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surfaces of flow channels inhibit the investigation of elongational flow behavior. Also, a
steady and controlled elongational flow field is difficult to generate (Collier et al., 1998).
Nevertheless, valuable results have been reported from various groups, especially for
extensional flow of polyolefins.

Low-density and linear low-density polyethylene (LDPE and LLDPE) were
characterized by the degree of strain hardening during elongation (Bailey et al., 1994). A
molten monofilament was drawn and stretched non-isothermally with the aid of a small
single screw extruder. The method would allow comparison to typical processing
applications such as tubular film blowing by measuring the resistance to elongational flow
as a function of apparent elongational strain rates. Said resistance presented as line tension
was found to decrease with increasing melt temperature regardless of polymer type. LDPE
resins exhibited line tensions much higher than LLDPE resins which was found to be due
to the branching distribution and slower rate of crystallization of LDPE. Another group
(Miilier et al., 1994) investigated the shear and elongational behavior of LLDPE and LDPE
blends by capillary rheometry. The blend formulation was chosen with the intention to
combine the ease of processing LDPE with the desirable mechanical properties of LLDPE.
Results showed that the blends’ rheological behavior was dependent upon changes in the
molecular weight of LDPE. High molecular weight LDPE blends produced shear viscosities
about equal to the LDPE homopolymer for concentrations of LLDPE up to 25%. Low
molecular weight LDPE blends exhibited the same shear behavior, but the apparent
extensional viscosity of the blend was found to be somewhat higher than that of the LDPE

homopolymer.
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Martyn and Coates (Martyn et al.) in the UK performed an image analysis of
polypropylene (PP) melt fiber stretching. The fibers were extruded by a capillary rheometer
and drawn at constant speeds from a computer controlled take up device. The total strain
rate and tensile stress were calculated based on the imaged diameter profile of the drawn
fiber and load measurements. The draw down characteristics of the melt were found to
depend upon the weight average molecular weight. The melt’s extensional viscosity
decreased with increasing strain rate. Shear and elongational flow properties of PP melts
were also investigated by Hingmann and Marczinke of BASF in Germany (Hingmann et al.,
1994). Polypropylene melts were subjected to oscillatory shear, capillary rheometry, and
uniaxial elongation at constant tensile stress and strain rate. At low stresses linear PP melts
produced a threefold elongational viscosity to shear viscosity. With increasing stress both
shear and elongational viscosity decreased. Polypropylene melts, intentionally modified to
have long chain branches, exhibited a peak in the steady state elongational viscosity.

An isothermal melt spinning experiment of LDPE was performed by Wagner
(Wagner, 1998). The investigator concluded that the analysis of extensional flow in polymer
processing is complicated by the complex rheological prehistory of the melt in the extrusion
die, the length of the spin line, and the fact that extension is performed under controlled
force/pressure rather than controlled kinematics.

The response of flexible polymers to a sudden elongational flow was investigated
by Smith and Chu (Smith et al., 1998). The authors subjected individual polymers at thermal
equilibrium to a sudden elongational flow at a high strain rate and recorded the dynamics

with video fluorescence microscopy. The rate of stretching of individual molecules was
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found to be highly variable and depended on the molecular conformation that developed
during stretching. The variability was thought of being caused by the dynamics on the
initial, random equilibrium conformation of the polymer coil.

Findings on elongational flow-induced crystallization under the super cooled state
were reported in a series of papers by Okamoto, Kubo, and Kotaka. Polyethylene
terephthalate (PET) was investigated with the aid of elongational flow opto-rheometry and
temperature-modulated differential scanning calorimetry in the temperature range from 100
to 130°C (Okamoto et al., [998). Below 110°C spherulite growth was negligible and the
effect of crystallization on the up-rising in elongational viscosity as a function of time
determined at different strain rates was found to be small for a constant characteristic
Hencky strain of 1. Between 120 and 130°C spherulites were formed during the early stages
of elongational deformation and contributed significantly to the elongational viscosity as
the strain rate increased. Eventually, the spherulites would be deformed or broken down to
form oriented crystallites. In a similar effort, polyethylene naphthalate (PEN) was also
investigated (Okamoto et al., 1998). It was found that flow induced orientation development
was governed by the dimensionless strain rate defined as the ratio of strain rate to the
spherulite growth rate under the quiescent state. Either oriented crystallite formation or
spherulite growth dominated the elongational behavior, depending on the dimensionless
strain rate being above or below a critical Hencky strain of 2.65, respectively.

Many other groups reported equally important and relevant findings such as
elongational properties of polymer melts by gravity spinning (Patel et al., 1989), flow

visualization for extensional viscosity assessment (Nakason et al.), spinline measurements
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for elongational material characterization (Ramanan et al., 1996), influence of elastic
properties on drop deformation in elongational flow (Mighri et al., 1997), extensional
rheometry of polymer multilayers (Levitt et al., 1997), elongational viscosities of random
and block copolymer melts (Takahashi et al., 1998), uniaxial elongational flow of particle-
filled polymer melts (Greener et al., 1998), polymer stretching in an elongational flow
(Neumann, 1999), uniaxial extensional characterization of a shear thinning fluid using
axisymmetric flow birefringence (Burghardt etal., 1999), and necking phenomenon in high-
speed fiber spinning based on flow induced crystallization (Kulkarni et al., 1998) to mention
the most recent publications.

The above summarized results indicate that the assessment of elongational melt flow
is strongly influenced by molecular parameters such as molecular weight and branching, and
that extensional measurements are prone to depend on experimental conditions due to the
non-uniform extensional history of the polymer and the non existence of an equilibrium
strain. Such inherent aspects of extensional melt flow have previously lead this group
(Collieretal., 1998) to derive a unique model in combination with appropriate experimental
conditions to address and overcome said difficulties in characterizing an elongational melt
profile. The relevant details will be presented in a later chapter.

2.4 Polyolefins: Classification and Characteristics

A large variety of polyolefins are commercially available on the market. In this study

only polyethylenes were investigated which are the most widely produced polyolefins. In

the future polypropylene will be included in the investigation of elongational melt flow as
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well, because it is an equally important member of the polyolefin family. For this reason,
polypropylene will also be introduced and classified in this chapter.
2.4.1 Polyethylene (PE)

Polyethylenes are synthesized in greater amounts than any other thermoplastic on
the market. Manufactured by addition polymerization, their basic structure is the n-repeated
cthylene monomer -(CH,-CH,)n-. Commonly available PEs are classified according to
density ranges, molecular weight, or structure, and are therefore unique with respect to
processing and melt behavior and applications: low density polyethylene (LDPE) 0.915-
0.935 g/cm?, high density polyethylene (HDPE) 0.941-0.967 g/cm?, linear low density
polyethylene (LLDPE) 0.910-0.925 g/cm’, very low density polyethylene (VLDPE) 0.880-
0.912 g/cm’, high molecular weight polyethylene (HMWPE) 200,000-500,000, ultrahigh
molecular weight polyethylene (UHMWPE) 3,000,000, crosslinked PE, chlorosulfonated
PE, copolymer PE (Feldman et al., 1996).

The ethylene monomer along with other olefins is derived from petroleum and
natural gas. Petroleum is first separated into broad fractions by distillation, and the fractions
are then thermally cracked (pyrolysis). By subsequent fractional distillation individual
products are separated. In the case of natural gas, the methane and C,-C; hydrocarbons are
converted by thermal cracking to olefins which are subsequently cleansed of impurities.
Commercial production of PE dates back to 1939 at Imperial Chemical Industries Ltd., UK.
Other manufacturers followed soon with the Ziegler catalyst polymerized process of
Hoechst AG in Germany; Phillips Petroleum Co. in 1957 and Standard Qil Co. in 1961 in

the U.S., and the low pressure polymerization process of Union Carbide in 1968 to produce
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HDPE in the gas phase without solvents (Feldman et al., 1996). In recent years research has
been especially devoted to improve existing or derive new catalysts (super high activity
Ziegler catalysts, metallocene catalysts) allowing for superior control over the product’s
molecular weight, polydispersity (MWD), and branching characteristics, as well as
copolymer production.

Typical product applications for PEs are electrical insulation, package film, domestic
goods (bottles, containers, etc.) and toys, just to mention a few. Applications depend on the
polymer’s characteristics which in turn depend on properties such as melt index (MI),
molecular weight (MW), polydispersity (MWD) and degree of branching (Feldman et al.,
1996).
2.4.1.1 Synthesis of Polyethylenes

Low density polyethylenes are commonly synthesized by free radical addition
polymerization at high temperatures and very high pressures. The free radical initiator is
typically benzoyl peroxide or oxygen. Since the growing polymer radical chains have only
a limited life span to interact and react with a new monomer, the latter’s concentration needs
to be sufficiently high to prevent premature chain termination and allow for high MW
polymer yields. This requires process pressures in the range of 150-350 MPa and
temperatures of 80-300°C (Feldman et al., 1996). Given these conditions and the highly
exothermic nature of the reaction, adequate temperature control is required. At temperatures
that are too high ethylene may decompose into methane, hydrogen and carbon, raising the
gas phase pressure to an explosive level. Moreover, efficient temperature control must

prevent a runaway reaction. These safety considerations are accomplished by carrying out
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the polymerization in reactors with high cooling surface to volume ratios, inert diluents
(benzene or water) to remove excess heat, and by injecting the initiator at different locations
into the reactor to prevent local concentration build-up. The reaction is carried out in long
tubular reactors or stirred autoclave reactors.

High density polyethylenes are produced in catalytic processes at fairly low
pressures. The choice and nature of catalyst is important with regard to achieving the desired
product properties. In the Ziegler process the catalyst forms a coordination complex with
the monomer, which controls the approach of the monomer to the growing chain. The
catalyst complex consists of a group IV-VIII transition metal (catalyst) and a group I-III
organometallic compound (cocatalyst). The choice of the catalyst complex constituents will
determine the efficiency of the polymerization and the properties of the product. During the
reaction each catalyst site initiates one growing polymer particle. The catalyst particle
eventually disintegrates and disperses throughout the polymer particle.

In the Phillips process the catalyst consists of a transition metal compound
(chromium oxides) on silica or silica-aluminum support. The reaction is carried out in
solution or slurry where the temperature controls the MW of the product. The solution
process is carried out at 130-160°C in a liquid hydrocarbon such as cyclohexane. Since the
solution temperature is above the melting point of the polymer, the product dissolves and
the solution acts as a heat transfer agent. In the slurry process the temperatures are 90-
100°C, hence solubility of the PE is very low. The pressures in these processes range from

1.4-3.5 MPa (Feldman et al., 1996).
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2.4.1.2 Properties of Polyethylenes
Macromolecular uniqueness of polyethylenes is mostly due to degree and type of
branching, MW, and polydispersity as mentioned previously. Branching is affected by
processing parameters such as temperature, pressure, selection of catalyst, and transfer
agent. A polymer’s density is an indirect measure of its degree of branching, since branching
prevents the molecular strands from an orderly and close-packed arrangement. Therefore,
branching diminishes the polymer’s ability to crystallize. The lower the density the higher
the degree of branching. Densities of PEs can be as high as 0.98 g/cm? for rigorously linear
chains. LDPE has a degree of crystallinity of 55-70% as opposed to HDPE with 75-90%
(Feldman et al., 1996 ). PEs have crystalline melt temperatures between 108-132°C varying
with degree of crystallinity. With increasing degree of crystallinity also stiffness, hardness,
tear strength, yield point, and Young’s tensile modulus increase. PEs do not dissolve readily
in solvents due to their crystalline, non-polar nature. Dissolution takes place upon heating
in solvents with similar solubility parameters. Type of branching influences different
polymer characteristics. Short branches affect predominantly crystallinity and density, long
branches affect polydispersity. Side chains can be as long as the main chain. The higher the
MW, generally the wider the distribution (weight- to number-average MW). Distributions
vary from 1.9 to 100. HDPEs have distributions from 4-15 (Feldman et al., 1996). Narrow
molecular weight distributions increase impact strength, tensile strength, toughness and
softening point of the polymer.
Long chain branches also affect melt flow characteristics. Long branched molecules

entangle less than unbranched molecules with other molecules causing lower melt and
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solution viscosities. Figure 2.2 illustrates branching characteristics of polyethylenes. Melt
properties are also influenced by the weight average MW. With increasing MW tensile
strength, tear resistance, low temperature toughness, impact strength and softening point
increase. For processing reasons the MW is related to the melt flow index (MI) defined as
the mass of polymer in grams extruded under a standard load of 2.16 kg at 190°C in a period
of 10 minutes through a 2.095 mm diameter, 8 mm long capillary according to ASTM

D1238 (Progelhof et al., 1993). Generally, the higher the MI the lower the MW.

b ‘?

LiDPE ——= ~ = &

Figure 2.2: Branching Characteristics of Polyethylenes

2.4.1.3 Applications

Due to their unique properties, easy processability and low cost, PEs span a wide
range of application possibilities. They are suitable for electrical insulation purposes such
as wire coating for undersea cables, and are widely used in the manufacturing of film for
packaging (bags, food wrapping, etc.). HDPE is used for toys, electrical fittings, seals,
containers, cases, housewares and especially for blow molding applications of milk and
water containers. Squeeze bottles are made of LDPE. PEs have also been used for water,

gas, and agricultural piping.
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2.4.2 Polypropylene (PP)

Polypropylene is one of the fastest growing commodity polymers in the plastics
industry. It ranks third in production volume after PE and polyvinyl chloride (PVC)
(Feldman et al., 1996). PP is manufactured by stereospecific addition polymerization of the
propylene monomer. The monomer is derived from cracking and subsequent fractional
distillation of petroleum or natural gas. Commercial production of the polymer was possible
due to the discovery of a heterogeneous stereospecific Ziegler catalyst and began in 1957
at Montecatini, Italy, Hercules, U.S.A., and Hoechst AG, Germany. The three stereospecific
forms of PP are isotactic with methyl groups located at the same side of the chain,
syndiotactic with methyl groups located on alternating sides, and atactic (also called
heterotactic) with methyl groups located randomly along the carbon backbone (Figure 2.3).
Isotactic and syndiotactic PP are crystalline, atactic PP is amorphous. PP is produced in
various grades as homopolymer, copolymer, and blends.
2.4.2.1 Synthesis of Polypropylene

The synthesis of PP depends mostly on the employed Ziegler catalyst in that
composition, shape and size of the catalyst determine the polymer’s properties. A well
chosen and manufactured catalyst will provide high product yields and adequate control
over MW. There are three Ziegler based processes, namely the slurry process, the solution
process, and the gas phase process.

The slurry process is carried out in a stirred batch or continuous loop reactor. The

catalyst, monomer and slurry base (C,-C4 paraffin) are fed separately into the reactor. The
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Figure 2.3: Stereoisomeric Structures of Polypropylene
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reactor operates at 50-80°C and 0.5-3.0 MPa (Feldman et al., 1996). Isotactic polymer grows
around the catalyst sites and is insoluble in the diluent forming a slurry. Some atactic
amorphous polymer develops along and dissolves in the diluent. When the slurry is 30-60%
rich in solids the reaction mixture is pumped into a flash unit to separate out and recycle any
unreacted monomer. The catalyst is solvated and deactivated by the addition of acidified
alcohol. The slurry is centrifuged to claim the crystalline isotactic polymer. The diluent
portion contains the atactic polymer. Subsequent purification yields isotactic and atactic PP.
Modern improved catalyst performance yields at least 40 kg polymer per gram catalyst.

The solution process is more expensive and used only for special-property PP grades
having higher impact strength and lower brittleness temperatures. Reaction temperatures
range from 160-250°C at pressures from 2.7-8.0 MPa allowing the polymer to dissolve in
the liquid monomer.

In the gas phase process high rates of recycled monomer stabilize fluidization. The
reactor consists of two parts, the polymerization zone at the bottom where the engagement
and reaction with the catalyst occur and the disengagement zone where the unreacted
monomer separates from the solid particles. The product particles collect at the bottom of
the reactor and are continuously withdrawn, the unreacted monomer is recycled.
Metallocene catalysts are capable of controlling stereoregularity in the propylene chain due
to the steric design of the n-ligands which are associated to the metal atom by ®-bonds.
Four types can be synthesized: isotactic, syndiotactic, atactic, and hemiisotactic. In
hemiisotactic PP every other methyl group is on the same side of the chain, the remaining

methyl positions are at random.
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2.4.2.2 Properties of Polypropylene

The crystallinity of PP depends on its stereoregularity. The microstructure of
isotactic PP consists of right- and left-hand helices where the methyl groups are located at
the outside of the helix. This allows for a close-packed arrangements of molecular strands
and therefore regions of crystallinity. PP grades which are predominantly isotactic may also
contain atactic and syndiotactic blocks. The degree of crystallinity depends on the relative
amount of the isotactic conformer. In order to obtain high crystallinity PP nucleation agents
(organic acids or metal salts) are added to the polymerization process in small amounts to
stimulate the growth of smaller and more numerous polymer crystals. The resulting product
exhibits tougher bulk properties with regard to stiffness, softening point, tensile strength and
hardness.

The melt temperature of isotactic PP is 176°C, its glass transition temperature, Tg,
is 0°C, the density is 0.903 g/cm® (Feldman et al., 1996). Below Tg the polymer becomes
brittle. Because of the non-polar nature of PP it has an insulating character similar to PE.
PP is insoluble at room temperature and dissolves in hydrocarbons and chiorinated
hydrocarbons at 80°C. It is very resistant towards most chemicals and solvents.

The MI of PP can vary from 0.3 to well over 1000 g/10min. The weight-average
MW of PP ranges from 220,000-700,000 and the polydispersity can be between 5.6 and 11.9
(Feldman et al., 1996). MW and MWD depend on process factors such as temperature,
pressure, concentration of monomer, presence of transfer agents, and of course the

composition of the catalyst.
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Speciality PP grades have been manufactured by incorporating other materials into
the polymer’s structural matrix to achieve certain desired properties. Tensile strength and
rigidity can be considerably improved by adding glass fiber. Rubbers are employed as fillers
to improve impact strength. Foaming agents improve the ratio of stiffness to weight.
2.4.2.3 Applications

PP and its copolymer derivatives are especially used in the production of fibers by
extrusion. Resistance towards wear and low cost production provide a multitude of
applications in woven and non-woven carpeting, clothing, drapes, tea bags, wall coverings,
furniture and automotive upholstery, ropes and netting. Other applications include wire
coating, piping, sheet and film for packaging. Injection molded products include toys,
laboratory and medical supplies, housewares, appliances, luggage, automotive battery
housing, pump housing, dishwasher parts, refrigerator and freezer parts. Atactic PP which
has a consistency between that of wax and rubber has been found to be compatible with
mineral fillers and bitumens. It is therefore used for roofing materials, as asphalt additive,
for sealing and adhesive compounds, and for paper lamination.

2.4.3 Metallocene Catalysis

Metallocene based processes have gained much attention in recent years for that
metallocene catalyst systems are extremely efficient and allow for superior control of
product quality. Degree of branching , stereoregularity and uniform chain length are well
predictable and the catalyst renders precise control over comonomer incorporation. One
gram of catalyst can produce product yields in excess of one ton per hour (Feldman et al.,

1996). Many comprehensive reviews and publications on metallocene catalyst systems have
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been made available to the scientific community (Benedikt et al., 1998; Benedikt et al.,
1999).

The metallocene complex has the basic structure L,MX,, where M is a group [V
transition metal (titanium, chromium, zirconium, hafnium), X is a halogen, an alkyl, phenyl,
or benzyl group, and L is a ligand to the transition metal through its ®-bonds such as
cyclopentadienyl, indenyl, or fluorenyl (Figure 2.4). The ligands can be unsubstituted or

include substituents attached to their ring structure. In some cases the ligands may be linked

@@

Cyclopentadienyl  Indenyl Fluorenyl

Figure 2.4: Structures of Typical Metallocene Ligands
by an ethylene or isopropylene bridge. There are two types of metallocene complexes in use,
bicomponent systems and single component systems. The bicomponent system contains an
alumoxane compound as the cocatalyst. The function of the alumoxane is to produce and
stabilize active metallocene cations. During the polymerization process, the monomer
approaches the highly electrophilic cationic complex such that the unsaturated ®-electrons
coordinate with the positively charged metal complex. A four-center transition state follows
in which the monomer is incorporated through a metal-carbon bond. Through the migration
of the polymer chain a vacant catalyst site is regenerated at the location originally occupied

by the polymer chain (Feldman et al., 1996):
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where P = polymer, x = vacant site, and M = group IV transition metal. The termination of
the polymer chain occurs through chain transfer to aluminum, to monomer, or to hydrogen
eliminations.

Proper design of the catalyst complex is necessary to assure metallocenes of desired
productivity rate and ability to control MW and MWD. Factors such as the composition of
the cocatalyst, the ratio of catalyst to cocatalyst, and unique operating temperature for each
metallocene system influence the productivity, MW and the kinetic profile of the
polymerization process.

Single-component metallocene systems are ionic complexes of form
[Cp,MR][B(C¢Fs)s]- Polymerization of olefins occurs without the aid of alumoxane
cocatalyst. The active part is the cationic constituent which is stabilized by the anionic
counterpart. For the synthesis of PE the MW, MWD and yield depend on the nature of the
ligands, metal and counterion in the ionic complex and on the polarity and temperature of

the solvent.
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CHAPTER 3: EQUIPMENT AND MATERIAL SPECIFICATIONS

Melt flow behavior of selected polyethylenes having unique molecular
characteristics was investigated by the aid of a capillary rheometer. The instrument provides
data for shear viscosities at varying strain rates when using straight capillary dies and when
properly altered enables determination of elongational viscosities based on recorded
equilibrium melt pressures. A separate conventional shear rheometer with rotational and
oscillatory shearing functions was used to broaden the rheological investigation and to fully
characterize the melt behavior of said polymer samples at processing temperatures.

The acquisition of the polymeric materials required a careful selection of class
representative, uniquely defined polymer grades to meet the research objectives. All samples
are commercially manufactured. All results presented in this work relate to LDPE and
HDPE grades.

3.1 The Advanced Capillary Extrusion Rheometer (ACER)

The ACER is a state-of-the-art pilot scale capillary rheometer made by Rheometric
Scientific® Inc. The existing instrument has been software-upgraded for advanced fully
automatic control at precise strain rate operation. The ACER deforms a sample by forcing
it through a capillary channel and calculates an apparent viscosity. The flow of the melt is
accomplished by a ram which moves at constant velocity through a precisely-bored
cylindrical barrel of known diameter as illustrated in Figure 3.1. From the barrel the melt
enters the die with known length and diameter. A pressure transducer located just above the

entrance of the die measures the melt pressure and translates the analog deflection of the
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Figure 3.1: The Advanced Capillary Extrusion Rheometer (ACER) Fitted with a
Hencky 6 Semi-Hyperbolic Die
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transducer’s membrane into an electronic signal. The transducer communicates the
measured signals to the computer. A measurement at a set strain rate comes to completion
when the pressure has reached an equilibrium plateau. The pressure values are continuously
plotted against time and are updated and displayed every 10 seconds on the terminal screen.

The barrel can be heated by three independent electrical band heaters located around
the outside of the cylindrical barrel. Each heater is fitted with a thermocouple to measure
and report temperature. The instrument is capable of performing Bagley and Cogswell
entrance corrections.
3.2 The Rotational Shear Rheometer

Rotational and oscillatory shear measurements were obtained using a Bohlin VOR
Rheometer made by Bohlin Instruments, Inc.. The apparatus is capable of performing said
rheological measurements at controlled temperature via an attached heating unit. In the
viscometry mode a steady rotational speed is applied. The rotational motion is obtained by
a DC motor drive with the clutch disengaged (Figure 3.2). Shearing rates are software
coatrolled. The DC drive’s electronics are equipped with a brake function enabling rapid
velocity decrease or stop. During shearing the sample’s response to deformation is
transmitted through the plate’s shaft to a torsion bar suspended in an air bearing. The torsion
of the bar causes a lever arm to deflect. The deflection of the torsion arm is translated into
an electronic signal and fed to the computer for calculations. In the oscillation mode the
angular deflection of the stage holding the plate assembly is brought about by a position
servo actuator with the clutch engaged. Shear viscosities are measured and displayed on the

screen as a function of set frequencies. Storage and loss modulus are also displayed.
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