1low the polymer molecules
experience gsome orientation in the +Fflow direction. This
departure from the random orientation distribution gives rise
to normal stress differences. Referring to Figure 2, this
implies that the nnrmal' stresses on a fluid element are

unequal.

T F TV F T3z

Thus to completely define the state of stress of a material
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Figure 2. Stresses on a fluid element.
Axis 2 represents flow direction.
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sheared in a viscometric flow both the shear stress, 7,,, and
the normal stresses are required. However, for an
incompressible liquid, only differences between normal stress
components are rheologically significant ([231. Thus, three

independent viscometric functions can be defined;

"’}L\\E ,T\')_/\k (\)
Nu(.\.é\i /T‘n’lvv\. ('L\
N (¥) 2 Tan - T Q)

The Ffirst function is called the viscosity, while the
remaining two are called the first and second normal stress
differences. All three are functions of the shear rate,&7.
Viscometric flows are a subset of what are commonly referred
to as shear flows. A shear flow is defined to be a flow for
which the distance between any two neighbouring particles in
a shearing surface remains constant. Furthermore the
distance between any two neighbouring shearing surfaces is
constant. Bird [26] gives two additional criteria for the

existance of a viscometric flow:

1) The lines of shear must be material lines.
2) The shear rate, Y ,is independent of time

for a given particle.

The second criterion is self explanatory, while the first

warrants further explanation. For any shear flow, one can
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define lines of shear which, on a given sheéring plane, are
tangent to the direction of motion of a fluid particle. I+
these 1lines of shear are comprised of the same fluid
particles at all times, they are referred to as "material

lines" [261].

Using these definitions, it becomes apparent that there
are several ways of generating a viscometric flow in the
laboratory. The best known being:

(a) Laminar tube flow.
tb) Couette flow.
{c) Torsional +flow.

(d) Cone and plate flow.

{(e) Drag induced flow between parallel plates.

These flows are discussed in detail by Bird [261.

It is the task of the experimental rheologist to select
from amongst these, a flow field that will readily yiéld
values of the viscometric functions. The selection criteria
include the type of material under investigation, any
mechanical design limitations of the apparatus, and the shear

rates at which data are desired.
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3.1.2 Controllability of Flows

The primary problem associated with measuring the
viscometric functions of a polymeric material is a lack of
knowledge of the rheologicai constitutive equation of the
material. Thus the viscometric flow selected must be
completely controllable if all three viscometric functions
are'tn be measured. This means that by prescribing the
boundary conditions of the flow, the assumed kinematics of
the flow satisfy Cauchy’'s equation regardless of the liquid’s
conétitutive equation [25]. The best known example of such a
flow is drag induced +flow between parallel plates.
Unfortunately, no commercial instruments are available that
can generate this type of flow field, although several

experimental devices have been described [27,281].

Laminar tube, Couette and torsional flows are all
examples of "partially controllable" +flows. These flows are
characterized by having streamlines whose ogrientation is
material independent, but which generate a shear field (and
thus a stress field) that is not uniform in space and is
dependent on the material’s rheological properties. By
measuring shear stresses at the so0lid boundaries, and with
some data manipulation, values of the non-Newtonian shear

viscosity can be obtained. The most commonly used of the
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three flows, particularly for measurements of fluid viscosity
at higher ( 7 >1 s') shear rates, is laminar tube flow. It
is generally accepted that partially controllable flows are
not capable of yielding reliable values of the normal stress
differences [25]. However, this is still a subject, of

controversy [25,29,301.

In addition to controllable and partially controllable
flows is a third class of flows which are easily generated
and that yield values of the normal stress differences. This
third class is referred to as "approximately controllable”
[31]1. Such flows are controllable when certain terms in
Cauchy’'s equation can be neglected. The best known example
of such a flow in experimental rheology is cone and plate

flow.

J3.1.3 Cone and FPlate Flow

Cone and plate flow is obtained in the region bounded by
a flat circular plate and a convex ﬁune whase apex 1is in
initial contact with the plate. In practice, however, the
tip of the cone is truncated and a small gap is. maintained
between the two surfaces. This is to prevent damage to
either of the surfaces, which would occur if they were to rub
against each other. A schematic of the cone and blate

geometry is shown 1in Figure 3. In the course of an
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Figure 3. Schematic of cone and plate geometry.

26



experiment, either the cone or the plate is made to rotate at
a constant angular speed while the other fixture 1is held

stationary.

To make such a complex +flow amenable to analysis,
certain simplifying assumptions are required. The key ones

are listed below.

1) Inertial effects are negligible (this allows one to
neglect the acceleration terms in the equations of

motion).

2) The cone angle 1is small (this allows one to assume
that the shear rate and thus the stresses are uniform

throughout the flow field).

3) The +ree surface of the sample at the edge of the gap
is spherical, with a radius of curvature equal to the

radius of the flat plate.

4) Surface tension effects at the 1liquid free surface

are negligible.

With these assumptions, the following expressions
describing the velocity field and viscometric functions can

be derived [30,321].
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However , since ¢o<<1 rad, sinzi ¢b) is approximately unity,

equation (6) simplifies to,

Ny = M [2TR )

where M denotes the torque exerted on the stationary
fixture. To calculate the normal stress differences from the
total normal thrust, F, which acts to separate the cone and

plate, the following expressions can be derived:
. ~3
NLY) = Ty - Voo = LF (AR (So)
N LX) = Yoo - Tee ()

NLUXD) & N,‘_(_\b\ = —'}T\'ovc—\‘)/é&QMr &)

The term Ty(r) is the local pressure on the plate. The
total torque,M, and the total normal thrust,F, can, with some
care, be measured; but, the measurement of the plate pressure
profile is a more difficult task. To measure this profile,
very small pressure transducers must be flush—-mounted in the

plate at several radial positions.

The equations presented above will adequately describe
the behavior of a 1liquid in cone and plate flaow as long as
the assumptions 1listed are wvalid. If any are invalid,

substantial errors in the values of the viscometric functions
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can arise. Detailed discussions of the errors introduced if
these assumptions are not applicable are given by Dealy [2351

and Garcia—-Rejon [331.

3.1.4 Capillary Flow .

In most polymer processing operations, the melt is
subjected to comparatively high shear rates, up to lossﬂin
some processes. FPrimarily because of the ease with which it
can be generated, capillary flow has found widespread use as
a method for obtaining high shear rate viscosity data. The
characteristic feature of the method is its use of a very
narrow capillary through which the material is forced, with
the pressure drop being recorded at a given flow rate. Using
a narrow capillary offers two main advantages. Firstly, for
materials of low viscosity an easily measurable pressure drop
is generated in a relatively short tube; secondly, a3 narrow
tube allows the viscous heat generated in the flow of viscous

materials to be dissipated more quickly.

The polymer forced through the tube may be subjected to
either a +fixed wall shear stress or a fixed shear rate. 1In
the former case, the volumetric flow rate of polymer exiting
the capillary is measured and related to the wall shear rate,
while in the latter the pressure drop across the capillary is

measured at a given wall shear rate. In developing the
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mathematical framework with which to analyze capillary flow
of a non—-Newtonian liquid, the assumptions made regarding the
nature of the flow are similar to those associated with
Hagen—-Poiseuille flow. Beyond the entrance of the tube, for

a Newtonian liquid the following expressions apply.
To= - AP-R[2L Lo)
: -5
o= ¥ & [AR )

Since equation (1Q) is derived from a force balance it is
applicable regardless of the rheology of the 1liquid. The
expression for the wall shear rate, however, is strictly
applicable only to Newtonian liquids. For the case of a
non—Newtonian liquid an expression relating the wall shear
rate to measurable properties, such as the volumetric flow
rate and wall shear stress, is required. Starting with the

definition of the volumetric flow rate in a tube,

R
Q= 2% S g C LT )

<o
and integrating by parts, we obtain the following:

R
G- | (52) e W)

The derivative in the integrand of equation (13) is simply

the definition of the shear rate. We also have available the
following relationship between the wall shear stress, 7,, , and

the shear stress at any radial position.
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This can be substituted into equation (13) and the variable
of integration changed +From r to 7,z ; for the case of
non—Newtonian liquids the shear rate, 7 y must be treated as
a Ffunction of the shear stress [26]. By differentiating

equation (14) with respect to 7, , the following relation is

obtained.

N ek (Tw 8 us)
S A W AN

Thus by plotting the volumetric flow rate against the wall

shear stress, the wall shear rate at each shear stress can be

determined. The value of the non—-MNMewtonian viscosity is then

found using the following expression.

M = ’T\,_,/ Yo )

Many polymeric liquids exhibit what is known as "power—-law"
behavior at higher shear rates. This implies the following

relationship between wall shear stress and shear rate.

. Ll
Yo=Y (¥
For this special case, the following expression can be

derived[25].

—APR _k [tV (e 1 )
% w Tiraé
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‘Thus one can plot -(AFPR/2ZL) against (4Q/WR3) on a logarithmic
scale and aobtain wvalues of k and n from the intercept and

slope of the resulting straight line.

The methods outlined above would work satisfactorily if
the pressure drop in the capillary were measured using
pressure transducers mounted along it’'s length. In most
capillary rheometers, however, some sort of cylindrical
plunger is used to force the polymer through the capillary,
and the force required to do this is measured. Using these
methods one must consider contributions to the driving force
in addition to the fully developed flow pressure drop. Dealy
[25] summarizes other factors that can contribute to the

driving force for elastic liquids.

The two major contributions (aside from the pressure
drop in the fuliy developed Fflow region) to the measured
driving force are the pressure drops associated with the
entrance and exit regions of the capillary. In the entrance
region large stresses are developed due to the funneling
effect as the fluid enters the capillary from the larger
diameter polymer reservoir. The excess pressure drop is due
to the 1large extensional stresses and, in some cases,
recirculating eddies present [34-34] at the entrance; as well
as to the hypothesized rearrangement of the velocity profile

near the capillary exit [371.
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Bagley [38B]1 has suggested a procedure whereby the excess
entrance pressure drop can be estimated. The procedure
involves making measurements of the total pressure drop
through capillaries of different lengths, but with identical
entrance geometries. These capillaries should be long enough
so that a region of fully developed flow exists. An  "end

correction", e, is then defined as follows,

Y= Po 20k +) Q%)

where Fyis the measured driving pressure. Physically, e, can
be considered to be the dimensionless length of fully
developed capillary flow that would vyield a pressure drop
equal to that due to entrance effects. By making
measurements of Fyfor capillaries of different L/R ratios,
and plotting Fyversus L/R with ? as a parameter, values of
"e" can be obtained. The plots  should be linear, and by
extrapolating them to a zero driving pressure, one obtains a

value of "e" as the intercept on the abscissa. .,

3.2.1 Description

To this point, only the viscous properties of polymeric

materials have been considered. Also of importance are the
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viscoelastic properties = of mal ten polymers. The
viscoelasticity of these materials is due to the +fact that
the polymer molecules not only interact by simple elastic
collisions, as do gases and simple liquids, but alsao form
temporary networks by wrapping around one another. These
temporary entanglements play a dominant role in determining
both the viscous and viscoelastic behavior of molten
polymers. As the material is deformed, the number or density
of entanglements is diminished. In addition, viscoelastic
behavior is exhibited by dilute polymeric solutions in which
molecular entanglements do not occur. For these materials,
viscoelastic behavior is a result of the molecular

orientation caused by an applied strain.

Linear viscoelasticity is a class of behavior often
observed in deformations involving very small strains or
strain rates. In this 1limit, the strain is sufficiently
small so that the molecular orientation and entanglement
density are not affected; or is sufficiently slow so that the
rate of entanglement creation due to thermal motion is
sufficient to replace those entanglements destroyed by
deformation. For dilute solutions, linear viscoelastic
behavior is exhibited when the strain is too small to alter
the molecules random orientation distribution; or slow enough
so0 that molecular orientation and the return to a random

conformation due to thermal motion occur at the same rate.



The advantage of the use of linear viscoelasticity to
characterize a material is that the representation of the
material functions is simplified by the disappearance of the

strain or strain rate as a parameter [251.

Two types of experiments can be used to determine the
material functions that describe linear viscoelastic

behavior. These are:

(i) Transient experiments (time domain).

(ii) Oscillatory shear experiments (frequency

domain).

In the first, the material ‘s stress response to a suddenly
imposed strain or stress is measured as a function of time.
In oscillatory shear the fluid is subjected to sinusoidal

shearing. The shear strain is given by:

%= ¥, Sinleot) (20)

The shear rate in the gap is thus:

¥ =¥, coslwx) (24
were (@ 1is the frequency and &o‘the strain rate amplitude.

For a purely viscous liquid, the stress recorded at the

stationary plate is exactly in phase with the strain rate:
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However, for a purely eslastic material the stress response is

exactly in phase with the strain:

Ritas = G XS in(es ) (23)
where G is the modulus of elasticity. Since molten polymers

are viscoelastic, their stress response will be some

combination of those given in equations (22) and (23).

The following expressions can be used to decompose the
material ‘s stress response into in-phase (viscous) and

out-of-phase (elastic) components.

= 'v]‘\ZOCOSQw‘b\ t "]"\gogi"\@*’) @4

The n' term being the in-phase component and n” being the
out—-of-phase companent. These material functions can be
transformed to vyield other functions [3%2]1. The most commonly

used being the storage modulus:

Gz wm’ GRY
and the loss modulus .

G vy’ | Q2.6)
The phase angle between the strain and stress oscillations is

given by the following expression.
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Using the definition of the phase angle, equations (22) and

{23) may be represented by the following expression:

’Y"’ToS'mKw‘ta—g‘) 29)

where 7T, is the amplitude of the shear stress.

3.3.1 Description of Extensional Flows

In general, an extensional flow is one in which the

velocity field is given by
Wy ™ X qu}
in a Cartesian coordinate system. In steady extension the a;

coefficients are constants. For an incompressible fluid the

continuity equation reduces tao,

Puwe -0 (ZO)
O,

and thus,

Z.AO\L.‘O | k—S\)
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In other words, an extensianalbflnw is a flow in which the
rate—-of-strain tensor has only diagonal terms; Ffor this
reason they are often referred to as shear free flows [261.
Different categories of extensional flows are defined by
specifying the a/s in equation (Z9). Uniaxial extension was
one of the first types of extensional flaws to be studied.
Its velocity distribution, in cylindrical coordinates, is

given by the following equations,

’\/.'r'."-j{'gr 32
ﬂTg = 0O
where, € s is defined as the uniaxial strain rate. For a
uniform cylindrical sample of original length, Lg, é is

given by the following expression.
= A dL (33)

L dx
If € is time independent, the following material function

can be defined,

Mel@) = Wan - T ) &) (3L
<

This is referred to as the extensional viscosity. For the
case of a stress growth experiment, where a steady state
stress has not been attained, a uniaxial stress growth
coefficient can be defined.

'q;(é;*:)'-" Waz -Veo) (e, x) (3S)

<
In many polymer processing operations, the molten polymer is
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- subjected to both shearing and extensional strains. In terms

of annual production, one of the most important of these
processes is the blown film process [30]. In this process the
molten polymer is subjected to a complex unequal biaxial
extensional flow, as a opposed to uniaxial extension which is
the primary mode of deformation, for example, in fiber

spinning.

The special case of equél biaxial extension is described
below. Consider the liquid disk shown in Figure 4. At time
t=0 the disk is in its undeformed state; at time t the disk
is stretched in the radial direction in such a way that in
cylindrical coordinates there are only two non—zero velocity

components.

Ve = é&bf‘ (jSQ>
\F%'=-Q-&;\ﬁﬁ

Thus, the velocity component, v,, will be a function of only
zy and the velocity component, v,, will be a function of only
r £41. What we are actually observing is radial extension and
simul taneous uniaxial compression. Taking this point of
view, the radial strain rate, for a sample in the shape of a

circular disk having radius R, can be defined as follows.

v 4E S

with the total biaxial strain at time t being defined as,
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before extension after extension

Figure 4.

Equal biaxial stretching of a fluid disk.
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We can consider this flow to be generated by a radial,
tensile stress rather than an axial compressive stress [235].
Thus,the biaxial extensional,viscosity is defined as follaws

[251.

/"IL('G\)\ = Urr“ "J'%’E)Le\a\ ‘ kzsq\
<o

This definition presupposes that the stress difference given

in the numerator of equation (39) has reached a steady state
value. For the case of a stress growth experiment, in which
a steady—-state value has not been attained, a biaxial stress
growth coefficient can be defined [40].

’Vl: C é\n’c) < &’Yrr’(\"&%)‘ C '9\0 ) Q“(‘O)

<)

3.3.2 Biaxial Extension Rheometry

Four methods have been used for the study of biaxial
extension in elastic 1liquids, although no commercially

manufactured instruments are yet available.

Meissner [41] haé developed a device that uses a set of
eight rotary clamps arranged in a circle to grip a circular
sheat of molten polymer. As the clamps rotate at a
controlled speed, the sample is strgtched in all directions.

Eight pairs of automated scissors cut the sheet of molten
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polymer between ;he clamps at +frequent intérvals. This
cutting produces eight strips of polymer that can Qe wound up
on rollers. By controlling the rotational speed of the
rotary clamps, the desired strain rate can be achieved.
Measurement of the tensile force on the clamps permits a
determination of the stress. The main drawbacks of this
instrument are its mechanical complexity and its large
thermal inertia, which requires long heat up times ' when

working with thermoplastic polymers [42].

The idea of using a so called "lubricated squeezing
flow" to generate equal biaxial extension was orginally put
forth by Stevenson [431. A device based on this idea was
developed and tested by Chatraei and Macosko [441. This
instrument consists of two parallel disks, between which is
held a sample of the material to be investigated. In an
experiment, the lower disk is stationary, while the upper one
is forced downwards, thus sqgqueezing the sample. Ordinarily,
this would generate a shear <flow within the gap, but by

placing a thin layer of low viscosity 1liquid between each

disk and the sample,a flow that is almost purely extensional

in character can be obtained. Numerical simulation studies
indicate that shear dominates over extension when the
viscosities of the two liquids are of the same order of
magnitude. Extensional flow is well approximated in the

"core liquid"” when its viscosity is more than 100 times that

42



O

of the thin lubricating layers on both of the disks [45]1. The
main limitation of this technique is the fact that for
extensional strains of more than about 1 (as defined in
equation 38B), the lubricant liquid tends to flow out from
between the disks making the assumption of extensional flow

invalid [461].

The idea of approximating biaxial extension by bubble
inflation seems to have orginated in connection with work
done on the elastic properties of rubbers [47]1. The biaxial-
extensional properties of elastic liquids were first measured
using this technique by Denson [48]1. Rhi—-Sausi and Dealy [4%]
developed an instrument based on this principle for use with

molten thermoplastics.

Essentially, the method involves the inflation of a thin
circular disk of the sample into a bubble. If one imagines
for a moment that the circular region near the pole of the
bubble is equivalent to the disk depicted in Figure 4, it can
be seen that biaxial extension is approximated in the region
near the pole. By measuring the rate of separation of
material points near the pole of the bubble, and monitoring
the pressure difference across the sample surface, estimates
of the extensional strain and stress can- be obtained (51.
Because aof gravitational effects, liquid samples must be

immersed in a medium of comparable density. Furthermore,
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because of the fragility of the inflated bubble of the molten
polymer, it is important that convection currents caused by

thermal gradients in the supporting medium are eliminated.

Lastly, it has been suggested that lubricated flow in a
divergent channel generates equal biaxial extension, but only
away from the channel wall [50]1. It is proposed that
birefringence can be used to infer the stress in this
region. 0O0f course, the melt must be transparent to use this

technique [S511].

2.4 Extrudate Swell

3.4.1 Explanation of Phenomenon

The term "extrudate swell" is used to describe the
increase of the diameter of a liquid stream as it emerges
from a circular channel. This behavior is exhibited by

elastic as well as inelastic liquids. The magnitude of this

swell is quite small for the latter case, causingla 12%

increase in diameter for a Newtonian liquid at 1low Reynolds
numbers [32]. Elastic liquids such as polymer melts exhibit a
similar increase in diameter at very low shear rates but may

swell ta 2-4 times the tube diameter at higher shear rates
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[2]1. For the case of a noncircular channel, the shape of the
extrudate also changes [301. The extrudate swell Ffor flow

from a circular die is defined by the following expression:

B= Dld (L)

where the meaning of these symbols is given in Figure 5. .

For viscoelastic liquids extrudate swell is primarily a

. result of the gradual recovery of some of the strain imparted

"to the liquid as it travels thrdugh the particular +flow

geometry ([531. Depending on the material and processing

.ccnditions the so called "equilibrium swell" may only be

attained after a period of 10 minutes or more.

Considering the case of equilibrium swell, Ffor a
particular polymer the extrudate swell is a function of wall
shear rate, & y the L/D ratio of the circular tube, and the
liguid temperature,T. The genhetry of the entrance of the
tube can also affect the extrudate swell when the L/D is not

too large [301].

It has been found that the swell ratio decreases as L/D
increases, becoming essentially independent of L/D at values
greater than about 20 for polyethylene (301 and about 10 or
less for polystyrene £541. It is believed that this
phenomenon is due to a characteristic of viscoelastic fluids

known as fading memory. At the tube entrance, the material
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Figure 5.

Capillary extrudate swell.
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i=s subjected to an extensional strain field [361 which
generates an axial normal stress within the material. ﬁhen
the liquid exits from the tube, these extensional stresses
cause it to recoil resulting in an increase in diameter.
Since viscoelastic liquids exhibit stress relaxation with
time, the contribution these extensional stresses make to the
materials swell diminishes when longer tubes are used. Lodge
[55] observed that an elastic 1liquid which had not been
subjected to the extensional strains associated with tube
entry flow also swelled upon exiting from the tube. In
shearing flow the long polymer molecules are oriented and
stretched in the flow direction. As a result, an axial

normal stress, (refer to Figure &) is generated. When

Tz
the liquid exits the tube, the shear strain that it had
experienced is partially recovered (elastic recoil) resulting

in an increase in extrudate diameter.

In the linear viscoelastic region the amount of shear
strain recovered by a liquid after shearing : can be defined
[251,

SR = L/\'*n: - T.—r§ /Z’T‘rq_ U—i/l.\)

where Spis known as the recoverable shear. This expression
is often found to fit experimental data in the materials
non-linear viscoelastic region as well [25]. If this

expression is valid, then extrudate swell can be related to



@

Figure 6.

flow direction

Stresses on a fluid element in capillary flow.
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the normal stress difference at a particular shear rate.
Furthermore Spand thus extrudate swell are also increasing

functions of shear rate.

Since extrudate swell is primarily due to elasticity it
is not unexpected that for a given material and shear rate,
the amount of swell decreases with increasing temperature

[301].

The wmolecular structure of a molten polymer plays a
central role in determining its swell characteristics. The
properties that have been found to have the most dramatic
effect on swell characteristics include molecular weight (MW)
and molecular weight distribution{(MWD). For most polymeric
materials - polyolefins and polystyrene having recieved the
most attention- the extent of swell increases with both MW
and the broadening of the MWD [S53,5&]1. For highly branched
polymers, notably low density polyethylene(LDPE), swell
increases with increasing frequency of long chain branching
[57-3%2]1. In addition any molecular characteristics that have
an effect on material elasticity will also affect itz swell

characteristics.

3.4.2 Measurements Methods

Two broad classes of methods have found common use in

making extrudate swell measurements. In the first method, a
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short length of polymer is extruded into ambient air which
quenches it. The diameter of the extrudate is then measured
to vield a value of the swell. This method has three major

shortcomings:

1) The extrudate solidifies before the egquilibrium swell

is achieved.

2) The swelling that takes place does so under
non—isothermal conditions and while the polymer is

undergoing a change of phase.

3) Since the density of the polymer is much greater than

that of air, some sagging of the extrudate will occur.

All three of these factors will cause the equilibrium swell
to be underestimated [60—623.> In the second method, the
polymer is extruded into a heated chamber, maintained at a
temperature above the polymers melting range, where it is
allowed to swell completely, before its photograph is taken.
As a further refinement of this method, the chamber into
which the sample is extruded is filled with an inert liquid

whose density approximates that of the molten polymer [&21].

3.4.3 Predictive Methods

Three approaches have been used to predict the extrudate
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swell of an elastic liquid.

1) Rubber elasticity theorvy.
2) Overall momentum balance.

3) Numerical simulation.

Models of the first type [63—-6461 assume that the 1liquid
experiences an instantaneous rubber-like recovery of the
strain it had been subjected to within the capillary. These
models thus attempt to relate swell to the recoverable shear,
Sgy which is approximated by equation (42). These models are
not capable of predicting the ultimate swell of a liquid
since this takes a finite period of time, after extrusion, to
be achieved. One model of this type that has been used to

predict swell [67]1 is that of Tanner L[&é&1.
l/g_ .
Se= ilB'ZWB W2

This model (in fact, all madels af this type) assumes that
all of the swell exhibited by the liquid is due to the
recovery of shear strain. Thus it is only applicable to
capillaries that are long enough that the entrance region

deformation of the material has been "forgotten".

The momentum balance approach to predicting extrudate
swell was put forth by Metzner C[681. The method is

conceptually quite simple; a momentum balance (in the flow
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direction) is wmade on a control volume of Ffluid with
boundaries Jjust up and downstream of the capillary exit. In
addition to the inertia term contributions, the axial
stresses acting on the control volume are considered. This
inclusion of 1liquid elasticity led to good agreement between
model predictions and swell of polymer solutions. However ,
Graessly [354] used this approach to predict the first normal
stress difference from extrudate swell, and found the model

predictions to be low by a factor of 107.

Both Ffinite element and finite difference methods have
been applied to the problem of swell prediction. These
methods involve the simultaneocus solution of the transport
equations of mass and momentum using a specific constitutive
equation. The major difficulty associated with these
apprnéches is the stress discontinuity assonciated with the
exit of the die. A complete review af the various techniques
and their limitations is presented in the text by Tanner

[&691].

3.5 Extrudate Distortion

The commercial viability of most polymer processes is
dependent on the achievment of high production rates, and

achieving high production rates frequently entails subjecting
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the molten palymer to high shear stresses as it passaes
through various dies and channels. At a limiting value of
the extrusion shear stress, the extruded polymer will
experience some form of physical distortion. Depending on
the type of polymer and the shear stress, this distortion may
be a uniform surface roughness or a highly irregular
deformation of the entire extrudate; the former being
referred to as sharkskin and the latter being known by the
more general term “"melt fracture". In fact, there are at
least four distinct tvypes of extrudate distortion.
Simplified sketches of the various types are presented in
Figure 7. Type 1 is an example of the shark-skin distortion
typical of linear, narrow MWD polymers. Type II 1is
characteristic of the incipient distortion observed with
branched polymers, Type 1II is observed with branched and
linear polymers at shear stresses well above the incipient
range and is referred to as "melt fracture”, and Type IV is
actually a combination of either Tvpe I and Type I11
alternating with comparatively smooth, glossy regions. Type
IV is referred to as stick-slip flow and generally occurs

over a range of shear stresses in linear polymers.

Because of its experimental simplicity, mast of the work
on extrudate distortion has been carried out using circular
dies. Work has also been done on the extrudate distortion

associated with slit and annular dies [7,30,70,711.
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Despite all the work done, the underlying causes of the
various types of extrudate distortion are not clearly
understood. It is known, however, that fluid inertia is not
a tactor since Reynalds numbers as low as ldﬁhave been
associated with distortion [72]1. Thermal effects can also be
discounted on the basis of calculations made by Lupton (731,
which showed that shear heating under conditions in which
they observed extrudate distortion will lead to a temperature
rise of only 2 or 3 °c. It is generally agreed that extrudate

distortion is due to the elastic nature of the material.

-This has led to the correlation of the recoverable shear, S5p,

with the onset of distortion. The definition of Sgis that
given in the previous section on extrudate swell. Bagley
[743 found that the value of Sgwas fairly constant at about 7
units for several different polymers. Viachopoulos [751]
found that the‘valﬁe of Spvaries from about 2 to 66 depending
on the polymer and its MW and MWD. These discrepencies may be
at least partially attributed to the absence of any reliable
measurements of either the shear modulus or the first normal
stress difference at the shear rates where melt fractufe is
observed, and to the variety of methods that are ‘used to

estimate these material properties. The use of SR, however,

gives no insight into the underlying mechanism of extrudate

distortion [74].

(9]
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It has been suggested [77,781 that the onset aof
extrudate distortion caincides with the power law index
reaching a value of between .28 and .40. This criterion is
remarkably insensitive since it reflects tHe shear behavior
of many molten polymers over many decades of shear rate [72].
Bartos [79]1 (suggested that the ratio of the shear viscosity
to zero—-shear-rate viscosity might be a criterion for the
onset of distortion. However, his own data and the waork of

Cogswell [80] do not lend support to this hypothesis.

Molecular structure has been shown to have a significant
effect on the conditions under which extrudate distortion
occurs as well‘as on the types of instabilities exhibited.
V1lachopoulos L7351 studied four different polymers
(polystyrene, polypropylene and high and low density
polyaethylenes) and found that the critical shear stress at

which distortion was first bbserved was on the order of 105Pa

.in all cases. The value of the critical wall shear stress

‘was found to be an inverse function of the the molecular

weight and independent of the MWD. Conversely, other warkers
have found the critical shear stress to be independent of

molecular weight [81,B821].

Branched polymers such as LDPE tend to exhibit type II
and III instabilities. The distortion of the extrudate with

such materials tends to be lessened by increasing the length
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of the tube. This would suggest that the instabilities

originate near the entrance of the die. Flow visualization

studies carried out by Ballenger [B3] showed that with LDPE,
large eddies exist in the corners formed at the junction of
the rheometer barrel and the capillary die. Extrudate
distortion tends to occur in conjunction with the oscillation
of these eddies. As the flaw rate is increased, jets of
polymer melt seem to "spurt" randomly from these eddies into
the capillary die. This behavior has also beeﬁ observed with
polystyrene [B83]. Apparently the tapering of the entrance of
the capillary reduces both the size of these eddies as well

as their tendency to oscillate [72].

Sharkskin extrudate distortion is typical of unbranched
polymers such as HDFE. A narrow MWD gives rise to a more
pronounced degree of sharkskin [84]1. Studies by Benbow [831
and Vinogradov [86] indicated that sharkskin is initiated at
the die exit and is associated with a high 1local streés at
the point where the melt separates from the die wall. HMore
recently, Weill [87]1 suggested that sharkskin in HDPE
originates in the entry region of the capillary where the
axial pressure gradient is greater than in the fully

developed region of the capillary.

It bhas been suggested that extrudate distortion is

initiated by slippage of the polymeric liquid at the wall of
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the tube. Studies by den Otter [88] indicate that during
distortion of LDPE, no slip at the wall Iis Dﬁserved.
However, slippage is observed in linear polymers such as
HDFE. With such linear polymers, a transition from sharkskin
to an oscillating flaow (type 1V instability) is observed as
the shear stress is increased. This oscillating flow is
often referred to as stick-slip Fflow [871. This phenomenan
seems to be related to the intermittent loss of adhesion
between the polymer and the wall. Vinogradov [89]1 argues
that the intermittent slip is due to the greater elasticity
and lessened fluidity exhibited by the liquid at higher
strain rates. As a result this suddenly more elastic 1ligquid
is unable to support the shear str;ss and separates, leaving
a thin layer of polymer still attached to the tube wall.

This is known as cohesive rather than adhesive failurse.

The regions of the extrudate where the polymer has
slipped are generally quite smooth, while those where
adhesion is maintained will exhibit either type I or 111
distortion. A discontinuity in the flow curve of materials
which exhibit stick-slip behavior is common. Referring to
Figure B, this is shown for the case of HDPE. At flow rates
between points A and B oscillations in pressure are observed
(represehted by the horizontal lines) and the extrudate
exhibits stick-slip behavior. Curiously, when the flow rate

at paoint B is reached, a sudden drop in pressure is observed

(¥4
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Figure 8. Flow curve for a HDPE.
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with no associated change in flow rate. Between points C and
D, a continuous slip flow is abserved and beyond point D a
type III distortion typical of branched polymers is
observed. Uhland [P0]1 found that by roughening the wall of
the tube or raising the temperature the onset of slippage
{point A) could be delayed. He also observed that extreme
tapering of the capillaries inlet region removed the pressure
oscillations associated with stick slip flaow, but had no

effect on the upper branch of the flow curve.

3.6 Molecular Structure Effects

3.6.1 Introduction

Not surprisingly, the molecular structure of a polymeric
material plays a dominant role in determining its rheolaogical
behavior. The macroscopic respaonse of the material to an
imposed stress or strain is dependant on how the molecules
interact with one another. Clearly,then, variables such as

chemical structure, average chain 1length{average molecular

weight), distribution of chain lengths(molecular weight
distribution) and number of long chain branches are
important.
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Before proceeding, a few definitions used to describe
the molecular characteristics of a particular polymer are
presented. Various expressions have found common use for
defining ’the average molecular weight of polymeric
materials. The differences hetween them lie in the extent to
which they weight the different weight fractions of the
polymer to obtain an average. Four expressions for the
average molecular weight that are frequently used are

presented below.
N

Mn= { Mgroam (e )
Moy = og:’w-\om\an/ M (4 s)
Mz = fa‘f‘s%ﬁme\v\/v\w | Lo6)
Man® § MY ylmiart [ Ma (u?)

Here Y{M)dM represents the normalized number distribution of
malecular weights; i.e. $(M)dM is the fraction of chains
Baving a molecular weight between M and M+dM. By using higher
powers of each molecular weight, as in equations (45), (46)
and (47), the high molecular weight fractions contribute more

to the value of the molecular weight than do the lower weight

fractions. Thus, the values of Mzand M relative to that of M,

are indicators of the breadth of the molecular weight
distribution. In fact a commonly used measure of
polydispersity is the ratio of (45) to (44), which is called

the polydispersity index ([2J. An additional index of
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polydispersity is defined by equation (48).

\1\)00: M}H M%/Mw Mn Q’t?)
Techniques have also been used to characterize the extent to
which branches are present [91,92]. Many polymers, notably
polyethylene, may contain short and long chain branches, the
former being characteristic of HDPE and the latter of LDFE.
Typically, the extent to which branches are present is
expressed by giving the number of methyl groups present per
1000 carbon atoms. Unlike these two materials, LLDFE has

very little branching.

Differences 1in these mol ecul ar parameters reveal
themselves in the response aof the melt to shear and
extensional flows, as well as in phenomena where elasticity

is exhibited.

3.6.2 Shear Flow

Same aof the earliest work in this area addressed the
problem of relating viscosity to molecular weight. Several
workers have found that for linear polymers, (that is, those
with little branching) at shear rates low enough so that the
polymer behaves as a MNewtonian liquid, the viscosity is
directly proportional to the molecular weight. At a certain
molecular weight, M,, the viscosity begins to increase much

more rapidly with M, being proportional to approximately l'13'4
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[30]1 for monodisperse polymers. The value of Mcis dependent
on the molecular structure of the polymer. It is believed
that this increased sensitivity of viscosity to molecular
weight is a result of a change in the mechanism by which the
molecules act to cause a resistance to flow. Below Mg the
polymer molecules flow over one another and form few
temporary entanglements when subjected to a shear strain.
Above M¢e , however, these temporary entanglements'ﬁecnme more
numerous and thus tend to have a greater impact on the

resistance to flow [301].

As was mentioned in a previous séctinﬁ, the shear-
thinning behavior of molten polymers can be attributed to the
destruction of temporary entanglements as the material is
strained. Thus, for polymers of sufficient molecular weight

for temporary entanglements to be the dominant source of

- resistance to flow, one +inds that increasing the molecular

weight lowers the shear rate at which non—Newtonian behavior
is first oabserved [93]1. It has also been observed that the
non—Newtonian regime commences at lower shear rates as the
molecular weight distribution of the polymer is broadened
(30,941. Studies carried out on polyethylenes have shown that
shear viscosities of highly branched samples are somewhat

lower than those of linear polymers of comparable molecul ar

weight [?31. In addition, it has been abserved that highly

branched polyethylene tends to depart from Newtonian flow at
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1l ower shear rates than do comparable weight linear
polvethylenes [30]. Peticolas [?&] found that HDFE, which has
only short—chain branches, has a melt viscosity only slightly
lower than 1linear polymers of the same weight average
malecular weight indicating that short branches have little

effect on material rheology in shear.

3.6.3 Extensional Flaow

The effect of molecular parameters on extensional +flow
behavior has recieved considerable attention in the last
several years. 0Owing to the importance of polyethylenes in
the film-blowing process, where extension is the dominant
mode of deformation, most of the work carried out has been
with these materials [97-102]1. Some studies with polystyrene
have also been carried out [103,104]1. No studies have been
published detailing the interrelationship between molecular
properties and material response in biaxial extension. The
work published to date deals exclusively with uniaxial

extensional flow [231].

For both LDPE and polystyrene, it has been found that a
broadening of the mulecular weight distribution leads to a
pronounced max imum in the steady—-state elongational
viscosity. An increase in the weight average molecular

weight, for samples of equivalent polydispersity, results in
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an increase in the value of the steady-state extensional
viscosity [98,105]. Muenstedt et al. €981 and Utracki et
al. [101]1 compared the behavior of branched and unbranched
polyethylenes in uniaxial extensional stress growth (LDFE and
HDPE in the former case and LDPE and LLDPE in the latter).
Both workers observed that in the case of the branched
polymer, beyond a certain critical value of the extensional
strain rate, the value of the extensional stress growth
function did not reach a steady state value. This continuous
increase in viscosity is frequently referred to as "“strain
hardening” or "unbounded stress growth". This proceeds until
the sample ultimately breaks. This behavior is not apparent
in HDPE or LLDFE, the latter containing short chain

branches.

Z.6.4 Elastic Properties

Two manifestations of material elasticity have recieved
a great deal of study in regards to the effect aof malecular
structure on them; extrudate swell and the Ffirst normal
stress difference. As was mentioned in an earlier section,
the extrudate swell of a.pnlymeric liquid tends to increase
as the molecular weight is increased. Broadening the
molecular weight distribution or increasing the amount of
long chain branching has the same effect. The above

conclusions have been found to hold true for the first normal
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stress difference [301. Han [301 concludes that, in general,
fluid elasticity is increased by the presence of 1long chain
branching, and by increased polydispersity and molecular

weight.

2.7 Network Thegries

3.7.1 Introduction

Two broad classes of constitutive equations have been
developed in an attempt to predict the response of a
viscoelastic liquid to an afbitrary strain field. The first
includes those equations that are based on rational or
continuum mechanics. This approach begins with a hypothesis
regarding the relationship between stress and strain for a
material and leads to a general Fform of the constitutive
equation. Constraints are placed on the form of the equation
to ensure that the predicted fluid response is reference
frame independent [26,106]1 and an emperical assumption
regarding the fluids behavior must be introduced. The second
approach begins by considering the nature of the material ‘s
molecular structure and then developing a macroscopic

constitutive equation. Rather than yielding a general model,

66



this approach results in models that are quite specific and
depend on the assumptions made regarding the material’s
structure. Network theories are examples of models that have

such a molecular basis.

Network theories view a polymer as consisting of a
highly entangled network. The network interconnections, or
entanglements, are analagous to chemical crosslinks, but are
temporary in nature. The molecular segments between the
entanglements are the network strands. At equilibrium the
concentrations of strands and entanglements are constant,
although they are continuously being created and destroyed by
the thermal motion of the molecules and by the defarmation
process [1071. The response of the melt to an imposed strain
is dictated, to a large extent, by the kinetics of the
destruction of entanglements. One of the first network
theory models was suggested by Lodge [1081. A complete
discussion of this model is presented by Tsang [1046]1. A few
of its most important features are worth noting, however.
The model makes two assumptions that are quite unrealistic
when dealing with molten thermoplastics: 1) when the liquid
is subjected to a deforming strain, the molecular
entanglement junctions move as if they were macroscopic
paints in the liquid; thus the microscopic motions of the
Junctions are assumed to have no effect an the rheological

response of the fluid-this is referred to as the "affine
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junction motion" assumption; 2) the number of segments in the
molecular network is unchanged by any deformation that the
polymer may experience. The resulting equation is presented

below,

L
- [ TS TR

v
- oL
-
where XQV and By; are the relagatinn time and elastic modulus
of the i”’type of entanglement in the polymer network. The
tensor Cd(t,t') is the Finger strain tensor. The exponential
term in the integrand permits the model to predict,at least
qualitatively, the fading memory behavior exhibited by all
viscoelastic materials. The model predicts the existance of
normal stress differences in shear flow (a nonlinear
viscoelastic effect), but does not predict the shear thinning
behavior of molten polymers. Some efforts have been made to
use a strain rate 'depéndent memory function that could
account for the strain rate dependence of the segment
creation and 1loss rates [1091. Other workers +found that
better results could be obtained with models that incorporate
a strain, as opposed to strain-rate, QEpendent memory
function [110]. A model of this type was found to preditt

most viscoelastic behavior with the notable exception of

transient normal stress growth data [1111].

3.7.2 Aciernoc’'s Maodel
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A noavel approach to account for the change in network
structure upon imposition of a strain 1is that taken by
Acierno et al. [3]. The model begins with the equation used
in the Lodge model, but given in its differential form. In
this form it is known as the contravarient Maxwell maodel.
However, the new model wutilizes values of relaxation times
and elastic moduli that are functions of a structural
parameter accounting for the reduction in the entanglement
density as the material is strained. The wvalue of this
structural parameter is +found by solving a differential
equation relating the time rate of change in the normalized
number of entanglements to the stress field in the material.

The equations comprising the model are presented below.
VeSO (s0)
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Equation (S0) is simply a spectral decomposition of the
stress tensor; it accounts for the fact that the response can
be described by an arbitrarily large number of simple viscous
and elastic components. Equation (51) for the stress is a
contravarient Maxwell model with time dependent moduli, G;,

and relaxation times,kj. In equation (SZ),Xwand Gare the
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equilibrium values uf)qand‘ G; — that is, the values that
describe the mechanical behavior of the fluid in the limit of
linear viscoelasiticity. The scalar quantity, x; , is the
structural parameter that describes how far the 1liquid is

from its equilibrium state. It is defined as follaws,

A= N [Vie (W)

where nbis the average number of entanglements per molecule
at equilibrium, and n;is the number of entanglements at some
time,t, after the material has been deformed. Thus at
equilibrium, x;=1. The subscript, i, is related to the
occurrence of Jjunctions of varying degrees of complexity,
each of which corresponds to a different relaxation time.
Equation (53) is the kinetic equation mentioned earlier. The
second term on the right hand side gives the rate of
destruction of entanglements due to the existing stress,
while the first term gives the rate of entanglement formation
due to thermal motion [112]1. This equation also contains a

single adjustable parameter,a, which can be found by fitting

steady shear data [113].

Garcia—Rejon [113] obtained simple shear and uwniaxial
extension data for three HDPE blow molding resins and for a
copolymer resin. He concluded that the model was capable of
predicting both the 1linear and nonlinear effects present in

uniaxial stress growth experiments. In addition the model
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successfully predicted the response to steady shear flow.
Tsang L1061 found that the model could fit quite well his IDQ
shear rate viscosity and first normal stress difference data,
but that different values of the adjustable parameter,a, were
needed to fit the entire viscosity curve, especially at high
shear rates. Tsang abserved only a qualitative agreement
between the model predictions and behavior in uniaxial

extension.

3.8 Polymer Deqgradation_and_ Stabilizing Agents

Degradation can be considered to be any type of chemical
modification of a polymer chain and can involve the
main—chain backbone and/or‘ side groups £ii141. These
modifications are chemical in nature; thgt is, primary
valence bonds are broken. This may result in a reduction in

mean molecular weight, or an increase in weight as a result

of crosslinking.

High thermal stability in polymers permits processing to
be carried out at high temperatures. As a result of the
associated reduction in the melt’'s resistance to deformation,
processing rates may be increased, with 1little increase in
extrusion power. Of course the advantages of increasing

praoduction rates must be weighed against the higher energy



costs associated with higher processing temperatures.
Superior thermal stability also improves product quality as a
result of the elimination of the deleterious effects of

degradation aon physical properties [115].

It is well known that the mechanism of polyethylene
thermal degradation can be described by a free radical chain
reaction. The following series of simplified equations can

be used to describe a typical reaction sequence [1135].

a) Initiative Step: Production of free radicals.
(Polymer) R-H ——————— > R* + H#*

b) Propagation Step: Radicals interact with oxygen and

poalymer chain.

R#® + Op———————o > ROO*

ROO®» + R—H ——————— > ROOH + R#*

c) Termination Step: Deactivation of free radicals.



ROO* + ROO% —————- > ROOR + 0O,

Recombination aof chain radicals in the termination step can
produce crosslinks or molecular enlargements. The overall
effect of these reactions is that oxygen combines with
polymer chains to form carbonyl compounds which accumulate
and give rise to characteristic yellow and brown

discolourations [1151].

The overall thermal oxidative process depends on the
rate of hydrogen abstraction from polymer chains. The most
stable bonds; that is, those that are 1least susceptible to
hydrogen abstraction; are those of the -CH- type in the alpha

position of aromatic groups.

C—H

Stablest C-H bond.

Lower bond stabilities are observed +or tertiary, secondary

and finally primary substituted carbon atoms. That is,

C H H

[ | | Decreasing boid
c-C-C > C—-C—C > C—C—H

| | I stability.

H H H

This seems to account for the observation that the rate of



thermal decomposition 1is greater for polyethylenes with a

higher degree of branching [1ié61].

The breakdown of chemical bonds that initiates the
degradatioa process cannot be prevented by any external
means. Additives can only exert a retardative affect on the
degradation process. Retardative stabilization can be

achieved by any of the following mechanisms [1141].

a) Intervention directly in the degradation reactions to
produce inactive species and to reduce the concentration
of reactive species, so that the resultant overall rate

for the degradation process is decreased.

b) Removing, deactivéting or promoting competition +ar
sources that have a catalytic effect on the degradation

process (such as oxygen).

A method often used in rheological experimentation is to
surround the material sample by an oxygen free atmosphere.
Even with this precaution, oxygen entrapped in the course
of sample preparation aften necessitates the use af

stabilizing agents.

There are basically two classes of stabilizers used with



polyolefins. Those in the first class generally act to
reduce the rate of the propagation step. These are known as
primary stabilizers. They perform their function by
intervening directly with the degradation reactions to
produce inactive species by +forming highly stable bonds.
Often these compounds contain aromatic rings in their
structure, which +form highly stable bonds due to their
resonance stabilized structure [115]. S8Since tgis type of
stabilizer reacts with radicals to inhibit degradation, it
will eventually be consumed by the chain propagation

species.

The major source of the discolouration that often
accompanies polymer degradation is the formation of peroxide
compounds. The second class of stabilizers contain phosphite
compounds that act to break down these peroxides. A
synergistic effect can be achieved by using a stabilizer that

is a blend of both these types of stabilizer [1151.

3.9 _Previous Work on_ LLDFE_ Rheology

The absence of long chain branching and the relatively

narrow molecular weight distribution of LLDPE resins are



primarily responsible for the different rheological behavior
of these materials as compared to their most important
commercial competitor, LDPE [9,1171. In the film—-blowing
process, the rheological properties in shear and extensional
flows as well as the elastic properties of a resin are of

importance.

One of the earliest published studies comparing the
rheolaogy of LLDPE and LDPE +Ffilm resins was that of
Garcia—Rejon [331. The LLDPE resin studied was manufactured
by Du Pont Canada Ltd. using a solution phase polymerization
process; the comonomer was not specified. One of the LDPE
resins was also manufactured by Du Pont Canada and the other
by Union Carbide Canada. The LLDPE had a melt index of 1.4
g/10 min while both LDFE resins had melt indices aof 2.0 g/10

min.

Both of the LDFE resins had higher zero shear
viscosities than the LLDFPE resin, but at shear rates greater
than about 0.7 s'& the viscosities of the LDPE resins began
to decrease more rapidly than that of the LLDPE as the shear
rate was increased. It is thought that this is a result of
the greater resistance to deformation of the branched
materials initially due to the entanglements caused by
branching, while at higher shear rates these same branches

become disentangled [301., Thus at the higher shear rates



corresponding to processing conditions, the LLDPE would be
more viscous than either of the other resins. The LLDFE
resin was also found to have lower values of the extrudate
swell ratio than either of the LDPE resins. Patterson (1181]
also found this to be true in his studies of an LLDPE and an
unspecified LDPE. These results are not unexpected, since the
long chain branching characteristic of LDPE is knaown tu‘
increase extrudate swell [58]. Of interest is BGarcia—-Rejon’'s
finding that of the three resins, the LLDPE exhibited the
highest values of the first normal stress difference. In
uniaxial extensional stress growth experiments, at strain
rates of up to 0.026 s'h the LDPE resin generally exhibited a

higher peak stress, although at a strain rate of 0.022 slthe

LLDFE and LDPE exhibited similar behavior.

Kalyoﬁ and Moy [119] studied the effect of different
comonomers on the rheology, processing behavior, and end
product properties of films blown from LLDPE. They concluded
that the uniaxial extensional viscosity of LLDPE resins
increases as the number of C—-atoms in the comonomer
increases. They also found that of the resins studied, the
one that contained a 1—6ctene comonomer had a lower viscosity
than resins of the same melt index and similar density
incaorporating l1-butene or 1-hexene comonomers. Films of
LLDPE in which the comonomer was 1-hexene had the highest

tear and puncture resistances, while films made from resins



using l-octene comonomer had the highest impact strengths.

Al-Bastaki [101,120]1 studied 5 wire coating resins, two
of which were LLDPE (with unspecified comonomers), two were
branched pnlyéthylenes of somewhat higher density (0.932 g/cm3
vs 0.92 g/:m3 for LLDPE), and the fifth was a linear
polyethylene of density 0.932 g/cm3and of high polvydispersity
{18.3). One of the LLDPE resins (his W1) had an unusually
high polydispersity of 8.4, which is comparable to that of
branched resins. The other LLDPE resin (his W3) had a more

typical polydispersity value of 4.6.

Although lacking in long chain branching, Wi, exhibited
strong shear thinning and also did not exhibit a zero shear
viscosity even at very low shear rates. Its viscosity curve
was similar in appearance to those of the branched resins and
the linear MDPE, although it had a somewhat lower viscosity
at the lowest shear. rates. Resin WS was qualitatively
similar to GBGarcia-Rejon‘s LLDFE resin, exhibiting a well
defined =zero shear viscosity that was substantially lower
than the low shear viscosities of the other resins and that
declined comparativley slowly with increasing shear rate so
that at shear rates on the order of a few hundred s'% it had
the highest viscosity of all the resins studied. These
trends were observed both at 190°C and 220 °C. Both of the

LLDFE resins were found to have the lowest values of the



first normal stress difference of the resins studied, with WS
having substantially lower values than Wi. One might thus
conclude that, at least at low shear rates, these resins are
less elastic than branched MDPE and the broad molecular

weight distribution linear MDPE.

Al -Bastaki found at all strain rates that both of the
LLDFE resins tended to achieve an apparent steady state value
of the uniaxial extensional stress growth {unctioﬁ followed
by a sudden decrease in its wvalue at longer times. This
behavior was most pronounced in the case of resin WS. In
contrast, the branched resins were found to display a rapid
increase in the value of the stress growth function at strain
rates above 0.05 5'1, with no steady state value of this
function being attained. In addition, resin WS had much
lower values of the extensional stress growth function (equal
to the extensional viscosity when steady state obtained) than
any of the other resins. The stress growth functions and
viscosities of W1l were comparable in magnitude (except for
the regions of unbounded growth for the branched resins) to
those of the other resins. Both of these LLDPE resins were
found to have the lowest values of the storage modulus
(another measure of material elasticity) at all angular
frequencies of the resins studied. Measurements of the

extrudate swell characteristics indicated that the LLDPE

resins swelled less than the branched resins and to the same



extent as the other linear resin. However, a great deal of
scatter exist in these data, and the results are not

conclusive.

Saini and Shenoy [121,122]1 studied the low shear rate
and linear viscoelastic properties of an unidentified ﬁLDPE
resin. The important conclusion drawn was that this class of
resins does not shear thin to the extent that branched LDPE

and linear HDPE do.

Attala and Bertinotti [123] measured the shear,
extensional behavior and extrudate distortion phenomena of a
film—grade LLDPE (1-butene comonomer} and a film—grade,
branched LDPE resin. As had been found in the previously
discussed work, the LLDPE resin had a lower viscosity at low
shear rates but a higher viscosity at shear rates above 2 s~
than the LDPE resin. Considerable differences were exhibited
by the two polymers in their extrudate distortion phenomena.
Firstly, at a given temperature, distortion occurred at much
lower shear rates for the LLDPE than for the LDPE. In
addition, the LLDFE exhibited two types of distortion. At
lower shear rates sharkskin (Type I) was first observed,
increasing in severity with shear rate, and then disappearing
completely in favor of an extrudate with a glossy smooth
surface. This sudden disappearance of the surface roughness

was accompanied by an increase in the apparent shear rate
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with no associated increase in the shear stress. At higher
shear rates, the gnarled tvpe of extrudate distortion (Type
III) typical of LDPE was observed. This sort .of behavior is
apparently quite typical of linear, narrow molecular weight

distribution polyethylenes (84,124].

Using a method suggested by Cogswell [123,126] based on
the measurement of the entrance pressure drop through a
capillary, these authors found that the approximate
extensional viscosity of the LLDPE resin was lower than that

of the LDPE resin.

Han and Kwack [127,128] compared the-processing behavior
and rheology of LDPE and LLDPE resins on a pilot scale film
blowing line. Measurements of these materials extensional
flow behavior indicated that the LLDPE resins did not exhibit
the strain hardening behavior typical of LDPE at the higher
strain rates assaciated with processing conditions. They
termed the critical machine direction stress at which the
film bubble breaks.the "ultimate melt strenéth", and found
that the stretching of the film caused the stress to build up
much faster in the case of the LDPE than for the LLDPE. Thus,
fillms of LLDFE could be subjected to greater draw down
without breaking, making it possible Vto produce thinner
films. This behavior in prnéessing is due to the 1lack of

strain hardening of these resins. Han and Kwack also noted
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that unlike LDPE resins, LLDPE showed a very weak dependance
of transverse direction stress on the bubble blow up ratio.
They hypothesized that this difference in extensional
rheology was primarily due to the narrower molecular weight
distribution and absence of long chain branching in the
LLDPE 's. In studies with different LDPE's [1281 they found
that resins with 1less 1long chain branching and narrower
weight distributions exhibited 1less strain hardening and
could thus be drawn into thinner +ilms; the behavior of

LILDPE ‘s follows this trend.

Utracki et al. [129] studied the contrasting behavior
of LDPE, HDPFE and LLDPE resins when subjected to high shear
flows through capillaries. Unlike the LDPE resin both the
LLDPE and HDPE resins exhibited a sharkskin type of +Fflow
instability at critical values of the wall shear stress (240
kPa fur the LLDPE's). One of the LLDPE resins experienced the
so called "stick-slip" flow and the associated pressure drop
oscillations. Although this behavior was also exhibited by
one of the HDFE resins it did not occur with the LDPE resins

studied.

Vasudevan et al. U[130] compared the film processing
characteristics of a newly developed broad—-MWD LLDPE resin to
several other LLDPE's, one of which was resin 31 (GREN-7047)

of the present study. It was found that this broad-MWD resin
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was less susceptible to flow instabilities such as sharkskin
than conventional LLDPFE's and tended to shear thin more
rapidly as well. In addition, the brbader MWD resin tended
to exhibit some strain hardening in extension, and thus would
break at a lower strain rate than an LLDPE such as resin 31.
This newly developed LLDFPE tends to have higher machine and

cross direction film strengths than narrow—MWD LLDPE ' 's.

Winter et al. [131] studied the behavior of an LLDFE
and an LDPE resin in steady and oscillatory shear as well as
in biaxial extension using the lubricated squeezing flow
method. They concluded that the flow behaviar of LLDFE is

dominated by relatively short relaxation times.

Pecause of the higher temperatures uéed in the
pracessing of LLDPE resins, precautions to prevent thermal
degradation must be considered. Capolupo [132]1 studied the
stabilization requirements of LLDPE resins. She concluded
that without the addition of stabilizing packages,
commercially available LLDPE resins experienced discoloration
as well as reductions in melt index after repeated passes
through a Brabender extruder. This reduction of melt index
is indicative of a cross—-linking type degradation. She found
that the ideai stabilizing system should consist of both
primary and secondary antioxidants in order +to prevent

discoloration of the polymer.
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In a recent paper, Acierno et al. [133] studied the
relationship between the molecular weight and rheology of
LLDPE resins (all with i~butene comonomer) of similar
polydispersity. They observed the following the relationship
between weight average molecular weight M, and zero shear

viscosity,

Moz V.U et u 2t | (SS)

A power law relation between M, and the Newtonian apparent
shear rate at which extrudate distortion was first observed

was also found.

: b
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Where T is the extrusion temperture. The L/D of the
capillary was found to have little effect on the value .of

i;. Nonisothermal elongational flow experiments were also
carried out by drawing an extruded filament through a series
ot pullies and then through two variable speed
counterrotating wheels. A strain gauge is used to detect the
force exerted by the filament on the first pulley. At a
given shear rate, the speed of the raotating wheels is
gradually increased until the filament finally breaké} the
force reading on the first pulley when this occurs is known

as the "melt strength” (MS). The "breaking—stretching ratio”
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(BSR) is the ratio of the linear speed of the rotating rolls
to the extrusion speed at the die. The M5B was found to

increase with M,, while BSR decreased with M, .
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Chapter 4

EXPERIMENTAL PROCEDURES

4.1 Materials Studied

In the course of this work four film grade polyethylene
resins were studied. Resins 30, 31 and 33 were linear low
density polyethylenes (LLDFE), resin 32 being a branched low

density polyethylene (LDPE).

Resins 31 and 33 were manufactured using Union Carbide’s
low— pressure gas phase fluidized-bed process. Both of these
rasins incorparate a 1-hutene caomonomer . Resin 30 |is
produced by Dow Chemical using a salution phase
polymerization process. In this case a l-octene comonomer is
used. Resin 32 is also manufactured by Union Carbide by free
radical polymerization of ethylene in a tubular reactor at
extremely high pressures (1000 to 3000 atm.). This resin is

highly branched, unlike the LLDFE’s which have a
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3

SOME FROPERTIES OF THE RESINS STUDIED

Resin # 30 31 32 33
Commercial Name Dowlex Unipol DYNJ—4% Unipol
2045 grsn—7047 gers—&6937
Manufacturer Dow Union Union Unian
Chemical Carbide Carbide Carbide
Resin type LLDPE LLDPE LDFE LLDPE
Comonomer type l-octene 1-butene None i1-butene
present
Density (g/cm>) . 920 .918 .919 .918
Melt Index 1.0 1.0 - 7S « 50
(g/10 min.)
M, 24600 35400 270 35000
M, 73100 115000 140000 112600
Mw /M, 3.78 3.28 15.1 3.22

# Unmodified version of DFDY-2247

Tabhle 2




characteristic linear backbone with very little branching.

A summary of some of the resin properties is given in
Table 2. Plots of the molecular weight distributions af the
LLDPE resins are given in Appendix B. For those unfamiliar
with some of the tabulated properties, refer to any of the

standard texts on polymer science [1,413.

4.2 Resin_Stabilization

4.2.1 Degradation Studies

The experiments performed to assess whether the
materials under study degraded during the course of a
rheological experiment were quite simple. The compression
malded samples of the resin-stabilizer blend were tested
using a Rheometrics Mechanical Spectrometer (RMS) at
temperatures of up to 240°C. This instrument was used in the
time sweep hude. Thus configured, the sample material’s
linear viscoelastic properties in oscillatory shear can be
measured as a function of time. In the course of some
preliminary work; it was found that the linear viscoelastic
property which was most sensitive to thermal degradation was
the storage modulus, G°. The criterion used in judging if a

particular stabilizer concentration adequately retarded
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degradation was whether the value of G’ measured at the start
of the time sweep had varied by more than 3S4 after 45
minutes. Since the presence of oxygen has a deleterious
effect on resin stability, nitrogen was used in the RMS

forced-convection oven in all cases.

4.2.2 Blending Frocedures

Two different blending procedures were used to
incarporate the stabilizer into the resins. This was
necessary because the two Unipol resins were in granular
form, while the Dowlex and‘LDPE resins were pelletized. The
stabilizer used was Irganox B561, which is a blend of 20%
Irganox 1010 and 80%Z Irqgofos 168. This material has been
found to be particularly well suited for use with
polyolefins. It is manufactured by Ciba-Geigy and is

supplied as a fine white powder.

A simple, yet effective, procedure for dry blending the
granular resins and stabilizer 'involved placing the
appropriate amounts of the two components in a 4 litre jar
and vigorously shaking the contents for approximately S
minutes. This method was found to give excellent batch to

batch reproduceability of results.

The great disparity in particle size between the

pelletized resins and the stabilizer precluded the use of dry
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blending. In this case a relatively concentrated solution of
the stabilizer was prepared in chloroform and slurried with
the polymer pellets to vyield the desired blend of
polymer—-stabilizer when the mixture was evaporated to
dryness. It was found that incomplete removal of the
chloroform accelerated the degradation of the polymer samples
at the experimental temperatures used. To ensure adequate
drving, the polymer-stabilizer mixture was 1left in a high

vacuum oven at SOOC for 48 hours.

4.3 Low_Shear Rate_and Oscillatory Shear Experiments

4.3.1 Apparatus

In this study a Rheometrics Mechanical Spectrometer
{RMS) , model 405, was used to measure the low shear viscosity
and first normal stress +functions as well as the linear
viscoelastic dynamic properties of the materials studied.
This instrument is a rotational rheometer, the first
prototype of which was designed by Macosko and Starita [1341
in 1970. This device is particularly well suited to material

characterization studies because of its versatility. This is

due to its use of a transducer system capable of measuring

both torque and normal force. Furthermore its

microprocessor—controlled drive system allows it to generate
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both steady and oscillatory shear flows.

In performing these experiments either cone and plate or
parallel plate fixtures can be used. In this work the former
was used for steady shear experiments and the latter for
oscillatory shear experiments. The upper fixture is mounted
on the end of the shaft of a servo—controlled rotary actuator
equipped with a high-precision bearing. The motion of this
sﬁaft is controlled by a closed loop system based on a high
precision tachometer. With this drive system the upper
fixture can be driven at angular velocities of 0.01 to 100
réd/s, or, while in the oscillatbry mode, at frequencies from
016 to 20 Hz [25,135]1. The cone and plate fixtures used were
of 2.3 cm diameter. The cone angle was 0.04 radians. The
parallel plate fixtures were also 2.5 cm in diameter. As is
typical of cone and plate units, the apex of the cone is
truncated to prevent any damage to the fixtures when the cone
is rotated. The temperature of the sample held in the gap
between the fixtures is maintained by a forced convection
oven surrounding the fixtures. The sensing element used in
the temperature control loop is a platinum resistance
thermometer that measures the gas stream temperature. A
better measure of the sample temperature is given by a
thermocouple embedded in the upper test fixture. Because the
force transducer, which is mounted directly below the lower

fixture, is sensitive to temperature variations, it is
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immersed in a constant temperature bath maintained at 35°C.

4.3.2 Sample Preparation

Flat disks af 25 mm diameter were prepared by
compression molding the resin pellets at 16000 and abnui 2400
psig. The granular nature of the two Unipol resins made it
difficult to make samples that were free of air bubbles.
These materials were First extruded (after blending with

stabilizer) using an Instron Capillary Rheometer (ICR}, with

the extrudate being cut intoa 3 mm pellets. For the
pelletized resins, this additional procedure was
unnecessary.

-r

4.3.3 Viscometric Functions

As had been mentioned in chapter 3, there are three
viscometric functions that completely determine the state of
stress in steady simple shear. O0f these three functions; the
viscosity functinn,ﬂ(&), the first and second normal stress
differences, N1 (7) and Nz(i); only the first two can be
measured with relative ease. Measurement of. the second
normal stress difference requires a knowledge of the radial
variations of the normal force acting downwards against the

stationary plate. The RMS5 is incapable of measuring these

variations.
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Measurements ufq(f) and Nl(?) were made at shear rates
ranging from .0235 §4up to the onset of sample edge distortion
(edge fracture). Depending on the material and temperature

1

this occurred at from .25 to 1.5835 s. Experiments were

carried out at 190, 210 and 240°C.

To carry out an experiment, the cone and plate fixtures
were installed and the oven allowed to heat to the desired
temperature. When this temperature was reached, the gap
between the cone and plate was set at the prescribed distance
of S0um. It is imperative that the gap be set at the
temperature at which the experiment will be performed to
minimize errors due to thermal expansion. The method used in
setting the gap is that described by Fangalos [136]. Once the
gap is set, the convection oven gas supply is switched from
air to nitrogen and the sample is inserted. Since the sample
is about S5 times thicker than the gap spacing, the upper
fixture must be gently pushed down to achieve the final gap
setting. Prior to commencing the experiment, the molten
polymer squeezed out from between the fixtures must be

carefully scraped off.

Once the oven temperature has stabilized and the normal
force in the sample has relaxed (this may take up to 30
minutes at 19OOC) the experiment is started. The sample is

sheared at a sequence of predetermined shear rates. At each
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shear rate the torque output is monitored until a steady
value is reached; this value is stored by the system
electronics and is subsequently converted into a value of the
viscosity. The same procedure 1is simultaneously followed in
measuring Nl(f) s except that the transducer ’'s normal force
output is used. When the measurement is completed, the
instrument ‘s control system selects the next shear rate and

the sequence is repeated.

4.3.4 Oscillatory Shear Functions

The procedure for making these measurements 1s quite
similar to that ocutlined in the previous section. In this
case the input parameters include not only the frequencies at
which measurements will be made, but also the amplitude of
the oscillations. It is important that the amplitude be
large enough to give an easily measureable torque reading but
not be so large to cause the material to exhibit non-linear
viscoelastic behavior. The amplitude at which non-linear
behavior begins varies from one material to another and must

be determined.

Using the dynamic torque signal from the transducer the
phase angle and amplitude ratio are determined. Using this
information a variety of linear viscoelastic functions can be

calculated [3791.
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4.4.1 Apparatus

The capillary flow instrument used was an Instron
Capillary Rheometer (ICR). This instrument consists of an
electrically heated resevoir or barrel, into the end of which
can be mounted a capillary die. This assembly is mounted
underneath the crosshead of an Instron mechanical testing
machine. A hardened stainless steel plunger of diameter
slightly less than that of the barrel is connected to a load
cell mounted on the moveable cross—head. The plunger
descends at a constant velocity and  is fitted with a Teflon
g-ring to prevent leakage of polymer between the plunger and
the resevoir. The load cell measures the force fequired to

push the molten polymer through the capillarvy.

The crosshead speed can be varied from 0.05 to 50 cm/min
in discrete intervals. The dimensions of the capillaries
used in this work are listed in Table 3.

4.4.2 Viscosity Measurement

The desired capillary is installed below the barrel, and

the entire assembly allowed to come to the operating
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CAFPILLARIES USED

FOR VISCOSITY DETERMINATION

Diameter (cm) L/D Entrance Angle (rad)
0.132 S w2
0.132 10 wr2
0.132 20 w2
0.132 40 T/2
Table 3
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temperature. While this is taking place, the load cell can
be calibrated by suspending weights from it. When the barrel
temperature has stabilized at its equilibrium value (this
typically takes 2 to 3 hours) the polymer pellets (or
granules) are introduced into the barrel. To prevent the
occurrence of air bubbles in the molten polymer, only small
amounts of polymer should be added to the barrel followed by
packing of the polymer with a narrow brass plunger. When the
barrel is full, about 10 minutes should be allowed for the
polymer temperature to equilibriate. At this time the
plunger is lowered into the barrel and the desired crosshead
speed set. Folymer is extruded until a steady force value is
measured by the load cell, a new crosshead speed is then
selected and the procedure repeated. In this way
measurements at a number of shear rates can be made with one
filling of the barrel. The force measurement and crosshead
speed data are then analyzed according to the procedures
outlined in Chapter 3 to yield values of wall éhear stress
and wall shear rate from which the melt viscosity can be

calculated.

4.5.1 Apparatus



The apparatus used to measure swell behavior was
developed several years ago at McGill by Utracki et al. [611]
‘and modified by Garcia-Rejon C1131. It's mast notable
features are that it permits swell to be measured
isothermally and in the absence of extrudate sag. Several
detailed descriptions of the apparatus are available, most
notably those of Al-Bastaki [120] and Orbey [1371, thus only
a somewhat abbreviated description of the apparatus will be

given.

The apparatus consists of a section of stainless steel
pipe, of 15 cm diameter and 25 cm in length, with a stainless
steel plate welded to its base. An immersion heater
controlled by a Fenwal 524 temperature controller is mounted
on this base. A vertical section of the pipe is cut away to
permit the mounting aof a pyrex viewing paort. A two piece
cover made of maronite (a compressed board comprised of
asbestos fibres) and stainless steel fits on top of the
vertically mounted pipe. This cover can hold up to 6 clear
pyrex test tubes. The test tubes are filled with a mixture
of silicon based oils whose density is slightly less than
that of the molten polymer to be studied. Based on the
results of previous workers [113,137]1 it was felt that a
mixture of a 2 ¢8 and 5cS Dow Corning 200 series silicon oils
would be suitable. It was found that at a temperature of 135

°c a mixtwre of about 634 2 c5 and 374 S ¢S o0ils gave
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practically neutral buovyancy to a molten sample of any of the
four polyethylenes studied. The test tubes filled with this
oil are in turn submerged in 50 cS (used because of it’'s

lower cost) silicon oil which serves as a heating medium.

The use of this technique requires that certain
precautions be taken to ensure reliable results. Due to the
higher volatility of the 2 cS compared to the 3 ¢S o0il, the
percentage of 2 cS oil in the mixture decreases ovef a period
time, raising the mixtures specific gravity. This causes the
extrudates to float rather than hang freely, making it
impossible to photograph them. Thus, additional 2 c§ oil
should be added periodically. Since the bath temperature is
135‘t in all cases, the swell values must be corrected to the
extrusion temperature. The swell ratio at the ektrusinn
temperature can be approximated by means of a density
correction based on the assumption of isotropic shrinkage.

The following relation is used,

B- Bo(Po/f’)\h (s

where B and Q are the extrudate swell and density at the
extrusion temperature and Bpand Qo are the values at the

bath temperature.

4.5.2 Experimental Procedure
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The o0il in the bath is heated to the desired
temperature. Typically, it takes about 45 minutes for the
temperature inside the test tubes to reach its steady state.
While the o0il is heating, the ICR is allowed to heat up as
well. Han [30] has noted that for polyethylenes the
dependance of swell on the die L/D ratio ceases for L/D
greater than about 20. Thus a 0.132 cm diameter die with an
L/D of 40 was used. Once the oil temperature has stabilized
énd polymer loaded into the ICR barrel and allowed to heat
up; a crosshead speed is selected, and polymer is extruded
until a steady stress is measured by the load cell. At this
point the bath assembly is slid forward so that the mouth of
one of the test tubes is aligned with the die exit. A 9 to
10 cm strand of polymer is then extruded into the oil filled
test tube. The crosshead is then stopped and the sample held
in place by a pair of sliding clamps. The sample is allowed
to remain in the tube for about 12 minutes to ensure that
it's equilibrium swell is achieved:; it is then photographed.
While this first sample is relaxing, three more experiments
at different crosshead speeds are carried out. At the
beginning and end of each sequence of photographs, a 0.127 cm
diameter copper wire immersed in one of the test tubes is

photographed to give a dimensional standard.

All photographs were taken with a Nikon F2Z SLR camera

using Tri—-X-Fan 400 ASA Kodak film. Although this film is
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quite sensitive, additional lighting was required. Thus, 2
75 W tungsten bulbs were used to illuminate the test tubes.
These were mounted inside of twd cylindrical arms welded to
opposite .sides of the chamber. The film was developed using
a commercially available developer, Microdol-X. The negatives
were were first analyzed by mounting them as slides and
projecting them onto a wall. It was found that this
procedure was not adequate since the projected images were
too fuzzy to measure accurately. As an alternative, the

negatives were analyzed using a Zeichert optical microscope.

Samara (156) has found that the Dow Corning 220 fluid
silicone oils used in this study may cause swelling of the
- molten extrudate. This swelling is due to the diffusion of
0il into the extrudate. He reported that during the 12
minute immersion of the extrudate, oil absorption may con-

tribute up to 5 % of the total measured swell.



Chapter 5

RESULTS AND DISCUSSION

5.1 Degradation_ Studies

Preliminary testing indicated that all three of the
LLDPE resins experienced some degradation at even the lowest
experimental temperature of 190 °C  when using an air
atmosphere and without the addition of a stabilizer. The
LDPE (resin 32) remained stable at 190°C for up to 60 minutes
when kept in a nitrogen atmosphere with no stabilizer added.
The occurrence of degradation is indicated by an increase in
the wvalue of the storage modulus, G°. Other linear
viscoelastic properties such as the dynamic viscosity, n',
were found to be less sensitive to changes 1in material
structure brought about by degradation. This 1is clearly

‘ ’

shown in Figure 9 where, for resin 30, the value of 7 ,

increased by about 3% while that of 6’ increased by over 2350%
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over the same period of time. Similar behavior was abservéd
for resins 31 and 33. These results indicate that the viscous
properties of these materials are less sensitive to
degradation than are the elastic properties, at least in the
linear viscoelastic range. Furthermore, the increasing value
of G’ indicates that the material is becbming more elastic,
which is likely due to cross-linking rather than to -chain
scission. As shown in Figures 10, 12 and 13, conducting the
experiments under a nitrogen atmosphere did not sufficiently

retard the degradative process.

In order to control degradation during the laboratory
studies, a commercially available stabilizer, Irganox B3é61,
was blended with the resins. Concentrations of .25%, .34 and
-175% were required to stabilize resins 31, 33 and 30
respectively. In addition a nitrogen atmosphere was found to
be necessary except in the case of resin 33 at 190 °c  (see
Figure 12). Referring to Figures 10, 12-13 and 13, it is
clear that the addition of the stabilizer at these
concentrations has no effect on the rheological properties of

these materials.

It was not possible to stabilize resin 30 for more than
about 15 minutes at 240°C without increasing the stabilizer
concentration to the point where it began to 1lead to an

overall reduction in the value of the storage modulus. This
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occurred at a stabilizer loading of about .35%. Thus, the
highest temperature at which the low shear rate and
oscillatory shear properties of resin 30 could be measured

was 225°C.

When measuring the low shear raté properties of all four
resins two samples were required to cover the shear rate
range. For each temperature it took up to 80 wminutes to
complete an experiment. This is due to the 1long times
required for the normal stresses in the sample, created when
the cone fixture is squeezed down on it, to relax completelvy,
and for the normal stress fluctuations due to temperature
fluctuations to cease. Oscillatary shear experiments
typically took less than 15 wminutes to perform. An
interesting observation made by Gordon [138] and subsequently
confirmed by the author was that allowing the stabilized
LLDPE resins to remain in the barrel of the Instron Capillary
Rheometer (ICR) at temperatures of up to 240013 for as long as
30 minutes did naot seem to affect the viscosity of the resins
at high shear rates. This is surprising since the melt is
exposed to air in this apparatus. This may be due to the
fact that viscous properties are less sensitive to the type
of degradation that occurs in these resins. It was thus
possible to obtain high shear viscosity data for resin 30 at

both 225 and 2340°C.
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None of the three LLDPE resins seemed to be more
susceptible to degradation than the others, however resin 30

could not be adequately stabilized with Irganox BS&61 at 240

o
C. This finding indicates that Irganox BS461 may not be a

suitable stabilizer for this resin.

S.2 Steady Shear_ Properties

5.2.1 Viscosity and First Normal Stress Difference

The shear viscosity data presented in Figures 17-19 show
the differences in behavior of the three LLDPE resins and
most strikingly, the substantially different behavior of the
LDPE resin. As has been observed by previous workers
[22,62,120,123,131,1391, the LDFE resin exhibited higher
values of the shear viscaosity than did the three LLDFE resins
at low shear rates, while the latter all had higher shear
viscosities at the higher shear rates. By extrapolating the
low shear rate data of the LDPE in Figure 17 to higher shear
rates (linear extrapolation on a 1log-log plot}, the shear
rates at which the viscosities of the LLDPE resins surpass
the LDPE viscosity can be estimated. The shear rates at
which this viscosity "cross—over" occurs are, .18, .63 and

5.5 sec?lﬁar resins 33, 31 and 30, respectively.
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All three of the LLDPE resins exhibited Ffairly well
defined values of the zero—-shear viscosity at low shear
rates. These values are presented in Table 4. At all
temperatures, resin 33 had the highest wvalue oaof the
zerg—shear viscaosity followed by resins 31 and 30. The shear
rates at which these materials exhibited a 35S% or greater
departure from the lowest shear rate (.02512 s 1) viscosity
are given in Table 5. Again, reéin 33 seemed to experience a
more rapid decrese in viscosity than did either of the other
resins, +followed by resin 31 and then by resin 30.
Interestingly, this departure from the zero—-shear value of
the viscosity occurred at progressively higher shear rates
for all three resins as the temperature was increased. This

is readily explainable. The random molecular motions which

result in the formation of entanglements occur more guickly

at higher temperatures. By shearing a melt, entanglements

are destroyed at a rate proportional to the shear rate.
Thus, by increasing the melt temperature, the shear rate at
which the rate of entanglement destruction surpasses the rate
of entanglement formation is increased. When entanglement
destruction is greater than entanglement farmation, shear

thinning occurs.

The values of the zero-shear viscosity of these resins
at 190 and 210°C are plotted against their weight average

molecular weights in Figure 20. Resins 31 and 33, which have
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ZERO SHEAR VISCOSITIES OF LLDFE RESINS

No (10E-04 Pa-s)

190°% 210% 240°%
Resin 30 1.05 0.725 0. 600K
Resin 31 1.40 1.00 0. 400
Resin 33 2.15 1.45 0.950

~*225°C for resin 30

Table 4
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O

SHEAR RATES AT WHICH VISCOSITY DEFARTS FROM
ZERO-SHEAR VALUE (AN >-35%)

190°C 210% 240 %
Resin 30 0.1585 0.1583 0.1585 %
Resin 31 0.100 0.13585 0.3981
Resin 33 0.0631 0.100 0.2512
*22500 for resin 30
Table S
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comparable values of M,(within about 2%) and M, , differ in
zero—-shear viscosity by more than 30%. Thus, the frequently
cited 3.4 power proportionality between zern—shéar viscosity
and molecular weight for monodisperse resins (301 does not
seem to apply. These resins also have almost identical
values of the polydispersity index with that of resin 31°s
being slightly higher. This difference in viscosity may be
due to subtle differences in branching structure. Resin 30,
with a weight average molecular weight about 204 less than
that of the two other resins has a significantly lower value

of the zero-shear viscosity.

One of the assumptions used to derive the rheometrical
equations for cone and plate +flow, which was used in méking
these measurements, is that the sample free surface is
spherical and has a radius of curvature equal to that of the
cone radius [25]J. For polymeric liquids in particular, fhis-
assumption of edge sphericity becomes invalid as the shear
rate is increased. It has been observed by Hutton [1401 that
at a limiting value of the shear rate, the 1ligquid sample
exhibits "edge ¥racture" at the ligquid-air interface. Hutton
suggested that this occurs when the elastic energy of the
liquid becomes greater than the energy required to fracture
it. Assuming the validity of this hypothesis, one would
expect that more elastic melts would exhibit "edge fracture"

at a lower shear rate than 1less elastic melts. This
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phennmenun‘was observed with all four of the resins studied.
Ity presence was also indicated by a steadily decreasing
value of the shear stress. The onset of fracture limited the
shear rate at which the cone and plate geometry could be
used. Resin 32 (LDPE) exhibited edge fracture at shear rates
as low as .25 5;1 while the LLDPE resins experienced it at
shear rates between 1 and 1.583 s}ldepending on the resin and
temperature. Resin 33 seemed the most susceptible to edge
fracture of the three LLDPE resins, with resins 31 and 30

having an apparently equal propensity for this phenomenon.

Despite the significant differences in the low shear
rate viscosities of these resins, their viscosity curves at
the higher shear rates, which are .characteristic of
processing conditions, tend to almost converge.. This is
particularly true for resins 31 and 33; An interesting
difference between the behavior of the LDPE resin and the
LLDPE resins at the higher shear rates, is that the foarmer
tends to enter the so called powér law regiuh at a lower
shear rate than do the latter resins. In addition, the LDPE
resin has a substantially lower viscosity than any of the
LLDFE resins in the their power law fegions (50 to b60%
lower). As had been mentioned in an earlier section, this
behavior is quite typical of materials such as LDPE with long
chain branching and broad molecular weight distributipns.

Because of its convenience in engineering practice, the
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following emperical expression is frequently used to fit

viscosity data in the power law region.

m (¥ = e X" €5))

In this expression the value of the power law index, n, is a
simple measure of the rapidity with which the materials
viscosity decreases. In Figures 21-23, the power law regions
of the viscosity curves are shown, and in Table 6 the values
of the power law constants are given. The power law
constants for the LLDPE resins are all between 12.5% and
22.9% greater than that aof resin 32 indicating that the

latter's viscosity decreases most rapidly with shear rate.

The normal stress difference data for these resins are
presented in Figures 24-24, The expected rapid increase of
the normal stress difference with shear rate is evident as is
the inverse prbportiunality between it and temperature. At
the low shear rates that were attainable with the cone and
plate geometry, the following ranking of the resins according

to normal stress differences was observed.

(N1)3p > (N9)yg > (Ne), > (Nq),,

Since Njis a measure of elasticity, this is also a ranking of
the elasticity of the four resins at laow shear rates. It is
also an approximate measure of their tendency to exhibit edge

fracture in cone and plate flow. Although it is difficult to
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POWER LAW CONSTANTS

Resin 30
n k (Pa-s")
190°¢ .400 + .007 2.18E 04 %+ 420
210°c .372 « .005 2.13E 04 + 410
225°% .407 t .005 1.74E 04 + 395
240°%¢ <410 ¥ .006 1.47 04 + 379
Resin 31
n k (Pa-s")
190°¢ .421 & .007 2.49F 04 + 515
210°c .400 + .008 2.18E 04 + 485
240°¢ .402 + .008 1.87E 04 * 415
Resin 33
n k (Pa—Sn)
190°%¢ .435 £ .005 2.98E 04 + 380
210°C .377 ¥ .004 2.68E 04 * 406
240% .401 * .004 2.40E 04 ¥ 406
Resin 32
n k (Pa-s")
190°C .355 ¢ .006 1.36E 04+ 252
Table 6
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Shear Viscosity (Pa-s)
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First Normal Stress Difference (Pa)
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First Normal Stress Difference (Pa)
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draw conclusions regarding the reason for the variation in N1
among the linear resins, it 1is quite likely that the higher
values associated with resin 32 are a result of its long
chain branching and rather wide molecular weight distribution
£12731. The raw narmal stress difference data for the
materials studied are summarized in Appendix C along with the

confidence intervals associated with them.

Although the shear viscosities of the LLDPE resins
approach the linear viscoelastic limit known as the zero
shear viscosity, the presence of normal stresses in shear
indicates that the linear viscoelastic region has not in fact
been attained, since linear viscoelastic theary predicts a

zaro value for the first normal stress difference [391].

S.2.2 Entrance Effects

In the flow of polymeric liquids in the entrance region
of a capillary, large stresses are generated as a result of
stretching along the liquid streamlines. An estimate of the
pressure drop associated with this entrance flow can be
obtained using a procedure suggested by Bagley [381. For a
given material and temperature, a plot of total pressure drop
vs L/D of the capillary is made at constant values of thé
wall shear rate. aAn example of such a plot (hereafter

referred to as a "Bagley plot") is presented in Figure 27.
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The entrance pressure drop can be obtained by taking the
pressure drop value Ffor L/D=0. This large entrance pressure
drop is due to both the viscous and elastic nature of the
polymeric ligquid, although Han [141]1 found that the viscous
component of this pressure drop is generally less than 5S4 of
the total pressure drop, indicating that the greater part of

the entrance pressure drop is due to melt elasticity.

In Figures 28-30 the entrance pressure drop data
abtained from the materials Bagley plots are presented. At
these high strain rates, resin 33 exhibits the largest entry
region pressure drop, followed by resins 31, 30 and 32. As
expected, the magnitude of the pressure drop decreases with
increasing temperature. These results are somewhat
surprising in that LDPE resins such as the one being studied
are generally considered to be more elastic than linear
polyethylenes such as LLDPE [5%]1 and would thus be expected
to exhibit higher wvalues of entry pressure drop. To
eliminate temperature as a variable, these data were plotted
with wall shear stress as the independent variable in Figures
F1-33. It is apparent that the entrance pressure drop is
essentially a linear function of the wall shear stress in the
capillary, at 1least +Ffar the LLDFE resins. In Figure 33 it
appears that the entrance pressure drop for resin 32
increases almost quadratically with the wall shear stress.

Comparing all four resins at 190°%C in Figure 34, we find that
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in the experimental range covered, resins 32 and 32 have
comparable entrance pressure drops with the former showing a
more rapid increase with increasing shear stress. In
addition, resins 31 and 30 also Aave comparable wvalues at
this temperature and have entrance pressure drops that do not

increase as gquickly with shear stress as do those of resins

In calculating the value of the wall shear stress, the
so called Bagley entrance correction must be determined (see
Figure 27). As was discussed in the section of Chapter 3
entitled "Capillary Flow"” this entrance correction represents
the length of capillary that would be required to produce a
pressure drop equivalent to the entry region pressure drop.
In Figures 35-37 we find that all of the resins exhibit an
increase in the magnitude of this term with increasing shear

rate, and as expected, a decrease in its value with

increasing temperature. Although the data are somewhat
scattered, a few interesting trends are apparent. Most

nofable is the very high value of the entrance correction for
resin 32 as compared to the LLDFE resins. If one were to
look only at the wvalue of the entrance correction term, it
would appear that resin 32 is much more elastic than the most
elastic of the copolymer resins (resin 33). In fact the
larger wvalue of the correction term is due both to the

genuine elastic nature of the melt and its relatively low
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viscosity at a given shear rate in comparison to LLDPE
resins. This is especially true in the case of resin 33. In
general, the trends evident in the entrance pressure loss
data aof the LLDPE resins apply, with resin 33 exhibiting the
largest values of the entrance correction followed by resins

31 and 30.

In the course of this study, viscosity data were
obtained using a capillary of L/D=40, thus even if the
entrance correction length values are in error by as much as
10%Z, the error introduced in equation (60) when calculating
the value of the wall shear stress will be at most 27 for the

case of resin 32 and 1.5% for resin 33.
- O>
Rz DPra [4(542) (&

Cogswell [123,126]1 suggested that an estimate of a polymer’'s
extensional viscosity can be obtained from a knowledge of the
entrance pressure drop. Cogswell assumed that the entrance
pressure draop, APe, can be represented as a sum of two terms,
one related to shear and the second to extension. He further
assumed that the fluid follows streamlines that result in the
minimum pressure drop. Shroff [142] modified Cogswell’'s
analysis by using the true value of the wall shear rate in
Cogswell ‘s equations rather than the apparent (Newtonian

fluid) value. The equations used are given below.
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These eqguations only apply in the power law region of the
viscosity curve. Eguation (61) gives a value of the average
extensional stress, Op,, and equation (62) gives the value of
the average strain rate, ée. The ratio of the two gives an

"apparent” extensional viscosity,
G~ - Q;S

In these equations n is the value of the power law index.
The resulting curves of 7, as a function bf ée are shown in
Figures 38-40. However, this procedure is immediately suspect
since it indicates that resin 32 has the lowest extensional
viscosity of the resins studied. It has been well
established that LLDPE resins have lower extensional
viscosities than LDPE resine [120,123,1281. In addition,
Meissner [1433 Ffound (for LDPE) that the extensional
viscosity increased with the extensional strain rate rather
than decreasing, as shown in Figure 38. Similar behavior was
observed by Utracki et al. [101], who observed that at high
strain rates (é>.5 s 1) the extensional stress exhibited
unbounded growth until sample breakage occurred. Han et al.
£1441 measured the extensional viscosity of an LDPE using a

fibre spinning technique [30] and found it to be independent
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of the extensional strain rate. Conversely, linear HDPE was
found to have an extensional viscosity that was a decreasing
function of strain rate. Kwack et al. [12B]1 observed
similar behavior for LLDPE resins. The anomalous results for
resin 32 obtained using equations (&61) and (62) may be due to
the peculiar recirculating entrance +low patterns that are
characteristic of branched polyethylenes ([3531. One would
expect that as a result of this complex  recirculating +flow
field, the assumption made in deriving equations (61) and
(62) that stipulates that the fluid follows streamlines
giving the minimum pressure drop 1is probably invalidf
Indeed, in their paper discussing this estimation technique,
Shroff et al. 1421 also found that for the LDPE they
studied this method erroneocusly predicted its extensional

viscosity to decrease with strain rate.

Thus the results obtained for the LLDPE resins seem to
be in at least qualitative agreement with those obtained for
similar materials using more rigorous extensional rheometric
techniques. The results presented in Figures 3B-40 indicate
that resin 33 has the highest extensional viscosity of the
LLDFE's followed by resin 31 and then 30. These results
appear to be contradictory to those of Kalyon and May [112]
who found that the extensional viscosity of LLDFE increases
with the carbon number of the comonomer—that is, a resin with

a l-octene comonomer would have a higher extensional
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viscosity than one containing a 11-butene comonomer. In
contrast, kKwack’'s results are in qualitative agreement with
ours, finding that resins with shorter cumonnﬁers have higher
extensional viscosities. However, these results may be
fortuitous, since it is generally conceded that the comonomer
branches play a minor role in determining LLDPE melt rheology

L71.

It should be noted that the entry pressure drop data
presented are extremely sensitive to the entrance geometry of
the system +from which they are obtained and are of use only
for comparing the behavior of resins tested in a system with

identical entrance geometry.

5.2 0Oscillatory Shear Results

S.3.1 Storage and Loss Moduli

Frior to making measurements of these materials linear
viscoelastic properties, strain sweeps were carried out to
determine at what strain amplitudes the storage modului of
these materials began to show a dependance on the strain
amplitude. In Figure 41 plots of storage modulus wvs strain
amplitude are presented for the four resins. For the three

LLDPE resins the strain amplitude dependance of the storage

151



1]
° . o
4 0
'y
.
0
[ ™ .
]
]
© o o 4,
o)
o)
o)
o

Resin 32, 190°C
Resin 30, 170°C °
Resin 33, 210°C
Resin 31, 210°C

® D e O

1 1l L. i

oF
8t
-
o]
6p
< 5
A
A
»
0
3 4F
g
o
e
Q
= sr
) o]
(=T1]
o]
| 3
Qo
-+
2 2
10*
0
Figure 41:

10 20 30 40 90 60 70
Strain Percent

Strain amplitude dependence of linear viscoelastic
properties.

152



modulus was first aobserved at strain amplitudes of about 25%i.
For the LDPFE resin a strain amplitude dependance is apparent
at an amplitude of about 15%. Thus, in all oscillatory shear
experiments with the LLDFPE resins, strain'amplituﬁes of 10%
were used, while for the LDPE resin a strain amplitude of S%

was used.

In Figures 42-44 the storage modulus data for the four
resins are presented. In all cases the magnitude of the
storage modulus increases with increasing frequency
indicating that the materials are behaving more and more
elastically. Furthermore as the temperature increases the
value of the storage modulus decreases. Amongst the three
LLDFE resins, resin 33 had the highest value of the storage
modulus, followed by resins 31 and 30, indicating that resin
33 is the most elastic of the three. This trend was observed
at all temperatures. At the higher frequencies the
differences between the storage moduli of the LLDPE resins
become somewhat less pronounced, particularly between resins
33 and 31. The behavior of resin 32 is markedly different
from that of either of the other three resins. At low
frequencies it is more elastic than tﬁe LLDPE resins while
being less elastic at the higher frequencies. This
dif¥erence in behavior between LLDPE and LDPE has also been
observed by Huang and Campbell [145]1. In the very slow

deformation rate region where the first pormal stress
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difference is proportional to the square of the shear rate
the following behavior should be observed.

«Q\'W\ &9;_:9_'_)—:. constoant - LCH)
(.A)L

@) —~F¥ 0O

This result implies that a plot of 1log G’ versus log

should approach a straight 1line with a slope of two at
sufficiently low frequencies [39]. However, such behavior may
not be observed at the lowest frequencies at which reliable
measuraments can be made. This 1s especially true of
polymers having a broad molecular weight distribution [231.
Although this 1limit was not attained by any of the resins
tested, the LLDPE resins approached it more clasely than did
the LDPE resin (32). At 190 OC at a4frequency of about 0.13
rads/s, the LLDPE resin curves had slopes ranging between
1.28 and 1.1, while at the same frequency the curve of the
resin 32 data had a slope of only about .8. The fact that the
LLDPE resins approach the thgnretical limit at higher
frequencies than does the LDPE indicates that they have
shorter relaxation times [131]J. At very high frequencies
elastic liquids will exhibit a storage modulus that is
caonstant, the fluid acting 1like a perfectly elastic solid,
which indicates that the fluid is being deformed so rapidly
that there is not enough time for the molecules to rearrange
themselves, thus allowing the stresses to relax before

another deformation occurs. In light of this, one would
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expect that a material with longer relaxation times would
begin to exhibit a constant value of the storage modulus at a
lower frequency than wuuid a material with shorter relaxation
times. At the higher frequencies, the storage modulus data
for resin 32 can be seen to be leveling off while those of
the LLDPE resins are still increasing quite rapidly. This
further indicates that the LDPE resin has longer relaxation
times than do the LLDPE resins. These longer relaxation
times are due ta‘the long disentanglement time; of the long
chain branches present in resin 3I2. This difference in
relaxation times may be partially responsible for the fact
that films blown from LLDFE tend to exhibit 1less shrinkage
than LDFE films when suﬁsequently reheated. Shrinkage is due
to the molecular orientation imparted to the film when it is
in the liquid state- below the bubble frost line. A material
with sharter relaxation times would be expected to have less
orientation remaining within it by the time it reaches the

frost line.

The loss modulus data for these resins are plotted in
Figures 45-47. As was the case for the storage modulus
function, the LLDFE resins exhibit similar behavior of their
loss moduli. Again, resin 33 has the largest values of this
function at all frequencies and temperatures followed by
resins 31 and 30, with the differences becoming less apparent

at the higher frequencies. Resin 32 displays markedly
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different behavior with a lower value of the loss modulus at

high frequencies than the other resins and an apparently
higher wvalue at lower frequencies. 0Of interest are the
relative magnitudes of the storage and loss moduli of a given
material at a particular frequency. At frequencies law
enough so that the flow is similar to steady shear, viscous
dissipation of the stress is predominant, and the loss
modulus is greater than the storage modulus. At higher
frequencies where elasticity is predominant, the loss modulus

has a lower value than the storage modulus.

3.3.2 Comparison With Steady Shear Data

Cox and Merz [146]1 +first noted that at low shear rates
and frequencies, in particular, the magnitude of the complex
viscusity,[n*h is often equal to the shear viscoéity, n 4 for
equal values of the angular frequency, w , and shear

ratey, ¥ . The complex viscosity is defined belaw.

0= [y e ] (e
In addition, theoretical work carried out by Coleman and
Markovitz [147] predicts that at very 1low frequencies an&
shear rates the dynamic viscosity, n', also becomes squal to
the shear viscosity. This result 1s not surprising since

very low frequency, oscillatory shear subjects the liquid to

essentially the same shear field as would a constant shear
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rate experiment. The steady shear, dynamic and complex
viscosities of the resins of this study are compared in
Figures 48-57. For the LLDPE resins, the agreement between
all three functions was generally quite good at the lower
shear rates and frequencies. At the higher shear rates and
frequencies, the dynamic viscosity gave consistantly better
agreement with the shear viscosity than did the complex
viscosity. The latter tends to have higher values than the
shear viscosity. The opposite behavior was observed for
resin 32, with better agreement between the complex and shear
viscosities being observed at all shear rates and
frequencies. In his work with LLDPE and LDPE resins, Utracki
£129,148] reported similar behavior. These abservations are
of interest since they show that it is possible, in principle
at least, to deduce the non—-Newtonian viscous behavior of

these materials from linear viscoelastic data.

5.3.2 Relaxation Spectra

The concept of a continuous relaxation spectrum
presubposes a mechanical analog to a viscoelastic liquid
campriéed of an infinite number of Maxwell elements (dashpot
and spring 1in series) placed in parallel. The equation
describing the stress response of a single Maxwell element is

given below.
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The relaxation modulus of such an element is as follows,

G:Ls) = 1‘7‘\_, Sallt (7)

v
For an infinite number of Maxwell elements placed in

parallel, the relaxation spectrum is defined in terms of

these relaxation moduli.

Gl =S - gm PR Lar) (D)

vzl

The term H( N\ ) is referred to as the spectrum strength and

A as the relaxation time. The spectrum strength can be
viewed as a measure aof the relative contribution of each
relaxation time to the material ‘s viscoelastic response. The
advantage offered by using the relaxation spectrum is that
all other linear viscoelastic properties can, in principle,

be derived from it.

In this work the relaxation gspectra were derived from
the loss and storage modulus data. Because of their accuracy
[391 the second order approximation methods developed by
Tschoegl [149] were used. These expressions are presentéd

below.



Both the lnsé and storage modulus data were fitted to a

polynomial function of the follawing form.

W Qe oux 4 O e 1)

In most cases a Fourth order polynomial Ffit +the data
adequately. This function was then manipulated as required
by the approximation formulas. The relaxation spectra of the
four resins are presented in Figures 38-47. The agreement
between the predictions from the loss and storage modulus are
very qood for the LLDPE resins but is quite poor for resin 32
{Figure 67). Considering the similar.shapes of the data +from
which these spectra were derived, the similarity between the
spectra of resins 30, 31 and 33 is expected. Again, at all
temperatures, the spectrum strengths of resin 33 were highest
followed by resin 31 and 30. Characteristic of these resins
were low values of the spectrum strength at relaxation times
greatér than about 8 seconds. For resin 32 the spectrum
strengths are lower than the LLDPE resins Ffor short
relaxation times, but are substantially higher at the longer

relaxation times (\>8 s).
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Figure 65: Relaxation spectra of resin 30 at 210°c.
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S.4 Acierno Model Fredictions

S5.4.1 Frocedure For Madel Usage

The model proposed by Acierno et al. L31, hereatter
referred to as "Acierno’'s madel”, was used to predict the
steady shear behavior of the resins studied. Before this
could be done, a decision had to be made as to which version

T tie relaxation spectrum should be used iri the

G

computationss: that predicted from the storage or +from the
loss modulus data. It was decided to use the spectrum that
gave a value of the zero-shear viscosity closest to the
experimentally determined value using the linear

viscoelasticity expression below.

X ot
o= (WA s an) #D)

It was thought that since the task at hand was to predict
steady shear data, it would be advisable to ensure that such
a key component of the model.as the relaxation spectrum be
able to predict this linear viscoelastic shear function. The
experimental values of the zero-shear viscosities (only for
the LLDPE resins since a zero—-shear viscosity was not

observed for resin 32) as well as the predictions from both
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FREDICTION OF ZERO-SHEAR

190°%

VISCOSITY FROM RELAXATION

SFECTRA

Resin 3I0

Resin =1

Resin 33

Measuwred Value (Fa-s) 1.05E+04 1.40E+04 2. 15E+04

From 6 Spectrum (Fa—-s) 1.06E+04 1.26E+04 2. 09E+04

Fron G°° Spectrum (Fa-s) 0.80E+04 1.14E+0C4 1.79E+04
210°%

Resin 30 Resin 31 Resin 33

A o JUSp—— 4 -

Ffigasured Vaiue {Fa—s)

N ——SAETET e oS
(VLR NIt | adie W L 3

i.GOE+04

1.450+0

I

From G° Spectrum (Fa-s) 0. 717E+04 0.888E+04 1.49E+04
From G'° Spectrum (Fa-s) 0.4645E+04 0.845E+04 1.29E+04
240°C

Resin 30

Resin =i

Measured Value (FPa—-s)
From G’ Spectrum (Fa-s)

From G°° Spectrum {(Fa—-s)

0. &00E+04%

0.593E+04

0. S64E+04

0. &600E+04

0.340E+04

Q.3Z4E+04

0.F28E+04

*275°%C

Table 7
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relaxation spectra are presented in Table 7. Notable is the
particularly good agreement betwesn the zero-shear viscosity
calculated Ffrom the 6’ derived spectrum and the measured
value for resins 33 and 30. One would suspect this to be
fortuitous were 1t not for its consistancy. For resin 31 the
agreement is not as good, but still better than that obtained
with the G’ "—derived spectrum. Thus in all of the following
woark the spectra derived from the storage modulus data were

used.

The equations comprising Acierno’s model reduce to the

following for the case of steady simpie shear.

1= Gou Mo x& (+3)
(Th-Fd s = 2 G- ;\:-C fx?'e N ~ 24 )

~ (29
Rl Ae X *5

Y
’?(éb

’V) - 27& .) L,IV” - '7,1,\ - Z (:V\\ "T-\.-u); (?G>

The time ~dependant moduli, Goi! are derived from the
relaxation times, xoi s and their corresponding spectrum

strengths, H(Aoi), using the following expression.

G = B 2l Ao)) (47)

.
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The relaxaﬁian times and modul i for each resin and
temperature are tabulated in Appendix D. To fit the maodel to
the data, the adjustable parameter, a, must be estimated for
each material and temperature to give the best fit. The
procedure used is one suggested by Garcia—Rejon [113]1, and is

summarized below.

(1) For a particular shear rate,?V , a value of the
adjustable parameter, a, is guessed (usually arocund 0.5). For
gach relaxation time,xoh a value of x; is computed from

equation (75).

(2) The values of the x; , G, and Xoiare used to
calculate the viscosity and normal stress difference

camponants from equations (73) and (74).

(X)) The viscosity and normal stress difference terms are

then summed as in equation (76).

(4) The model predictions are then compared to the dataj;
if the agreement is unsatisfactory a new estimate of a is

made and the procedure repeated.

A simple program was written to perform these computations

and i1s listed in Appendix E.

S5.4.2 Model Predictions
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The model predictions of the shear viscosity and first
normal stress difference are presented in Figures 68-87.
These are principally plots of the best fits to the data.
The values of a that gave the best +it to both the first
normal stress difference and shear viscosity data are
presented in Appendix F. The value of a required to fit the
viscosity data was dependant on the resin and, to a lesser
extent, the sxperimental temperature. The model was able to
fit the viscosity curve guite well with a single value of the
adjustable parameter in the case of resins 3% and 31. For
resins 30 and 32, however, poor agreement was aobserved at
very low shear rates while the agreement was gquite qood at
the higher shear rates. For the case of resin 30, the model
underestimated the value of the zero shear viscosity no
matter how low a value of a was used. Both BGarcia—Rejon
{1133 and Tsang [106] also observed such behavior with some
of their resins. In most cases the normal stress difference
data and the viscosity data could not be fitted with the same

value of the adjustable parameter.

S3.4.3 Prediction of Linear Viscoelastic Behavior

In the 1limit of linear viscoelastic deformations all
models vield the following expression Ffaor the storage

modulus, G-,
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This expression utilizes the ‘same values of the relaxation
times and moduli used .1n the prediction of steady shear
behavior. The data and model predictions are compared in
Figures B8-91. The qualitative agreement 1is genetrally good
between the two, although in the case of resin 30 the model
substantially underestimates the elasticity at high
frequencies. The fact that the theoretical predictions tend
to "flatten out" prematurely at high frequencies suggests
that operhaps the lonoer relaxation times are oversmphasized

in the prediction.

9.5 Extrudate Swell Results

The density corrected extrudate swell ratios of the four
resins are presented in Figures 92-94. Estimates of the melt
density were made according to a method developed by 0Olabisi
et al. [1501 and recummendeﬁ by Utracki et ai. ©[1001. The
lowest shear rate at which measurements of the sw=2ll ratio
were obtained was about & s.! At shear rates lower than this
the extrudate exiting from the capillary moved so siawly that

it solidified before entering the heated o0il bath. The upper
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limit at which measurements could be made was dictated by the
onset of flow instabilities. Thus, the highest shéar rates
at which swell data are reported are those at which extrudate
distortion were first observed. These results are discussed

in further detail in the next sections.

The resins exhibited increased degrees of swell in the
following order: 30, 31, 33, and 32. Apparent in Figure 72 is
the strong dependance the swell ratio of resin 32 had on
shear rate in comparison to the LLDPE resins. The higher
values of the swell ratio of the LDFE resin as compared to
LLDFE resins have been observed by other workers (33,1181 énd
are attributed to the presence of long chain branching and
the wider molecular weight distributions of LDFE resins
[30,58]. These results are in qualitative agreement with the
first normal stress difference data in that they both suggest
that resin 33 is the most elastic of the LLDPE ‘s followed by

resins 31 and 30.

Based on the observation that as these LLDPE resins
deqgrade, the value of the storage modulus, 6°, increased, it
was concluded that the resins tended to become more elastic.
This is nicely confirmed at high shear rates in Figure 22
where the swell data for an unstabilized sample of resin 31
are presented. The increase in elasticity due to degradation

is manifested in swell ratios substantially higher {(by 10 to
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&40%) than for the stabilized resin. Not only are the swell
values higher, but the swell ratio seems to have a much
stronger shear rate dependance as well (although this may
also be a result of the different thermal histories of
polymer samples). In all of the swell experiments, roughly
10 minutes elapsed between the time the polymer sample was
inserted into the Instron Capillary Rheometer (ICR) barrel
and the Ffirst swell sample was taken. Subsequently, samples
cbuld be taken every couple of minutes. Thus a series of
measurements at different shear rates would typically subject

the polvmer samnles to the extrusion temperature for hetwsen

20 and 25 minutes.

It had been mentioned earlier (see section on
degradation experiments) that although it was not possible to
adequately stabilize resin 30 at 24GqD using the Irganox ES61
stabilizer, it had been observed that shear viscosity data
taken at this temperature using the ICR did not seem to be
atfected by the degradation. To test this further, swell
measurements on resin 30 were made at 240 °C using the same
stabilizer levels as used at 225%C. These results are plotted
in Figure 24 and, judging from them, it is not at all obvious
that the degradation known to be occuring has a significant
effect on the swell behavior. FPresumably, the extent to
which degradation is occurring does not have a strong effect

on the swell behavior.
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It has been suggested [30] that the swell data for a
resin at different temperatures may be collapsed onto one
curve if they are plotted against the wall shear stress
rather that the shear rate. This is an inherently more
useful way to present the data since only ane curve is needed
to describe data at several temperatures (in principle, at
least). The data are compiled in this manner in Figures
95-97. As can be seen, the temperature parameter is quite

effectively eliminated.

S.6 Extrudate Distortion Observations

9.6.1 Bualitative Observations

At certain wvalues of the wall shear rate, all four
resins exhibited various types of extrudate distortion. The
distortions commence at higher shear rates as the extrusion
temperature is increased. Unless otherwise noted, all
samples and measurements were obtained with a 0.132 cm
diameter capillary with an L/D ratio of 20 having a 90°

entrance angle and fabricated from type 420 stainless steel.

In Figures 98-110 photographs of samples of extrudates
taken at wvarious wall shear rates and temperatures are

o
presented. At 190 C, the differences in behavior of the four
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resins are evident. The very fine surface roughness known as
"sharkskin®” is present in LLDPE extrudates at shear rates
starting as low as &b s'&ith resin 33, while starting at
about 140 and 370 Slfor resins 31 and 30 respectively. In
Figure 102 a photograph at 70X magnification of extrudates of
resin 31 at 190C and 140 s !shows what this incipient
sharkskin looks like. With the LLDFPE resins, the sharkskin
fracture becomes more evident at higher shear rates. An
example of this higher shear rate roughness is shown in
Figure 103; conditions are the same as for Figure 102 but the
shear rate is higher. Note that the freguency of the surface
roughness is less but the surface ridges are much larger than
at lower shear rates. The regular surface roughness of LLDFPE
is in striking contrast to the gnarled distortion exhibited
by resin 32 in Figure 100. These differences in behavior
between branched and 1linear polyethylenes are well known
£30,84,701. Attalla et al. [123]1 and Utracki et al. £1291
have also reported these differences in behavior between LDPE
and LLDPE. Particularly interesting is the periodic
transition from a smooth to rough extrudate surface for the
LLDPE resins as the shear rate is increased. The shear rate
at which this phenomenon first occurs increases as the
extrusion temperature is increased. It was not observed with
resin 30 in the shear rate range covered but was very evident

in resins 31 and 33. This phenomenon is referred to as
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Figure 98: Extrudate distortion of resin 31 at 190°c.

Figure 99: Extrudate distortion of resin 33 at 190°cC.
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Figure 100: Extrudate distortion of resin 32 at 190°c.

3‘: 1770

. o
Figure 101: Extrudate distortion of resin 30 at 1907C.
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Figure 102: Incipient distortion of resin 31 at ¥=140 s‘l
190°c, 70X magnification.

Figure 103: Distortion of resin 31 at ¥=380 s~1

190°C, 70X magnification.

229




Figure 104:

Stick-slip distortion of resin 31 at X::??O g5
190°C, 70X magnification.

Figure

105:

Extrudate distortion of resin 31 at ZlOoC.



Figure 106: Extrudate distortion of resin 33 at 210°c.

Figure 107: Extrudate distortion of resin 30 at i,
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Figure 108: Extrudate distortion of resin 31 at 240°c.

Figure 109: Extrudate distortion of resin 33 at 240%,
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Figure 110: Extrudate distortion of resin 30 at 2400C.
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stick-slip +flow L[25] or "land fracture” [1511. This
phenomenon is accompanied by periodic oscillations in the
pressure drop through the capillary. The pressure decreases
as the polvmer slips (smooth section), and then increases as
adhesion (or cohesion) is regained. A close up view af the
boundary region between stick and slip is shown in Figure
104. Note how smooth the slip region appears to be in
comparison to the region of adhesion. It was also observed
that the smoaoth sections of the extrudate tended to have a
higher instantaneous flow rate than the rough sections as
they left the capillary. Since the plunger that forces the
polymer through the capillary travels at a constant speed,
this could only occur if fluctuations in the density of the
polymer melt also occur. Measurements of such density
fluctuations have been made by Rudin et al. [1521 and Uhland
[90] on HDFPE, which has a linear structure similar to that of
LLDPE. They found that the smooth, high flow rate sections of
the extrudate had lower melt densities than did the rough
sections. As the shear rate is increased the slip flow
regime begins to predominate (see Figure 99 ), and although
not shown, ultimately continuous slip occurs. This 1is
accompanied by only a minor increase in the wall shear
stress. This will be discussed further in the subsequent

section.

The shear rates and shear stresses at which flow
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CONDITIONS AT WHICH FLOW INSTARILITIES ARE FIRST OBSERVED

190% 210%C 240°¢

_ TW(F'a) };’n;sec ) TW(Pa) ){N(sec) TW( FPa) VW( sec)
Resin
32 &S700 72.2
30 237000 372.8 208000 355.7 224000 748.
31 206000 132.4 238000 I60.9 279000 753,
33 171000 &b.2 198000 13B.46 260000 351.0

Table B
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instabilities were first observed for all four resins arae
presented in Table 8. Regardless of the extrusion
temperature, the type of fine surface roughness shown in
Figure 102 seems to appear at shear stresses ranging from 171
to 279 kPa for the LLDPE résins, although the shear rate at
which sharkskin is first observed increases with
temperature. In his work with LLDPE, Utracki [1291 found
that sharkskin first occurred at shear stresses of about 240
kFa. Resin 32 first exhibits distortion at a shear stress of
b6 kPa, much lower than the LLDPE’‘s, which corresponds to a
shear rate of 72 sec—k At this shear rate the instability is

manifested as minor kinks in the body of the extrudate, with

a surface that is still remarkably smooth.

The onset of flow instability is generally dictated by
the elasticity of the polymer melt, more eiastic materials
exhibiting instabilities at lower shear rates [301. This
observation satisfactorily accounts for the relative
susceptibility of the LLDFE’'s to flow instabilities, but does
not explain the dramatically different type of instabilities

exhibited by LDFE and LLDPE resins.

Bergem [84]1 suggests that the sharkskin distartion
characteristic of linear polymers such as LLDPE has its
origin at the exit of the capillary. On emerging from the

capillary the wvelocity distribution across the extrudate
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changes quickly resulting in an accelera&iun of the .uuter
lavers. This induces tensile stresses that may exceed the
tensile strength of the melt. The melt may then tear,
resulting in a relaxation of these stresses. If this occurs
around the periphery of the extrudate, the screw thread
pattern characteristic of sharkskin results. The wall
slippage is thought to occur as a reéult of the sudden
disentanglement of the molecules in the layer of melt
directly adjacent to the capillary wall from those in the
main flow, at a critical shear stress. As the polymer slips,
the shear stress at the slip interface drops until it reaches
a certain level at which the entanglements reform leading to
stick flow; the cvcle then repeats itself. With highly
branched materials like LDPE it is hypothesized that the {low‘
instabilities originate at the entrance of the capillarvy.
BRallenger et al. £831 observed that, at sufficiently high
shear rates, the large recirculating eddies that are preéent
in the entry region of the capillary tend to periodically
rejoin the main flow resulting in the mixing of molten
polymer of different thermal and deformation histories. The
frequency and duration of the joining of the eddies with the
main flow increases with increasing shear rate at a given

temperature.

5.6.2 FPressure Fluctuations
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FLUCTUATIONS IN WALL SHEAR STRESS IN CAFILLARY EXTRUSION.

Capillary: D=0.132 cm
L/D=20 0
Entrance angle= 90
A. Resin #33

190°C:  ¥,=350 sec”l
Tnimax)=2.24E+05 Pa
T,(Mmin)=2.54E+Q05 Fa
Tul{maxl)/ T,{(min)=1.16
Frequency= .25 Hz
210°C: ¥, =760 sec~!

Twimax)=3.13E+05 Fa
Twimin)=2.80E+05 Fa

Ty (max)/ 1, (min)=1.13

Frequency= .&7 Hz

Resin #31

190°c:  ¥,=770 sec”!

Ty (Mmax ) =3.36E+03 Fa
T(min)=3.11E+035 Fa

Twimax)/ 7, {(min)=1.08
Frequency= .83 Hz

AN=1660 sec™1

‘Iw(max)=3.76E+05 Fa
‘Tw(min)=3.34E+05 Fa

TW(max)/'Tw(mxn)=1.1¢
Frequency= 1.8 Hz

242

V=760 sec!

Tu{max)=3. 1FE+0T Pa
Twiminl)=2.50E+05 Pa

Twimax}/s 7, (min)=1.25
Frequency= .47 Hz

f =2800 sec!

240°c: 7,

Ty (Max) =3.59E+05 Fa
Twimin}=3.533E+05 Fa

Tmax) / Ty (min)= 1.01
Freguency= 2.0 Hz

Table 9



As was mentioned earlier, the stick—-slip flow of the
LLDPE resins was associated with a fluctuation in the
pressure drop thrdugh the capillary. The lower pressure drop
was associated with the smooth (slip?) region and the higher
pressure with the higher (stick) region. In Figures 111-114
are presented plots of wall shear stress vs wall shear rate
for resins 31 and 33. The onset of slipﬁage ié seen to be
delayed by increasing the extrusion temperature, and in fact
does not occur at all with resin 33 in the shear rate range
covered at 240‘t; In Figure 113 the complete slippage of the
extrudate is indicated by the relativley small increase in
the wall shéar stress as the shear rate is increased. The
amplitudes and freguencies of the observed pressure
fluctuations for each resin are given in Téble 2. The wall
shear stress valués during slip flow are only approximations
since it is difficult to know what value of the Bagley
carrection should be used when slip is occuring. By making
measurements with several capillaries and plotting the values
of the slip pressure drops in the form of a Bagley plot, the
entrance correction was obtained. Caonversely, the higher
value of the pressure drop during stick-slip flow was used to

estimate the Bagley constant for stick flow.

The frequency with which the stick-slip phenomenon
occurs seems to increase with the shear rate, ranging from as

low as .23 Hz up to 1.8 Hz, with resin 31 exhibiting
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generally higher frequencies. In addition, the ratio of the
maximum to minimum shear stress ranged from 1.08 to 1.25,
generally having higher values for resin 31 than for resin
33. Utracki et al. (1291 found that the LLDPE’'s he studied

exhibited ratios ranging from 1.06 to 1.16.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

The branched and linear polyethvlene +film resins
studied exhibited significant differences in shear rheology,
elasticity and extrudate distortion characteristics. The
differences in behavior between the linear and branched
resins are, in general, due to the different molecular
structuwres and weight distributions of the two types of
resin. In particular, the long chain branches and relatively
broad molecular weight distribution of the branched material

are responsible for its different rheological properties.

The branched low density polvyethvylene (LDPE), resin 32,
had a lower viscosity at the higher shear rates than did the
linear low density polyethylenes (LLDFE), the opposite being
true at low shear rates. In addition, resin 32 had a lower
value of the power law index than any of the LLDFE resins,
which is a reflection of its more rapid shear thinning
behavior. Based on measurements of their linear viscoelastic
properties, it was determined that the viscoelastic behavior

of the LDFE was affected by longer relaxation time molecular
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2ntanglements to a greater extent than was the viscoelastic

behavior of the LLDPE resins.

In general resin 32 apoeared to be more elasti; than the
linear copolymars. This is indicated by higher values of the
extrudate swell ratio and first normal stress difference, and
by a greater tendency to exhibit edge fracture in canevand
plate flow than the linear resins. In the linear
viscoelastic region, resin 32 had higher wvalues ot the
storage modulus (a measure of elasticity) than the LLOPE’'s at
low frequencies and lower values at higher fregquencies.
Surprisingly, resin 32 showad the lowest wvalue of the
entrance pressure drop in capillary flow, of the fow resins
studied. Since the high entrance pressure drops are
primarily a result of the elastic nature of molten polymers,
the LDFE resin would be expected to have the largest entrance
pressure dirop. It is thought that the viscous contribution
to the entrance pressure drop is less than 5S4 of the total
[1411, thus one would not expect the higher viscosities of
the (LDPE resins to significantly increase the entrance
pressure drops of these materials. The reason for this

discrepancy is not then ocbvious.

Striking differences between the forms of sxtrudate
distortion exhibited by the branched and linear resins were

observed. The former exhibiting a waviness of the extrudate
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in the incipient stages of distortion, which becomes more
pronounced -at higher shear rates. The linear resins
exhibited similar distortion behavior to that reported for
HDFE (a linear homopalymer) [84,901, beginning with a very
fine surface roughness at lower shear rates, increasing in
severity with shear rate until a regular screw thread pattern
known as sharkskin results. At higher shear rates, two of
the copolvmer resins exhibited a periodic fluctuation in the
pressure drop through the die. This was accompanied by a
periaodic loss of cohesion (or adhesion)} with the capillary
wall, resulting in smooth sections of extrudate alternating
with sharkskin. As the shear rate was increased, the smooth
sections predominated, ultimately l1eading to complete
slippage in the case of resin 31. Extrudate distortion
occurred at similar shear rates for both types of resins, but

at much lower shear stresses for resin 32.

0f the three LLDFE resins, resin 33 was the most viscous
and elastic at all temperatures, followed by resin 31 and
then Z0. The differences in shear viscosity between these
three resins were most pronounced at very low shear rates,
becoming less pronounced at high shear rates, particularly
between resins 31 and 3. Manifestations of the greater
elasticity of resin 33 were it’'s higher first normal stress
difference, storage modulus, entrance prassure drop,

extrudate swell, greater propensity for edge fracture and
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it ‘s greater susceptability to extrudate distortion. All
three of these resins first exhibited extrudate distortion at
shear stresses ranging from 171 to 279 kPa. The critical
shear rate at which extrudate distortion +First occurred
increased substantially with extrusion temperature, as did
the shear rate at which pressure oscillations were first

observed.

The differences in rheoclogy between resin 30 and resins
31 and 33 may be attributed, at least in part, to resin 30's
lower molecular weight. Acierno et al. [1331 +ound that
both the critical shear rate at which extrudate distortion
was observed and the zéro—shear viscosity were strong
functions of weight average molecular weight for LLDFPE,
although the correlations they fitted to their data did not
fit the data obtained in this work. Differences in comonomer
type are not thought to affect melt rheoclogy [81, although
this is the subject of some debate [117]. What is puzzling is
the significant difference in the rheology of resins 33 and
31. These materials have almast identical values of both M,
and M,, as well as containing the same comonomer {(l1-butene),
however, the guantities of comonomer present are not known to
Us. What is also of interest, is that the differences in
behavior of these copolymers are most evident in  their very
low shear rate rheology and in their high strain rate elastic

properties such as entrance pressure drop and extrudate
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swell.

The extensional rheology data of these resins, obtained
using the method suggested by Shroff et al. [1421, are very
approximate and only give a gqualitative ranking of the
behavior of the LLDPE resins in an extensional +low. This
method predicts that the extensional viscosity of resin 32 is
less than that of ‘ the LLDFE resins. These +indings
contradict those of other workers ([11%,1201 who, using
devices specifically designed for measuring extensional
rheoclogy, found that the extensional viscosity of LLDPFE
resins was always less than that of LDPE resins. Shroff et
al. [142]1 observed the same puzzling behaviaor with the LDFE
resins they studied. These results indicate that approximate
methods such as this one are only of use 1In comparing resins
which are relatively similar in molecular structure and
should be viewed with some skepticism when uwused to compare
the behavior of resins with dramatically different

structurses.

The importance of extensional +Fflows in the film—-blowing
process makes a knowledge of a resins extensional rheology
particularly important. Further studies of the resins
investigated in this work should attempt to study their
extensional rheology at strain rates comparable to those

experienced by the melt in processing [153]. The sensitivity
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of the high strain rate elastic properties of these resins to
subtle differences in molecular structure indicates that
further study of such properties may be warranted. Effarts
to develop techniques to permit such studies are underway in
this laboratory [(281. .Any characterization of polymeric
materials will be of greatest use when combined with a study
ot the processing behavior of the materials. Such a study
would serve to improve the understanding of how melt rhéology

atfects processing behavior.
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APPENDIX A

MECHANICAL PROPERTIES OF POLYETHYLENE FILMS




Polymer type LLDPE LLDPE LDPE HDPE
Commercial GRSN- Dowlex Conventional Conventional
name 7047 2045 grade grade
Resin properties
Density, g/cm .918 .919 .920 .950
Melt index, g/10 min 1.0 1.0 0.7 1.0
comonomer l-butene l-octene -——- ———
Film properties
Gage, mils 1.5 1.5 1.5 1.25
Dart drop impact, g. |145 190 120 —_———
Puncture, in.-lb/mil |15 14 8 ———
Tensile strength, psi
MD 5800 6300 2900 6300
TD 4600 5000 2700 4200
Elongation, %
MD 600 590 250 550
TD 760 720 550 650
Elmendorf tear
resistance, g.
MD 248 440 210 35
TD 548 1000 160 750

Reference [155]




APPENDIX B

MOLECULAR WEIGHT DISTRIBUTIONS OF LLDPE
RESINS



CUMULATIVE WEIGHT %

eight Fraction” Resin 30 Resin 31 Resin 33
1000000 0.078 0.227 0.1
700000 0.618 1.248 1.0
500000 1.904 3.28 2.9
300000 6.194 9.307 8.8
100000 29.626 36.709 36.6
10000 94.057 95.992 96.5
5000 97.46 98.659 98.7
2000 99.21 99,786 99.6

* Fraction of polymer with molecular welght greater

than indicated value.

These data were kindly supplied by Dr. D. Axelson of DuPont, Canada (Kingston),

and were obtained by the method of size exclusion chromatography (SEC).
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APPENDIX C

FIRST NORMAL STRESS DIFFERENCE DATA



FIRST NORMAL STRESS DIFFERENCE DATA

Resin 30:
190°¢ Nl*10_2 (Pa)
%(s'l) I II III IV v VI El 95% con.
interval
.3981 9.1 11.1 10.3 10.9 10.0 12.8 | 10.7 +1.31
.6310 18.0 18.9 21.2 19.5 21.3 23.5 | 20.4 +2.09
1.00 40.1 38.3 36.7 39.2 40:4 44.1 | 39.8 +2.62
1.585 65.2 64.3 67.5 68.5 66.6 72.9 | 67.5 +3.20
210°¢ Nl*lo‘2 (Pa)
‘X(s_l) I II III 18Y Y A Nl 95% .con.
interval
.2512 2.99 3.04 2.89 2.96 3.29 3.55 |3.12 = *.264
.3981 6.00 6.28 6.14 6.02 6.65 6.71 [6.34 +.330
.6310 12.5 13.7 12.9 13.2 16.2 14.3 |13.8 +1.40
1.00 26.7 27.2  26.9 28.5 27.6 31.1 |28.0 +1.73
1.585 48.5 48.8  45.8 50.6 46.2 52.3 }48.7 +2.62




FIRST NORMAL STRESS DIFFERENCE DATA

Resin 30:
225°¢ N %1077 (pa)
¥ (s I II 111 IV Y VI Nl 95% con.
interval
.3981 4.46 4.73 5.18 5.07 5.36 4.72 | 4.92 +.355
.6310 9.38 9.64 10.5 10.2 9.75 10.3 | 9.97 +.466
1.00 21.5 20.9 24.6 24.3 22.4 23.1 | 22.8 +1.56
1.585 37.4 38.3 42.5 39.7 40.6  40.9 | 39.9 +1.94




FIRST NORMAL STRESS DIFFERENCE DATA

Resin 31:
190°¢ N, *107° (Pa)
¥(s7h I II III IV Nl 95% con.
interval
.2512 11.2  11.9 12.4 11.7 | 11.8 +.79
.3981 17.2 16.0 14.9 14.8 | 15.7 +1.79
.6310 24.7  22.7  24.9 24.2 | 24.1 +1.58
1.0 48.8  42.6  46.1 45.7 | 45.8 +4.03
1.585 | 103.3 93.7 89.7 84.7 | 92.6 +12.5
210°c N, *¥107° (Pa)
¥ (st I IT III IV N, 95% con.
interval
.2512 5.26 5.39  5.49 5.54 | 5.42 +.197
.3981 10.6 9.81 11.5 11.7 | 10.9 +1.39
.6310 18.0 19.1 17.2 18.1 | 18.1 +1.24
1.00 28.7 28.9 32.4 31.2 | 30.3 +2.87
1.585 53.4 58.8 59.9 64.7 | 59.2 £7.40




FIRST NORMAL STRESS DIFFERENCE DATA

Resin 31:
240°c Nl*lO'2 (Pa)
¥is™h I II 111 IV v Nl 95% con.
interval
.2512 1.83 1.90 1.80 2.04 1.98 |1.91 +.125
.3981 4.04 3.83 3.75 4.21 3.72(3.91 +.261
.6310 7.23 7.51 6.96 7.49 7.11 | 7.26 +.297
1.00 14.0 16.9 13.8 15.9 13.4|14.8 +1.89
1.585 29.6 31.3 32.5 28.7 32.1]30.8 +2.11
Resin 32:
190% N,*107% (pa)
Yis™h I IT III IV Nl 95% con.
interval
.0631 35.2  38.7 31.3 33.2 |34.6 +5.03
.0995 55.8 58.5 57.2 53.7 |56.3 +3.27
.1578 85.5 82.1 84.9 88.3 |85.2 +4.04
.2500 132.0 137.0 121.0 132.0 |130.5 £10.7




FIRST NORMAL STRESS DIFFERENCE DATA

Resin 337
190°C Nl*lo‘2 (Pa)
(s~ I II III IV v N, 95% con.
~ interval
.1585 | 5.26 5.18 6.11 5.84 6.46 |5.77 +.681
.2512 | 12.4 12.3 12.7 13.8 13.8 |[13.0 +.925
.3981 | 31.5 32.1 29.4 28.2 29.8 |30.2 +1.97
.6310 | 43.6 42.2 45.0 43.9 43.3 |43.6 +1.53
1.00 78.5 77.1 74.9 76.6 73.0 | 76.0 £2.64 |
210°¢C Nl*lo‘2 (Pa)
%%s'l) I II II1I IV v Nl 95% con.
interval
.1585 | 2.11 2.16 1.80 1.95 2.08 |2.02 +.180
.2512 | 4.61 4.55 4.30 4.38 4.46 | 4.46 +.185
.3981 [ 14.2 14.5 13.5 10.5 13.8 |13.3 £2.00
.6310 | 28.9 29.1 29.0 27.1 27.4|28.3 +1.20
1.00 49.4 48.9 45.2 45.8 46.2 [47.1 +2.38
240°C Nl*lo'2 (Pa)
Yis1) 1 1r I W v N 95% con.
interval
.3981 | 7.50 8.26 8.17 7.73 7.49 | 7.83 t.454
.6310 | 19.6 17.9 18.3 17.0 17.2|18.0 +1.29
1.00 35.9 31.2 33.1 34.7 32.6 | 33.5 +2.28
1.585 | 61.7 54.5 63.0 56.3 58.5|58.8 +4.43




APPENDIX D

RELAXATION TIMES OF RESINS



Relaxation Times, Spectrum Strengths and Moduli of Resins

GREN-7047, resin 31:

190°C A (s?
.014142
. 044697
.14142
. 44697
1.4142
4.4497

210°C Aguls)

.014142
- 044697
.14142
- 44677
1.4142
4.46F7

240 C Ay (s)

ov
-014142
. 044697
«14142
« 445697
1.4142
4.4&677

H,., (Fa)
834620
43920
17970
S600
1375

292

Hge

v

{(Fa)

71025
342=
12590
3481
B94
19Z

H .

(-1

(Fa)

S7000
21358
6225
1815
529

154

G,;, (Pa)

6230
50536
20679
A4435
1583
336

G, (Pao

B1731
39430
14490
4239
1032

L Tor ar |
i L

E .

O

(Fa)

63593
24577
7163
2089
609
177



Relaxation Times,

GERG-6937, resin

1920°C A (s)

014142
« 048697
.14142
- 44697
1.4142
4.45697

210°C Ay ls)

014142
. 0444697
.14142
444697
1.4142
4.4897

C Aoiis?

. 014142
« 0444697
.14142
- 44677
1.4142
4.48697

H,, (Fa)

107250
60950
27193
2048
2300
492

Hoo! (Pa)

F7230
S1774
20993

&323

1616
344

H,. (Fa)

80862
38410
13089

- 3839
991
208

Spectrum Strengths and Moduli of Resins

G, (Fa)

123420
73140
31290
10412
2645
S&67

G, (Pa)

111820
59580
24138
7306
1840
I98

G,. (Pa)

9F053
441998
13062
4418
1150
240



Relaxation Times, Spectrum Strengths and Moduli of Resins

Dowlex 2045, resin 30:

o Aos () Hy. (Fa) Boo (Pa)
190 °C
.014142 41474 47730
. 0444697 27000 31070
.14142 11106 12780
. 44697 3500 4028
1.4142 1036 1192
4.4697 360 414
210 Agi(s) H,. (Fa) Go, (Fa)
.014142 38123 43870
. 044697 19000 21864
.14142 7347 8455
. 44697 2300 2647
1.4142 590 &79
4.4697 110 127
225 Asls) HeL (Fa) Go. (Pa)
.014142 36000 41427
. 044697 16000 18412
.14142 5878 6764
. 44697 1750 2014
1.4142 450 S17
4.4697 105 121

DYNJ—-4, resin 32:

190 A, () Hoy (Pa) Go. (Fa)

.014209 16295 18675

. 044697 11000 12606

. 14209 6838 7837

. 44497 3900 4470
1.4209 2104 2411
4.4697 1000 ; 11464
14,209 398 454

44697 125 143



APPENDIX E

ACIERNO MODEL PROGRAM LISTING



Calculation of shear viscosity and First normal stress

difference using Acierno model.

Input_ variables:

GOI- Resin relaxation moduli.
LMOI-—- Resin relaxation times.
GMD— Shear rates at which viscometric functions

will be estimated.

Output variablesy

Visc- Estimates of shear viscosity.

NSD~ Estimates of first normal stress difference.



1D
2D
5D

10

403
S0
&G
T
80
20
100
Lio
120
130
140
150
10
170
180
150
200
210

2320

250

D40
550
&0
570
SHBO
IO
&0
H10
S
&E0

&40

M GOIH(R)
IM LMOT# ()

IM GMD# 1)

DIM ET#(2)

DIM NS#(3)

DIM VISCH (IS

DIM NSD#H 1D

FOR I=1 TD 8

READ LMOI# (I

NEXT I

DATA RELAXATION TIMES

DATA 44, 497#

FOR I=1 TO 8

READ GOIH#H I

NEXT I

DAaTA RELAXATION MODULI

FOR I=1 TO 13

READ GMD# (1)

NEXT I

DATA SHEAR RATES

DATA

LET SUNS#=O0%#

LET SUETH=O0H#

LET A=, 25#

FOR J=1 TO 13

FOR I=1 T 2

LET CH=A#*lMOTH (1) *GMDHE ()

GOSUR 500

LET ETH#(I)=G0T8# (1) LMOTH D) *XS#2, 4
LET NSH#(I)=2%G0TH#H (I % (LMOIH (I "2) % (X2#T.8) # (GMDE (T 20
LET SUETH=SUETH#+ETH (1)

LET SUNS#=SUNSH#+NS# (1)

NEXT I

LET VISOH () =SUETH#

LET NSD# (J) =5UNG#

LFRINT GMD# (J), YISCH G, NMSDH D
LET SUET#H=O

LET SUNS#=0

NEXT I

END

LET Xi1=1#

LET FXid=1#-C#xX 142, 4

IF FX1#<0 THEN X1#=XI1#/S#: G0TO 510
LET X2#=FX1#

LET FXZ2#=1#-CHeX 2842, 4

LET XS#= (X 1H$F X288~ 2#%F X 1#) 7 (X1 H—-X28+FX2H-F X 1#)
LET FXES#=1#-C#sX3H#2. 4

LET X1#=X2#

LET FXil#=1#-CHeX1#"2.4

LET XO#=XT#

LET FX2#=1#-CHeXZ#2, 4

LET ZH=ARS ( (X2#-X1#) 7/ (XZH+X 14))
IF Z#x.00001# BOTD 550

RETURN

END



APPENDIX F

ACIERNO MODEL PARAMETERS USED TO
FIT STEADY SHEAR DATA



VALUES OF ADJUSTABLE PARAMETER IN ACIERNO MODEL USED TO FIT
VISCOSITY AND FIRST NORMAL STRESS DIFFERENCE DATA

190°c 210°c 240°cC
Resin Y] Ny 1 Ny U Ny
30 0.2 0.55 0.15 0.4 0.15% | 0.35%
31 0.35 0.5 0.3 0.5 0.25 0.8
32 0.25 0.05 | ——-—= | ccceoo | cmmee ] emeeee
33 0.5 0.5 0.5 0.85 0.35 0.6
5

* 225°%



APPENDIX G

EXPERIENCES WITH THE BIAXIAL EXTENSIOMETER



EXPERIENCES WITH THE_ BIAXIAL EXTENSIOMETER

Work was initiated to confirm the operational readiness
of the biaxial extensiometer developed by Rhi-Sausi [4] and
subsequently modified by Yang [S]1. As mentioned in Chapter 3,
this device is based on the bubble inflation method. The
instrument consists of two horizontally mounted stainless
steel cylindrical chambers. In between the two chambers is a
éample holder. Schematics of the two chambers and the sample
holder are given in Figures 116—-118. The sample is about 7.6
cm in diameter and 0.3 cm thick. During an experiment, these
cylinders are clamped together and filled with a silicon
oil. This o0il serves to conduct heat to the sample, thus
melting it, as well as to support the molten polymer: thus,
the density of the o0il should be close to that of the molten
polymef. Within each chamber are immersion heaters which
heat the oil. A moveable pisfnn is mounted at the rear of
the fixed chamber. In the course of an experiment, this
piston travels forward and displaces o0il contained in the
fixed chamber. In turn this displaced oil causes the molten
polymer disk to inflate to form a hemispherical bubble. The
Qelocity of the piston is controlled so that the deformation
experienced by the molten polymer at the pole of the bubble
closely approximates equal biaxial extension. Fhotographs of
the deforming bubble are taken periodically through the end

of the mobile chamber. These photographs are then analyzed



end view

-]

t
]
'
|
!
1
1
1
i
1
1

\

Figure 116: The Mobile Chamber
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and the changing diameter of the innermast circle at the
bubble’'s pole is measured. A differential pressure
transducer is used to measure the pressure dif#erencé, P,
between the opposite sides of sample as it is deformed. In
Figure 117 a sketch of a sample with the circular pattern on
it is shown. Only the innermost circle is used to measuwre
the total Hencky strain experienced by the sample. Raferring
to Figure 117, the biaxial Hencky strain at time t is defined
as follows.
Ko

whare xpis the original diameter of the innermost circle and
# iz it’'s diameter at any later time. The biaxial
extensional stress may be approximated by the following

expression [51,

T .

Vo= PR(Z) /ok(\ + @) ]V") (G-2)
where dois the original thickness of the sample and R is the
radius of curvature of the molten polymer bubble. When
photographing the deformation process, a mirror is mounted at
a 45°angle to the plane of the sample, thus the photograph
taken contains a side view of the bubble in addition to the
head on view. The radius of curvature of the bubble is found
by superimposing circles of known radius on the bubble until

one 1s +ogund which "fits" the hubble radius. Once the stress



Figure 119:

Schematic of polymer sample
for McGill biaxial extensiometer



is known, the biaxial extensional stress growth function is

readily calculated using the following expression.

1y ()= T [ =y (G-3)

Freliminary work showed that the differential pressure
transducer was not working; a new, more sensitive transducer
(£ 1 psi) was purchased. This de?ice performed quite
satisfactorily. Fusey [154] installed additional
thermocouples around the circumference of both chambers to
determine if isothermal conditions existed. She ultimately
installed a stirrer in sach chamber to insure that isothermal
conditions were attained. The entry points of the
thermocouples into the chambers were frequently sources of
leaks. After unsuccesstully attempting to seal these entry
points using a variety aof different sealants, it was decided
to remove these extra thermocouples and permanently seal
their entry holes. Since isothermal conditions were known to
exist at steady state (which typically took about 15 minutes
to achieve when an operating temperature of 135 °C was used) ,
they were no longer needed. Various fittings and seals on
the chambers were also replaced and the unit was finally made
relatively leak free. This 1s an important point since
leaks, in addition to being an inconvenience and a hazard
{(spurting hot o0il), allow oil displaced by the piston to

escape, +ather than deform the sample.



0+ importance in qbtaining data is a reliable method for
printing the grid pattern on the samples. Yang L[31
originally used a rubber stamp to print the pattern. Fusey
1541 found that a screenprinting process was more suitable
since the lines were finer and did not spread out as much as
the disk expanded. The ink used was a mixture of carbon
black and polvyethvlene enamel (FLY, M 710 from Advance Co.,
Montreal.). This is an extremely viscous material and could
not be applied uniformly, so it was diluted with varsol (4
parts ink to 1 part varsol). The printed sample was allowed
to dry for about 1 hour at room temperature before use. This
method was not satisfactory since the ink lines tended to
break off the sample as it deformed, particularly at £Dta1
strains above .2-.2 . As an alternative, four dots 5 mm from
the center of the sample were used, each dot being at a F0
angle Ffrom the other. Thus by measuring the changing

distance between dots on opposite sides of the sample center,

the strain could be determined.

Having solved these problems, the next objective was to
determine if this device was capable of generating an equal
biaxial extensional flow. The extensiometer s control system
is based on a Commodore FET microcomputer. The controlled
variable is the veiocity of the piston. The input variable
to the control system is the position of the piston. At any

time the position of the piston is compared to where it

G-8



should be; depending on whether it 1is bevond or before it's
prescribed position at that time, the system will speed up or
slow down the motor driving the piston. Further details of
the control system are given by Yang [S] and Fusey [1341.
This system was Ffound to work somewhat erratically. &
frequent problem was the sudden loss of control of the piston
speed causing the piston to travel at a constant
spead—usually the last one signalled to it. It was +First
thought that this was caused by spikes in the line voltage
feeding the interface unit. A wvoltage ‘"smoother" was
installed but had little, if any, affect. While a constant
strain rate experiment was in progress the voltages leading
out of the amplifiers on the digital to analog (D/7A)
converter were monitored to see if spurious signals could be
discerned, some were but these did not coincide with a loss
of control, and the problem persisted. Finally the

amplifiers on both the D/sA and the analog to digital (A/D)

boards were changed. This seemed to help matters at first
but this behavior ressumed after several experiments. Some
measurements to determine if 2qual biaxial strain was

attained were made. An example of the findings is given in
Figure 120. This was the most successful experiment carried
out. Although the programmed strain rate wés not attained,
the resulting strain rate was quite constant. The higher

values of the strain are not particularly reliable since the,
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by now fairly large bubble, te§ded to deform nonuniformly at
high strains. Examples of other results obtained using the
same programmed strain rate are shown in Figure 121. These
results indicate that although a relatively constant strain
rate seems to be generated, it is not the one programmed nor

were the results reproducible.

It is apparent that additional work is required to
improve the reliability of the control system, and to insure
that it is capable of generating constant strain rate Fflows.
It was felt that this was beyond the scope of this work and

was not pursued further.



APPENDIX H

STANDARD DEVIATIONS FOR SHEAR

VISCOSITY DATA



The percent standard deviations of the shear viscosity
reported are defined by the following expression
47‘/0 B S*? x 100

5

where S‘? is given by

Sﬁzﬁ( I (47¢~47')Lk\/1

Wl T

and A? is the mean value of the viscosity at a particular
shear rate. Four measurements were made at each shear
rate above 2 s—l. Below this shear rate the number of

measurements varied between four and six (See Appendix C).



tandard deviations for shear viscosity data obtained

with RMS and Instron Capillary Rheometer.

Resin_30, 1%0°C Resin_30, 210°Q
¥ . s My % Y. s Yo
0.02512 1.84 0.02512 1.63
0.03981 2.16 0.03981 1.44
0.0631 1.47 0.04631 1.55
0.100 1.38 0.100 2.072
0.1585 2.20 0.1585 1.88
0.25172 1.73 0.251%2 1.99
0.3981 2.49 0.3981 2.34
0.631 2.31 0.631 1.53
1.00 3.08 1.00 2.58
1.585 2.86 1.585 2.71
2.88 .47 2.88 .65
5.78 3.16 5.78 4.08
11.55 2.95 11.55 3.23
8.88 .06 29.4 3.18
63.53 3.83 &63.4 3.29
135.9 2.65 134.9 3.80
372.8 4.10 355.7 2.11
887.3 3.89 795. 4 464

1767 4,29

q-1



Standard deviations for shear viscosity data obtained with
EMS and Instron Capillary Rheometer.

Resin_30, 225°C Resin_30, 240°C

;6 _:__.E: ' "7 a_z% ’ __5.': ! "7.1.._2

2.88 3.14 0.02512 2.38
S5.71 Z.35 YO.OSQBI 2.14
11.34 4.41 0.0&631 2.84
28.6 3.82 0.100 1.68
&63.0 Z.92 0.1585 2.03
132.3 4.07 0.25812 2.74
F48.1 4.62 0.3781 2.4%9
748. 2 4.00 0.631 3.00
1625 4.77 1.00 2.89
1.585 Z.463
2.83 4.08
S5.467 Z.467
11.34 2.61
28.35 3.02
&2.9 3.13
130.2 1.56
348.1 2.93
748 5.21
1617 S5.03



Standard deviations for shear viscosity data obtained with
RMS and Instron Capillary Rheometer.

Resin 31, 190°C Resin 31, 210°T

\6 P ’7 A %1_§:l "7 a_%

0.02512 .24 0.02512 1.83
0.03981 1.35 0.03981 1.77
0.0631 .11 0.0631 1.92
0.100 1.88 0.100 Z.14
0.1585 1.92 0.1585 0.84
0.2512 2.05 0.2517 1.03
0.3981 2.45 0.3981 1.11
0.631 2.55 0.631 1.31
1.00 2.89 1.00 2.29
2.75 3. 45 1.585 3.02
S.51 4,27 2.67 3.28
11.55 3,75 5.49 3.44
30.65 4,41 11.34 3.38
65. 63 4.00 29.27 2.18
139.9 2.07 63.2 3.57
=81.28 2.43 134.4 3,11

360.9 4,48

771.8 4.96



Standard deviations for shear viscosity data obtained with
RMS and Instron Capillary Rheometer.

Resin_31, 240°C Resin 33, 190°C
sl Y1 % P Y 2k
0.025172 1.11 0.02512 0.57
0.03981 0.83 0.03981 0.74
0.0631 1.23 0.0631 0.88
0.100 1.42 0.100 1.05
0.1585 1.37 0.1585 0.92
L2517 .29 0.2512 1.28
0.3981 1.56 0.3981 1.42
0. 631 1.62 0. 631 1.97
1.00 1.28 1.00 2.56
2.90 2.68 2.83 2.46
5.80 3.02 &.05 1.56
11.40 3. 16 12.1 2.97
29,01 3.56 30.25 3.21
63,26 3.19 46.24 2.83
132.8 2.35 143.1 3. 40
344.5 2.86
753.4 3.71
1659 4,62



Standard deviations for shear viscosity data obtained with
RMS and Instron Capillary Rheometer.

Resin 33, 210°%C Resin_33, 240 C

X a5 "']:._Z %A_E:l "7 %

0.02512 1.16 0.02512 1.34
0.03781 0.97 0.03981 O.b6b6
0.086831 Q.46 0.0631 1.00
0.100 1.25 0. 100 ' 1.38
0.1585 1.34 0.1585 Q.59
0.2512 1.57 0.2512 1.%90
0.3981 1.50 0.3981 0.84
0.5631 1.82 0.4631 1.82
1.00 2.15 1.00 2.29
2.80 2.88 1.585 2.862
S.62 2.17 2.%90 3.08
11.24 3.12 5.80 2.44
29.99 2. 33 11.4 Z.10
63.5 .24 29.0 2.77
138B. 46 2.78 &62.7 2.51
415.4 2.00 131.8 2.60

351.0 4.17

735.2 F.47



Standard deviations for shear viscosity data obtained with
RMS and Instron Capillary Rheometer.

Resin 32, 190°C

Bas' s %

0.02512 0.55
C. 03981 0.79
0.0631 0.88
0.100 1.27
0.1585 1.23
0.2512 1.42
5.78 2.88
14.44 2.66
F6.1 J.21
72.2 2.83
144, 4 3.54
400.3 3.13
?31.9 4,29



APPENDIX I

STANDARD DEVIATIONS FOR COMPLEX

VISCOSITY DATA



The percent standard deviations of the complex

viscosity is defined as follows,

/V]h/" = S x\vo
’?N

with Sﬁ,being given by
Y
a T
- Ra by
S,ﬁ»’ ———\—: 2 (“7u ’47”)%
v - (V=2

and ‘]” being the mean value of four separate measurements

made at particular frequency.



Standard deviations for complex viscosity data.

Wy _rad/s 170 C 210 C 229 C
0. 100 1.19 1.84 ———=
0. 1585 2.16 1.72 1.66
0.2512 1.45 .23 2.14
0.3981 1.24 1.93 2.44
0.631 1.11 2.00 1.69
1.00 1.55 2.62 1.63
1.585 2.01 1.01 2.13
2.512 1.89 1.82 2.25
3.981 .22 1.95 2.10
b6.310 2.58 1.88 2.12
10.0 2.34 1.56 1.54
15.85 1.69 2.44 2.99
25.12 1.09 1.32 2.81
39.81 1.70 1.40 2.38
63.10 1.85 1.45 2.31
100.0 2.09 1.87 1.63



Standard deviations for complex viscosity data.

Resin_31, "}1* %

w Lrad/s 190°C 210°C 240°C
0. 100 1.87 —_—— —_———
0.1385 1.47 1.99 1.32
0.2512 2.11 1.43 1.65
0.3981 « 22 1.97 - 29
0.6351 1.446 1.43 2.01
1.00 1.44 1.20 1.32
1.585 1.86 2.33 2.37
2.512 1.00 1.80 2.06
3.981 i.11 2.30 2.45
6.310 1.25 1.85 P 24
10.0 1.89 2.13 2.386
15.85 1.90 2.00 2.74
25.12 1.57 1.83 2.08
32.81 2.01 2.26 1.73
&3. 10 1.64 1.44 1.6%2
100.0 2.64 1.50 1.77



Standard deviations for complex

Resin 32,

viscosity data.

A

0.01
0.01585
0.02512
0.03981
0.0631
0.100

0.1585

k-

0.251

0.3981

0.5631



Standard deviations for complex viscosity data.

Resin_33, qL*_;

w, rad/s 190°C 210°C 240°C
Q.100 1.20 —_——— e e
0.1585 1.34 1.24 1.67
G.2512 1.45 2.18 2.00
0.3981 1.84 1.92 1.84
0. 631 1.38 1.83 1.95
1.00 1.55 1.23 2.39
1.585 C.42 0.923 1.57
2.5912 1.29 1.06 1.32
3.981 Q.25 1.2 1.465
b.310 1.33 1.98 2.46
10.0 1.756 2.23 1.927
15.85 1.74 1.87 2.33
25.12 Q.27 1.84 1.56
32.81 1.76 1.49 2.34
63.10 1.67 2.27 2.67
100.0 1.09 1.62 1.84



APPENDIX J
STANDARD DEVIATIONS FOR EXTRUDATE

SWELL DATA



The percent standard deviation of the extrudate swell

ratio is defined as,

\30/0 = %\73 X VOO

3

again, with Sé—defined as
VS
_— .
SE'—g———'—‘ é,(_@{,"\?)}
Y™ -~ [ Y

with B being the mean value of four separate measurements

of the swell ratio at a particular wall shear rate.



‘D

Standard deviations for extrudate swell data.

1907 210°C
¥, s Ba % ¥, s Ba_%
5.78 0.48 S.78 Q.35
11.85 1.00 11.55, .88
28.88 G.95 29.40 1.11
63.93 23 63.4 1.35
135.98 1.328 174.91 1.20
372.8 1.85 3595.7 1.97

225°C 240 C
¥a 57"  Ba % X, s By %
5.71 Q.86 S.67 .86
11.= 1.03 11.34 o.746
28.6 1.09 28.35 1.34
&Z.0 1.20 &H2.87 0.97
132.3 1.17 170.2 1.35
>48.1 1.49 F44.5 4.67
748.2 S hb 748.0 S o4



Standard deviations for extrudate swell data.

Resin 31

190°c 210°C
L\ B % Y. s By 2%
S.51 1.5%9 ’ 5.49 1.73
11.55 1.87 11.34 0. 69
30,865 1.9% 29.27 1.23
a5.463 1.324 63.26 1.45
132.41 .85 134.4 4.28
3460.9 .88
240°C
¥, s B, %
S5.80 1.25
11.60 1.75
29.01 2. 35
3. 30 2.89
2. 1.4&8
344.5 2.99
753. 4 7.85



Standard deviations for extrudate swell data.

170_C 210 C
B, s Ba_% ¥, g By %
5.05 1.23 5.62 1.40
12.1 1.85 11.24 0.49
30.25 1.63 30.00 1.30
b6.20 2.56 63.50 1.96
138.6 3.68
240°C Resin_ 32, 190°C
% 1 S_ ! By % X .:.._§:' B, %
5.80 1.89 5.78 2.45
11.60 2.45 14.44 2.15
29.0 2.78 36.10 3.15
62.7 3.97 72.2 3.85
131.8 2.19
3I51.0 2.43
755.0 4.89





