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Abstract

Alternative methods to control the molecular weight and short chain branching
distribution of polyethylene were investigated. The ability to produce polyolefins with
multimodal microstructural distributions using single catalyst/single reactor set-up is very
attractive and could, in principle, be used to produce polyolefin resins with advanced molecular
architecture. In this thesis, resins with controlled microstructures were produced, characterized
and properties tested in order to develop a better understanding of polymerization structure-
property rel ationships.

Copolymerizations of ethylene and 1-hexene were carried out with an in-situ supported
metallocene catalyst. Copolymers were produced with different alkylaluminum activators and
the effect on molecular weight and short chain branching distributions was examined. It was
found that different activator types produce polymer with unimodal and narrow molecular weight
distributions but with very different short chain branching distributions. Each activator exhibits
unique comonomer incorporation characteristics to produce bimodal short chain branching
distributions with the use of a single activator. By using individual and mixed activator systems,
it is possible to control the short chain branching distributions of the resulting copolymers while
maintaining narrow molecular weight distributions.

To further investigate the capabilities of this in-situ supported catalyst system, an
experimental design was carried out to study the effect of polymerization conditions on the
catalyst activity and microstructure of poly(ethylene-co-1-octene). The parameters investigated
were: polymerization temperature, monomer pressure, chain transfer to hydrogen,
comonomer/ethylene feed ratio and concentration of akylaluminum. The effect of each

parameter on the catalyst activity, comonomer incorporation and molecular weight distribution



was investigated. The results obtained were not typical of a conventional single-site catalyst.
The copolymerization system was sensitive to all of the parameters and many interactions were
evident. The most prominent effect was the catalyst response to temperature. As the
temperature was decreased, the short chain branching distributions of the copolymers became
broad and bimodal. Overal, it was found that a wide range of microstructures could be
produced, ranging from copolymers with low and high 1-octene content with unimodal to broad
short chain branching distributions, and from low to high molecular weight with narrow to broad
molecular weight distributions.

To examine the effect of these broad short chain branching distributions on the polymer
properties, a series of poly(ethylene-co-1-hexene) resins with very distinct, and in some cases
bimodal crystaline distributions, were synthesized. The attractive feature of the resins in this
study is that their molecular weight distributions are similar but each possesses a different short
chain branching distribution, thus effectively minimizing the effect of molecular weight on the
properties investigated. It was found that the tensile properties of a copolymer could be
controlled by the ratio of the crystalline species present in the sample. In this study, a balance of
stiffness and toughness was exhibited by a copolymer containing a large proportion of crystalline
material and a small fraction of material of lower crystallinity.

A series of poly(ethylene-co-1-octene) resins with tailored molecular weight and short
chain branching distributions were synthesized with a heterogeneous metallocene catalyst in a
two-stage polymerization process. Blends of high molecular weight copolymer and low
molecular weight homopolymer and reverse blends of low molecular weight copolymer and high
molecular weight homopolymer were produced. The physical properties of these resins were

tested for their dynamic mechanical (tensile) and rheological properties. Increasing the



copolymer content in the blend resulted in a decrease in stiffness. However, the energy
dampening properties of these blends benefit from the presence of the copolymer. It was aso
confirmed that the melt flow properties of polymers mostly depend on their molecular weight
distribution. Regardless of the comonomer content, the melt viscosities decreased with the

addition of low molecular weight polymer.
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Chapter 1 — Introduction and Background 2

1.0 Introduction and Background

1.1 Polyolefins

Polyolefins are the most widely produced plastics in the world and are found in numerous
applications.  Polyolefins are considered ‘commodity polymers consisting mostly of
polyethylene (PE) and polypropylene (PP) and their copolymers with apha olefins such as 1-
butene, 1-hexene and 1-octene. Microstructural properties such as molecular weight distribution
(MWD), branching structure and stereoregularity determine the applications of polyolefins
(Manders, 1995). In turn, the polymer microstructure controls the end-use applications. The
choice of polymer depends on the desired properties such as its stiffness, toughness, stress-crack

resistance, optical clarity etc. and the polymer processing operation to be used.

1.2 Typesof Polyethylene (Elverset al., 1992)

The most common polyolefin is polyethylene. PE has the basic structure of
—(CH2CHa}a—  which consists of along chain of repeated ethylene units. Even though PE has
this simple structure, there are several families of PE with different branching structures. Since
polyethylene is a partially crystalline solid, different branching structures affect the crystallinity
and density. Commercialy, PE is generally classified as high density polyethylene (HDPE), low
density polyethylene (LDPE), linear low density polyethylene (LLDPE) and very low density
polyethylene (VLDPE). If the polymer backbone is linear and contains no or few short chain
branches (as shown in Figure 1.1a), the term HDPE is used. HDPE is a white opague solid that
isrigid and forms films that are crispy to the touch. This polymer is highly crystalline (70-80%)

and has a melting point of up to 135 °C. As a measure of crystalinity, density is often used
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having a value between 0.96-0.97 g/cm® for HDPE. To reduce crystallinity, alkyl substituents
such as a-olefins (1-butene, 1-hexene, 1-octene, etc.) are introduced as comonomers during the
polymerization to incorporate short chain branches (SCB) aong the backbone. These akyl
SCBs are concentrated in the amorphous regions of the copolymer where they are mobile and
their effect is to reduce stiffness. This PE is called LLDPE and is shown in Figure 1.1b. LLDPE
has branching of amost uniform length to form random copolymers and sometimes “blocky”
copolymers. However, the highest concentration of branches is generally found on the shorter
chains. Thistype of PE has a crystallinity of around 40-50% and has a lower melting point of
105-115°C. Depending on the density and comonomer content, these copolymers can be linear
low density/medium density PE (0.915 — 0.94 g/cm®) or very low density PE (VLDPE, = 0.88-
0.912 g/cm?). LLDPE forms translucent films that are fairly flexible and used for packaging with
good mechanical properties. A somewhat different type of PE is LDPE, which differs from the

others because of its highly branched structure (see Figure 1.1c).

(8) HDPE W

(b) LLDPE

c) LDPE

Figure 1.1 — Structures of polyethylene
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This type of polymer microstructure is a product of many side reactions during a high
temperature and high pressure free radical process. As shown, many SCBs are present as well as
long chain branches (LCB) that can be of the same length as the polymer backbone. The density
of LDPE is between 0.915 and 0.935 g/cm®. LDPE finds wide use in wire and cable applications
and in the film/packaging industry but it is slowly being replaced by LLDPE resins. However,
LDPE is still widely favoured for its good processability and high melt strength due to the
entanglement of the branches (Goyal, 1994). Given the importance of these entanglements, a
recent trend has been to include controlled amounts of LCB into linear polyolefin resins with the

use of single-site catalysts (Schwank, 1993; Chum et al., 1995).

1.3 Importance of MWD and Comonomer Distribution on Physical Properties

The molecular weight distribution of a polymer is a very important factor in determining
its mechanical properties and processing behaviour. The mechanical properties of a polymer in
the solid-state such as its stiffness, toughness, impact strength and stress-crack resistance depend
upon its crystalline structure. Upon cooling a polymer from the melt-state, the disentangled
chains will crystallize to form crystal lamellae. The thickness and shape of these lamellae are
determined by the ability of the polymer chains to pack together. The degree of crystallinity and
melting point of the polymer depends on the length of the chains and the presence of any side
branches. Figure 1.2 shows the possible arrangements of the crystal lamellae at different
density levels. The stiffness of the polymer depends on its degree of crystallinity. The degree of
crystallinity and stiffness decreases with increasing the molecular weight of the chains (Nunes et
a., 1982). However, toughness and long-term creep properties such environmental stress crack

resistance are highly influenced by the entanglement of the longer chains to increase ‘tie
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molecule’ concentration and better link the polymer crystallites (Lustiger and Markham, 1983).
Figure 1.3 shows the tensile deformation of polymer lamellae. Chain entanglements and tie
molecules are located in the amorphous region and are sandwiched between the crystal lamellae.
It is generadly found that the mechanical properties of a polymer deteriorate with
broadening MWD. Polymers with narrower MWD crystallize more uniformly and exhibit better
physical properties such as increased dimensional stability, higher impact resistance, greater
toughness at low temperatures and higher resistance to environmenta stress cracking (Zucchini
and Cecchin, 1983). However, broadening of the MWD enhances the polymer processability. In
an extrusion process, resins with broader MWDs exhibit lower viscosities at processing shear
rates. Depending on the processing method used such as injection molding, blow molding,
extrusion, etc., there is a processability trade-off with regards to the achievable physical
properties. This is one of the mgjor reasons why the plastics market contains so many different

grades of each polymer, even though the chemical composition may be identical (Rudin, 1982).
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Figure 1.2 — Crystal Structures of Polyethylene (Bensason et al., 1996)
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Figure 1.3 —Initial deformation of Polyethylene (Browstow and Corneliussen, 1986)
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One method of tailoring the property-processing relationship is to control the shape of the
MWD. For many industrial resins, especially for pipe grade PEs, the MWDs are very broad and
sometimes bimodal (Figure 1.4b). Bimodal resins have a high molecular weight component to
impart strength and toughness and alow molecular weight component to facilitate extrusion
(Avelaet al., 1998; Berthold et a., 1996; Scheirset al., 1996).

The comonomer distribution is also an important property that can be tailored for the
desired application.  For Zielger-Natta LLDPE, it is generally found that the comonomer
distribution is broad and uneven. A greater concentration of comonomer is found on the shorter
chains. Single-site LLDPE has a narrow and more uniform distribution of comonomer. Figure
1.4a shows examples of these two types of comonomer distributions. A recent trend is to
produce resins with ‘reverse comonomer distributions’ in which the comonomer is placed on the
high molecular weight chains. For bimodal PEs made in a series reactor, the addition of high
molecular weight copolymer increases the number of entanglements and enhances its toughness
and stress crack resistance (Avela et al., 1998; Berthold et al., 1996; Scheirs et al., 1996). Dow
has also recently introduced resins with unimodal MWDs with reverse comonomer distributions

produced with their Insite” catalysts (Matsushita et al., 1998).

(a) (b)

S
- z
S g
i 5
> 2
= g

Q

o)

Low High Low High
Molecular Weight

Figure 1.4 — Typical molecular weight and comonomer distributions of PE (Scheirset al., 1996)
(@) Conventional Ziegler-Natta PE made in a single reactor
(b) Bimodal Ziegler-Natta PE made in a series of reactors
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1.4 Catalyst Selection

Metallocene catalysts are very versatile tools in tailoring the properties of polyolefins.
By dtering the catalyst structure, control over molecular weight, short chain branching and
stereoregularity is possible. Metallocenes are considered single-site catalysts and produce
polyolefins with narrow MWDs and narrow SCBDs. As a result, many new industrial resins
with improved properties are now available. There are two main aspects that affect the
polymerization behaviour of these catalysts. Firstly, the properties depend on the catalyst type.
Catalysts with different metal centers and ligands produce polymer chains with different average
molecular weights and vary in their ability to incorporate comonomer. Secondly, catalyst
behaviour can change with the polymerization conditions, such as the catalyst and cocatalyst
concentration, polymerization temperature, monomer pressure and type and concentration of
chain transfer agents (Huang and Rempel, 1995; Reddy and Sivaram, 1995).

For these studies, two  different  metallocenes were  used, rac-
(ethylenebis(indenyl))zirconium dichloride [Et[Ind],ZrCl;] and rac-(dimethylsilylbis(methyl
benzoindenyl)) zirconium dichloride [Me;Si(2-Me-4,5 Benzind),ZrCl,]. Figure 1.5 shows that

both catalysts are bridged metallocenes, have very open structures, and faciliate the

Qo

N \ Ll Cl Me \ /. me \ III||C|
Zr"\ p S ve 7"
Cl Me 3 N cl
(A) Et[Ind]2ZrCl, (B) MeSi(2-Me-4,5 Benzind),ZrCl,

Figure 1.5 — Metallocene catalyst structures
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incorporation of comonomer. Preliminary screening studies showed that both of these catalysts
incorporate a-olefin comonomers to produce ethylene copolymers with high comonomer
content. However, the catalysts differ in their sensitivities to temperature, pressure and
hydrogen. It was found that Et[Ind],ZrCl; is fairly insensitive to monomer pressure and
hydrogen to produce polyethylenes with moderate molecular weights in the range of 30,000 —
100,000 g/mol. MeSi(2-Me-4,5 Benzind),ZrCl, was found to produce polymer with higher
molecular weight and was pressure- and hydrogen-sensitive.

For these studies, a heterogeneous catalyst was employed. A heterogeneous catalyst
system is important for the production of polymers with high bulk density for use in slurry or gas
phase processes (Gali, 1995,1999). Catalyst heterogenization involves the attachment of a
catalyst to an inorganic support such as silica or magnesium chloride through a series of
preparatory steps (Ribeiro et a., 1997; Hitaky, 2000). The advantage of supporting the catalyst is
to control the morphology of the polymer particles. The polymer particles produced replicate the
shape of the catalyst supports (replication phenomena) (Hamielec and Soares, 1996). By
manipulating the catalyst morphology, it is possible to control the polymer particle size, shape
and bulk density. This also eliminates the need for the pelletizing step during the manufacture of
the polymer.

For these studies a novel in-situ supported metallocene catalyst, which eliminates the
need for a catalyst supporting stage, was used (Chu et a., 2000). This in-situ system combines
catalyst supporting and polymerization in one-step and produces polyethylene and ethylene/a-
olefin copolymers with high activities, good polymer morphology, and minimal reactor fouling.
This in-situ system was selected because of its ease of use, high activity and ability to produce

polymer with good morphol ogy.
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1.5 Methodsto Tailor the MWD and SCBD

Using a single reactor and a single catalyst system, microstructural control of a polymer
is generally achieved by atering the polymerization conditions such as the polymerization
temperature, monomer pressure, and the addition of chain transfer agents.

It is generally found that the molecular weight of the polymer is inversely proportional to
the polymerization temperature. At elevated temperatures, the molecular weight of polymers
decreases due to an increase in transfer rates, as compared to the propagation rate. Polymer
molecular weight increases with increasing monomer pressure since the rate of propagation is
first order in monomer concentration. With the addition of a chain transfer agent such as
hydrogen, the molecular weight of polymers can be significantly reduced. The breadth of the
molecular weight distribution of polymers produced generally depends on the catalyst type.
Multiple-site-type catalysts such as heterogeneous Ziegler-Natta (TiCl4/MgCl,) produce
polymers with broad MWDs with polydispersity indices (PDI) between 4-8, while metallocenes
produce narrov: MWDs with PDIs around 2. Figure 1.6 compares the molecular weight
distribution of a Ziegler-Natta and a metallocene polymer.

The short chain branching distribution (SCBD) of polyethylene is also affected by the
polymerization conditions mentioned above, but to a lesser extent. Generaly, the level of
comonomer incorporation depends on the concentration of comonomer in the feed. The breadth
of distribution that results depends on the catalyst type. As mentioned, Ziegler-Natta catalysts
produce copolymers with broad and uneven distributions while metallocenes result in higher
incorporation (for the same comonomer concentration in the reactor) and narrower distributions.
Figure 1.7 compares the short chain branching distribution of a Ziegler-Natta and metallocene

LLDPE.
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Both the MWD and SCBD can be tailored with a series process that controls the
polymerization conditions of each stage. The structure and properties of the resin can be tailored
by controlling the polymer’s molecular weight, MWD, comonomer content and the location of
the comonomer within the MWD. An aternative method is to use a combined catalyst system
in a single reactor. A mixture of catalysts will produce polymer chains from each individual
catalyst (Soares et al., 1997; Heiland and Kaminsky, 1992). Resins with blended characteristics
can result depending on the molecular weight and comonomer content of each polymer
component. This method is attractive from an economica point of view (only one reactor is
required); however, the design and development of combined catalystsis still under way.

Ultimately, the microstructure of polyethylene depends on the choice of catalyst, the
method of polymerization, and the polymerization conditions. The microstructure of the
polymer governs the attainable physical properties and determines its end-use application and

processing operation.
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Figure 1.6 — Comparison of the MWDs of Z-N and metallocene polyolefins
(Foster and Wasser man, 1997)
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Figure 1.7 — Comparison of the SCBDs of Z-N and metallocene of LLDPE resins
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2.0 Topics Studied

The focus of this thesis has been to investigate alternative methods to control the
molecular weight and short chain branching distribution of polyethylene. Using different
polymerization methods, resins with controlled microstructures were characterized and tested to
develop structure-property relationships. The thesis is divided into a series of papers that

investigate the topics listed below:

2.1 Using alkylaluminum activator sto tailor the short chain branching
distribution of ethylene/1-hexene copolymersusing in-situ supported

metallocene catalysts

With a single catayst and single reactor, it was demonstrated that the comonomer
incorporation characteristics of a catalyst could be altered depending on the akylaluminum
activator used. The ethylene copolymers produced exhibited broad and bimodal SCBDs, while
maintaining narrow MWDs. This method was used as a simple tool to tailor the SCBDs of

ethylene copolymers (Li Pi Shan et al., 2000).

2.2 Mechanical propertiesof ethylene/1-hexene copolymerswith tailored short

chain branching distributions
Using the catalyst system mentioned above, a series of poly(ethylene-co-1-hexene) resins
with distinct SCBDs were produced. These resins were characterized and tested for their tensile

and dynamic mechanical properties (Li Pi Shan et a., 2001).
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2.3 Effect of reaction parameters on the microstructure of poly(ethylene-co-1-

octene) copolymers

An experimental design study was carried out to examine the effect of the polymerization
conditions on the resulting polymer microstructure.  Parameters investigated included
polymerization temperature, ethylene pressure, hydrogen concentration, comonomer/ethylene
feed ratio and amount of alkylaluminum. It was discovered that a wide range of microstructures

could be obtained by varying these parameters (Li Pi Shan et al., 2002).

2.4 Mechanical and rheological properties of HDPE/L L DPE reactor blends

with bimodal microstructures

Three series of polyethylene resins with bimodal microstructures were produced using a
two-step polymerization method. The polymerization conditions to produce the desired polymer
in each stage were obtained from the previous reaction parameter study. Reactor blends of
HDPE/LLDPE were produced to determine the effect of the polymer molecular weight, MWD,
comonomer content and location of the comonomer within the MWD on the physical properties.
The resins were characterized and tested for their mechanical and melt rheological properties (Li

Pi Shan et al., 2002).
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3.0 Experimental

3.1 Materials
The metallocene catalysts used in these studies were rac-(ethylenebis(indenyl))zirconium

dichloride [Et[Ind].ZrCl;] and rac-(dimethylsilylbis(methylbenzoindenyl)) zirconium dichloride
[MeSi(2-Me-4,5 Benzind),ZrCl,] obtained from Aldrich Chemical Co. and Boulder Scientific
Co. respectively. Silica supported methylaluminoxane (SMAQO, 24.4 wt% Al, purchased from
Witco) was used as a catalyst support.

Toluene was purified by refluxing over n-butyl lithium/styrene oligomers and by
distillation. n-Hexane was dried over a mixture of 3A/4A molecular sieves (purchased from
BDH) and used without further purification.

CP grade ethylene and ultra high purity nitrogen (purchased from Praxair) were purified
by passing them through molecular sieves and de-oxygenating beds. Ultra high purity hydrogen
(Praxair) was used as received. 1-Hexene and 1-octene were obtained from Aldrich Chemicals,
dried over molecular sieves and degassed with purified nitrogen. Trimethylaluminum (TMA),
triethylaluminum (TEA) and triisobutylaluminum (TIBA) were purchased from Aldrich

Chemicals and used without further purification.

3.2 Procedures
3.2.1 Equipment

Table 3.1 lists the reactors used in this study. The 300 mL reactor was used for the
exploratory investigations. The 1L reactor was used for the production of larger polymer

samples when physical property testing was required.
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Table3.1—Availablereactorsfor thisstudy

Type Manufacturer Details
300 mL Autoclave Reactor Parr Industries Equipped with mass flowmeter,
temperature controller and rotating
stirrer
1 L Autoclave Reactor Pressure Product Equipped with flow rotameter,
Industries temperature controller and rotating
stirrer

3.3.2 In-situ Supported Metallocene Polymerization Method

For these studies, a novel in-situ supported metallocene catalyst which eliminates the
need for a catalyst supporting stage, was used (Chu et a., 2000). This method was pioneered in
our laboratory to combine catalyst supporting and polymerization in one-step. This in-situ
system uses a silica support that has been impregnated with a high concentration of
methylaluminoxane (MAO, 24 wt%) and will be referred to herein as SMAO. When SMAO is
combined with a homogeneous metallocene solution followed by the addition of an aluminum
alkyl such as trimethylaluminum, olefin polymerization active species are generated.

Figure 3.1 shows one of the experimental setups used for polymerization. The air-
sensitive technique used to carry out the polymerization is outlined below:

1. Dry and evacuate the reactor at 150°C.

2. Cool the reactor to room temperature.

3. Weigh out the desired catalyst components in the nitrogen glovebox and place them into
septum-sealed vials.

4. Transfer the dried solvent (hexane) under positive N, pressure with a cannulato the
round bottom flask sealed with septa. Add 150 mL for the 300 mL reactor and 750 mL
for the 1L reactor.

5. Transfer the desired amount of alkylaluminum from a septum-sealed via to the solvent

present in the flask.

Stir the solvent with alkylaluminum for afew minutes.

Transfer approximately half of the pre-treated solvent to the reactor.

Transfer the solid SMAO to the reactor using a portion of the remaining pre-treated

solvent.

9. Transfer the catalyst present as atoluene solution using the remaining pre-treated sol vent.

0o N
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10. If comonomer is necessary, add the pre-dried comonomer to the reactor from a nitrogen-
sealed container using atransfer syringe.

11. If hydrogen is necessary, purge the hydrogen bottle to the atmosphere and then measure
the required amount using atransfer syringe. Seal al portsto the reactor except the
injection port. Inject the hydrogen into the reactor and close the remaining port.

12. Pre-heat the reactor to the desired temperature at a very low stirring speed to promote
better heat transfer.

13. Once the desired reaction temperature is reached, increase the stirring speed to the
desired level. An acceptable speed is 300 rpm.

14. Pressurize the reactor with ethylene.

15. Monitor the ethylene flowrate and polymerize for the desired reaction time.

16. Depressurize the reactor and quench the reactor medium with acidified ethanol.

17. Filter and dry the polymer.

Figure 3.1 — Experimental Setup for Polymerization
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3.3.3 Vapour-Liquid Equilibrium Estimation of a-Olefin Comonomer Concentrations

To estimate the amount of a-olefin comonomer required for the different polymerization
conditions, bubble point pressure calculations were performed based on the Chao-Seader method
and other thermodynamic correlations (Smith and Van Ness, 1975).

A Fortran 77 program was used to estimate the liquid concentrations of ethylene and 1-
hexene or 1-octene in hexane at the specified temperature and pressure. Appendix Al shows the
algorithm used. The Fortran 77 program is included in Appendix A2 for archival purposes.
Appendix A3 lists the thermodynamic property data for different monomer, comonomer and

solvent systems.

3.3 Characterization Methods
In this section the analytical methods used to characterize and test the microstructure and
physical properties of the polymers will be introduced. A detailed description of the testing

conditions used for each study isincluded in the results and discussion (Chapt. 4-7).

3.3.1 Gel Permeation Chromatography (GPC)

GPC works on the principle of size exclusion. A polymer solution is passed through a
column of cross-linked polymer (such as styrene divinylbenzene). Smaller chains can diffuse
into more pore sizes than larger chains and, consequently, smaller chains have a higher retention
time in the GPC columns. A calibration curve relating retention time to molecular weight is used
to calculate MWD (Styring and Hamielec, 1989). For polyolefins, GPC is carried out in solvents

operating at high temperatures because of the difficulty in dissolving the polymers.
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A Waters GPCV 150+ instrument equipped with a Viscotek 150R viscometer was used
with 1,2,4 trichlorobenzene (TCB) as a solvent operating at 140°C. Number average and weight
average molecular weights were calculated using conventional GPC analysis and a universal
calibration curve based on narrow polystyrene standards.

The pure error for the GPC instrument used in this study was estimated to be around 5%
for the weight average molecular weight (D’Agnillo et al., 1999). For these studies, the

molecular weight distributions were fairly reproducible and within this error range.

3.3.2 Crystallization Analysis Fractionation (CRYSTAF)

Short chain branching distributions were determined by crystalization analysis
fractionation using a CRY STAF 200 instrument (Polymer Char, Valencia, Spain). CRY STAFis
a technique similar to temperature rising elution fractionation (TREF), but with significantly
shorter analysis time (Monrabal, 1994; Monrabal, 1996). The CRY STAF method begins with the
dissolution of the polymer at high temperature (160°C) in trichlorobenzene followed by slow
cooling of the polymer solution to room temperature. During the cooling step, polymer chains
crystalize and precipitate, thus decreasing the polymer concentration in solution. The
concentration of polymer in solution is monitored by an on-line infra-red detector as a function
of crystallization temperature, generating a plot of the cumulative distribution of polymer
solution concentration. The first derivative of this cumulative distribution will give the
distribution of chain crystallinities (measured as solubility in TCB) as a function of

crystallization temperature in TCB. Refer to Figure 3.2 for an example of a CRY STAF profile.
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Figure 3.2 — Cumulative and derivative CRY STAF profilesof an LLDPE resin
A cdlibration curve can be used to relate this crystallization profile to SCB degree. The least
branched chains crystallize first, followed by increasingly branched ones.

Overadl, the reproducibility of the CRY STAF instrument was very good. From an in-

house reproducibility study, it was found that the peak positions are repeatable within £ 0.5 °C.

3.3.3 Differential Scanning Calorimetry (DSC)

DSC is atherma method that is used to measure the enthalpic changes of a sample. By
monitoring the changes in supplied energy against the temperature, the thermal transitions of a
polymer such as the glass transition and the heat of fusion or crystallization can be observed. For
a semi-crystalline polymer, the shape of the DSC curve also gives an indication to the range of
crystaline species present.  For polyethylene, the degree of crystallinity can be estimated by

comparing the measured melting enthalpy to that of a pure polyethylene crystal (Sperling, 1992).
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The AH; for a pure polyethylene crystal is estimated to be approximately 289 Jmol (Xu, 1999).
The melting transitions of polymers are very sensitive to its thermal history.  Different
crystalline structures are formed depending on the thermal treatment of the sample either by slow
annealing or quenching of the sample. To include the effect of thermal history of the sample,
DSC measurements can be obtained from the first temperature scan. A better estimate of the
inherent properties of the polymer is to erase the thermal history of the sample by melting it in

the first scan and then obtaining the thermal estimates from a second scan.

3.3.4 Fourier Transform I nfrared Spectroscopy (FTIR)

In preliminary studies, FTIR was used to estimate the comonomer content of some of the
poly(ethylene-co-1-hexene) polymers. The comonomer content was determined using a
calibration curve constructed based on the ratio of the 1380/1370 cm™ peaks from the polymer as
demonstrated in the literature (Nowlin et al., 1988). It was later verified that the estimates of the

comonomer content were similar to those determined by CRY STAF.

3.4 Physical Property Testing

3.4.1 Tensle Testing

Uniaxial tensile testing was performed to examine the deformation behaviour of the
resins. Figure 3.3 shows the typical deformation behaviour of a semi-crystaline polymer.
Initially, Hookean elastic behaviour is observed until the sample draws and permanent
deformation occurs. As the sample draws, the polymer chains orient and recrystallize to form
stronger material and eventually the sample breaks. The initial yield stress that is measured is

related to modulus of the polymer. The ultimate yield stress and elongation contribute to the
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area underneath the stress-strain curve and relates to the toughness of the polymer. The yielding
behaviour depends on the crystalline structure of the polymer (Sperling, 1992).

The tensile measurements were performed on an Instron 4465 materials tester. The error
in the measured vaues from the sample depends on preparation of the sample bar. For these
studies, difficulties were encountered in the preparation of defect-free sample bars.  From
replicate testing, the error associated with the tensile stresses at yield was 8 %, from a pooled
standard deviation based on atotal of 37 tests at a 95% confidence level. For the tensile stresses

at break and percentage elongation, the error increased to about 25%.

<4— Y% Elonaation >
L |
Ultimate Break
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* Ductlle/CoId Drawing
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Strain (%)
Figure 3.3 - Stress-Strain Deformation of Semicrystalline Polymer
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3.4.2 Dynamic Mechanical Thermal Analysis (DMTA)

DMTA is often used to determine the viscoelastic properties of a material in its solid-
state. It is well known that polymeric behaviour can be modelled by the individual contributions
of elastic and viscous components. Figure 3.4 displays the analogy of dropping a ball to show
the role of energy storage (elastic) and energy loss (viscous). A DMTA instrument measures the
response of a material to an applied oscillating force. From the measurement of the phase lag
and the sample recovery, the storage (E’) and loss modulus (E’’) can be calculated; the tan delta
istheratio of theE'” and E’ (Figure 3.5). Small tan deltas indicate a stiffer more elastic response
while large values show greater energy loss. These dynamic mechanical properties are al linked
to the relaxation behaviour of the polymer chains.

DMTA analysis should be carried out in the linear viscoelastic region of the polymer in
which the imposed deformations are reversible. The linear viscoelastic region is determined by a
strain sweep to determine the allowable range of strains. Application-specific testing can be
carried out at a desired frequency and temperature. It is well known that the properties of a
polymer are frequency and temperature dependent.  Both time (frequency) and temperature are
related; with an increase in frequency or decrease in temperature, the polymer chains appear
stiffer since their relaxation is slowed. The opposite is observed at low frequency or high
temperature since a polymer will appear more flexible, given more time to relax. Temperature
and frequency studies can reveal insight into polymer characteristics such as its solid-state
transitions, chain mobility and microstructure (Menard, 2000).

For these analyses, a Rheometrics DMTA V instrument was used. Figure 3.6 shows the
dynamic responses of a polyethylene sample tested five times. The experiments were carried out

at room temperature with a frequency range between 0.01 to 100 Hz at a strain level of 0.05 %.
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The error increases with an increase in frequency. Table 3.2 lists the associated errors at certain

frequencies for the measured values.

E'’ ~ Energy Loss

E’ ~ Elastic Response

Figure 3.4 Viscoelastic Characteristics of Polymers

Material Response Phase angle 0

Applied Stress

Figure 3.5 - Dynamic Mechanical Responses of a Polymer
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Figure 3.6 — Typical Dynamic M echanical Responses of Polyethylene
Table 3.2 — Percentage Errors Associated with Dynamic M echanical Responses of
Polyethylene
Frequency E (Pa) E’ (Pa) Tan Delta
(+ %) (+ %) (+ %)
0.1 0.65 2.13 2.34
1 0.73 2.89 2.56
10 1.99 5.28 7.19
100 2.43 21.75 23.88

"Calculated at a 95% confidence level with 5 samples.

3.4.3 Small Amplitude Oscillatory Shear Analysis

The viscoelastic characteristics of the polymers in the melt-state were measured with a
rotational rheometer operating in the oscillatory mode. The principles for the estimation of the
storage (G’) and loss modulus (G’’) from such a rheometer are similar to that of DMTA. From
these analyses, the flow behaviour of the polymers according to its complex viscosity and shear
thinning behaviour were compared. Frequency sweeps were carried out to compare the shear

rate dependence of the complex viscosities. Using the Cox-Merz conversion, complex viscosity
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versus frequency is similar to shear viscosity versus shear rate data collected by a capillary
rheometer or continuous flow measurements. The G’ and G’ aso give an indication of the
elastic and flow recovery behaviour of the material (Dealy and Wissbrun, 1990).

For these analyses, a TA Instruments AR2000 rheometer was used. Figure 3.7 shows the
dynamic responses of a high density polyethylene sample tested 3 times. The experiments were
carried out at 190°C with a frequency range was 0.1 to 100 Hz at a strain level of 2.5 %. It was
observed that the error decreases with an increase in frequency. Table 3.3 lists the associated

errors at certain frequencies for the measured values.
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Figure 3.7 — Typical Oscillatory Shear Responses of Polyethylene
Table 3.3 — Percentage Errors Associated with Oscillatory Shear Responses

Frequency n* (Pas) G (Pa) G" (Pq)
(+ %) (+ %) (+ %)
01 2.64 3.90 213
1 1.33 2.06 0.87
10 0.76 1.11 0.63
100 0.56 0.55 0.59

" Calculated at a 95% confidence level with 3 samples.
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4.1 Introduction

Olefin copolymerizations with homogeneous and some supported metallocene catalysts
can produce copolymers with narrow molecular weight distributions and narrow comonomer
distributions (1). Industrial methods to tailor molecular weight distribution (MWD) and short
chain branching distribution (SCBD) typically involve tandem or cascade reactors that produce
the desired polymer depending on the polymerization conditions in each reactor (2). Another
method includes the use of combined catalyst systems where each catalyst produces polymer
with different properties (3-4). With either method, the idea is to design polymer resins with
controlled MWD and SCBD for the desired end-use (5).

We have recently illustrated the use of an in-situ supported metallocene catalyst that
eliminates the need for a metallocene supporting stage. This catalyst system is prepared directly
in the polymerization reactor by the simultaneous addition of a homogeneous metallocene
solution, a pretreated silica support with impregnated MAO (supplied from Witco), and an
alkylaluminum activator such as trimethylauminum (TMA), followed by the addition of
ethylene. Note that no other preparation steps are involved and no aging is required. Thisin-situ
system combines metallocene supporting and polymerization in one step and produces
polyethylene and ethylene/a-olefin copolymers with high activities, good polymer morphology
and minimal reactor fouling (6-7).

In this study, ethylene/1-hexene copolymerizations were carried out with in-situ
supported rac-(ethylenebis(indenyl))zirconium dichloride. The effect of different alkylaluminum
activators on the copolymerization characteristics and resulting copolymer microstructure
(MWD and SCBD) was examined. The exact role of activators such as trimethylaluminum

(TMA), triethylaluminum (TEA) and triisobutylaluminum (TIBA) in catalytic systems is unclear
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in the literature. It has been suggested that TMA is the actual cocatalyst since
methylaluminoxane (MAO) formulations always contain varying amounts of residua TMA (8).
Others have reported that these activators can affect molecular weight, activity, stereoregularity
and comonomer incorporation (9-14). With the in-situ supported catalyst mentioned above, it
has been suggested that TMA acts as scavenger, akylating agent and catalyst activator (6).

With this in-situ supported system, we have observed some unique effects of different
activators on the microstructures of the polymers formed. By mixing different activators we
illustrate a method to modify this catalyst system to produce ethylene/1-hexene copolymers with

tailored SCBDs while maintaining narrow MWDs.
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4.2 Experimental

Rac-(ethylenebis(indenyl))zirconium dichloride (Et[Ind].ZrCl;) was purchased from
Aldrich Chemicals. Silica supported methylaluminoxane (SMAO, 24.4 wt% Al, purchased from
Witco) was used as a catalyst support. CP grade ethylene and ultra high purity nitrogen
(purchased from Linde) were purified by passing through molecular sieves and de-oxygenating
beds. Ultra high purity hydrogen was used without further purification. 1-hexene was dried over
3A/4A molecular sieves and used without further purification.

Toluene was purified by refluxing over n-butyl lithium/styrene oligomers and by
distillation. n-Hexane was dried over a mixture of 3A/4A molecular sieves (purchased from
BDH) and degassed by bubbling with nitrogen.

Trimethylaluminum (TMA), triethylaluminum (TEA) and triisobutylaluminum (TIBA)

were purchased from Aldrich Chemicals and used without further purification.

4.2.1 Polymerization

Polymerizations were performed in a 300 mL Parr semi-batch autoclave reactor equipped
with a temperature control unit comprising of a cooling coil and electric heater. 150 mL of
hexane was pretreated with 2.46 mmol of TMA, TEA, TIBA or mixtures of each, to scavenge
impurities and activate the catalyst. After evacuation of the reactor and backfilling with
nitrogen, approximately 50 mL of hexane was added. Thiswas followed by the addition of 0.3 g
SMAO and 6umol of Et[Ind].ZrCl, (solution in toluene). 5 mL 1-hexene (30 mol % feed in
hexane) was added to the reactor via a transfer syringe. The reactor was then heated to the
polymerization temperature of 60°C. Once the reaction temperature was reached, a stirring rate

of 400 rpm was set and the reactor was pressurized with ethylene to begin the polymerization.
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After 20 min, the polymerization was quenched with an excess of ethanol. The resulting

polymer was then filtered, washed and dried at 60°C under vacuum.

4.2.2 Characterization

Molecular weight distributions were determined by high temperature gel permeation
chromatography (GPC). A Waters GPCV 150+ instrument with a Viscotek 150R viscometer
was used with 1,2 4-trichlorobenzene as a mobile phase operating at 140°C. Short chan
branching distributions were determined by crystalization anaysis fractionation using a
CRY STAF 200 instrument (Polymer Char, Valencia, Spain). CRY STAF is a technique similar
to temperature rising elution fractionation (TREF), but with significantly shorter anaysis time
(15,16). 1-hexene comonomer compositions were determined using FTIR (Bomem 102) and a
calibration curve constructed based on the ratio of the 1380/1370 cm™ peaks from the polymer as
demonstrated in the literature (17). Meélting endotherms were determined using a TA 2100
differential scanning calorimeter (DSC). Two scans were performed. The first scan was to erase
the thermal history of the sample by the DSC cycle of melting followed by cooling with air. The
second scan was at a heating rate of 10°C/min and from this scan the temperatures were

recorded.
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4.3 Results and Discussion

Results from the polymerizations with the three different activators are shown in Tab. 4.1
(runs 1a-3a) and a summary of all runs performed isshown in Tab. 4.2. These runs were carried
out under similar polymerization conditions and limited to low polymer yields to minimize the
drift in comonomer concentration. The polymerizations only differed in the type of activator
(unless indicated otherwise). Under these polymerization conditions, the copolymers were
produced with reasonable activities and exhibited good powder morphology with minimal
fouling of the reactor. As reported previoudly, these are some of the major benefits of in-situ
supported metallocene catalysts (6,7).

From the GPC analysis, it was found that the molecular weight distributions of the
copolymers were fairly narrow and within a moderate range (refer to Tab. 4.1). The molecular
weight distributions for these copolymers are shown in Fig. 4.1. It can be seen that the molecular
weight distributions are unimodal and similar in shape. The polymer produced by TIBA seemed
to result in the highest molecular weight followed by TMA and then by TEA. This same trend
has been observed by Michiels et a. and it was suggested that bulkier alkyl ligands in the
aluminum compound reduce the termination by chain transfer to aluminium (10). Others have
also observed that TIBA produces higher molecular weight polymer when used with
homogeneous metallocenes (12-14) and supported metallocene catalysts (9,11).

Upon comparison of the polymer yields from these activators, it seems that TMA
exhibited the highest activity while TEA and TIBA had significantly lower activities. The
explanation for the observed decrease in activity is unclear but it may be linked to the reduction
in akylation ability of the activators or steric hindrance due to increasing molecular size. Dueto

the increasing bulkiness of these activators it is possible that access to the catalyst on the support
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is limited reducing the number of active sites. These polymerizations have been replicated and
are aso shown in Tab. 4.2 (runs 1b, 2b). A plausible polymerization mechanism explaining the
role of the alkylaluminum activator as a scavenger, alkylating agent and catalyst activator with
in-situ supported metallocenes has been reported by Chu et al. (6).

CRY STAF results for these copolymers are shown in Fig. 4.2. The results shown are
remarkable, since the SCBDs of copolymers produced with different activators exhibit rather
broad and very different distributions. One would expect copolymers produced with
homogeneous or supported single site metallocenes to have narrow SCBDs (18). Thisis clearly
not the case for in-situ supported metallocenes. TMA-activated Et[Ind],ZrCl, shows a broad
unimodal SCBD with a small shoulder in the high crystalline region. For the TEA and TIBA
cases, the SCBDs are bimodal and similar in shape; both show polymer chains in the medium
(~40-70°C) and high crystalline regions (>70°C). It seems that 1-hexene incorporation is higher
when an activator with greater acidity or smaller molecular size (i.e. TMA) is used with
Et[Ind].ZrCl,.  This observation is also confirmed by the FTIR and DSC results in Tab. 4.1.
The corresponding melting endotherms are shown in Fig. 4.3 for comparison. As seen, the
polymers exhibited broad melting distributions but the broad SCBD samples (TEA and TIBA)
had both a distinct melting peak and a plateau indicating a very nonuniform crystallite
distribution. Broad distributions were observed for both the TEA and TIBA cases. Since MAO
is known to contain residual amounts of TMA (8), it is quite possible that these broad SCBDs are
due to the presence of both TMA and TEA, or TMA and TIBA, which individually possess
different comonomer incorporation characteristics.

For comparison, conventional homogeneous polymerizations were carried out with

Et[Ind].ZrCl,, methylaluminoxane and the different activators. The SCBDs of these polymers
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Table4.1. Ethylene/1-hexene copolymerizationswith Et-[Ind],ZrCl, and different

activators
Run  Activator Activity? My Mw/My, 1-hexene Melting

composition® Peak

(kg PE/ (g/mol) (mol % in (°c)

mol [Gat@milhr) copolymer)

la TMA 795.5 113,300 3.5 3.7 1129
2a TEA 163.8 85,000 2.4 3.0 120.6
3a TIBA 63.5 146,100 2.2 29 118.3

& Polymerization conditions: [Et(Ind),ZrCl,] = 40 umol/L, Al/Zr = 500, activator amt. = 2.46 mmol, ethylene
pressure = 100 psig, [1-hexene] = 30 mol % feed (5 mL), temperature = 60°C, time= 20-30 min, stirring rate = 350
rpm

® As determined by GPC using narrow polystyrene standards and the universal calibration curve

¢ Asdetermined by FTIR from 1-hexene calibration curve based on 1380/1370 cm™ peak ratios (17)

9 As determined by DSC. Note that these samples exhibited very broad melting distributions.
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Table4.2. Summary of results of ethylene/1-hexene copolymerizations with Et-[Ind],ZrCl,

and different activators

Run Conditions Activator Activity? My° Mw/M,
(kg PE/
mot ca am  (g/mol)
hr)
la In-situ TMA 795.5 113,300 35
2a In-situ TEA 163.8 85,000 2.4
3a In-situ TIBA 63.5 146,100 2.2
1b In-situ TMA 745.9 112,100 3.7
2b In-situ TEA 183.8 55,600 1.9
4 In-situ (1hr) TEA 156.6 69,500 2.2
4° Homo TMA 2994.1 99,900 19
5 Homo TEA 4341.7 80,200 1.8
6° Homo TIBA 3000.0 105,800 2.2
7° In-situ TMA 804.3 65,700 3.3
(w/ 50 ml Hy)
8° In-situ TEA 57.2 67,700 3.2
(w/ 50 mL Hy)
o° In-situ TIBA 67.2 74,900 3.0
(w/ 50 mL Hy)
10 In-situ 50 % TMA/ 446.1 91,400 2.6
50% TEA
11 In-situ 25% TMA/ 227.9 58,400 2.1
75%TEA
12 In-situ 50% TMA/ 204.9 90,900 2.3
50% TIBA
13 In-situ 10% TMA/ 118.1 103,700 2.2
90 % TIBA

& Polymerization conditions: [Et(Ind),ZrCl,] = 40 umol/L, Al/Zr = 500, activator amt. = 2.46 mmol, ethylene

pressure = 100 psig, [1-hexene] = 30 mol % feed (5 mL), temperature = 60°C, time= 20-30 min, stirring rate = 350

rpm

® As determined by GPC using narrow polystyrene standards and the universal calibration curve

¢ Copolymerization with TEA activator for 60 min

4 Homogeneous polymerization conditions: [Et(Ind),ZrCl,] = 2 umol/L, MAO/Zr = 500, activator amt. = 0.123
mmol, ethylene pressure = 100 psig, temperature = 60°C, time = 20 min, stirring rate 350 rpm

€ Copolymerization with the addition of 50 mL H,
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dW/d(LOG(MW))

LOG(MW)

Figure4.1 —Molecular weight distributions of ethylene/1-hexene copolymer s produced
with different activators

dW/dT

Temperature (°C)

Figure 4.2 — Short chain branching distributions of ethylene/1-hexene copolymers
produced with different activators
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Figure 4.3 - Méelting endother ms of ethylene/1-hexene copolymers produced with
different activators
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are shown in Fig 4.4 (6). As expected from homogeneous copolymerization with single-site-
type catalysts, the resulting distributions are unimodal and narrow. In comparison with the
bimodal SCBDs produced with the in-situ supported catal ysts, the comonomer incorporation did
not vary with activator type. The comparison of these two systems may be hinting that the
bulkiness of the alkylaluminum activator can interact with the catalyst support to affect the
comonomer incorporation and polymerization activity. Homogeneous systems would be less
susceptible to effects of diffusion due to steric hindrances.

To examine the effect of time on the polymerization, a comparison of run 2a (20 min)
with run 4 (1 hr) with TEA as an activator is shown in Fig 4.5. As shown, the resulting SCBDs
are similar and vary dlightly with time. The variation of SCBD with time may be due to a slight
drift in comonomer concentration, since 1-hexene concentration decreases with polymerization
time.

To examine the effect of hydrogen on the copolymerization characteristics of the in-situ
system, polymerizations were carried out with the different activators in the presence of some
hydrogen. As can be seen in Tab. 4.2 (runs 7,8,9), the addition of hydrogen lowered the
molecular weights of the copolymer formed, as usual with these catalysts. More remarkably,
hydrogen affects the SCBDs of the resulting copolymers as shown in Fig 4.6. The SCBDs
produced were broad but no longer bimodal (compare with Fig. 4.2.). This indicates that
hydrogen can alter the nature of the active sites of the catalyst, affecting their comonomer
incorporation characteristics.

These results are quite unusual for copolymers made with metallocene catalysts. Notice

that the SCBDs obtained with TEA and TIBA in absence of hydrogen are similar to the ones of
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Figure 4.4 — SCBDs of ethylene/1-hexene copolymers produced with different activators under
homogeneous polymerization conditions
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Figure 4.5 — Effect of polymerization time on SCBDs of ethylene/1-hexene copolymers
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Figure 4.6 — Effect of H, on the SCBDs of ethylene/1-hexene copolymer s produced with
different activators
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LLDPE resins produced with Ziegler-Natta catalysts. This would indicate that multiple active
sites are being formed. The formation of multiple active sites with a single activator that exhibits
different comonomer incorporation characteristics is unreported to our knowledge for a MAO-
treated silica support. However, Soga et a. has reported the synthesis of ethylene/propylene/1-
hexene  copolymers  with  appreciable amounts of  homopolymer with a
Et[IndH,4],ZrCl,/MAO/MgCI,-TIBA system and have suggested possible interaction between
TIBA and MgCl, (9). Another remarkable feature of these results is that the molecular weight
distributions are unimodal, relatively narrow and only dlightly varying with activator type.
These different activators can be used to tailor SCBDs of the copolymers while maintaining
similar MWDs. By mixing different activators, it may be possible to control the SCBDs of the
resulting copolymers. Copolymerizations were carried out with mixtures of each activator with
varying amounts of TMA and TEA, or TMA and TIBA. The total molar amount of
akylaluminum added was kept constant and consisted of mixtures of TMA and TEA (runs 10-
11) or TMA and TIBA (runs 12-13). The SCBDs of copolymers made with these mixed activator
systems are shown in Fig. 4.7 for the TMA/TEA system and Fig. 4.8 for the TMA/TIBA system.
As shown, the mixing of activators produces SCBDs that are consistent based on the
observations with single activators. By increasing the level of either TEA or TIBA with TMA,
the proportion of the high crystalline material can also be increased while retaining a large
portion of lower crystalline material. The activities of these polymerizations are plotted in Fig.
4.9. As shown, the activity decreased with increasing amount of either TEA or TIBA,
confirming the previous observations in Tab. 4.1. The corresponding MWDs for the mixed
activated copolymers were similar and narrow (see Tab. 4.2.). For the TMA/TEA case, a

decrease in MW was observed with an increase in TEA in the mixture which is consistent with
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Figure 4.7 — SCBDs of ethylene/1-hexene copolymers produced with mixtures of TMA
and TEA activators
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Figure 4.8 — SCBDs of ethylene/1-hexene copolymers produced with mixtures of TMA
and TIBA activators
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Figure 4.9 — Polymerization activity of ethylene/1-hexene copolymers produced with mixtures
of TMA/TEA and TMA/TIBA activators
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the earlier findings that TEA produces lower MW polymer than TMA. Similarly, for the
TMA/TIBA case, an increase in MW was observed with increasing TIBA in the mixture, which
isalso consistent in that TIBA produces higher MW polymer.

To examine whether the sites created by the different activators are independent of each
other, predictions of the resulting SCBDs were calculated from the data available for
polymerizations with each individual activator. If each active site generated by each activator
behaves independently from the other activators present in the reactor, then the activities
reported in Tab. 4.1 for each activator and the mixing molar fraction can be used to estimate the

fraction of polymer produced by each site (activator) type:

XTEA or TIBA ( ACtI Vi tyTEA or TIBA )
XTEA or TIBA ( ACtI Vi tyTEA or TIBA ) + XTMA (ACtI Vi tyTMA ) (1)

As an example for a50/50 TMA/TEA mixture:

*
XTEA orTIBA —

0.5(163.8)
XTEA -
0.5(163.8) + 0.5(795.5)
=0.17

Xima = 1- Xrea

=0.83
where X 1ea Tma iS the estimated fraction of polymer produced by each activator.
The predicted fractions for the mixing experiments are listed in Tab. 4.3. Using the
fractions determined from equation (1), predictions of the resulting SCBDs were made. These

predicted SCBDs were calculated as the summation of the individual SCBDs with the
appropriate weighting fraction Xtwa as shown in equation 2. Note that the f(T) represents the

SCBD data as values of dW/dT as afunction of temperature (T).

f (M= X;MA f TMA(T) +(1- X;MA) f

predicted

(T) 2

TEAOr TIBA
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Table 4.3. Comparison of Experimental and Calculated Mixing Ratios of Mixed Activated

Systems
Actual Mixing Ratio Predicted® Fitted®
% TMA % TEA,TIBA % TMA % TEA,TIBA
50/50 TMA/TEA 83 17 62 38
25/75 TMA/TEA 62 38 33 67
50/50 TMA/TIBA 93 7 49 51
10/90 TMA/TIBA 58 42 43 57

® Predicted mixing ratio taking into account activity of each activator calculated from
equation (1)
® Fitted mixing ratio determined from the minimization of equation (4)



Chapter 4 — Tailoring the Short Chain Branching Distributions of Polyethylene 48

A comparison of the predicted and experimental SCBDs for the TMA/TEA mixtures is
shown in Fig. 4.10, and for the TMA/TIBA mixturesin Fig. 4.11. As shown in the TMA/TEA
and TMA/TIBA cases, the calculated SCBDs under predict the experimental SCBDs. It is seen
that the peak at 60°C, presumably produced mostly by the TMA activator, clearly dominates. As
shown in Tab. 4.3, the predicted fraction produced by TMA is quite large and is heavily
weighted in the predicted SCBD. This heavy weighting is due to the high polymerization
activity of theindividual TMA activator. In Fig. 4.12, the predicted polymerization activities are
compared with the experimental activities of the mixed activated copolymerizations. The
predicted polymerization activity was calculated based on the activities of the individua
activators and the actual mixing ratio:

ACHVITY yicten = Xrwa (BCHVItYrya 10096) + Xrea ormima (BCHVItYren o i 100) ©)

It was observed that, in al the mixed activator experiments, the resulting polymerization
activity was lower than the predicted ones. This indicates that the two site types do not behave
independently of each other.

To obtain a better estimate of the fraction of polymer produced by each site, each of the
mixed SCBDs were fitted with a summation of the two individual SCBDs. The fitted fraction
was determined by minimizing the squared difference between the actual distribution and the
summed distribution of individual SCBDs of TMA and TEA or TMA and TIBA. Using the
Generalized Reduced Gradient (GRG2) nonlinear optimization method located in Microsoft
Excel Software package, estimates of the polymer fractions Xtya and X+ea or Tiza that would best
describe the experimenta SCBDs were determined. These were obtained with iterations of
values for Xtua, equation (2), to caculate the predicted SCBD and the minimization of the

squared difference of the experimental and predicted SCBD with equation (4).
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Figure 4.10 — Comparison of actual and predicted SCBDs of ethylene/1-hexene copolymers
produced with mixturesof TMA and TEA activators
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Figure 4.11 — Comparison of actual and predicted SCBDs of ethylene/1-hexene copolymers
produced with mixturesof TMA and TIBA activators
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Figure 4.12 — Comparison of actual and predicted polymerization activity of ethylene/1-
hexene copolymer s produced with mixtures of activators
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> (Fopamena (T) = f e (T)° (4)

A comparison of the experimental SCBDs and fitted SCBDs is shown in Fig. 4.13 and
Fig. 4.14 for TMA/TEA and TMA/TIBA, respectively. For the TMA/TEA and TMA/TIBA
cases, the calculated SCBDs represent the experimental mixed SCBDs better but there is some
evidence of lack of fit in the region of the high crystalline tail. As shown in Tab. 4.3, the fitted
fraction of polymer produced by the TMA activator is clearly less than the fraction estimated
from the catalyst activity data alone. These fitted fractions are more representative of the actual
polymer produced by each activator site since they were estimated from the SCBD of the
polymer sample. A plot comparing the experimental activities (calculated with equation 3) and
the estimated activities using the fitted fractions is shown in Fig. 4.15. As seen, the estimated
activities are much higher than the experimental ones. Once again, this indicates that sites
activated by mixtures of activators can interact with each other to behave differently than the
ones activated by individual activators. The nature of this interaction may be linked to the
electronic environment that is present around the active site which is probably atered by the
presence of different activators. To account for the experimental SCBDs, a comparison of the
predicted fractions to the fitted fractions in Tab. 4.3 indicates that the active sites generated in the
mixed system exhibit different activities from the individual ones. It can be inferred that the
polymerization activity of the TMA activated sites was supressed and the TEA or TIBA
activated sites enhanced by the presence of each other.  Therefore, it is evident that the active
sites produced by each activator are not independent of each other and the interaction between

the sites can alter the comonomer incorporation characteristics of the catalyst.
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Figure 4.14 — Comparison of actual and fitted SCBDs of ethylene/1-hexene
copolymers produced with mixtures of TMA and TIBA activators
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Figure 4.13 — Comparison of actual and fitted SCBDs of ethylene/1-hexene copolymers

produced with mixturesof TMA and TEA activators
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Figure 4.15 — Comparison of actual and fitted polymerization activity of ethylene/1-hexene
copolymer s produced with mixtures of activators
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4.4 Conclusions

In-situ supported Et[Ind].ZrCl, can be used with different alkylaluminum activators to
produce poly(ethylene-1-hexene) with narrow MWD, yet broad and bimoda SCBD. These
findings are different from the ones observed with homogeneous systems and not previously
reported for supported systems. It has been shown that, with the use of individual and mixed
activator systems, it is possible to manipulate the SCBDs of the resulting copolymers while
maintaining ssimilar MWDs. Attempts to make predictions of the resulting SCBDs a priori for a
mixed activated system is difficult to quantify, since the behaviour of the sites can be atered in
the presence of mixtures of activators. However, this method lends itself as a simple tool in

tailoring SCBDs of ethylene/a-olefin copolymers made with in-situ supported metallocenes.
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5.1 Introduction

Recently, there has been an emphasis on devel oping relations between microstructure and
end-use physical/mechanical properties of polyolefins. With the advent of metallocene catalysts
for olefin polymerization, there have been many claims on the ability to produce polymer with
tailored microstructural distributions. Correspondingly, these distributions also result in resins
with tailored physical/mechanical properties.

In a previous publication, we have reported a catalytic method that demonstrated the use
of a heterogeneous metallocene catalyst to control the short chain branching distribution (SCBD)
of ethylene/a-olefin copolymers (1). By exploiting the multi-site behaviour of these catalysts, it
was possible to produce resins with broad and bimodal short chain branching distributions but
with similar and narrow molecular weight distributions.  Ziegler-Natta LLDPE can also have a
characteristically broad SCBD but the molecular weight distribution tends to be broader when
compared to a metalocene-synthesized LLDPE (2). Typicaly, for Ziegler-Natta resins, the
comonomer content of the copolymer decreases as the molecular weight of the polymer chains
increases.

Industrial methods to tailor the molecular weight distribution and short chain branching
distribution of a polyolefin typically involve tandem or cascade reactors which produce the
desired polymer depending on the polymerization conditions of each reactor (3). Another
method is to use combined catalyst systems, with each catalyst producing the desired polymer
microstructural distribution (4). Conventionally, tailored physical properties can also be achieved
by the compounding and blending of polymers with the desired characteristics. Unfortunately,
the blending of polymersisvery energy intensive and it is inherently difficult to achieve uniform

mixing.
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It is well known that the underlying microstructure of polymers plays a critical role in
determining their physical and mechanical properties. For linear polyolefins such as
poly(ethylene/a-olefin) copolymers, both the molecular weight distribution and comonomer
distribution of the polymer chains influence the crystalinity and density of the samples (5-9).
Above a critical molecular weight, it is sometimes found that the crystallinity will decrease with
increasing molecular weight, due to the inability of the longer chains to be incorporated in the
crystalline structure (10-12). More significantly, by increasing the number of short chain
branches via incorporation of a-olefin comonomers such as 1-butene, 1-hexene, 1-octene, etc.,
the polymer’s crystallinity and density can be reduced, since these side chains do not crystallize
and are regjected into the amorphous or interfacial regions of the polymer (5,7). The interplay
between molecular weight and comonomer distribution influences the proportions of crystalline
and amorphous polymer that determine its crystalline microstructure. The crystalinity and
crystal structure are not only influenced by the microstructure of the polymer but also by the
processing conditions that dictate the polymer’s thermal history (8,11). In terms of mechanical
properties a polymer’s crystallinity influences its stiffness and toughness. In genera, as the
polymer crystalinity decreases, its flexibility increases. By lowering the density with the
incorporation of comonomer to promote short chain branching, the polymer’s ability to absorb
and dissipate energy also increases (5,6).

In this study, we have produced a series of ethylene/1-hexene copolymers with tailored
crystalline distributions while maintaining similar MWDs. By diminating the effect of
molecular weight, it is possible to investigate the net effect of crystalline distributions on the
properties of these resins. This series of resins with controlled SCBDs was produced for

comparison of their tensile and dynamic mechanical properties.
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5.2 Experimental

5.2.1 Sample Production

Ethylene-1-hexene copolymer samples were produced with an in-situ supported
metallocene catalyst system (13). This in-situ system eiminates the need for a catalyst
supporting stage by combining the catalyst preparation and polymerization in one-step. The
resulting polymer has good particle morphology and high bulk density. These studies utilized
rac-(ethylenebis(indenyl))zirconium dichloride (Strem Chemicals), a silica support with a high
weight percent of methylaluminoxane (provided by Witco), and mixtures of trialkylaluminums
such as trimethyl and triethyl aluminums.  Slurry polymerizations with n-hexane as a solvent
were carried out in a1 L semi-batch autoclave reactor (Pressure Product Industries, LC Series)
operating at 60°C and ethylene pressure of 150 psig. The initial concentration of 1-hexene in the
reactor was 30 mol%. The polymerization runs were carried out under similar conditions and

limited in such away to minimize the drift in comonomer composition.

5.2.2 Microstructural Characterization

The polymer samples were characterized for their molecular weight distributions using a
Waters 150CV high temperature gel permeation chromatograph (GPC) and a Viscotek 150R
viscometer. The mobile phase used was 1,2,4 trichlorobenzene operating at 140°C.

Short chain branching distributions were determined by crystallization anaysis
fractionation (CRY STAF) in 1,2,4 trichlorobenzene using a CRY STAF 200 unit (Polymer Char,
Spain). The samples were dissolved at 160°C for one hour and then cooled to 95°C to begin the
analysis. The sampling temperatures ranged between 95°C to 30°C at a cooling rate of 0.2

°C/min. 1-Hexene comonomer compositions were determined by integrating the resulting
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CRY STAF profiles while applying a calibration curve to relate the crystallization temperature
and 1-hexene composition (14). This calibration curve was previously determined by *C NMR.
Meéelting endotherms were determined using a TA 2100 differential scanning calorimeter
(DSC). The samples were heated from 35 to 200°C at 10°C/min. To take into account the
thermal history of the samples used for mechanica testing, the melting point and crystallinity
were estimated from the first pass. The crystallinity was estimated by comparison of the DSC

melting enthal py to that of a perfect polyethylene crystal (AH = 289 J/g) (9).

5.2.3 Mechanical Testing
5.2.3.1 Tensile Testing

Tensile properties were determined according to ASTM D638 using an Instron 4465
materials tester. Dog-bone shaped samples (type V) were melt-pressed at 200°C into a3.175 cm
mold plate and then air-cooled to room temperature. The samples were tested at a displacement
rate of 25 mm/min and the grip-to-grip length was 3 cm. The sample yield and ultimate break
strengths were determined from the force versus displacement curves during deformation of the
sample. After testing, the increase in the gage length as compared to the original was used to

determine the overall % elongation.

5.2.3.2 Dynamic Mechanical Analysis

Dynamic mechanical properties were measured by a Rheometrics DMTA V mechanical
spectrometer. These samples were also melt pressed into rectangular bars (20mm x 10mm X
3mm) under the same conditions as reported above. Storage and loss moduli were measured in

single cantilever mode over a temperature range of -150°C to 100°C at a scanning rate of
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2°C/min, afrequency of 1Hz and a strain of 0.05%. Frequency sweeps were performed over the

range of 0.1 to 100 Hz at room temperature and 0.05 % strain.

5.3 Results and Discussion

As discussed previoudly, it was found that with certain in-situ supported metallocene
catalyst systems it is possible to control the short chain branching distribution of ethylene
copolymers by simply varying the amount and type of akylaluminum activator present in the
polymerization recipe (1). Based on the nature of the individua activators under
copolymerization conditions, trimethylaluminum (TMA) produces a copolymer with unimodal
short chain branching distributions, whereas triethyl (TEA) or triisobutyl aluminium (TIBA)
activators produce copolymers with broad and bimodal SCBDs; upon mixing any two types of
activators, a blended distribution results.

For this study, the samples were prepared under similar polymerization conditions and
only differed by the amount and type of each activator used. The four resins were prepared by
varying the mixing ratio of TMA and TEA. Sample A was prepared with 100% TMA, sample B
with 50 % TMA and 50% TEA, sample C with 25% TMA and 75% TEA and sample D with
100% TEA.

The CRY STAF profiles of the polymers made with these mixed activator systems are
shown in Figure 5.1. A CRYSTAF profile can be correlated with the short chain branching
distribution of a polymer. With the use of a temperature-composition calibration curve as shown
in Figure 5.2, it is possible to relate the polymer’'s crystallization temperature with its %
incorporated comonomer or branching frequency (as determined from **C NMR). It is clearly

shown that samples A through D have very distinct and bimodal crystallinity distributions. Two
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distinct regions are present, a homopolymer-like region (less than 1 branch per 100 carbon
atoms) present at higher crystalization temperatures between 70-80°C, and a copolymer-like
region (greater than 1 branch per 100 carbon atoms), present at lower temperatures between 50-
70°C. It should be noted that the proportion of homopolymer increases from sample AtoD. A
comparison of the corresponding molecular weight distributions is shown in Figure 5.3. The
MWDs of the four resins are quite similar. The number average molecular weights of these
samples, listed in Table 5.1, are in the range of 40,000 g/mol. However their polydispersity
indices do vary due to tailing in the high molecular weight region. Thistailing is probably due
to drift in comonomer concentration during the polymerization. As the polymerization proceeds
to high yields, the comonomer concentration decreases and higher molecular weight material is
formed. Nonetheless, the presence of this tail cannot account for the large differences in the
short chain branching distributions observed for these samples. In a previous study, we have
demonstrated that ethylene copolymers similar to the ones studied here, have SCBDs with
uniform and narrow molecular weight distributions (1). Overal, these molecular weight
distributions are similar in shape for the comparison of the short chain branching distributions
shown in Figure 5.1. Also shown in Table 5.1 are the estimates of the overal 1-hexene
comonomer content as determined from the temperature-composition calibration curve. As
shown, the comonomer content decreases from samples A to D. Sample A contains an estimated
average of 4.0 mol% of 1-hexene, while sample D contains 2.8 mol %, which also trandates, in
terms of backbone atoms, to arange from 2.0 to 1.4 branches per 100 carbons. It is assumed that
with this level of branching, the copolymer/homopolymer phases are miscible. Rana et al. have

reported that LLDPES with up to 4 branches per 100 carbons were miscible with polyethylene
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Table5.1 - Microstructural properties of ethylene/1-hexeneresins

Samplée® My’ Mw/M," 1-Hexene Average Mdting Crystallinity®
Content® Branching Pesk? (= Density)’
Frequency®
(g/moal) (mol %) (branches (°C) (%)
per 100 (g/em®)
C's)
A 39,700 6.7 4.0 2 114.6 43.3
(0.925)
B 41,400 25 3.6 1.8 117.8 45.2
(0.9278)
C 43,800 49 3.4 1.7 119.8 45.6
(0.9283)
D 43,800 6.3 2.8 14 122.3 53.2
(0.939)

& Polymerization conditions: [Et(Ind),ZrCl,] = 13.3 pmol/L, Al/Zr = 500, ethylene pressure = 150 psig, [1-hexene] = 30 mol % feed
(41 mL), polymerization temperature = 60°C, stirring rate = 400 rpm.

® As determined from GPC analysis based on a universal calibration curve derived from narrow polystyrene standards.

¢ As determined from an integrated CRY STAF profile and 1-hexene temperature-composition calibration curve.

4 As determined by DSC. Note that these samples exhibited very broad melting distributions.

€ Crystallinity estimates based on DSC melting enthalpy as compared to a perfect crystalline polyethylene (AH = 289 Jg) (9)

" Approximate density range estimated from a % crystallinity versus density calibration curve from Kim et al (24).
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homopolymer (15). Consequently, one can assume that copolymers with blended crystalline
distributions are a'so miscible. Also shown in Table 5.1 are the estimates of the % crystalinity
from DSC of the samples air-cooled from melt to room temperature. The corresponding melting
profiles are shown in Figure 5.4. As seen, these melting profiles correspond well to the SCBDs
measured by CRY STAF. For samples B and C, the DSC melting profiles indicate the presence
of two distinct populations of crystalline species.

A representative comparison of the force versus displacement curves during the
deformation of the four resinsis shown in Figure 5.5. In general, it was observed that all of the
samples exhibited localized yielding and cold drawing that is characteristic to semi-crystalline
polymers. Qualitatively examining the yielding region, it was observed that a narrowing of the
yield zone occurred from sample A to D. For samples A and B, a broad yielding region was
observed, which could be classified as adouble yield point. This double yield behaviour has aso
been observed by others for polyethylene copolymers (6-8,16). This phenomenon may be caused
by a partial melt-recrystallization process. At thefirst yield point, temporary plastic deformation
occurs, followed by a recoverable recrystallization of the lamellae. The second point is the onset
of permanent plastic deformation in which the lamellae are destroyed (16). Grahm et a. have
reported that this type of behaviour may be related to the degree of crystallinity and thermal
history of the polymer which both can influence the structure and morphology of the crystallites
(8). Bensason et al. reported that with a decrease in density, the yield maximum broadens up to a
point where it then becomes indistinguishable and no yield maximum is observed (6). Similarly
for these samples, it appears that the yielding region broadens with a decrease in crystalinity or
increase in comonomer content. Given the bimodal nature of the short chain branching

distributions in these samples, it seems that increasing the proportion of higher crystalline
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material results in a narrower yield maximum. A summary of the measured tensile properties is
shown in Table 5.2. The tensile strength at yield increases while increasing the proportion of
higher crystalline material. This increase in tensile strength is closely related to the stiffness of
the samples. Estimates of the sample’s overall crystallinity from DSC show that crystallinity
increases from samples A to D (see Table 5.1), which confirms the increase in stiffness. The
tensile strengths at yield of samples B and C predictably fall within the ranges of A and D.
After the material exceeds the yield point and deforms, the ultimate tensile strengths (at break)
also show that sample D has the highest value and sample A the lowest. In regards to the %
elongation, which can be a measure of the material’s ability to deform and dissipate energy, it
was found that sample D had the highest value at 440%. It was expected that the sample with the
highest comonomer content, such as sample A, would exhibit the highest % elongation at break.
A sample with low crystallinity possesses a large fraction of amorphous polymer. It is the
dlippage and disentanglement of amorphous polymer that alows it to deform. In the literature,
Jordens et al. noticed that with decreasing crystalline density, a higher % elongation was
observed (11). Bensason et a. aso observed for low crystalline poly(ethylene-co-1-octene)
copolymers that, with increasing comonomer content, an increase in strain % was observed
(6,17). Sample A’s % elongation was quite high at 373 % but sample D’s was even higher.
Although the crystallinity of sample D was the greatest of the four samples studied, it exhibited
the highest stiffness and ductility. Both sample B and C demonstrated intermediate values of
tensile strengths and showed lower % elongations. Generaly, for copolymers with unimodal
SCBDs, the crystallinity of the polymer relates well to the stiffness and % elongation (5-7,17).
At low strain, the sample's crystallinity is the dominant factor during a deformation process but

at high strains the role of entanglements prevails (17-18). From the examination of the SCBDs
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Table5.2 - Tensile property data of ethylene/1-hexene copolymers?

Sample Tensile Strength Tensile Elongation at

at yield Strength at break

(kPa) break (%)
[+ 666]° (kPa)

[+ 1178]° [+ 43]°
A 11490 15600 373
B 12110 14780 315
C 13800 14880 330
D 14150 19500 440

& Testing conditions; ASTM D638 (type V), 3.175 mm thickness, displacement rate 25 mm/min, grip to grip length 3 cm
bed Calculated standard deviations based on replicate testing.
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for these resins (Figure 5.1), it can be seen that sample D has a tail in the lower crystalline
region. It isbelieved that this balance of low and high crystalline material resulted in a blending
of the tensile properties. This balance of properties may be explained by the presence of this
comonomer tail. This less crystallizable polymer would increase the number of entanglements
and increase the amount of tie material. Generally, tie molecules are considered to be chains that
bridge the amorphous and crystalline regions.  The presence and amount of tie molecules have
been known to influence the mechanism of failure (19). A transition from a ductile to brittle
failure mechanism sometimes occurs if too few tie molecules or entanglements are present.
These tie molecules can adso affect the strain hardening behaviour (11). As a sample's
crystalinity decreases (via branching or thermal treatment) or with an increase in molecular
weight, the number of tie molecules present in the amorphous regions increases (5,19-20). The
most effective tie molecules have been shown to be high in molecular weight and high in
comonomer content up to alimiting value.  From the results above, sample D was the toughest
by displaying the highest percent elongation and tensile stress at break. Sample D was followed
by sample A. It is believed that sample A performed well due to its lower crystalinity. To
account for the toughness of the polymers observed in this study, two hypotheses will be given.
For these samples, the molecular weight distributions as shown in Figure 3 showed dlight tailing
in the high end of the distribution. This is also reflected in both samples possessing the largest
PDI's a 6.3 for sample D and 6.7 for sample A. As mentioned previoudly, it is believed that
these tails are lower in comonomer content due to the dlight drift in comonomer concentration
during the polymerization. It is possible that this small amount of high molecular weight
material increased the number of entanglements and resulted in the increase in toughness that

was observed. Under this assumption, it would be reasonable to assume that sample A would
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show the largest % elongation since it has the broadest MWD and highest comonomer content.
However, sample D exhibited the highest % elongation. It is believed that the presence of the
low crystalline tail shown in the SCBD increased the number of entanglements and increased the
amount of tie material. The superior toughness of sample D is probably due to a combination of
sample D’ s high crystallinity and large comonomer tail.

As a comparison to the tensile properties measured above, the solid-state dynamic
mechanical responses of these resins were measured. Within the temperature range studied, it
can be seen that the samples exhibited the characteristic y, 3 and a transitions, as indicated by the
changes in tan delta shown in Figure 5.6. Although there is much debate on the existence and
nature of these transitions, it is believed that they are linked to the motions of the amorphous and
crystalline portions of the polyethylene chains (6,21-23). Examining the tan delta behaviour
(Figure 5.6), the y transition is often associated with the rotation of four carbon chain segments
(Schatzki-Crankshaft mechanism) and was observed around -120°C (25). The B-transition, that
is often associated with the glass transition temperature of the amorphous polymer is due to the
motion of the branched segments of the chains and occurred between -25°C and room
temperature (6,22). As shown, sample A exhibited the largest tan delta during this transition
followed by samples B,C and D, in the order of decreasing comonomer content. The a transition
was observed above 50°C and this may be linked to the gradual motion of main chain units
within the crystallites before the onset of melting.

The sampl€e's ability to dampen energy at room temperature is reflected by the tan delta
that decreases with the increase in crystallinity of the copolymers (asin Figure 5.6). Comparing
the elastic response of all the samples, it is shown in Figure 5.7 that the storage moduli decreased

with an increase in temperature. For these polymer samples, their elasticity decreased as the
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samples softened with the increase in temperature. At room temperature, the storage moduli of
resins A through D increased. The increase in stiffness of the samples is a reflection of the
increase in the sample’s crystallinity that was also observed in the comparison of the tensile
strengths (Table 5.2).  Comparing the loss responses of the samples in Figure 5.8, it can be
seen that at different temperatures the samples passed through y,3 and a transitions. The loss
modulus can be associated with the energy lost due to friction and internal chain motion (23). It
is believed that this energy loss is related to the relaxation of the entanglements present in the
microstructure. The relaxation of these entanglements at a given frequency may give an
indication to the high strain deformation behaviour in the tensile study. At room temperature it
is shown that the loss modulus decreases from sample D to Sample A (Figure 5.8). Thistrendis
different from the one observed in the tensile study in which sample A and sample D exhibited
the greatest % elongation at break. Although the trend reported from the loss modulus is
different, it is noted that the loss moduli sequence of the samples changed with temperature. At
around 0°C a crossover of the E'” modulus occurs, changing the order to sample D, A, C and B.
At this temperature, the order of the E'’ moduli for these samplesis closer to the one observed in
the tensile study for the % elongation at break. It is well known that these dynamic responses
from oscillatory measurements are frequency and temperature dependent (23). As the frequency
of the test increases, the polymer chains have less time to relax and can appear to be stiffer. At
lower temperatures, the relaxation of the polymer chains is slowed which aso results in an
increase in stiffness. For these oscillatory measurements, the analysis was carried out at 1 Hz.
Thetensile test was carried out at a higher strain rate than 1 Hz. Thus the process of atensile test
would presumably be better represented at a higher frequency since the strain rate used in these

experiments was fairly high. Figure 5.9 shows the frequency dependence of the samples at room
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temperature. As shown, the loss response of the samples changed with frequency. Sample A
exhibited an increase in its loss response with an increase in frequency. At approximately 10 Hz,
a crossover of the E'’ ofsample A and sample D occurred. At this frequency the samples loss
response compares well to the % elongation at break of the tensile test data (Table 5.2). Despite
the consistency of the results, it is not clear on the relation between the high strain deformation
behaviour as in the tensile test and low strain behaviour by DMTA. It is possible that the loss
moduli obtained from the linear viscoelastic region is sensitive to a portion of the microstructure
such as the relaxation of the entanglements that contributes to the high strain properties.

Overdl, both tensile and dynamic mechanical properties have shown that sample D
exhibited the greatest toughness. This sample had a bimodal short chain branching distribution
with a large portion of high crystalline and a smaller fraction of lower crystalline material. As a
result, this sample displayed a balance of stiffness and toughness. For this study, the balance of
properties is attributed to the distribution of crystalline material as measured by CRY STAF
(Figure 5.1), however, the small fraction of high molecular weight material present in some of

the samples may have influenced the observed properties.
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5.4 Conclusions

It has been demonstrated how the microstructure and properties of metallocene-
synthesized polymers can affect their mechanical properties. Using a heterogeneous metallocene
catalyst system with mixtures of akylaluminum activators, it was possible to control the
crystalline distribution of polyethylene copolymers. Using this method, a series of
poly(ethylene-co-1-hexene) resins with very distinct crystalline distributions but with similar
molecular weight distributions was produced.

Given the unique characteristics of theseresins, i.e., resins with broad/bimodal crystalline
distributions but having uniform molecular weight distributions, structure-property studies have
shown that the mechanical properties of these resins can be modified. Tensile testing and
dynamic mechanical analysis demonstrated how an ethylene copolymer with portions of highly
crystaline and low crystalline materia exhibits a balance of stiffness and toughness, thus
demonstrating how the structure and properties of an ethylene copolymer can be tailor-made

with a metallocene catalyst system.
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6.1 Introduction

We have recently illustrated the use of a single metallocene catalyst to produce
ethylene/a-olefin copolymers with broad and bimodal short chain branching distributions
(SCBD) in a single reactor. Copolymers produced by an in-situ supported metallocene catal yst
(asystem that eliminates the need for a metall ocene-supporting stage) can be affected by the type
of alkyaluminum activator, the amount of activator, and the presence of chain transfer agents
such as hydrogen (1). Ethylene copolymers with bimodal SCBDs were produced with different
alkylaluminum activators and rac-(ethylenebis(indenyl)) zirconium dichloride supported on silica
containing a high weight percent of impregnated MAO. Uniquely, these copolymers still
maintained the narrow molecular weight distributions (MWD) expected from a single-site
metallocene catalyst.  Further studies demonstrated that these copolymers exhibited a blend of
physical properties representative of bimodal crystalinity distributions (2).

The study reported herein investigates the effect of reaction parameters such as
polymerization temperature and ethylene pressure, the presence of hydrogen and alkylaluminum
activator, and the level of comonomer in the feed, on the resulting copolymer microstructure.
Ethylene/1-octene copolymerizations were carried out with in-situ  supported rac-
(dimethylsilylbis(methylbenzoindenyl)) zirconium dichloride [Me,Si(2-Me-4,5 Benzind),ZrCl].
Supported on the same silica used in our previous study (1). The catalyst was activated by
triethyaluminum. This catalyst system was chosen in an attempt to tailor the microstructure of
the copolymer by quantitatively predicting a priori the structure of the copolymer produced.

In preliminary studies with this in-situ supported system, we have observed some unique
effects of polymerization conditions on the microstructures of the polymers formed. By varying

the factors in accordance to an experimental design approach, we have attempted to quantify the
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catalyst productivity and the changes in the copolymer microstructure in terms of the SCBD and
MWD. Generdly, olefin copolymerizations with homogeneous and some supported metallocene
catalysts produce copolymers with narrow MWD and narrow SCBD (3). By manipulating some
of the polymerization conditions mentioned above, it is usually possible to control the
microstructure of the resulting polymer. Table 6.1 summarizes some of these effects. It must be
noted that the observed trends are sometimes sensitive to the parameter range studied and are
usually dependent on the monomer and catalyst type, as well as polymerization process.
Attempts to explain the observed effects are usually linked to the polymerization kinetics and
mechanism. Figure 6.1 shows a general polymerization mechanism for metallocene catalysts.
Other side reactions may aso exist but the focus will be on the mechanisms displayed. As
shown, a number of reactions can occur: catalyst activation, monomer initiation, monomer
propagation, chain transfer, and deactivation reactions (4). Catalytic sites that have interacted
with other species such as the support material, comonomer and hydrogen, further complicate the
number of possible reactions. The rate of propagation depends on the propagation rate constant,
number of active sites and monomer concentration, as shown in Eq. (1).

Rate of propagation = ky[Cat ][M] (1)
where Kk, is the propagation rate constant, [Cat'] is the concentration of active sites and [M] is the
monomer concentration.

A single parameter, T, defines the whole MWD of polymer made with single-site
metallocene catalysts. The parameter 1 is defined as the ratio of al transfer rates to the

propagation rate, as shown in Eq. (2):
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Table 6.1 — Effect of Polymerization Conditionson Catalyst Activity and Polymer
Microstructure

Decreases (17)

Polymerization Activity a-olefin Molecular Weight References
Condition Comonomer and
(Increase) Incorporation
Temperature Increases (5,7- Decreases (5,14) Decreases 5-17
11,14-17) and (10,11,13,24,17)
Sometimes
Bell shaped
Maximum Reached
Between 40-80°C
(6,12,13)
Pressure of Ethylene | Increase (13,17-19) | No Change (14) | Increases(13,17-19) 13,14,16-19
No Change (16) Decreases (19)
Hydrogen Chain Both increases Increases Decreases 8,10,11,15,18,20-24
Transfer Agent (8,10,15,22,24) (8,10,15,22,24) MW!/broadens PDI
and Decreases are (10,11,18,20,23,24)
reported
(15,18,21,23,24)
Comonomer/Ethylene Increases dueto Increases Decreases 7,9,14,18,19,25-29
Feed Ratio “Comonomer (18,19,27,28)
Effect” Increases (7,9)
(18,19,25,26,28)
Al/Metal Ratio Increases (16) No Change (13,32) 12,13,16,17,30-32
until Maximum is - or Decreases
reached (12,13) (12,16,17,30,31)
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_ rateof transfer
rateof propagation
- kB + kM kCTA[CTA] + ka[Cm] + kAI[Al] ¥

K, [M] PR KIM] K [M] K [M]

(2)

p

where the rate constants are: kj, — propagation, Kg - beta hydride elimination
km — transfer to monomer, kcra — transfer to chain transfer agent, ke, — transfer to comonomer
KaL — transfer to aluminium
The number average molecular weight is inversely proportional to the T as shown in
Eq.(3).
Mn =MW x Rn=MW/t 3

where Mn is the number average molecular weight, MW is the molecular weight of the
monomeric unit, Rn is the number average chain length.

Some of the most common responses of metallocene catalysts to polymerization
conditions will be reviewed below. The activation energies of the reaction steps shown in Figure
6.1 are al unique and changes in temperature can affect their relative rates. This is generally
observed as an increase in catalyst activity and a decrease in molecular weight, as the
temperature increases (5-17). However, most metalocene cataysts deactivate at higher
temperatures. This deactivation reduces the number of active sites and catalytic activity. As
shown in Eg. 1, the propagation rate is first order with respect to monomer concentration.
Therefore increasing the monomer pressure results in higher polymerization rates and molecular
weights (13,17-19). The molecular weights of polymer made with many metallocene catalysts
are highly sensitive to hydrogen as described by Eq. (2). However, when hydrogen is added as a
chain transfer agent, the polymerization rate may increase (8,10,15,22,24) or decrease

(15,18,21,23,24) depending on the catalyst system. The reasons for this behaviour are still under
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Figure 6.1 — Polymerization M echanisms

Catalyst Type (based on different sensitivities)

Catalyst Catalyst Catal yst
(Ethylene) (Hydrogen) (Comonomer)

Activation (Kac)

' " Alkylation of Catalyst by
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Initiation (k;)
. . Initiation of Active Site Type X by
Peot[M,] 08 R Ethylene (M)
Px,o +[M 2] Ot Pl,z Initiation by Active Site Type X by

Comonomer (M2)

Propagation (Kp)

P +[M,]O P\ Propagation by Ethylene (M1)
P +[M,]O P, Propagation by Comonomer (M2)
' ' (1,2 or 2,1 insertion)

Chain Transfer (ks)

PO fr, R +Q, B-elimination

|DrI +[H,] O il pH* oF Transfer to Hydrogen
PL+[A]Of P ,+Q, Transfer to Alkylaluminum
PrI +[M,] 0O i3 F{O +Q,, Transfer to Ethylene

P; +[M,]10 e P; 0 +Q., Transfer to Comonomer

Deactivation (kg)

. Spontaneous Deactivation
R0 Ci tQ,;
Deactivation by Impurities or

Pr*,i +[Z] U lﬂ}" Cd,z +Qr,i Poison (2)
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study. It isgenerally thought that hydrogen can reactivate dormant sites, thus increasing the total
number of active sites. However, depending on catalyst type, the metal-hydrogen sites formed
after transfer to hydrogen might have a slower initiation rate, thus decreasing the polymerization
rate.

Ethylene is copolymerized with a-olefins to produce polymers with lower density. It is
commonly observed that the addition of comonomer generally increases the polymerization rate
significantly.  This ‘comonomer effect’ is sometimes linked to the reduction of diffusion
limitations by producing lower crystallinity polymer, or to the activation of catalytic sites by
comonomer (7,9,14,18,19,25-29). Polymer molecular weight often decreases with comonomer
addition, possibly due to transfer to monomer reactions. Lastly, the polymerization rate passes
through a maximum as the ratio of aluminium to transition metal increases (12,13,16). The exact
location of this maximum value depends on catalyst type and whether the polymerization is
homogeneous or heterogeneous. Heterogeneous polymerizations tend to be less sensitive to
changes in the aluminium/meta ratio. Chain transfer to aluminium is also favoured at high
aluminium concentrations. This increase in chain transfer would presumably produce lower
molecular weight polymer. However, some researchers have observed decreases
(12,16,17,30,31) and some others have observed no changes in the molecular weight (13,32),
with increasing aluminium concentration.

For the in-situ supported metallocene polymerization studied herein, many of these trends
apply. However it is noted that the in-situ heterogenization process can complicate the
interpretation of observed effects. We used the above explanations as a guideline to understand
the responses to the variation of several polymerization parameters, such as temperature,

ethylene pressure, hydrogen pressure, comonomer concentration and akylaluminum
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concentration according to the experimental design layout. The overall goa of the present
investigation is to analyse the responses and possibly predict the effects of these polymerization

conditions on catalyst productivity and copolymer microstructure.

6.2 Experimental

Rac-(dimethylsilylbis(methylbenzoindenyl)) zirconium dichloride [MeSi(2-Me-4,5
Benzind),ZrCl,] was purchased from Boulder Scientific Co. (BSC-366, Boulder, Colorado).
Silica supported methylaluminoxane (SMAO, 24.4 wt% Al, purchased from Witco) was used as
a catalyst support. CP grade ethylene and ultra high purity nitrogen (purchased from Linde)
were purified by passing them through molecular sieves and de-oxygenating beds. Ultra high
purity hydrogen (Praxair) was used without further purification. 1-Octene (Aldrich) was dried
over 3A/4A molecular sieves and used without further purification.

Toluene was purified by refluxing over n-butyl lithium/styrene oligomers and by
distillation. n-Hexane was dried over a mixture of 3A/4A molecular sieves (purchased from
BDH) and degassed by bubbling with prepurified nitrogen.

Triethylaluminum (TEA) was purchased from Aldrich Chemicals and used without

further purification.

6.2.1 Polymerization

Polymerizations were performed in a 300 mL Parr semi-batch autoclave reactor equipped
with a temperature control unit comprising of a cooling coil and an electric heater. 150 mL of
hexane was pre-treated with TEA to scavenge impurities and activate the catalyst. After

evacuation of the reactor and backfilling with nitrogen, approximately 50 mL of hexane was
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added. This was followed by the addition of 0.007-0.042 g SMAO and 0.125-1.0 pmol
[MeSi(2-Me-4,5 Benzind),ZrCl,] (solution in toluene). The ratio of aluminium present in the
SMAO to zirconium was fixed at 500. 1-octene was added in the range of 0 — 22 mol % feed in
hexane to the reactor via atransfer syringe. 0 — 100 mL of hydrogen from a hydrogen bottle at
atmospheric pressure was also injected into the reactor via a transfer syringe. The reactor was
then heated to the polymerization temperature in the range of 25-85°C. Once the reaction
temperature was reached, a stirring rate of 350 rpm was set and the reactor was pressurized with
ethylene to begin the polymerization. After 30 min the polymerization was quenched with an

excess of ethanol. The resulting polymer was then filtered, washed and dried in an oven at 60°C.

6.2.2 Characterization

Molecular weight distributions were determined by high temperature gel permeation
chromatography (GPC). A Waters GPC 150CV instrument with a Viscotek 150R viscometer
was used with 1,2 4-trichlorobenzene as a mobile phase operating at 140°C. Short chain
branching distributions were determined by crystalization analysis fractionation (CRY STAF)
using a CRY STAF 200 instrument (Polymer Char, Vaencia, Spain). CRY STAF is atechnique
similar to temperature rising elution fractionation (TREF), but with significantly shorter analysis
time (35). 1-Octene copolymer compositions were estimated by integration of the CRY STAF
profiles using a calibration curve relating the crystallization temperature (T.) and the 1-octene
content that had been previously determined by C** NMR. The cdlibration curve used to

determine the 1-octene content is shown in Figure 6.2.
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1-Octene Incorporation (mol %)
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Crystallization Temperature (°C)

Figure 6.2 — CRYSTAF Calibration Curve - 1-Octene Comonomer | ncor poration
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6.2.3 Experimental Design Procedure
To study the effect of polymerization conditions on the copolymerization of ethylene and

1-octene with in-situ Me,Si(2-Me-4,5 Benzind),ZrCl,, atwo level, five factor fractional factorial

design was carried out with aresolution of V (25), indicating that no two factor interactions or

main effects are correlated (34).

The experimental conditions chosen for the design levels are shown in Table 6.2,
including the levels for the 25 fractional design and the upgraded levels to a central composite

design with the use of star points. The star points are included as additional levels to be used in
the model predictions. The chosen aphalevel was set at 2 to balance the prediction errors of the
design (rotatable) (34). Due to the unfeasibility of reaching the star points for the ethylene
pressure and hydrogen level, they were adjusted as face-centered points.  The experimental runs
were carried out in a randomized order. Polymerizations were carried out at constant ethylene
pressure with a fixed comonomer/ethylene ratio, as required by the design. To estimate the
amount of 1-octene required for the desired ratio at the various temperatures and pressures,
bubble point calculations based on the Chao-Seader method were made using a Fortran 77
program (35). The activator to support ratio reflects the amount of aluminum present on the
support and added as soluble MAO. For this study, the supported aluminum to catalyst metal
ratio was fixed at 500.

Table 6.3 shows the estimated 1-octene and ethylene concentrations in hexane for the

temperatures and pressures investigated in this study.
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Table 6.2 — Experimental Conditionsfor the Experimental Design Levels

Factor Design Levels
High(1) Low (2) Center (0) Highstar(2)" Lowstar(-2)’

Temp (°C) 70 40 55 85 25
Pressure (psig) 200 100 150 200 (1) 50
Hydrogen (mL) 50 0 25 75 0(-1
Comonomer/ 0.21 0.07 0.14 0.28 0
Ethylene

Activator/Support 15 5335 10.1675 19.8325 0.5025

" The central composite design star points were set at an alphalevel = 2. Note that the high star for pressure and low
starpoint for hydrogen were adjusted to be face centered due to experimental constraints.
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6.2.4 Response Analysis

The responses for the design were measured in terms of polymerization activity, 1-octene
incorporation, SCBD broadness, weight average molecular weight, and polydispersity index.
Polymerization activity was determined as the ratio (mass of polymer produced)/(catalyst moles
X polymerization time). Note that this does not include the contribution of monomer pressure.
The 1-octene content was determined from the integration of the SCBD. The SCBD broadness
was quantified as the difference between the number average temperatures (T,) for the
homopolymer and copolymer peaks as described below.

T, =L (4)
w

where w; is the weight fraction of polymer and T; is the temperature of the fraction.

The average molecular weights and polydispersity indices were calculated from the GPC
anaysis using standard GPC techniques.

Analysis of the experimental design data was carried out using StatSoft Inc.
STATISTICA, Version 5.1 ’97 Edition. Factor significance was determined using the analysis
of variance method with a pure error estimate calculated from 6 replicate runs of the center point.
Marginal mean plots and prediction profiles were generated to include error bars at a 95%
confidence level. The prediction profiles generated represent each response and its parameter
dependence as a 2™ order polynomial. The form of the empirical model is shown in Eq. (5).

Y =Bo+ BaT + B2P + B3sC + BaH + BsA + 2 parameter interactions (5)
+ [316T2 + B17P2 + BlSCZ + [319H2 + BZOAZ + error

where the [3's are the parameter estimates for the factors of (T)emperature, (P)ressure, (C)
comonomer to ethylene ratio, (H)ydrogen concentration and (A)luminum concentration.
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6.3 Results and Discussion

The run layouts of the fractional factorial and central composite design along with the
measured results from the polymerizations are shown in Tables 6.4 to 6.9. The analysis of the
data will be described in the next three sections based on the values obtained for polymerization
activity, short chain branching distribution, and molecular weight distribution of the synthesized
copolymers.

Twenty-six unique polymerizations and 6 replicated center points were carried out for the
estimation of inherent variation. These runs were carried out under the prescribed
polymerization conditions and limited to low polymer yields to minimize the drift in comonomer

concentration.

6.3.1 Activity

From the analysis of the design data, it was found that the polymerization activity was
sensitive to al of the reaction parameters studied. The predicted response profiles of the
polymerization activity with respect to each parameter are shown in Figures 6.3 (a€). These
plots indicate how catalyst activity depends on each parameter. However, these are model
predictions and some lack of fit was present, especially towards the parameter extremes. Figure
6.3a shows how activity varies with temperature. The temperature of the polymerization medium
affects the kinetics of the reaction. For the temperature range studied, with increasing
temperature, the catalyst activity increased (5-17). Thisis not always the case, since the rate of
catalyst deactivation also increases with temperature. It has been reported that catalyst activity
can reach a maximum between 40 and 80°C (6,12,13) and depends on the polymerization time

and polymerization conditions. With an increase in ethylene pressure, the activity also increased



Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 98

"pasen02a1 JBwA|od Jo JunoLLe sy} uo paseq

"91e011da1 uIod JB1usd e SatedIpul (D) "uoIyse) paziwopuUe. e Ul IN0 Pa1LIRD 940M 3JaY UMOUS SUNY " JBLUIOUOWOD 3Ud100

-T pue Jawouow aud jAye *JofeAnde wnuiwnelAyle 1l 'OV IA patoddns edl|s IsAeed ¢[0JZ%(puizuag G0 IN-2) ISDIN UM N0 palifed alem sjusw Liedx3
ubssp oIy ;"2 Aq peulLBIBPSY

ov.€ G/9T0T vT°0 14 0ST sle ()61

285 G/9T0T vT°0 14 0ST sle ()81

9TZS G/9T°0T 14%0) 14 0ST GS ) L1
0css ST 120 0s 00¢ 0L 9T
0ce9 GEe'S 120 0s 00¢ ov o1
000g GEE'S 120 0S 00T 0L 14
/8€T 13 120 0S 00T (0% €T
0959¢ GEE'S 120 0 00¢ 0L [4)
08307 13 120 0 00¢ (0% 1T
(0]7472°] 13 120 0 00T 0L 0T
/8€ST GEE'S 120 0 00T (0% 6
(0] GEE'S 100 0S 00¢ 0L 8
T8eC ST 100 0S 00¢ or L
68ST ST 100 0S 00T 0L 9
z6g GEE'S 100 0S 00T ov S
08801 ST 100 0 00¢ 0L 14
€129 GEE'S 100 0 00¢ 0] €
878 GEE'S .00 0 00T 0L 4
/0T¢ ST .00 0 00T (0% T
(4y 120 Jow/ad bx) () (61sd) (Do) #

oley olrey
1oddns aw Ay
LSAUADY JIORRAIDY  /lwouowo) udbolpAH oainssald  alnreledwe | Und
sasuodsoy SPre ubiseq Jojoe

AlAoY sesuodsay ubiseq [euoloe 4 7 —'93|de L




Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 99

s9|1j04d 4V 1S AHD 8y} Ul suoifies ewiA|odod pue JowA jodowoy ay3 Wwouy sanfesedws) uo ez feisAio sfielene QNN g,
aInjesedwsl Uo ez |eISAID pue JUSIUOD BUS1J0-T Bullepl aAINd uoieiqied e Buisn a|1joid 4 1S AMD 8U Woly perew sy
J»wA|odoo pue sewA jodowoy se pauiweiep S3|1joid 4V 1S AHO aU Ul Seae 8y WoJj parew s
‘91edl|dal Julod ,esd e Sakedipul (D) "uoIyse) PaZIWOopUeRI B Ul IN0 Pa11Ied 3J8M 848 UMOUS SUNY *JBWIOUOWOD 8US100
-T pue Jswouow aus |Aye ‘JoreAnde wnuiwnelAye L ‘OV IN pauoddns eal|s IsAeIe ¢[0iZ¢(pujzueg §'7-9IN-2) ISP N YNM N0 paliied alem siuaw iadxg
ubsep euole) "2 Aq paulwePpsy ,

TO'6S S0°/LL 6L°T Z2ee 8'99 G/9T°0T 10 T4 0sT =i ()6t
9G5'65 0c’LL 65T 8'/¢ ¢l G/9T°0T 10 T4 0sT =i ()8t
88'8S 8T/, 76T L'1€ €729 G/9T°0T 10 T4 0sT =i @) FA
TS 1€°S/ €6°¢ 8'98 A4 qtT 120 0s 00¢ 0L o1
LS9V T6'8L 8L¢C 1 7%% 6'SS gee’s 120 0s 00¢ or ST
0C v eveL 68'S T'G6 67 gee’s 120 0S 00T 0L 14}
S6°.E VA7a 7 90, G526 g/ o1 120 0S 00T or €T
€L'85 16°0L 0s'e 6'€8 79T gee’s 120 0 00¢ 0L A}
8.'8Y qT'8L [A0k> 08y 0'2s o1 120 0 00¢ or 1T
20'sS L9V, 86 968 S0t o1 120 0 00T 0L 0T
.'GL 9G'G. T.S 508 96T Gee’s 120 0 00T ov 6
- 08'S.L €60 00 0'00T gee’g 100 0s 00¢ 0L 8
97’05 GC'6. 83T e 8'q.L 1) 100 0s 00¢ ov .
oc'Ly 9zc¢L T1¢C 8¢l fAVA:] 1) 100 0s 00T 0L 9
9C'1S 129. TC¢C z2ee 8,9 gee’g 100 0s 00T ov S
- 90°/LL 180 00 0'00T 1) 100 0 00¢ 0L 14
- 76°08 620 00 0°00T gee’s 00 0 00¢ or €
- TT9L 00T 00 0°00T gee’s 00 0 00T 0L c
- €008 70 00 0°00T ST 100 0 00T ov T
o) Q.) (%) ) (%) (Tw) (Bisd) (o) #
gPWAj0doD ~BwAjodod
ainpesedws | %E\A_oaoEo_._ ul S0 olrey oiey
abeony ainpesedws | 3UBIO-T u_wc;_oaoo JowAjod | woddns  suslAya
“WNN afiesony "WNN 171 % -OWOH % |/J0AIOY /BWoUoWo) USB0IPAH 8Inssald  anpkldwe]  uny
sasuodsay SPre ubiseq Jojoe

seAleuy 4V 1SAYD Sssuodsay ubisaQ [euoioei4 24 —G9a|qel




AN UORIq [[ed [eSIBAIUN 8Y) pue splepuess auslAsAjod mouseu Busn OdO Aq peuiwserpsy .,

‘91edl|dal Julod esd e Saedlpul (D) "uoIyse) PaZIWOopUeRI B Ul IN0 P 1112l 3J8M 848 UMOUS SUNY *JBWIOUOWOD 8US100

-T pue lswouow aud jAye ‘JofeAnde wnuiwn Ayl 'OV IA pauoddns edl|s IsAeed ¢0JZ¢(puizuag G0 IN-2) ISP IN UM N0 palifed alem sjusw liedx
ubsep euole) | "2 Aq pauleepsY ,

o

o

—

g

S

5

=

7]

]

2

=

2

= 69C 00S'9L G/9T0T 7490 14 0ST g ()61
g L.¢C 00€%9 G/9T°0T ¥10 T4 0ST qS (Q)sr
§e] 8.°¢ 00T‘/9 G/9T°0T 10 T4 0sT qS )1
& a0¢c 00T ‘9 1) 120 0s 00¢ 0L a1
W €9¢ 00991 gee’s 120 0s 00¢ o o1
W_ 76T 000°LV gee’s 120 0s 00T 0L 14
Ann... ST¢C 00v‘ce o1 120 0S 00T o €T
7 €57¢C 008‘c9r gee’s 120 0 00¢ 0L [4)
m, T4 009°/L2v °1 120 0 00¢ o T
® 00¢C 005°/S °1 120 0 00T 0L 0]
nnu 8r'c 002'cST gee’g 120 0 00T ot 6
w GG°¢ 00€E ‘61 Gee’s 100 0s 00¢ 0L 8
) €Ly 008‘TV qt 100 0] 00¢ o L
jo] 6,1 009°ce 1) 100 0s 00T 0L 9
m e 00092 Gee’g 100 0s 00T ot S
wa lT1¢ 008‘€TC 1) 100 0 00¢ 0L 14
c LL'E 00z'cLE gee’s 00 0 00¢ o €
.m 99¢C 000VTT gee’s 00 0 00T 0L Z
% S6°C 006 '7SE 1) 100 0 00T ot T
@ (jow/B) (qw) (B1sd) .) #
©

g Xopu| JuBeM

= Asiedsip NN voddns  ausjAyIg

w -Alod afeloAY IM | /I0IRANDY /lBwouowo) UsB0IPAH ainssald  aineledwie | Uy
R_u sasuodsay SPre ubiseq Jojoe

g

&

=

O

ssAfeuy 1WyBBM fe|nosjo |\ sssuodsey ubssQ [euonoel4 24 —99a|ge L




"paJen0ds. BwA|od Jo Junowre ay) uo peseq

"a1eal|daJ Julod esd e SaRdIpUl (D) "UOoIySe) PaZIWopURI B Ul INO Pa11IeD 3JM 348 UMOUS SUNY *JBLIOUOWOD aUs100

-T pue lawouow aud jAye *JofeAnde wnuiwn Ayl 1l 'OV IA pauoddns edl|s IsAeed ¢[0Jz¢(puizuag G0 IN-2) ISP IN UM N0 palifed alem sjusw Liedx
"2 = pAdeyde e siuiod.ess yiim ub sap a11sodwiod [e1ued e MO||0) 01 SunJ [eUOIPPY 4

- G/9T°0T ¥10 Se 0ST GS ) ze
002S G/9T°0T ¥10 Se 0ST GS ) 1e
(02517 G/9T°0T ¥10 Se 0ST GS () oe
0897 G2e8'6T 10 Se 0ST S 6¢
08y 62050 10 Se 0ST GS 8¢
00ZET G/9T°0T 82°0 14 0sT el Yird
192y G/9T°0T 0 14 0ST el 9z
9GTT G/9T°0T ¥1°0 G/ 0sT el 14
09TST G/9T°0T ¥1°0 0 0ST el 4
099 G/9T°0T ¥1°0 14 002 el €e

12y G/9T°0T ¥1°0 o1 0S el e

09592 G/9T°0T 10 Se 0ST g8 12

9621 G/9T°0T ¥1°0 o1 0ST o1 (014

(1Y 120 jow/3d 6) () (61sd) (Do) #

oney oney
voddns  ausjAyIg
SAUAIY JIOIRAIDY /JBWouowo) USB0IpAH aunssald ainfesedwie | Uy
sasuodsay SPre ubiseq Jojoe

Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 101

ANAnoy sssuodsay ubsaq a1sodwod [eliued — 2'99|ge L



s9|1joud 4V 1S AHD a3 ul suoifiel jswAjodod pue BwiAjodowioy sy woiy sanjeledwa) uoezi|eishio sfieene JequinN 4,
ainpesedwe) uoiez1|e1sAI0 pue JUsIU0d 8Us10-T Bulle Pl aAINd uoieiqifed e Buisn a|joid 4 1S AHD 8y1 woly pelew sy
WA |jodod pue JswAjodowoy se pauiwRIep S3|1oid 4V IS AHD S} Ul sease d} Wwoly pafew sy
"8ledi|daJ ulod Jejusd e SaedIpul (D) "UoIYySe) PaZIWopURI B Ul N0 PaLLe 3 3JoM 88y UMOUS SUNY JBLWLIOUOWOD 8Us100

-T PpUe JBLUOUOW SUB AU *J0TeATIJe WNUILUNIALB LI ‘O N peroddns edl|s ‘sAe1ed 2[01Z4(puzued S'p-0N-2)ISPIN 1M N0 peliied slem siusliedx3

"2 = praeyde ke siodes Yyiim ubsap 91sodwod eausd e MOo|[04 0} SUNJ [eUORIPPY ,

TLvS 09'LL 8eT L9T €'e8 G/9T°0T 174%0) 14 0sT qs ) ze
L209 G.'8L €T 9TeC 7'8L G/9T°0T 174%0) 14 0sT qs ) 1e
6<'T9 €9'8L LLT 8'cy 295 G/9T°0T 174%0) 14 0sT Qs () oe
7509 V2'6L STt Z'Te 8'8L G2e8'6T 174%0] T4 0ST o1 62
€LT9 9e'8. Ge'¢ €99 L'vE G20S°0 174%0) T4 0ST qs 8¢
AN 4 129. 799 0'c6 0L G/9T°0T 820 T4 0ST qs X4
- 06'6L 9g'0 00 0'00T G/9T°0T 0 174 0ST qs 9
7'.S TEYL 08¢ L'/S A7 G/9T°0T 10 72 0ST qs T4
28'€9 G6'GL VLT 8'/E 229 G/9T0T 174%0) 0 0ST qs 174
L0'/S ¢S’LL 98T c£'ee 8'99 G/9T°0T 174%0) 174 00¢ qs €C
€v'ss 08'SL 88'¢ 688 TTT G/9T°0T 174%0] T4 0S o1 44
- 62,9 0ce 00 0°00T G/9T°0T 174%0] T4 0ST a8 TC
Zr'ss TO'T8 62T 0'9¢ TV, G/9T°0T 1Z4%0) T4 0ST 14 0C
Q.) Q.) () ) (%) (Tw) (6isd) Qo) #
geWA|odoD ~PwAjodod
ainpesedws | %E\A_oaoEo_._ ul uauod olrey oiey
abeony ainpesedws | ausP0 u_wc;_ogoo JowAjod | woddns  suslAya
‘wnN afieloAY "'WNN  -T |RRAO % -OWOH % |/J0AIOY /BWOoUoWo) USB0IPAH 8Inssald ainesedwal  uny
sasuodsay SPre ubiseq Jojoe

Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 102

SsAfeUY 4V ISAHD 'Ssuodsay ubisaQ 81sodwo) feiued —8'99|qe L




AAIND UoIRRIg 1D [eSIeAIUN aY) pue spepuess ausiAisAjod moleu Buisn OdO Ag pauiwserpsY .,

"a1eal|daJ Julod esd e SaRdIpUl (D) "UOoIySe) PaZIWOopURI B Ul INO Pa11IeD 3JM 348 UMOUS SUNY *JBLIOUOWOD 8US100

-T pue Jswouow aud |Aye ‘JoreAnde wnuiwnelAye L ‘OVIN pauoddns eal|s IsAeIe ¢[0iZ¢(pujzueg §'v-9IN-2) ISP YNM N0 paliied alem siuaw iadxg
Z = preleydpe e suodels yim ubisep a1sodwiod [eJiusd e MO||04 03 SUNJ [euollippY .,

T9¢C 008GS | G/9T0T 174%0) T4 (051 qs ) ze
80°¢ 008‘TL | G/9T0T 174%0) T4 (051 qs ) 1e
2Le 00866 | G/9T°0T 174%0) T4 (051 qs () oe
8¢ 00T'€9 | G2E86T 174%0] T4 0ST o1 62
€69 00€'¥0C | G20S0 174%0) 74 0ST qs 8¢
S0¢C 000'G6 | G/9T0T 820 174 0ST qs X4
TT9 00S‘€9 | G/9T0T 0 174 0ST qs 9
G8'¢ 00T‘SOT | G/9T°0T 174%0) =7 0ST qs T4
66°C 006°08¢ | G/9T°0T 174%0) 0 0ST qs 174
09¢C 000'88 | G/9T0T 174%0) 174 00¢ qs €C
0T 00,CE | G/9T0T 174%0] T4 0S o1 44
69°C 00Sv0T | G/9T°0T 174%0] T4 0ST a8 TC
70'€ 008‘€T | G/9T0T 1Z4%0) 14 0ST T4 0C
low/B (w) (6sd) (Q.) #
JuBem
Jepul  eInosjoN
Asledsip  afelAy | uoddng awAy1g
-Alod M |/JoleAnoy /lewouowo) UsbolpAH aInssald  ainmesedwe | qund
sasuodsay SpPreubseq Joje

Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 103

ssAfeuy 1yBB A fejndsjo | Sssuodsey ubss@ a1sodwo) eUeD —6'99|ge L




Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 104

35000

30000

25000

20000

15000

10000

5000

Activity (kg PE/mol cat hr)

-5000

-10000|

-15000

3500

25

55

Temperature ( °C)

(a)

Activity (kg PE/mol cat hr)

-10004

-15000

3500

85

Activity (kg PE/mol cat hr)

-10000f

-1500

3500

30000

25000

20000

15000

10000

5000

-5000

50

100

Pressure (psig)

(b)

30000

25000

20000

15000

10009

5000

-5000]

30000

25000

20000

15000

10000

5000

Activity (kg Pe/mol cat hr)

-5000

-10000f

-1500

0.14

0.28

Comonomer/Ethylene Ratio

(d)

25

50

Hydrogen (mL)

(c)

Activity (kg PE/mol cat hr)

-10000}

3500

30000

25000

20000

15000

10000

5000

-5000

-1500!

75

150

200

10.2

Activator/Support Ratio

(e)

Figure 6.3 — Effect of Polymerization Conditionson Catalyst Activity

19.8



Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 105

(Figure 6.3b). Thisincrease in activity with pressure is fairly typical, since the propagation rate
is assumed to be first order in monomer concentration (13). There is, however, some levelling
off for ethylene pressures greater than 150 psig. Catalyst activity decreases significantly with the
addition of hydrogen. Both increases (8,10,15,22,24) and decreases (15,18,21,23,24) in activity
have been reported in the literature upon the addition of hydrogen, as a function of catalyst type,
monomer type and polymerization conditions. This reduction in activity has been tentatively
linked to a slower addition of monomer to the catalyst-hydrogen bond that is formed after chain
transfer to hydrogen. An increase in activity was observed with increased addition of comonomer
as shown in Figure 6.3d (7,9,14,18,19,25-29). This increase is presumably due to the
comonomer effect that is often associated with polymerization rate enhancement. The origin and
nature of this effect is still in debate (18,19,25,26,28). It is believed that this effect might be both
physical and chemical in nature. Physicaly, the presence of comonomer enhances the diffusion
of monomer to the active sites since polymer with low crystallinity is formed. The presence of
the comonomer activates and increases the number of catalytic sites that were not formerly
present in the absence of comonomer. Recently, Y stenes has proposed an insertion mechanism
that involves a monomer unit triggering the insertion of an already complexed monomer (36).
This mechanism accounts for the formation of different catalytic sites and different propagation
rates in the presence of comonomer. Catalyst activity decreases with the addition of activator
(Figure 6.3e).  Although activators are required to activate the catalyst (37), it is possible that a
large excess of activator may block the catalytic sites. For asimilar system, it was observed that
increasing the trimethylaluminum to silica MAQO support ratio, a decrease in activity occurred at
ratios up to 3.33 (16). This decrease was attributed to the bimolecular deactivation caused by the

complexation of homogeneous metallocene and trimethylal uminum.
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Further analysis of the two-factor interaction parameters reveals more insight into the
interplay that the reaction conditions may have on each other, as illustrated by the activity
interaction plots (Figures 6.4(a-€)). It isreasonable to assume that factors at different levels may
lead to different polymerization mechanisms and catalyst sensitivities. It can be seen from the
temperature-pressure activity interaction plot (Figure 6.44), that the catalyst exhibits different
sensitivities to temperature depending on ethylene pressure. At the low pressure level (100 psig
ethylene), the catalyst seems to be temperature-insensitive from 40 and 70°C. However catalyst
activity depends strongly on temperature at the high pressure level (200 psig ethylene). This
behaviour is difficult to explain and might be related to reactor non-idealities.

The interactions of hydrogen/comonomer and hydrogen/activator are shown in Figures
6.4b and 6.4c. Catalyst activity is greatly lowered in the presence of hydrogen, despite the levels
of comonomer and activator present in the reactor. The activity interaction plots for
activator/temperature (Figure 6.4d) and activator/comonomer (Figure 6.4€) indicate that catalyst
activity always decreases with increasing activator concentration, irrespectively of the

polymerization temperature and comonomer concentration used in this investigation.
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6.3.2 Short Chain Branching Distributions

Ethylene/a-olefin copolymers produced with in-situ supported catalysts can sometimes
have very broad and bimodal SCBDs (1). It was shown in our previous study that different
alkylaluminum activators could generate active sites with quite different reactivity ratios. One
of the motivations for the present study was to examine the effect of polymerization conditions
on the broadening of the SCBDs made with in-situ supported catalysts.

Firstly, to establish a basis for the type of SCBD of these ethylene/1-octene copolymers,
the SCBDs of the 6 center point runs (Run #s 17-19, 30-32) are shown in Figure 6.5. The
center point polymerizations were carried out at the conditions set out in the design of
experiments and produced copolymers with broad SCBDs. The distributions possess a
homopolymer-like portion (indicated by a high crystallization temperature around 78°C) and a
copolymer-tail with an average crystalization temperature around 59°C, thus verifying that
indeed two distinct site types are present at these polymerization conditions. To characterize
these copolymers with such broad SCBDs, two response measures were used in the analysis. To
estimate the 1-octene content in the copolymer, the area of the CRY STAF profile was integrated
and then applied to a 1-octene calibration curve which relates the crystallization temperature to

the incorporated mol % of 1-octene (Figure 6.2). Therelation is shown below:
Im f (m) dm (6)

where m is the mol % of 1-octene obtained from the calibration curve and f(m) is the weight
fraction of polymer.
To characterize the broadness of the distribution, the number average temperature was

determined (Eq 4) for the region deemed as homopolymer (above 70°C) and copolymer (below

70°C). Thedifference of these number average temperatures was used as aresponse for the



Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 109

Center Points

16 55°C,150 psig,25 mL H,,C/E=0.14,A/S=10.2 TN,Homopolymer =77.8 C
14 - \ \
— 17C /
12 4 | 18C f\\
—— 19C Avg. 1-Octene Content: 1.6 mol % /l '
10 { | —- 30C N
= — 31C
2 84 | — - 32C
=
©
6 -
4 -
2
0 .
20 30

Temperature (OC)

Figure 6.5—-SCBD Comparison of Replicate Center points



Chapter 6 — Effect of Reaction Parameters on Catalyst Activity and Polymer Microstructure 110

design. An increasing temperature difference indicates further peak separation. Summaries of
the responses observed from the designed data are shown in Tables 6.5 and 6.8. One of the most
remarkable observations with these distributions was the effect of temperature on the SCBD.
Figure 6.6 contrasts the differences between polymerizations carried out at 40°C and 70°C at the
high comonomer level in the absence of hydrogen. At the low temperature, a very distinct
separation of the homopolymer and copolymer peaks was observed. Interestingly, this
temperature effect depends highly on other polymerization factors, such as hydrogen presence
and comonomer concentration, asindicated in Figures 6.7 and 6.8.

Figures 6.9 (a-€) and Figures 6.10 (a-€) summarize the response profiles for both 1-
octene content and homopolymer and copolymer number average temperature difference.
Figures 6.9a shows that temperature had a minimal effect on the overall 1-octene content.
However decreasing temperature accentuates the separation between the homo and copolymer
peaks (Figure 6.10a).  In fact the broadening of the SCBD with decreasing polymerization
temperature was one of the most notable observations of this investigation. It might be
speculated that the active site type that favours ethylene incorporation (i.e., with the lowest
reactivity ratio towards 1-octene) is more active at lower polymerization temperatures. Pryzbala
et a. observed that SiO,//MAOQO/rac-Me,Si[2-Me-4-Ph-Ind],ZrCl, produced poly(ethylene-co-1-
hexene) with polyethylene and amorphous copolymer fractions (7). This behaviour was
attributed to mass transfer limitations within the growing polymer particle that limits the access
of 1-hexene but not of ethylene to the active sites. For the current system, similar mass transfer
limitations cannot be discarded a priori since it is observed that the SCBD broadens at lower

polymerization temperatures. However, our previous work with poly(ethylene-co-1-hexene)
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made with in-situ supported Et[Ind]ZrCl, indicates that this effect has a chemical nature (1). In
that investigation, it was noticed that changing the type of activator (trimethylaluminum,
trimethylaluminum, triisobutylaluminum) led to polymers with unimoda or bimodal SCBD.
Since it is unlikely that the type of activator will have a marked influence on mass transfer
resistances, one isled to conclude that the observed bimodal SCBD are at least in part, due to the
presence of different site types on the in-situ supported catalyst.

1-Octene content decreased significantly with increasing ethylene pressure (Figure 6.9b)
while the crystallization peak temperature separation was only marginaly affected (Figure
6.10b), even though the comonomer to ethylene feed ratio was kept constant at different ethylene
pressures. Therefore, this might be related to other factor such as mass transfer resistances
during polymerization.

A steady increase in comonomer content was also observed with increasing hydrogen
pressure (Figure 6.9c). This increase in comonomer content appeared as broadening of the
SCBDs and consequently increased peak separation (Figure 6.10c). Hydrogen decreases the
molecular weight of the polymer and might reduce mass transfer limitations, thus favouring
comonomer incorporation. The increase in peak separation at higher hydrogen levels may aso
be attributed to the generation of different active sites that have higher reactivity ratios towards
1-octene (15,18).

As expected, for an increase in the comonomer/ethylene ratio (increasing the comonomer
feed), comonomer incorporation in the copolymer increased (Figure 6.9d). Additionally, an
increase in the peak separation aso occurred resulting in broadening of the SCBD (Figure
6.10d). The effect of the activator to catalyst support ratio is negligible on both 1-octene content

and SCBD peak separation Figures 6.9e and 6.10e. Figures 6.11 and 6.12 illustrate the most
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important 2-factor interactions. The effect of temperature, although not prominently shown in
the response profiles, indicated that at the low pressure level, the comonomer incorporation
decreased with increasing polymerization temperature (Figure 6.11a). However, the opposite
behaviour was seen at the higher pressure level. At low monomer pressure, the observation of
decreasing comonomer content with increasing temperature is similar to others (5,14). It has
been suggested that different activation energies exist for the transfer mechanisms (5). For the
peak separation difference, broadening of the distribution was aso sensitive to the
polymerization temperature (Figure 6.12a). At the high comonomer level, an increase in SCBD
broadening occurred at lower temperatures.  Little broadening was observed at the low
comonomer level, possibly due to superposition of the lower and higher crystalline peaks in the
SCBD. As the polymerization temperature decreases, it is possible that the catalytic site that has
higher 1-octene reactivity ratio becomes more active. Towards higher temperatures, the SCBD
becomes unimodal as shown in Figure 6.6. This might be related to changes in the reactivity
ratios of both site types, but it might also be possible that at high temperatures extraction of the
metallocene or MAO from the catalyst support occurs, leading to homogeneous polymerization.
It was observed that the morphology of the resulting polymer became poorer as the
polymerization temperature increased, which supports the hypothesis of metallocene or MAO
leaching from the silica particles.

It seems that ethylene pressure can also change the incorporation characteristics of the
catalyst system (Figure 6.11b). At a high comonomer level, it can be suggested that with an

increase in ethylene pressure, a decrease in comonomer incorporation occurs. At alow level of
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comonomer, ethylene pressure does not play as prominent an effect in decreasing the
comonomer content. Remember that the comonomer/ethylene ratio in the reactor was kept
constant for al ethylene pressures. Therefore, if the catalyst did not exhibit different sensitivities
to ethylene pressure, no change in the 1-octene content in the copolymer should be observed.

The effect of hydrogen was also significant and is confounded with the effects of the
activator/support ratio and ethylene pressure. As mentioned above, hydrogen increased
comonomer incorporation (Figure 6.9c). At the low activator level, very little difference in
comonomer incorporation is observed with changes in the hydrogen level (Figure 6.11c).
However a the high activator level, comonomer incorporation increased greatly with the
addition of hydrogen. The interaction between hydrogen and activator cannot be readily
explained, but it may be linked to new active sites that can possibly be created with the addition
of hydrogen. The interaction between hydrogen and polymerization pressure is aso interesting.
At the low ethylene pressure, comonomer incorporation increases with the addition of hydrogen,
but at the high pressure level, comonomer incorporation does not change significantly with the
addition of hydrogen.  This again can be explained by the different sensitivities of the catalyst
towards ethylene pressure and hydrogen. Examining the relation of the hydrogen and activator
level on the peak separation difference, regardless of the activator level, it can be seen that with
the addition of hydrogen the peak separation increases greatly, indicating that the SCBD
broadens (Figure 6.12b). Again this may be linked to the catalytic sites generated by hydrogen
which may better incorporate the comonomer.

Figures 6.12c and 6.12 shows the effects of temperature and ethylene pressure on the

SCBD broadening depends on the activator level. This unusual behaviour demonstrates how
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sensitive the catal ytic sites are to changes in the electronic environment that surrounds them (i.e.

presence of akylaluminums).

6.3.4 Molecular Weight

Generally, the molecular weight of polymers is quite sensitive to polymerization
conditions. Changing these conditions can affect the rates of propagation and transfer, and
consequently the molecular weight of polymer. For truly single-site catalyst, changes in the
polydispersity index (PDI) cannot occur, since PDI is aways equal to 2, by definition.
Therefore, any change in PDI can be associated to the presence of multiple site types, mass
transfer resistances or reactor non-uniformities.

The response profiles illustrating the various effects on molecular weight and
polydispersity are shown in Figures 6.13(a-€) and Figures 6.14(a-€) respectively. Figure 6.13a
shows that as the polymerization temperature increases, the molecular weight decreases. At
higher temperatures, chain transfer reactions such as 3-elimination occur more readily and it was
expected that the molecular weight would be lower (10,11,13,14,17). Figure 6.14a shows that
PDI decreases from an average of 3 to avalue lower than 2 with increasing temperature. A PDI
of 3 is reasonable for a polymer produced with a supported metalocene catalyst, since
broadening of the MWD generaly occurs due to heterogeneity of the catalyst sites on the silica
support (13). This observation reinforces that the catalyst becomes “more single-site” at higher
polymerization temperatures. This behaviour was aso observed for the SCBDs as indicated in
Figure 6.10a. Molecular weight increases with increasing ethylene pressure (Figure 6.13b), as
expected. As ethylene concentration increases, the rate of propagation increases, as well as the

molecular weight, which indicates that chain transfer is not regulated by transfer to monomer. It
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was observed that the MWD broadened as the pressure increased above 100 psig and eventually
reached a plateau (Figure 6.14b). The values predicted for PDI at 50 psig are unreasonably low
and indicate that some lack of fit exists for these predictions. However, the trend shows that as
ethylene pressure increases, PDI tends to a value around 3.

A significant decrease in the weight average molecular weight occurred even with the
addition of a small amount of hydrogen (Figure 6.13c). However, at the highest amount of
hydrogen investigated (75 mL), some anomalous behaviour was detected. The model predicts
that, with the highest amount of hydrogen, the molecular weight increases. Thisis unusual but it
may indicate that certain interactions are significant or that this data point is an outlier. The
response of the MWD with hydrogen showed that the PDI remained unchanged at the different
levels of hydrogen (Figure 6.14c) which is reassuring that the other observed effects may be
significant. Weight average molecular weight increases sightly with the level of comonomer
(Figure 6.13d). Other researchers have reported that molecular weight increases (7,9) and
sometimes decreases (18,19,27,28) with addition of comonomer, but generally, the molecular
weight decreases due to increased transfer to comonomer.

PDI decreases as the comonomer amount increases (Figure 6.14d). It is interesting to
notice that the SCBD can vary greatly and the MWD can still remain narrow, as illustrated by
Figures 6.6 to 6.8.

Figure 6.13c indicates that molecular weight decreases with increasing amount of
activator, up to an activator/support ratio of about 10, which is consistent with the activator
acting as a chain transfer agent (12,16,17,30,31). A similar effect was observed for PDI (Figure

6.14c).
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The molecular weight and PDI responses to some parameter interactions are shown in
Figures 6.15(a-e) and 6.16(a-C). The molecular weight decreases with an increasing
temperature in the absence of hydrogen (Figure 6.15a). In the presence of hydrogen, chain
transfer to hydrogen dominates and the molecular weight is not influenced by temperature.
Figure 6.15a shows that as the temperature increased the PDI decreased, regardless of the level
of pressure. The narrowing of the MWD due to a more single-site like behaviour has already
been discussed above. At the high pressure level possibly due to the higher rate of
polymerization, awider range of chains are formed.

The effect on molecular weight with the interaction of temperature and activator level is
shown in Figure 6.15b. The molecular weight was independent of the temperature, at the low
level of activator, but the molecular weight decreased with the increasing temperature at the high
level. For the influence on PDI, it is again shown that, despite the activator level, the PDI
decreases with the increase in temperature (Figure 6.16b).

For the interaction of pressure with hydrogen, Figure 6.15c shows that the molecular
weight of the copolymer increases with increasing ethylene pressure in the absence of hydrogen.
However in the presence of hydrogen, ethylene pressure does not influence the molecular weight
indicating that chain transfer to hydrogen dominates.

Different behaviour with temperature was also observed at different comonomer levels
(Figure 6.15d). At the low comonomer level, it was seen that the molecular weight decreased
with increasing temperature, as expected. However, a the high comonomer level, molecular
weight is unaffected by the changes in temperature, possibly because transfer to comonomer
dominates over changes in temperature. Figure 6.16¢c shows that the PDI decreases with

increasing temperature.
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Figure 6.15e shows at the high comonomer level, the molecular weight increases with increasing
ethylene pressure. At the low comonomer level, the molecular weight increased at a slower rate.
At this comonomer level, it seems that transfer to comonomer dominates since increasing

monomer pressure does not influence the molecular weight as greatly.

6.3.5 Single Factor Experiments

From the experimental design layout, a number of single factor experiments were carried
out to examine the effect of each reaction parameter at the star point levels. For these
experiments, only the factor of interest was varied and the other parameters were held at the
levels used for the center points. Although it was found above that interactions between several
polymerization parameters are important, the analysis of the single factor runs will help better
understand some of the observed effects.

As mentioned above, large changes in the SCBD were observed upon changing the
polymerization conditions. These changes in the SCBD are very important, since they influence
the crystalline properties. Figure 6.17 shows the effect of polymerization temperature on the
polymer SCBD, along with the average molecular weight and catalyst activity. The SCBD
narrows considerably when the polymerization temperature is increased from 25°C to 85°C.
With the increase in temperature, the rate of polymerization and the weight average molecular
weight also increase. Samples synthesized at 25°C also show intriguing behaviour. The SCBDs
broadened (Figure 6.18), by decreasing the ethylene pressure. Even though the
comonomer/ethylene feed ratios were kept constant for each polymerization condition. These
observations are consistent with the predictions made above from the response profiles. as
ethylene pressure is increased the comonomer incorporation decreases, as well as the peak

separation. Surprisingly, the SCBD also changes with varying hydrogen levels (Figure 6.19).
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Conditions: 150 psig,25 mL H,,C/E = 0.14,A/S=10.2
—— 25C (#20)

— — 55C (#30C)
- - 85C (#21)

Sample# Mn Mw PDI  Activity
(g/mal) (g/mal) (kg PE/mol cat hr)
#20 13,800 42,000 3.04 129

#30C 35200 95,800 2.72 4640
#21 38,900 104,500 2.69 26560

dw/dT

Temperature (°C)

Figure 6.17 — Single Factor: Effect of Temperature on SCBDs

Conditions: 55°C,25 mL H,,C/E = 0.14,A/S=10.2

—— 50 psig (#22)

— — 100 psig (#30C)

— - 200 psig (#23)

Sample#  Mn Mw PDI  Activity
(g/mol) (g/mol) (kg PE/mol cat hr)

_|5 #22 15,600 32,700 21 427 /\
§ #30C 35,200 95,800 2.7 4640 . \
5 #23 33,900 88,000 26 6640 /

Temperature (°C)

Figure 6.18 — Single Factor: Effect of Pressure on SCBDs
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Conditions: 55°C,150 psig,C/E = 0.14,A/S =10.2

—— 0mL H2 (#24)
— — 25mL H2 (#30C)
. 75mL H2 (#25)

Sample # Mn Mw PDI  Activity
(g/mol) (g/mol) (kg PE/mol cat hr)
#24 94,000 280,900 3.0 15160 / \
#30C 35200 95800 27 4640 |\

#5 27300 105100 39 1156 |

dw/dT

Temperature (°C)

Figure 6.19 — Single Factor: Effect of Hydrogen on SCBDs
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Without hydrogen a broad SCBD resulted that did not overlap with the other two samples. As
noted, it is believed that changes in the catalyst comonomer reactivity ratios occur with the
addition of hydrogen. By increasing the amount of hydrogen the SCBD aso broadens, as
indicated for samples #30C and #25. From the design predictions this corresponds to the
increase in comonomer content with the addition of hydrogen and also results in broadening of
the SCBD.

Figure 6.20 shows that when ethylene is polymerized alone, a narrow high crystallinity
homopolymer peak is obtained. Addition of 1-octene leads to bimodal SCBD peaks, where a
portion of homopolymer can still be detected, a main characteristic of multiple site type catalysts.

Figure 6.21 shows that as the activator amount increases, the SCBD broadens and the
formation of a copolymer peak takes place. This was not well predicted from the design data
since the copolymer and homopolymer peak temperatures do not change, and consequently the
peak separation is not affected. In the design data, no indication of an increase in comonomer
content was observed which contradicts the observations made here, since it can be clearly seen
that sample #28 has higher comonomer incorporation. It was shown in the design analysis that
the activator can interact with many factors such as hydrogen, temperature and pressure. It is
possible that the changes observed here are the results of conflicting effects.

Overdll, the analysis of the experimental design results has revealed some insight into the
nature of the polymerization with in-situ supported catalysts. It was demonstrated that the effect
of several polymerization parameters on this heterogeneous system is not straightforward.
Given the multiple site nature of the catalyst and possible mass transfer limitations, it was shown
that predicting the polymerization activity and resulting microstructure of the polymer is a

challenging task.
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Conditions: 55°C,150 psig,25 mL H,, A/S=10.2

—— CI/E=0(#26)
— — C/E=0.14 (#30C)
<+« CIE=0.28(#27)

Sample # Mn Mw PDI  Activity
(g/mol) (g/mol) (kg PE/mol cat hr)
— #26 10,400 63,500 6.1 4267
o #30C 35200 95,800 27 4640
% #27 46,400 95,000 21 13200

30 40 50
Temperature (°C)

Figure 6.20 — Single Factor: Effect of Comonomer/Ethylene (C/E) Ratio on SCBDs

Conditions: 55°C,150 psig,25 mL H,,C/E = 0.14

— A/S=198 (#29)

— — A/S=10.2 (#30C)
.« A/S=050 (#28)

Sample# Mn Mw PDI  Activity
(g/mol) (g/mol) (kg PE/mol cat hr)
— #29 29,500 204,300 6.9 165
E #30C 35,200 95,800 2.7 455
; #28 15,600 32,700 21 4165
©

30 40

Temperature (°C)

Figure 6.21 — Single Factor: Effect of Aluminium/Support (A/S) Ratio on SCBDs
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6.4 Conclusion

The results of this experimental design clearly show that in-situ supported Me,Si(2-Me-
4,5 Benzind),ZrCl, is not a typica single site catalyst. Some responses to important
polymerization conditions are not easily predicted from typical polymerization mechanism steps,
and several two-factor interactions play important roles in determining polymer MWD and
SCBD, as well as catalyst activity. Additionally, the presence of more than one site type and
mass transfer limitations, further difficult model predictions.

Nonetheless, the experimental approach used herein is very important to detect and
quantify the complex nature of this particular system and can be readily extended to other
supported metallocene systems. The ability to produce polyolefins with multimoda
microstructura distributions in a single metallocene/single reactor set-up is very attractive and

could in principle be used to produce polyolefin resins with advanced molecular architecture.
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7.1 Introduction

Commercialy, there are numerous polymer resins available that have been tailored
specificaly for certain product applications and polymer processing operations. The
applications range from piping, packaging, household and industrial containers, to automotive,
and are processed by extrusion, blown film, blow moulding and injection moulding processes,
just to name a few. Many grades of resins are manufactured around the world and are
commonly classified by their chemical composition, crystaline density, and melt index to
identify their end-use application and processing operation (1).

For polyolefins, it is well known that both the molecular weight and comonomer
distribution of a polymer plays avital rolein determining its physical and processing properties.
The microstructural features of a polymer include: the monomer and comonomer type, long
chain branch length and distribution, comonomer content and comonomer distribution, molecular
weight, and molecular weight distribution (MWD) of the polymer chains. All of these structural
features can be traced back to the original production of the polymer (2).

The structural features of polyethylene are controlled during the polymerization and
depend on the catalyst type and polymerization process. High-pressure processes using free
radical initiators can produce high density polyethylene (HDPE) and low density polyethylene
(LDPE) that are relatively linear and randomly branched. Better microstructural control has
evolved with heterogeneous Ziegler-Natta or Phillips type processes to produce linear
polyethylene and copolymers such as linear low density polyethylene (LLDPE). Currently, the
polyolefin industry is developing and producing polymers with single-site catalyst technology to
further control the microstructure to produce resins with narrow MWDs and uniform comonomer

distributions (3).
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However, with a single catalyst and single reactor process, polymers with unimodal
structural distributions are usually obtained. It is difficult to tailor the properties of resins with
unimodal structural distributions. If the molecular weight distribution needs to be tuned, the
entire distribution is shifted, resulting in a trade-off; one property is improved and another
property is compromised (4). Physical properties of the polymer such as stiffness and toughness
are influenced by its molecular weight and degree of crystallinity. Increasing the molecular
weight of a polymer decreases its degree of crystallinity (5-6). Greater control over the
crystaline density is often achieved by copolymerizing ethylene with a-olefin comonomers to
increase the degree of short chain branching. Short chain branching reduces the crystalline
density and lowers the polymer stiffness, but increases its toughness and optical clarity (7,8).

Even though high molecular weight (HMW) materials exhibit good toughness, they are
inherently difficult to process because of their high melt viscosities. Processing polymers with
high melt viscosities can be overcome with the use of processing aids but this solution is costly.

To overcome the shortcoming of this property-processing relationship, a balance of
properties can be achieved by the blending of polymers. One option is to melt blend the
polymers using an extruder or melt mixer. However, difficulties arise in obtaining well-dispersed
morphologies at an attractive cost if the structural units differ greatly (9). To tailor the polymer
microstructure during polymerization, tandem or cascade type processes are often used to control
the molecular weight and comonomer distribution of the polymer. A multiple staged process
allows for the production of a reactor blend containing the desired molecular components.
Tailoring the microstructure of polyolefin resins through the use of bimodal structures, allows
the control of the properties of each resin to fit the desired end-use properties and applications

(4,10-12).
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A comparison of the structural distributions produced from a single reactor and a series

processis shownin Figure 7.1.
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Figure 7.1 — Typical Molecular Weight and Comonomer Distributions of Polyethylene (11)
(c) Conventional Ziegler-Natta and Single-site PE made in a single reactor
(d) Bimodal PE made in a series of reactors

For the conventional Ziegler-Natta resin shown in Figure 7.1a, the MWDs are unimodal and
generdly broad. Given the multiple site nature of a Ziegler-Natta catalyst, the incorporated
comonomer tends to be unevenly distributed. Ethylene/a-olefin copolymers such as ethylene/1-
butene, ethylene/1-hexene, ethylene/l-octene, produced by heterogeneous catalysts, have a
greater concentration of comonomer in the low molecular weight polymer chains. The HMW
chains tend to have less comonomer and are similar to HDPE. On the other hand, it is generally
recognized that single-site catalysts produce polymer with narrow molecular weight and uniform
comonomer distributions (13,14). The interest in single-site catalyzed polymers arises from the

improved physical properties that result from the uniform structural distributions. Unfortunately,
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the difficulties in processing such resins are compounded without the low molecular weight
molecules present in polymers with broad MWDs.

Commercialy, pipe resins are often produced with ‘reverse’ comonomer distributions.
Figure 7.1b shows that these resins are reactor blends of HMW copolymer and low molecular
weight (LMW) homopolymer (4,10-12, 15). Resins with tailored distributions are often prepared
in multiple step polymerization processes, the desired polymer fractions are produced in
individual stages under the appropriate reaction conditions. The advantage is that the polymer
fractions can be independently tailored to balance the end-use properties. Resins with reversed
comonomer distributions exhibit good toughness and environmental stress crack resistance. The
presence of the HMW copolymer increases the concentration of tie molecules between the
polyethylene crystallites to prevent their disentanglement under creep conditions (4,10-12). The
fraction of LMW homopolymer is included to maintain the polymer density and to decrease the
melt viscosity at high shear rates.

Industrially, these processes often include a combination of reactors such as Borealis's
dlurry-loop-gas phase process or Hoechst cascade CSTR durry process. These processes are
used to produce reactor blends of HMW copolymer followed by LMW homopolymer (11,16).
Tailoring of the microstructure can easily be achieved by controlling the reactor conditions and
polymerization rates.

Given the recent interest in resins with bimodal structura distributions, our study was
initiated to investigate and further develop the understanding of structure-property relationships
of theseresins. Of interest was the influence of the molecular weight and comonomer content of
the individual polymer components and their contribution to the physical properties. Using a

heterogeneous metallocene catalyst system, under the appropriate polymerization conditions,
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resins with controlled molecular weight and chemica composition distributions were
synthesized. As an dternative to a tandem or cascade type process, a two-step polymerization
method was carried out in a single reactor on a laboratory scale. Utilizing this two-step
polymerization process, reactor blends of LMW homopolymer and HMW copolymer were
produced, similar to industrial resins with reverse comonomer distributions. For comparison,
resins with conventional comonomer distributions were also synthesized, thus mimicking
Ziegler-Natta LLDPE. These reactor blends consist of high molecular weight homopolymer and
low molecular weight copolymer.  For example, to synthesize a reactor blend of LMW
homopolymer and HMW copolymer the method used is shown in Scheme 1. In the first stage,
ethylene was polymerized in the presence of a chain transfer agent such as hydrogen to produce
LMW copolymer.  After venting the reactor to remove hydrogen, the second stage of the
polymerization was carried out in the presence of 1-octene. Depending on the polymerization
time and rate for each stage, reactor blends of polyethylene/poly(ethylene-co-1-octene) resulted.
The homopolymer/copolymer ratios were manipulated by varying the polymerization time for
each stage.

Scheme 2 shows the method to produce blends with conventional comonomer
distributions. A blend of HMW homopolymer and LMW copolymer was produced by the
addition of hydrogen and comonomer to the second copolymerization stage. Note that due to the
difficulty of removing the unreacted comonomer from the reactor, only copolymer could be

produced in the second stage.
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Scheme 1: Reactor Blend of LMW Homopolymer/HMW Copolymer

Vent the reactor (removal of hydrogen and monomer)

Polymerize ethylene in the Copolymerize ethylene and
presence of hydrogen 1-octene
Stage 1l Stage 2 Time

Scheme 2: Reactor Blend of HMW Homopolymer/LMW Copolymer

Vent the reactor (removal of monomer)

. Copolymerize ethylene and
Polymerize ethylene T 1-octenein the presence of
IhviArAanAn >
Stage 1 Stage 2 Time

In this study, three sets of polyethylene/poly(ethylene-co-1-octene) resins were produced.
The compositions of these blends range from LMW homopolymer to HMW copolymer and, vice
versa, HMW copolymer to LMW homopolymer. The microstructure of each polymer was
characterized for its molecular weight and short chain branching distribution. Physical property
testing included: uniaxial tensile testing under short-term loading conditions, the viscoelastic
properties from dynamic mechanical anaysis, and melt rheological properties from oscillatory

shear measurements.
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7.2 Experimental

As mentioned above, reactor blends covering a wide product range were synthesized.
Using the two-step polymerization process, reactor blends of LMW homopolymer and HMW
copolymer and blends of HMW homopolymer and LMW copolymer were prepared. The blends
varied in composition from 100% homopolymer to 100% copolymer with mixtures ranging from

20 to 70%.

7.2.1 Sample Production

Reactor blends of polyethylene homopolymer and poly(ethylene-co-1-octene) copolymer
samples were produced with an in-situ supported metallocene catalyst system (17-18). Thisin-
situ system eliminates the need for a catalyst supporting stage by combining the catalyst
preparation and polymerization in one-step. The resulting polymer has good particle
morphology  and high  bulk  density. These  studies  utilized  rac-
(dimethylsilylbis(methylbenzoindenyl)) zirconium dichloride [Me;Si(2-Me-4,5 Benzind),ZrCl,]
(Boulder Scientific, BSC 366), a silica support with a high weight percent of methylaluminoxane
(provided by Witco), and triethylaluminum as an activator.  Slurry polymerizations with n-
hexane as a solvent were carried out in a 1 L semi-batch autoclave reactor (Pressure Product
Industries, LC Series) operating between 60 and 70 °C and ethylene pressure of 250 psig.

The reaction conditions for each polymerization and stage are listed in Table 7.1. Both
the comonomer and solvent were dried over molecular sieves and sparged with prepurified
nitrogen. When required, hydrogen was added via a transfer syringe from a hydrogen bottle.
Depending on the reactor blend required, the chain transfer agent was added prior to stage 1 or
stage 2 polymerization. After stage 1, the reactor was depressurized and vented to the

atmosphere. Prior to the second stage, 1-octene was added into the reactor via atransfer syringe.
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Table 7.1 —Reaction Conditionsfor the Two-Step Polymerizations

Sample® Stage Temp- Ethylene  Hydrogen  1- Octene/ Theoretical Estimated

erature  Pressure Ethylene  Fraction®  Fraction®
S (psig) (mL) Ratio (%) (%)
1-A 1 70 250 150 - 100 100
1-B 1 70 250 150 - 61.8 80.3
ond 70 250 - 0.265 38.2 19.7
1-C 1% 70 250 150 - 40.2 66.5
ond 70 250 - 0.265 50.8 435
1-D 1 70 250 150 - 20.9 415
ond 70 250 - 0.265 79.1 58.5
1-E 1% 70 250 150 - 15.2 32.2
ond 70 250 - 0.265 84.8 67.8
1-F 1% 70 250 - 0.265 100 100
2-A 1 70 250 75 0.035 100 100
2-B 1 70 250 75 0.035 72 79
2nd 70 250 - 0.265 28 21
2-C 1% 70 250 75 0.035 25.1 30
ond 70 250 - 0.265 74.9 70
2-D 1% 70 250 0 0.265 100 100
3A 1 60 250 0 0 100 100
3B 1 60 250 0 0 338 68.3
2nd 70 250 250 0.265 66.2 31.7
3-C 1% 60 250 0 0 9.5 51.1
2nd 70 250 250 0.265 90.5 48.9
3D 1% 70 250 250 0.265 100 100

& Polymerization conditions: [Me,Si(2-Me-4,5 Benzind),ZrCl,] = 1.25 umol/L, Support Al/Zr = 500, Activator
Al/Support Al =5.335

® Theoretical fraction of polymer based on the consumption of ethylene

¢ Estimated fraction of polymer as determined from an integrated CRY STAF profile with regions deemed as
polyethylene homopolymer and poly(ethylene-co-1- octene)
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The initial concentration of 1-octene in the reactor was 0.425 mol/I or 21 mol % of 1-octene in
the feed. The polymerization runs were carried out under similar conditions and limited in such
a way to minimize the drift in comonomer composition. After the completion of each
polymerization, acidified ethanol was injected into the reactor before depressurization. The
polymer and solvent were washed with copious amounts of ethanol and then filtered and dried in

an oven at 80°C.

7.2.2 Microstructural Characterization

The polymer samples were characterized for their molecular weight distributions using a
Waters 150CV high temperature gel permeation chromatograph (GPC) and a Viscotek 150R
viscometer. The mobile phase used was 1,2,4 trichlorobenzene operating at 140°C. The average
molecular weights were determined using a universal calibration curve derived from narrow
polystyrene standards.

Short chain branching distributions were determined by crystallization anaysis
fractionation (CRY STAF) in 1,2,4 trichlorobenzene using a CRY STAF 200 unit (Polymer Char,
Spain). The samples were dissolved at 160°C for one hour and then cooled to 95°C to begin the
analysis. The sampling temperatures ranged from 95°C to 30°C at a cooling rate of 0.2 °C/min.
1-Octene comonomer compositions were determined by integrating the resulting CRY STAF
profiles while applying a calibration curve to relate the crystallization temperature and 1-octene
composition (19). This calibration curve was previously determined by *C NMR.

Meéelting endotherms were determined using a TA 2100 differential scanning calorimeter
(DSC). The samples were heated from 35 to 200°C at 10°C/min, air cooled to 35°C and then

reheated from 35 to 200°C at 10°C/min. The melting point and degree of crystalinity of the
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polymer were estimated from the second pass. The degree of crystallinity was estimated by
comparing the DSC melting enthalpy to that of a perfect polyethylene crysta (AH = 289 J/g)

(20).

7.2.3 Mechanical Testing
7.2.3.1 Tensile Testing

Tensile properties were determined according to ASTM D638 using an Instron 4465
materials tester. Dog-bone shaped samples (type V) were micro-injection moulded at 250°C
using an in-house melt mixing and moulding device. The samples were melted for 5 minutes
and then injected under hand pressure into a heated mould. The mould and samples were then
water-cooled. The samples were tested at a displacement rate of 25 mm/min and the grip-to-
grip length was 3 cm. The sample yield and ultimate break strengths were determined from the
force versus displacement curve during deformation of the sample. After testing, the increase in

the gage length as compared to the original was used to determine the overall percent elongation.

7.2.3.2 Dynamic Mechanical Analysis

The dynamic mechanical properties of the polymer samples were measured by a
Rheometrics DMTA V mechanical spectrometer. The samples were melt pressed at 200°C into
thin films and quenched in awater bath. The films were then cut into rectangular specimens (25
mm X 10mm x 0.1 to 0.2 mm). Storage (E’) and loss (E’’) moduli were measured in the tensile
mode. Dynamic strains sweeps were carried out between 0.005 to 1.2 % strain at 10 Hz and room
temperature. Dynamic frequency sweeps were performed over the range of 0.01 to 100 Hz at

room temperature and 0.05% strain. Dynamic temperature sweeps were carried out over a
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temperature range of -150°C to 100°C at a scanning rate of 3°C/min, a frequency of 10Hz and a

strain of 0.05%.

7.2.3.3 Small Amplitude Oscillatory Shear Experiments

The linear viscoelastic properties of the polymer in the melt state were measured using a
TA instruments AR2000 rotational rheometer. Measurement of the storage (G') and loss (G'’)
moduli as well as the complex viscosity were made using parallel plate mode. The samples
were melt-pressed at 200°C into 25 mm x 2.5 mm circular disks and quenched in a water bath.
To determine the linear viscoelastic region of the polymer, dynamic strain sweeps were carried
out between 0.1 to 10 % strain at 10 Hz and 230°C. Dynamic frequency sweeps were performed

over the range of 0.01 to 100 Hz at 230°C and 2.5% strain.
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7.3 Results and Discussion

In this study, three sets of resins were produced. Each set contains a pure homopolymer, a
pure copolymer and blends that increase in copolymer content. Set 1 and set 2 are reactor blends
of LMW homopolymer and HMW copolymer, similar to industria resins with reverse
comonomer distributions.  The difference between these two sets of polymer is that the
homopolymer produced in set 2 was higher in molecular weight than in set 1, resulting in blends
with narrower molecular weight distributions. The blendsin set 3 are the opposite in composition
of sets 1 and 2 and are composed of HMW homopolymer and LMW copolymer. Table 7.1
shows the experimental details for the production of these resins. The homopol ymer/copolymer
ratio in the blend was achieved by monitoring the polymerization rate and the polymerization
time for each stage. Figures 7.2(a-c) compare the flow consumption of ethylene during the
production of the three sets of resins.  In general, the homopolymerization rates in stage 1 were
lower than the copolymerization rates in stage 2 for the production of LMW
homopolymer/HMW copolymer blends shown in Figures 7.2a and 7.2b. This ‘comonomer
effect’ is common to olefin polymerizations and has been attributed to a reduction in the
diffusion limitation within the particles or to the activation of new catalytic sites sensitive to
comonomer (21-22). Due to the high copolymerization rates experienced during stage 2, short
polymerization times were used. Diffusion limitation may be significant during the production
of the HMW homopolymer/LMW copolymer resins in set 3.  Figure 7.2c shows that the
copolymerization rates in stage 2 were much lower than that of homopolymerization rates in
stage 1. Note that the rate of polymerization for the pure LMW copolymer (sample 3-D)

produced with hydrogen was higher than the homopolymerization (3-A) as expected. Therefore
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in the second stage, it is believed that the 1-octene comonomer and ethylene had difficulties
penetrating the HMW homopolymer produced in stage 1. It is possible that diffusion of ethylene
and 1-octene was limited by the HMW and highly crystalline polymer shell that formed around
the active sites.  Jungling et a. and Pryzybyla et al., discuss the influence of mass and heat
transfer limitations in high bulk density polymers that may limit comonomer access (23-24).
This limited access would result in alower polymerization rate until sufficient penetration of the
copolymer occurs. Given the low polymerization rates, the highest copolymer content that could
be achieved in areasonable polymerization time was 50 % (sample 3-C).

Overal, the two-step polymerization method was successful in producing reactor blends
in high yields, for characterization and physical property testing. The discussion of the
experimental results will be organized as follows:

Microstructural characterization
» Chemical composition distribution analysis by CRY STAF — profile of the distribution of
crystalline species, fractional estimation of homopolymer/copolymer amounts and
comonomer content estimation
* Molecular weight distribution analysis by GPC — number and weight average molecular
weights, polydispersity index
Physical Property Testing
* Médlting characteristics as determined by DSC — melting point and degree of crystallinity
estimates

» Tensile properties (short term loading), yield stress, break stress and percent elongation
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» Dynamic Mechanical Properties — viscoelastic properties measured as elastic (E') and
loss (E'’) and tan delta (E'’/E’) responses with the effect of strain %, temperature and
frequency

* Mdt viscosity characteristics — as measured by small amplitude oscillatory shear
measurements for estimates of the elastic (G'), loss (G'’) and tan delta (G'/G’).
Comparison of shear viscosity behaviour with estimates of the zero-shear viscosity and

rate indices from rheological models.

7.3.1 Microstructural Characterization
Two of the most important structural features of these resins are their short chain

branching and molecular weight distribution. The short chain branching distributions (SCBD) of
the resins were determined by crystallization analysis fractionation (CRYSTAF). From the
CRYSTAF analysis, a weighted profile of the crystalinity distribution of the copolymer was
measured. The SCBD verified the presence and location of the copolymer fraction within the
blended polymer. By comparing the SCBD of a pure homopolymer and pure copolymer, the
location and amount of copolymer in the blend can be inferred.  The molecular weight
distributions (MWD) were determined from gel permeation chromatography (GPC).

Figures 7.3-7.5 compare the SCBDs of the three sets of resins.  Set 1 includes two pure
resins, a LMW Homopolymer (1-A) and HMW Copolymer (1-F) along with 4 reactor blends that
increase in copolymer content (Samples 1C-1E). The pure homopolymer (1-A) exhibits a narrow
crystallization peak at high temperature around 82.5 °C. A high crystalization temperature is
typical of polyethylene homopolymer that have very long ethylene sequences and crystallize

readily upon cooling. Polymer crystallizing in this high temperature region will be considered to
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LMW Homopolymer (1-A)
80/20 (1-B)

50/50 (1-C) 1-A
40/60 (1-D) =
30/70 (1-E)
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Figure 7.3 —Set #1. Comonomer Distribution Comparison of Reactor Blends
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LMW Homopolymer (2-A)
80/20 (2-B)
30/70 (2-C)
HMW Copolymer (2-D,1-F) = 2.A
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Figure 7.4 — Set #2: Comonomer Distribution Comparison of Reactor Blends
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Figure 7.5 - Set #3: Comonomer Distribution Comparison of Reactor Blends
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be homopolymer with very little or no comonomer in the polymer. The pure copolymer (1-F)
displays a very broad SCBD with a much lower crystallization temperature around 55°C.
Polymers that crystallize in this low temperature range have fairly high comonomer content
around 4.0 mol %. The SCBD for this sample was quite broad between 50 and 70°C. For a
single-site catalyst, a sharp and narrow distribution was expected, but copolymers produced with
in-situ supported catal ysts sometimes exhibit broad SCBDs (18). This broadening may be due to
the heterogeneity in the catalyst support sites or the solubility of the copolymer formed. For
these reactor blends, it is fairly easy to distinguish the LMW homopolymer and HMW
copolymer, since the peaks and tails of each polymer are fairly well separated. As shown, the
copolymer peak increases for reactor blends 1B through 1-E with the increasing fraction of
copolymer. Also observed is the decrease in the height of the homopolymer peaks with the
increasing fraction of copolymer. The height and area of these peaks are related to the weight
fraction of the polymer present. Using a calibration curve to relate the crystallization
temperature with the 1-octene content of the copolymer (which was previously estimated by **C
NMR) the comonomer content in mol % was estimated by integration of the SCBD. Table 7.2
shows for sets 1 and 2 that the comonomer content reaches a maximum of 4 mol % of 1-octene
for the HMW copolymer (1-F,2-D) and the 1-octene content increases with the fraction of
copolymer present in the blend. The measured weight fractions of the homopolymer and
copolymer present in the blends are listed in Table 7.2. These fractions were estimated by
integration of the CRY STAF profiles for the regions deemed as homopolymer and copolymer.
Set 2 also consists of blends of LMW Homopolymer and HMW copolymer. This set has
four samples. apure LMW homopolymer (2-A) and pure HMW copolymer (2-D same as 1-F),

and two reactor blends of 80/20 (2-B) and 30/70 (2-C) homopolymer/copolymer. The
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Table 7.2 - Microstructural propertiesof LMW Homopolymer/HMW Copolymer Blends

Samplée® My M, My/M,> 1-Octene  Estimated Melting  Crystallinity’
Content® Homopolymer ~ Pesk® (= Density)?
/Copolymer
Fraction®
(g/mol)  (g/mol) (mol %) (°C) (%)
(g/em’)
100 % LMW 17,150 157,500 9.2 0 100/0 133.8 78.8
Homopolymer (0.967)
(1-A)
80/20 19,000 268,350 14.1 0.8 80/20 - -
(1-B)
50/50 23,300 318,400 13.7 15 57/43 126.0 60.0
(1-C) (0.948)
40/60 25400 411,500 16.2 24 42/58 - -
(1-D)
30/70 44,250 458,150 10.5 2.9 32/68 124.0° 48.1
(1-E) (0.932)
100 % HMW 133,100 423,000 3.2 4.0 0/100 100.8 21.3
Copolymer (0.881)
1-h
100% LMW 30,300 180,850 6.0 0.0 100/0 - -
Homopolymer (2-A)
80/20 (2-B) 49,400 282,450 5.7 10 79/21 - -
30/70 (2-C) 82,950 494,150 6.0 3.0 30/70 - -
100 % HMW 133,100 423,000 3.2 4.0 0/100 100.8 21.3
Copolymer (2-D,1-F) (0.881)
100% HMW 238,450 542,750 23 0.0 100/0 130.7 65.5
Homopolymer (3-A) (0.954)
70/30 (3-B) 16,766 334,567 20.0 13 68/32 126.5 60.5
(0.948)
50/50 (3-C) 17,350 272,800 15.7 21 51/49 125.0 58.2
(0.946)
100 % LMW 21,950 84,250 38 5.9 0/100 107.1 419
Copolymer (3-D) (0.923)

& Polymerization conditions: [M&Si(2-Me-4,5 Benzind),ZrCl,] = 1.25 umol/L, Support Al/Zr = 500, Activator Al/Support Al = 5.335,
Stage 1: polymerization temperature = 70°C, ethylene pressure = 250 psig, 150 mL hydrogen
Stage 2: polymerization temperature = 70°C, ethylene pressure = 250 psig, [1-octene] = 0.425 mol/L (52 mL)

> As determined from GPC analysis based on a universal calibration curve derived from narrow polystyrene standards. The molecular
weight averages reported are based on replicate runs.

¢ As determined from an integrated CRY STAF profile and 1-octene temperature-composition calibration curve.

4 As determined from an integrated CRY STAF profile with regions deemed as polyethylene homopolymer and poly(ethylene-co-1-octene)
copolymer

¢ As determined by DSC. Note that these samples exhibited very broad but unimodal melting distributions with the exception of sample
1-E (25/75) which displayed a bimodal melting profile.

f Crystallinity estimates based on DSC melting enthalpy as compared to a perfect crystalline polyethylene (AH = 289 J/g)®

9 Approximate density range estimated from a % crystallinity versus density calibration curve from Kim et al.*®



Chapter 7 —Mechanical and Rheological Properties of HDPE/LLDPE Reactor Blends 158

difference between set 1 and these resinsis that the LMW homopol ymer portion of the blend was
produced with alow amount of comonomer and less hydrogen. These samples were part of pre-
trial work that investigated the addition of comonomer in an attempt to enhance the
polymerization rate of the homopolymer fraction. These samples were included in this study to
examine the effect of the molecular weight of the homopolymer fraction on the physical
properties of the polymer blend. Figure 7.4 shows that the crystalization temperature of the
homopolymer region is approximately the same as for set 1. This indicates that very little
incorporation of the comonomer occurred during stage 1 to produce the LMW homopolymer.
Table 7.2 lists the estimated comonomer contents and homopol ymer/copolymer ratios for these
resins.

Set 3 consists of reactor blends of HMW homopolymer and LMW copolymer. Set 3 has
four resins. a pure HMW Homopolymer (3-A), a pure LMW copolymer (3-D), and reactor
blends of 70/30 (3-B) and 50/50 HMW homopolymer/LMW copolymer (3-C). Figure 7.5
shows the CRY STAF profiles of the resins produced. A large homopolymer fraction is present
for reactor blends 3-B and 3-C. The profile of the LMW copolymer (3-D) is also quite broad
with the copolymer region extending from 50-80 °C. For these reactor blends, it can be seen that
the profiles are not as well distinguished as sets 1 and 2. The difficulty in producing these resins
is probably linked to the diffusion limitation discussed above. Table 7.2 shows that the 1-octene
content increases with the fraction of copolymer present in the blend. For the pure copolymer (3-
D), the comonomer incorporation was 6.0 mol % which is higher than the content of the HMW
copolymer (1-F,2-D) from sets 1 and 2. The polymerization conditions used to produce this
copolymer fraction was similar to the second stage for sets 1 and 2, except for the fact that no

hydrogen was added. The addition of hydrogen lowered the molecular weight of the polymer but
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aso increased the incorporation of the comonomer. The CRY STAF profile exemplifies this by
showing very broad distributions for the copolymer blends. The broadening of the SCBD might
be related to a change in the nature of the active sites or the increased solubility of the LMW
copolymer in the reactor solvent.

From the CRYSTAF profiles, the measured crystallization temperatures, comonomer
contents, and weight fractions verified that the reactor blends contain fractions of homopolymer
and copolymer corresponding to the recipes of the two-step polymerizations used.

Figures 7.6-7.8 show the MWDs of the resins that were obtained from GPC analysis.
The MWDs for set 1 are shown in Figure 7.6 and confirm that the copolymer (1-F) has higher
molecular weight than the homopolymer (1-A). The separation between the number average
molecular weights of these resins is approximately 8 fold, with the homopolymer having an
average of = 17,000 and the copolymer = 133,000. In previous attempts, difficulties arose in
obtaining polymers with bimodal-looking MWDs. Very often the resins produced would display
broad MWDs but remain unimodal. It has been reported by other researchers that the difference
in the molecular weights must be around 10 times to achieve good separation (11,25).  After
fine-tuning the polymerization conditions, reactor blends with bimodal MWDs were successfully
produced for this study. The bimodal characteristics of the MWDs increase with increasing the
fraction of HMW copolymer, thus demonstrating that the MWDs follow the recipe of the two-
step polymerization method used. The polydispersity indices of these reactor blends were quite
broad, ranging from 10 to 16. It is noted that the polydispersity index of the pure LMW
homopolymer was around 9 and is much broader than expected from a single-site catalyst. It is

possible that the hydrogen concentration in the reactor drifted during the polymerization and
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Figure 7.6 — Set #1: Molecular Weight Distribution Comparison of Reactor Blends
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Figure 7.7 — Set #2: Molecular Weight Distribution Comparison of Reactor Blends
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Figure 7.8 — Set #3: Molecular Weight Distribution Comparison of Reactor Blends
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consumed by a [3-hydrogen elimination process. As a result, the hydrogen concentration will
decrease and higher molecular weight polymer will be produced as the polymerization proceeds
(26). Overadl for the resins in set 1, the two-step polymerization method was successful in
producing reactor blends of LMW homopolymer and HMW copolymer.

Figure 7.7 shows that the MWDs for the resins in set 2 are unimodal. With the lower
amount of hydrogen added in the production of the homopolymer, the separation of the
molecular weights of the homopolymer and copolymer decreased and the individual peaks
overlap. Table 7.2 also shows that the molecular weights of the homopolymer (2-A) are higher
than the homopolymer (1-A) from set 1. The ratio of the number average molecular weights
between the pure homopolymer (2-A) and pure copolymer (2-D,1-F) was only 4 times. The
closeness of the molecular weights resulted in blends with polydispersity indices that range from
3to 6. Oveadl, the MWDs of the samples produced for set 2 are aso consistent with the
method of polymerization.

Figure 7.8 shows the MWDs of the HMW homopolymer/LMW copolymer blends in set
3. Good separation was achieved between the pure HMW homopolymer (3-A) and pure LMW
copolymer (3-D). This separation resulted in reactor blends with very broad MWDs. Table 7.2
indicates that the molecular weight difference between the pure LMW copolymer and pure
HMW copolymer is about 10 times, with number average molecular weights of 22,000 g/mol
and 240,000 g/mol respectively. Both the homopolymer and copolymer exhibited fairly narrow
MWDs with polydispersity indices of 2.3 and 3.8 respectively. The LMW copolymer (3-D)
exhibited less broadening of the MWD than that of LMW homopolymer (1-F,2-D) in sets 1 and

2. It is possible that the combination of the comonomer and hydrogen together, created active
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sites that were more uniform and exhibited more single-site behaviour. As a result of thislarge
separation in the molecul ar weights, the reactor blends show very distinct and bimodal MWDs.
Overal, the GPC and CRY STAF analyses have shown that the two-step polymerization
method was successful in producing polyethylene/poly(ethylene-co-1-octene) resins with
bimodal MWDs and bimodal SCBDs. Both the MWDs and SCBDs of these blends reflect the

individual reactor conditions in which the polymer was produced.

7.3.2 Mechanical Properties

The characterization of the resins produced by the two-step polymerizations has shown
that their structures are well defined. Given these three sets of resins with bimodal structural
distributions, structure-property relationships have been developed to better understand the
influence of molecular weight, molecular weight distribution, copolymer content and the
molecular weight of the copolymer for these reactor blends. The contribution of each individual
component, LMW and HMW homopolymer, LMW and HMW copolymer to the properties of
the blends was observed. Commercially there are numerous applications of these polymers and
it isdifficult to outline an ‘optimum’ formulation unless a specific target grade was desired. The
results from this study illustrate the general properties of these bimodal microstructures and
could be used as a guideline for product devel opment

In this study, the influence of these bimodal resins on the solid-state and melt properties
was examined. In the solid-state, both the tensile and dynamic mechanical properties of these
bimodal resins were compared. The melt rheological characteristics were also measured to

examine the influence on the material’ s processability.
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7.3.2.1 Tensile Testing

The tensile properties of the resins were measured under short-term loading conditions.
The samples were stretched at a constant speed while the force and displacement were measured.
From these deformation experiments, the yield and failure behaviour up to high strain were used
to estimate the tensile stresses at yield and at break. From the change in gage length of the
sample, the percentage elongation at break was also calculated. The measured values for the 3
sets of resins are listed in Table 7.3 and compared in Figures 7.9-7.11. In general, most of the
samples exhibited localized yielding and cold drawing that is characteristic to semi-crystalline
polymers. Figures 7.12-7.14 compare the initial yielding behaviour of the resins. It was found
that the yield stress measurements were the most reliable.  The error in the measurement of the
yield stress was quite low when compared to the error associated with the tensile stress at break
and percentage elongation at break. These errors may be linked to the difficulties encountered in
the preparation of ‘clean’ sample bars that were free from defects.

Figure 7.9 compares the tensile stresses at yield for the blends of LMW homopolymer
and HMW copolymer in set 1. The tensile stress at yield was much higher for the LMW
homopolymer (1-A) than the HMW copolymer (1-F). For the reactor blends, it can be clearly
seen that yield stress decreases with increasing percentage of HMW copolymer. The results are
guite consistent since the yield stresses decrease in an almost linear fashion. The trend observed
should reflect the decrease in crystallinity of the polymer with the addition of the lower density
material. The DSC measurements of the melting points and degree of crystallinity for these
resinsare listed in Table 7.2. As expected, the peak melting point of the pure homopolymer was
the highest with a value of approximately 134°C. Corresponding with the high melting point of

the homopolymer, a high degree of crystallinity of 79% was estimated. On the other hand,
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Table 7.3 - Tensile property data of ethylene/1-hexene copolymers?

Sample Tensile Tensile Strength  Elongation at break
Strength at break (%)
atyield (kPa)
(kPa)
(x 777)° ( 3650)° ( 79.6)°
100 % LMW 29,200 (319) 20,800 (2963) 505 (112)
Homopolymer
(1-A)
80/20 22,700 (178) 23,800 (1966) 505 (74.0)
(1-B)
50/50 16,000 (226) 18,900 440
(1-C)
40/60 12,300 (331) 16,900 (3279) 376 (76.5)
(1-D)
30/70 11,100 (554) 14,000 (2738) 362 (75.2)
(1-B)
100 % HMW Copolymer 7,440 (283) 16,300 (4,343) 468 (75.8)
(1-F)
100% LMW 23,400 (68) 20,500 558
Homopolymer (2-A)
80/20 15,400 (662) 15,700 (4593) 444 (64.9)
(2-B)
30/70 10,700 (77) 17,500 (599) 565 (9.3)
(2-C)
100 % HMW Copolymer 7,440 (283) 16,300 (4,343) 468 (75.8)
(2-D,1-F)
100% HMW 19,400 (367) 16,100 (1741) 195 (119)
Homopolymer (3-A)
70/30 15,700 (1904) 15,300 (4550) 333 (239)
(3-B)
50/50 16,600 (319) 27,900 (292) 705 (22.3)
(3-C)
100 % LMW Copolymer 9,480 (163) 17,200 (4506) 696 (140)
(3-D)

& Testing conditions: ASTM D638 (type V), 3.175 mm thickness, displacement rate 25 mm/min, grip to grip length 3 cm
bed Calculated standard deviations based on replicate testing.
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the pure copolymer had the lowest melting point at 101°C with a low degree of crystallinity of
21%. Both the melting point and degree of crystallinity decreases with increasing fraction of
copolymer. The blends have values that are between that of the pure homopolymer and pure
copolymer. Following the rule of additivity, it would be predicted that the yield stress would
decrease linearly with increasing fraction of copolymer. However, a slight negative deviation
was observed, since the yield stresses of the blends are dightly lower than predicted. Figures
7.9b and 7.9c show the polymer deformation behaviour at high strains. Increases in the fraction
of HMW copolymer in the blends results in decreasing break strength and elongation at break.
This may indicate that the LMW homopolymer and HMW copolymer do not cocrystallize
efficiently resulting in a dispersed morphology. For these blends, it is not unreasonable that the
crystallization behaviour would be atered by the presence of different structural units. Cho et al.
have reported that blends of HDPE/LLDPE with similar molecular weights can cocrystalize
with each other to result in blended properties closely following the rule of additivity (27). For
theresinsin set 1, the molecular weights and comonomer contents of the individual components
of these blends are quite distinct and the resulting crystal structure may not be as regular or
intermixed as one would expect.

Figure 7.10a shows a similar trend in the tensile stresses for set 2. As the percentage of
HMW copolymer increases in the blends, the tensile stresses at yield decrease.  Once again, a
dlight negative deviation was observed from the linear behaviour. However, the tensile
properties at high strains for these blends (Figures 7.10b and 7.10c) were very similar. 1t is
possible that more uniform crystal structures are formed since the individual molecular weights

of the components are more closely matched for resinsin set 2.
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For set 3, the composition of the blends (HMW homopolymer/LMW copolymer) is
reverse to that of sets 1 and 2 (LMW homopolymer/HMW copolymer). Despite the differences
in composition, Figure 7.11a shows that the tensile stress at yield decreases with increasing
LMW copolymer. However, it is noted that the tensile stresses at yield for sample 3-B (70/30)
and sample 3-C (50/50) were very similar. Their degrees of crystallinity are also very similar
(Table 7.2). Note that the degree of crystalinity for the HMW homopolymer (3-A) is lower than
that of the LMW homopolymer (1-A) due to its high molecular weight and narrower MWD
which slows the crystallization process. The low degree of crystallinity also resulted in an
unusually low estimate of the crystalline density for this high density sample. However, despite
the large fraction of copolymer, the HMW homopolymer seems to dominate the crystallization
process, resulting in a degree of crystallinity that is similar for these blends. Figures 7.11b and
7.11c compare the high strain tensile properties of these resins. As shown, the HMW
homopolymer had very poor elongational properties. This poor performance may be attributed
to testing errors, but, it might aso be possible that the high molecular weight chains cannot
disentangle within the crystallites and brittle fracture occurs.

Figures 7.12-7.14 compare the initial deformation behaviour for the three sets of resins. It
was observed that broadening of the yielding zone occurs with increasing percentage of
copolymer in the blend. For blends with greater than 50% copolymer, a broad yielding region
was observed that could be classified as a double yield point. This double yield behaviour has
also been observed by others for polyethylene copolymers (8,28-30). Bensason et a. reported
that, with a decrease in density, the yield maximum broadens up to a point where it becomes
indistinguishable and no yield maximum is observed (8). Similarly for these samples, it appears

that the yielding region broadens with decreasing degree of crystallinity or increasing
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comonomer content. Given the bimodal nature of these short chain branching distributions,
increasing the proportion of higher crystalline homopolymer results in a narrower yield
maximum except for the pure HMW homopolymer (3-A) in set 3. This sample should exhibit a
narrower yield zone when compared to the reactor blends (3-B,3-C). However, this was not the
case. Thissampleisvery high in molecular weight. Comparing this HMW homopolymer to the
LMW homopolymer (sample 1-A), the overal crystallinity for this sample is lower (66 %) than
that of the LMW homopolymer (1-A) (79%). The HMW homopolymer may produce a wider
distribution of crystallites.

Contrasting sets 1 and 3, it is possible to compare the effects of molecular weight and
degree of crystallinity on the tensile properties of these polymers. Figure 7.15 displays an
overlay of the tensile stresses at yield and the degrees of crystallinity for sets 1 and 3. Despite
the fact that sets 1 and 3 have very different microstructures with varying compositions, it is
shown that the data points overlap. Regardless of the microstructure, the degree of crystallinity
seems to be the governing factor influencing the initial yield stress. Thus, it isinferred that the
stiffness of a polymer mostly depends on the achievable degree of crystalinity by its
microstructure. This finding has also been evidenced by Simanke et a. for polyethylene
copolymers with varying branch lengths (28) and by Grahm et al. for polyethylene with different
molecular weights (29).

Overadl, it can be inferred from these results that the tensile stress at yield decreases with
decreasing degree of crystallinity of the polymer. The degree of crystallinity of the polymer can

be lowered by the incorporation of comonomer or reactor blending of copolymers. Depending
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on the blend composition, different structural units may not form uniform crystal structures as

evidenced by the negative deviations from linearity of the tensile properties.

7.3.2.2 Dynamic Mechanical Properties

In the following discussion, the dynamic mechanical properties of the resins will be
compared to the tensile properties measured above. A dynamic stress-strain sweep is generally
used to determine the strain range required for the test to remain within the viscoel astic region of
the polymer. For these polymers, astrain level of 0.05 % was found to be adequate. Figure 7.16
compares the dynamic stress-strain behaviour of the 3 polymer sets. Strains greater than 1% were
not achievable due to the limitations of the anaysis equipment. The deformation behaviour of
these resins was quite clear. The LMW homopolymer (1-A,2-A) requires much higher dynamic
stresses to achieve the desired % strain than the HMW copolymer (1-F,2-D). The slope of the
dynamic stress-strain curve decreases with increasing the fraction of copolymer in the blend
(samples 1-B to 1-E and samples 2-B to 2-C). As shown, the stiffness of the HMW copolymer
can be enhanced with the addition of a small fraction of LMW homopolymer (compare samples
1-F and 1-E).

Slightly different stress-strain behaviour was observed for the blends of HMW
homopolymer and LMW copolymer (set 3). Figure 7.16¢ shows little difference between the
HMW homopolymer and the blends with 30% and 50% copolymer (3-B, 3-C). Contrasting these
with the LMW copolymer (3-D), the copolymer is much softer since it requires less stress to
achieve the desired strain. These results compare well with those from the tensile testing,

confirming that the HMW homopolymer tends to dominate the initial yielding behaviour. The
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stiffness of these polymers seems to be dominated by the presence of very long molecules that
are unableto relax and disentangle.

Figure 7.17a and 7.17b show that the energy dampening can be influenced by the fraction
of LMW homopolymer for sets 1 and 2. At low percent strains (up to 0.05 % in the linear
viscoelastic region), the tan delta of the HMW copolymer (1-F, 2-D) isthe highest. Thetan delta
decreases with decreasing percentage of copolymer, with the LMW homopolymer reaching the
lowest value. It is consistent that the tan delta would decrease as the degree of crystallinity of
the polymer increases because of the dissipation of energy into the amorphous regions.
Increasing the strain beyond the linear viscoelastic region, the homopolymer’s ability to dampen
energy aso increases. With increasing strain, the tan delta of the reactor blends eventualy
surpasses the tan delta of the HMW copolymer. The data for the LMW homopolymers (1-A, 2-
A) and samples (1-B, 1-C) end abruptly at = 0.5% strain due to the stress limitation of the testing
instrument. In general, the energy dampening behaviour of the blends benefits from the presence
of LMW homopolymer at high strains. The enhancement of the tan delta is probably related to
the strain hardening behaviour of the sample once irreversible deformation occurs. Figure 7.17c
compares the tan delta versus % strain for set 3. Similar to the behaviour found for sets 1 and 2,
a low strains, the LMW copolymer shows the highest energy dampening and decreases with
increasing the fraction of HMW homopolymer. However, at high strains, the LMW copolymer
(3-D) maintained a higher tan delta than the HMW homopolymer (3-A) and the blends (3-B, 3-
C). Inthe discussion above, it was speculated that the elastic properties were dominated by the
HMW homopolymer. From results shown in Figure 7.17, it can be inferred that the loss

properties are highly influenced by the LMW copolymer.
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Figures 7.18-7.20 compare the effect of temperature on the dynamic mechanical properties for
sets 1 and 3. Figure 7.18a shows that the storage modulus (E’) decreases with increasing
temperature for the resins in set 1. This behaviour is typical of polymeric materias since the
chain movement and relaxation times of the polymer are reduced at lower temperatures (31).
Above room temperature, the storage modulus decreases with increasing fraction of copolymer
as expected. Below room temperature, the storage moduli were in the order of: LMW
homopolymer (1-A) and 50/50 (1-C), HMW copolymer (1-F) and then 30/70 (1-E). The
deformation behaviour of these resins change as the temperature approaches the glass transition
of amorphous polyethylene (= -120°C). It is believed that there are two competing factors that
determine the order in this region: the degree of crystallinity of the polymer and the molecular
weight of the chains. In this set, since the storage modulus of the HMW copolymer (1-F) has a
value between that of the 30/70 and 50/50 blend, it can be speculated that the HMW chains of
the copolymer may restrict the chain movement at these low temperatures.

For set 3, Figure 7.18b shows that the behaviour of the storage modulus with temperature
is even less clear. The storage moduli of the reactor blends of 70/30 (3-B) and 50/50 (3-C) are
sometimes lower and sometimes higher than the HMW homopolymer (3-D) below room
temperature. The HMW homopolymer has a degree of crystallinity of 65% and that of both the
blends is approximately 60%. The number and weight average molecular weights of the
homopolymer are higher, but the polydispersity index is much lower than those of the blends. At
and above room temperature, the storage moduli of these resins are consistent with the stress-
strain results. Figures 7.19 and 7.20 show the effect of temperature on the loss and tan delta

responses. For the temperature range studied, the samples exhibited the characteristicy, B and a
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transitions for the loss modulus and tan delta.  Although there is much debate on the existence
and nature of these transitions, it is believed that they are linked to the motions of the amorphous
and crystalline portions of the polyethylene chains (8,31-33). Examining the tan delta behaviour
(Figure 7.20a and 7.20b), the y transition is often associated with the rotation of four carbon
chain segments (Schatzki-crankshaft mechanism) and was observed around -120°C (46). The [3-
transition, that is often associated with the glass transition temperature of the amorphous polymer
is due to the motion of the branched segments of the chains and occurred between -25°C and
room temperature (8,33). Lastly, the a transition was also observed above 50°C and this is
generdly attributed to the gradual motion of main chain units within the crystalites before the
onset of melting. Comparing the tan delta response during y-transition for both sets 1 and 3, the
tan delta values reached a maximum value at approximately -125°C. For set 3, it appears that the
magnitude of this transition depends on the fraction of the HMW homopolymer: the pure HMW
homopolymer exhibits the largest transition and the pure LMW copolymer the smallest.
However, for set 1, no discernible differences between the transition of the LMW homopol ymer
and HMW copolymer were observed. Therefore, it is difficult to pinpoint the influence of the
microstructure on the nature of this transition. In the region of the -transition, the effect of the
fraction of copolymer is quite prominent. In both sets, the tan delta response increases with
increasing copolymer fraction. Both homopolymers (samples 1-A and 3-A) show similar tan
deltain this region. After the B-transition, the a-transition occurs as main chain motion between
the crystallites begins. This a- transition occurs above room temperature and depends on the
polymer composition. The earliest transition was displayed by the pure copolymers (samples 1-F

and 3-D) and the latest by the pure homopolymers (samples 1-A and 3-A), as expected.
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Frequency sweeps were performed at room temperature to verify the frequency
dependence of the dynamic mechanica behaviour. For sets 1 and 2, the LMW
homopolymer/HMW homopolymer blends, the stiffness (elastic modulus) of the polymer
increases with increasing frequency (Figures 7.21a and 7.21b). This behaviour is typical since
the polymer chains appear stiffer due to the reduced relaxation time. For these blends, the
storage moduli decrease with increasing fraction of copolymer, thus reconfirming the
observations from the tensile testing and other dynamic mechanical measurements.

Figure 7.21c shows the dependence of the storage modulus with frequency for the HMW
homopolymer/LMW copolymer blends (set 3). As shown, the HMW homopolymer and the
blends exhibit similar high moduli. These results are consistent in that the HMW homopolymer
dominates the stiffness of the blends, as was also observed from other measurements discussed
above.

Figures 7.22 and 7.23 examine the frequency dependency of the loss (E’’) and tan delta
(E""/E’) responses for the resins. Both the loss and tan delta responses of the samples decrease
with decreasing frequency of thetest.  The change in tan delta with frequency corresponds to a
larger decrease in the viscous response (E'’) as compared to the increase in elastic response (E').
As the frequency of the test increases, the relaxation of the chains become faster lessening the
viscous response. The reduction in tan delta varied depending on the blend composition. At
high frequencies around 1 Hz, the tan delta decreases with increasing fraction of HMW
copolymer. The dampening behaviour becomes more separated at higher frequencies, showing
that HMW copolymer dampens energy more efficiently then the LMW homopolymer. However,
the dampening behaviour of the HMW copolymer depends on the frequency of the test. Above 2

Hz, the tan delta of the HMW copolymer reaches a level greater than the other samples. Given



Chapter 7 —Mechanical and Rheological Properties of HDPE/LLDPE Reactor Blends 187

il ap888223888888282228
OO0
<><><><><><><>vvvvvvvv
00 0oC gy Vv VY VY
v vVvYV
1let+8
w o O O O A
6060606000606 000000009 (A)
© LMW Homopolymer (1-A)
le+7 A 70130 (1-B)
O 5050 (1-C)
& 40060 (1-D)
v 70/30 (1-E)
€ HMW Copolymer (1-F)
1e_|_6 1 1 1 I
1let+9 °°°¢gob°°0°0°0°°°
°°°AAAAAAAAAAAAAAAAA
P NEAIEA
oo oo o0
o o O O o O o O
letg{ o o o0 000
o 6060606006060 0060000009
ler7 1 © LMW Homopolymer (2-A)
A 80/20 (2-B)
O 3070 (2-C)
¢ HMW Copolymer (2-D,1-F)
1e+6 1 1 1 1
1let+9
ppRABARRAR
paRBABA
agRBA
1let+8
= o 0 0 00O ¢
& 60000000000
= o o ° ©
(1]
le+7 A © HMW Homopolymer (3-A)
A 70/30 (3-B)
O 5050 (3-C)
© LMW Copolymer (3-D)
let+6 T T T T
0.01 0.1 1 10 100
Frequency (Hz)

Figure 7.21 — Effect of Frequency on the Storage M odulus of Reactor Blends



Chapter 7 —Mechanical and Rheological Properties of HDPE/LLDPE Reactor Blends

o ©o 0o °
1et+8 D§§§666§6§§
<& C OO0 D %
VVVVVVVVVYV @%%5
T 1e7 -
X coo0 00000
PN -3 < © ® © LMW Homopolymer (1-A)
leig] © © © ¢ ¢ A 80120 (1-B)
O 5050 (1-C)
<& 40060 (1-D)
v 30/70 (1-E)
€ HMW Copolymer (1-F)
le+5 1 1 1 T
o 0 060 0 0 06 0 0
le+8 ] AAAAAAAAZ°°°°°°°0
AAAAAAAAZZ°°
A A
Qg ooooo0oooo0oooaoao |:||:||:||:||:|[]
S 1e+7 4
g 2+
w o O © 2R ¢
o o < -4
o00°”®
let+6 ¢ o0 © LMW Homopolymer (2-A)
A 8020 (2-B)
O 30/70 (2-C)
€ HMW Copolymer (2-D)
1e+5 1 1 1 1
- (-]
le+8 %uggggﬁﬁﬂﬁﬂgaaa
906645 g
E 1047 1 ©06006060606060606060606009°
= o 0 ¢ ¢ <
fw
_ O HMW Homopolymer (3-A)
le+6 A 70/30 (3-B)
O 5050 (3-C)
€ LMW Copolymer (3-D)
le+5 T T T T
0.01 0.1 1 10 100
Frequency (Hz)

Figure 7.22 — Effect of Frequency on the L oss M odulus of Reactor Blends

(A)

(B)

(®)

188



Chapter 7 —Mechanical and Rheological Properties of HDPE/LLDPE Reactor Blends 189
0.30 © LMW Homopolymer (1-F)
A 80/20 (1-B)
0254 & ¢ O 50/50(1-C)
& 40060 (1-D)
g 6 v 30/70 (1-E)
ol 0.20 4 u § ¢ HMW Copolymer (1-F)
8 ¥ (A)
% 0.15 - § § § )
— g g g o o o o ¢ ¢ o
0.10 - o g g & 2
o0 ® ° 8 £23 g
0.05 o ® 8 ) &
: 060909 8§y
OOO 1 1 1 1
0.30 -
© LMW Homopolymer (2-A)
i A 80/20 (2-B)
0.25 O 30/70 (2-C)
é a ¢ HMW Copolymer (2-D,1-F)
® 020 [ o
0] [} | g 8 (B)
2 o154 Doof8 g
& & o o
— 6 g O o 3 o ¢ °
6 g o g O
0.10 - © A U g
o ° ° 32
o ° °o 5 2 A
0051 o ¢ ¢ © ¢ © o o
0.00 ' ' ' '
0.30 -
O HMW Homopolymer (3-A)
A 70/30 (3-B)
0.25 ° O 50/50 (3-C)
& ° € LMW Copolymer (3-D)
© 0201 o & ¢ E 8 o
8 ngeoe C
a ! o ©)
g 015- B B - JPN o
ki 6 3 0 0 44
0.10 - 37 °
: °© &2 R °
° 3 g g 8
0.05 - 3 6 P b4
0.00 . : : .
0.01 0.1 1 10 100
Frequency (Hz)

Figure 7.23 — Effect of Frequency on the Energy Dampening of Reactor Blends



Chapter 7 —Mechanical and Rheological Properties of HDPE/LLDPE Reactor Blends 190

the high amorphous content of this copolymer, the movement of the branched chains are
hindered as they slowly recoil to absorb energy. The low frequency behaviour for this copolymer
was unexpected. The tan delta response of this copolymer increases instead of decreasing with
increasing frequency of the test. It is possible that the chain mobility is limited at low
frequencies. The presence of these long molecules may hinder disentanglement and
rearrangement of the polymer chains. In essence, the molecular weight dominates the chain
movement in the low frequency range until a high enough frequency is reached to have the
chains dlip and dissipate energy. An alternative explanation for this behaviour relates to the a-
transition of this copolymer. Figure 7.20a shows that the HMW copolymer (1-F) passes through
the a-transition at around 50°C. This a-transition depicts the onset of main chain motion before
the onset of melting. A frequency sweep can aso exhibit transitions depending on the
frequency range and temperature of the test. The dynamic responses from oscillatory
measurements depend on the frequency and temperature of the test (31). As the frequency of
the test increases, the polymer chains appear stiffer since they have lesstimeto relax. Similarly,
at low temperatures, the relaxation of the polymer chains is sowed, which aso increases their
stiffness. For these oscillatory measurements, the temperature sweep was carried out at 10 Hz.
At room temperature, the frequency sweep was carried out between 0.01 to 100 Hz. At 0.01 Hz,
the polymer chains have more time to relax than at 10 Hz. The value of tan delta at 0.01 Hz at
room temperature is approximately 0.04. The corresponding value of 0.04 on the temperature
sweep for the HMW copolymer occurs around 100°C. Between 100°C and 50°C, the tan delta
increases and is similar to the increase observed in the frequency sweep. Due to this time-

temperature equivalence, it is believed the copolymer material passes through the a-transition in
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the frequency range tested. A comparison of the other resins shows the tan delta decreases with
adecreasing temperature which is similar to that observed in the frequency sweep.

Figure 7.23c shows frequency dependence of the tan delta response for set 3. As
expected, the tan delta decreases with increasing frequency of the test, due to the apparent
increase in stiffness of the material. Again in the low frequency range, thereis little differencein
the energy dampening until 0.1 Hz where the tan delta responses of the samples diverge. Thus
demonstrating the ability of the copolymer to absorb energy. However, it is noted that the
stiffness of these materials was quite high. The dominance of the HMW material maintains the
stiffness but the copolymer improves the energy dampening behaviour.

Given the complete characterization of the properties of the homopolymer/copolymer
blends, it is possible to compare the viscoelastic properties according to the contribution of each
component.

Figure 7.24 shows a summary of the elastic properties of the resins characterized in this
study. Comparing the elastic response of the pure homopolymers (samples 1-A,2-A,3-A), it can
be concluded that the stiffness of these polymers decreases with increasing molecular weight.
This trend aso holds for pure copolymers (samples 1-F, 3-D). Additionally, the stiffness of the
reactor blends decreases with decreasing homopolymer/copolymer ratios. However, the degree
of change in the stiffness depends on the molecular weight of the homopolymer matrix. For the
HMW homopolymer/LMW copolymer blends, the elastic properties of these blends up to 50 %
did not differ greatly and were dominated by the homopolymer. All of the changes in stiffness
correspond well to the degree of crystallinity of the polymer. As shown in Figure 7.15, the
tensile stresses at yield of these polymer blends depend mostly on their degree of crystallinity,

regardless of the composition of the blend (LMW homopolymer/HMW copolymer or HMW
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homopolymer/LMW copolymer). However, the achievable degree of crystalinity depends on
the molecular weight and comonomer content of the polymer. The degree of crystallinity
decreases with increasing molecular weight of the polymer due to the inability of the longer
chainsto fold and form crystal lamellae.

Figure 7.25 shows a summary of the energy dampening properties of the resins
characterized in this study. Comparing the tan delta response for the pure homopolymers (1-A,2-
A,3-A) and pure copolymers (1-F,3-D), the energy dampening does not strongly depend on the
molecular weight of the polymer. The energy dampening did not change greatly, despite the
large differences in molecular weight and degrees of crystalinity for these pure samples.
Instead, the dampening behaviour depends on the comonomer content of the polymer. The tan
delta increases with increasing fraction of copolymer in the blend. The presence of branched
chains affects the loss behaviour to slow the relaxation of the polymer chains. Increasing the
comonomer content of the polymer increases the number of entanglements, presumably within
the amorphous regions. However, the dampening behaviour of the copolymer depends on the
frequency of the test. Figure 7.23 had aready illustrated how the dampening behaviour of a

homopol ymer/copolymer blend can benefit from the presence of the copolymer.
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7.3.2.3 Méelt Rheology

Small amplitude oscillatory shear experiments were carried out to determine the
rheological characteristics of the blends of LMW homopolymer/HMW copolymer and HMW
homopolymer/LMW copolymer. From these experiments, insights were gained into the
processing characteristics of these resins.  Of interest was the frequency dependence of the
storage and loss moduli as related to the shear viscosity and shear rate dependence. From this
dependence, the shear thinning behaviour of the resins was compared. Other melt
characteristics include zero-shear viscosity, melt elasticity and melt miscibility.

Using the relation developed by Cox-Merz, complex viscosity versus frequency can often
be interchanged with the shear viscosity and shear rate (34). This relation complements shear
viscosity data collected from other instruments such as a capillary rheometer or continuous flow
experiments. Figure 7.26a compares the flow behaviour of the resins for set 1. Pure HMW
copolymer exhibits greater viscosity (shear or complex) than LMW homopolymer. It is well
known that both the molecular weight and molecular weight distribution govern the melt
behaviour of linear polymers (34-37). The influence of the short chain branches on the
rheological behaviour has been found to be minimal by several authors (36,45). For these
blends, the viscosity of the polymer decreases with increasing fraction of LMW copolymer.
Assuming that the HMW copolymer and LMW homopolymer fractions are melt-miscible, the
viscosity should reflect the mixture of polymer chains.  Shear thinning behaviour was observed
for al the resins (decrease in viscosity with increasing frequency of the test). Shear thinning of
the polymer occurs when the chains begin to disentangle and dlip past each other. This slippage
allows for orientation of the polymer in the flow direction, leading to alowering of the viscosity.

The rate at which shear thinning occurs for a polymer melt is of great importance during polymer
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processing. To compare the shear thinning behaviour of these resins, a Power-law model was
fitted to the data in the high shear rate region. The Power-law is one of the simplest rheological
models that can be used to describe the dependence of the melt viscosity (n) at high shear rates
(y) (34):

n=Ky™ (D)
where K is consistency index, n isthe viscosity at afrequency of 1 s* and n is the rate index
This model generally predicts the viscosity behaviour well for many polymers in the high shear
rate region, but lacks a parameter to estimate the zero shear viscosity. Even though the
application to this blended homopolymer/copolymer system may not be entirely valid since they
are based on observations from linear polymers, the estimates of the rate indices were used to
compare the shear thinning behaviour. Table 7.4 lists the estimates for the viscosities at
frequency of 1 s* and rate indices for the polymers, aswell the standard errors of the predicted
viscosities. The estimates for the viscosity at a frequency of 1 s* are from the consistency index
of the Power-law. The rate index relates to the slope (n-1) of the viscosity versus shear rate
curve. The uncertainty for the model was found to be acceptable for shear rates greater than 1
s, Asshown, the viscosities increase with increasing fraction of HMW copolymer, as expected.
With the addition of the HMW copolymer, the slope increases indicating greater shear thinning.
Estimates for the zero-shear viscosity of the polymers were obtained from the Cross model. The
Cross model is amodification of the Power-law to include parameters to account for the
Newtonian behaviour of the polymer in the low shear rate region. The form of the Cross model

is shown below (35):
n=nol@+ Ay @)

where o isthe zero shear viscosity, A is the characteristic time and mis the rate index
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Table 7.4 — Rheological Property Comparison of Reactor Blends
Sample K- Rate index” Ne Std. Error®  Std. Error®
viscosity® (n-1) Power- Cross
(Pas) (Pas) Law Model
Model
LMW 17200 -0.573 87000 8.22 4.16
Homopolymer
(L-A)
80/20 48700 -0.691 4.62 x 10° 2.39 3.44
(1-B)
50/50 1.28 x 10° -0.750 2.38x 10° 6.54 151
(1-C)
Set #1 30/70 2.27 x 10° -0.799 2.24 x 10’ 5.06 1.03
(1-B)
HMW 2.76 x 10° -0.793 2.17 x 10’ 4.89 0.817
Copolymer
(1-F)
LMW 45900 -0.619 1.37 x 10° 9.13 3.88
Homopol ymer
(2-A)
Set #2 80/20 1.00x 10° -0.704 3.80x 10° 4.82 2.40
(2-B)
30/70 2.10x 10° -0.797 1.30 x 10’ 2.87 111
(2-C)
HMW 2.76 x 10° -0.793 2.17 x 10’ 4.89 0.817
Copolymer
(2-D, 1-F)
HMW 3.72x 10° -0.804 3.36 x 10° 27.4 4.89
Homopol ymer
(3-A)
Set #3 70/30 98000 -0.731 1.84 x 10° 14.2 4.17
(3-B)
50/50 45000 -0.689 3.83x 10° 10.3 3.38
(3-C)
LMW 1240 -0.365 1540 8.59 7.95
Copolymer
(3-D)

2\ iscosity estimate from Power-Law model (Eqn. 1) (Shear Rate Range: 1s™ to 1000s ™)
P Rate index estimated from n from Power-Law model (Eqn. 2)
¢ Zero Shear viscosity estimated from Cross model

2 1/ 2

(y-9)
4 3d.Error = Mxlooo wherey is measured viscosity, Yis calculated viscosity, nis

Range

number of values and range is the difference between the maximum and minimum of measured

values.
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The parameter of interest for this study is the zero-shear viscosity. The characteristic time of the
material is the reciprocal of the shear rate at which the zero-shear viscosity occurs. In the low
shear rate region, the viscosity of a polymer generally approaches a constant value where the
viscosity is independent of the shear rate. This behaviour was not readily apparent with the
materials studied here. This is generally observed for industrial resins with broad molecular
weight distributions or polymers with very high contents of long chain branching (LCB) (34).
The molecular weight distributions of the resins studied were quite broad and no long chain
branching was detected using GPC/viscometer. However, this does not confirm the absence of
long chain branches, since others have reported that both *C NMR and GPC are not sensitive
enough to detect very low amounts of LCBs (38-39). Since single-site catalysts have the ability
to produce LCBs during polymerization, it is possible that low amounts of LCB are present to
influence the rheologica behaviour of these samples.  From the viscosity plots, the viscosity
increases with increasing fraction of HMW material. Quadlitatively, it can be inferred that the
zero-shear viscosities (no) of these polymers would follow a similar trend. At low shear rates,
the entanglements of the polymer chains prevail and the value of the zero-shear viscosity reflects
the microstructure of the material. It should be noted that many of these samples did not exhibit
distinguishable plateaus; this leads to extrapolation errors in the estimates of the zero shear
viscosities. Table 7.4 lists the estimates of the zero-shear viscosities and the standard error of the
fitted model. Figures 7.26(a-c) show that the Cross-model fitting of the data points is quite good.
As shown, the no increase with increasing fraction of HMW copolymer. The LMW
homopolymer (1-A) has the lowest no and the sample 1-E and the HMW copolymer (1-F) have
the highest values. Actually, sample 1-E exhibited the highest no despite the presence of 30%

LMW homopolymer. Comparing the molecular weight values, sample 1-E has a much broader
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MWD and dlightly higher weight average MW than the pure HMW homopolymer. It has been
confirmed by Kazatchkov et a. that polyethylene with broad MWDs exhibit higher zero shear
viscosities than narrow ones (40). The comparison of these values from the rheological data to
the GPC data reinforce each other and demonstrate the sensitivity of the rheometer to the weight
average molecular weight.

Figure 7.26b shows that the shear viscosity curves of set 2 have similar behaviour to the
resinsin set 1 (Figure 7.24Q). The difference between set 1 and 2 is that the LMW homopolymer
portion of set 2 was higher in molecular weight. For these rheologica measurements, the
influence of the molecular weight should be readily apparent.  The viscosity of the blends
decreases with increasing fraction of HMW copolymer.  Examining the viscosity values
estimated from the Power-law in Table 7.4, for roughly the same blend composition, the
viscosity was approximately double of that of resins in set 1. Comparing the rate indices, the
resinsin set 2 shear-thin dlightly faster than theresinsin set 1. These observations are consistent
with the trend in molecular weights measured by GPC. It appears that the degree of shear-
thinning depends mostly on the weight average molecular weight. This seems reasonable since
the weight average molecular weight reflects the presence of the longer chains that would
contribute to the entanglements of the polymer. Comparing the no values for the LMW
homopolymer (2-A) and 80/20 (2-B), they are higher than those of set 1. However, the no of the
30/70 (2-C) in set 2 was lower than that of the 30/70 (1-E) in set 1. The difference is readily
explained by the competition of the narrower MWD and the high molecular weight; sample 2-
C'sMWD isnarrower than 1-E’s but is slightly higher in molecular weight.

Figure 7.26c compares the flow behaviour of set 3 that are composed of HMW

homopolymer and LMW copolymer. The HMW homopolymer exhibited the highest viscosity.
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The viscosities of the blend decrease with increasing fraction of HMW homopolymer. For the
pure LMW copolymer, the viscosity values were much lower than the blends and pure HMW
homopolymer. Table 7.4 lists the viscosity trend from the Power-Law estimates. As shown, the
viscosity of the HMW homopolymer is ailmost 4 times that of the 50/50 blend (3-B). It seems
that the addition of LMW copolymer has a detrimental effect in reducing the overal viscosity.
The large separation in viscosities is reinforced by the separation in molecular weights measured
from GPC. Examining the rate indices from the Power-Law estimates, a wide range of shear
thinning behaviour also exists. The HMW homopolymer exhibited the highest rate of shear
thinning followed by the blends (3-B and 3-C) and then finally the LMW copolymer with a much
lower rate than the others. The zero-shear viscosity, no, decreases with increasing the fraction of
LMW copolymer. Comparing the values of the no for set 3 to those of sets 1 and 2 for similar
compositions, it appears that the values are lower for set 3. Although a direct comparison cannot
be made for the blends since the molecular weight distributions and compositions vary, it seems
that the no of the HMW copolymer (1-F) is higher than that of the HMW homopolymer (3-A).
This seems a bit unusual since the molecular weight of the homopolymer is higher than that of
the copolymer by 50 to 25 % for both the number and weight average molecular weights. The
molecular weight distribution of these samples are both narrow. It appears that the presence of
the short chain branches in the copolymer increases the no. Wood-Adams et al. have reported
that the presence of ethyl branches does not influence the zero shear viscosity (36). It ispossible
that the zero shear viscosities of these copolymers are influenced by small amounts of LCB that
may be present (although none was detected by GPC/viscometer). However, if LCBs are
present, the level of long branching was not sufficient to increase the shear thinning behaviour as

shown by the similar rate indices.
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Figure 7.27 summarizes the molecular weight dependencies of the zero shear viscosity
for theresins. It has been found by Raju et a.(41) and verified by others (34,36) that for linear
polyethylene, the zero shear viscosity depends on the weight average molecular weight by a
power of 3.4-3.6. For the three sets of blends, the exponents vary 2.6 to 5.5, demonstrating a
severe deviation from the above relation. Given that these samples possess very broad MWDs,
this lack of fit is probably due to the poor use of the weight average molecular weight to
represent the distribution of chain lengths. The presence of any LCBs would also invalidate the
use of this model, as demonstrated by Carella (42).

Figure 7.28 shows the shear viscosity and shear rate dependence of the blends, to
examine the blending nature of the polymers and their contribution to the viscosities. For these
composition plots, the log additivity rule does not hold for polymer blends that are melt
immiscible. Partially miscible or immisicble blends that possess different phase morphologies
exhibit positive deviations from linearity (27,43). Figures 7.28a and 7.28b show for sets 1 and 2
that the viscosity and the fraction of HMW copolymer in the blend follow the additivity rule
quite well for the three shear rates shown. The viscosity ratio between the LMW homopol ymer
and HMW copolymer is around 16 for the values estimated at a frequency of 1 s* in Table 7.4.
Despite this large difference, the polymers produced as a reactor blend are melt miscible. It is
reasonable to observe this, since the samples were synthesized in a two-step polymerization
process. On amicroscale, the LMW copolymer and HMW homopolymer form layered particles
with inner cores of copolymer and shells of homopolymer. Immiscibility might be observed if
the samples were obtained from melt blending. Utracki suggests that a viscosity ratio of 1:3

would allow for fine dispersion in a melt-blending process (9).
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Figure 7.28c shows a mixing trend for theresinsin set 3. For these blends, large negative
deviations occur for the viscosity and composition. The HMW homopolymer has much higher
viscosity. The viscosity ratio between the HMW homopolymer and LMW copolymer for the
viscosities shown at a frequency of 1 s is 300. This extremely high viscosity ratio leads to
miscibility problems despite being reactor blended. However, the viscosity trends for set 3
suggests that the addition of LMW copolymer can greatly reduce the viscosity of the HMW
homopolymer. This reduction in viscosity was not as prominent for the addition of LMW
homopolymer to HMW copolymer asin sets 1 and 2.

Comparison of the storage (elastic) modulus with frequency can also provide more
insight in to the polymer microstructure. The behaviour of the elastic modulus with frequency is
analogous to the relaxation modulus of the polymer. A relaxation spectrum that depicts the
chains relaxation modulus with time can sometimes be used to distinguish polymers with
different molecular weight and molecular weight distributions (34). Figures 7.29 (a-c) show that
the elastic modulus increases with increasing frequency of the test. This behaviour is similar to
that of polymer in the solid-state: at low frequencies the chains can rearrange amongst
themselves but, as the frequency increases, they have less time to relax and become glassy. For
these resins, the melt elasticity decreases with increasing proportion of HMW material. It seems
that the molecular weight of the polymer dominates the melt properties and that the chemical
composition has little or no influence. The separation of the curves alow for an approximate
view of the range of molecular weights. However, it is difficult to distinguish the broadness of
the molecular weight distribution since the molecular weights cover awide range.

G’ versus G’ plots were compared to determine the miscibility of the blends. Plots

comparing the viscous (G'’) and the elastic (G’) behaviour are often used to detect phase
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separation due to differences in structural units (39,44). Figures 7.30 (a-¢) shows the G’ versus
G’ plots for sets 1, 2 and 3. As shown, the viscous and elastic response depends on the
composition of the blends. For the LMW homopolymer/HMW copolymer blends of sets 1 and
2, the LMW homopolymer exhibits the lowest viscous and elastic modulus over the largest
range. Both the elastic and loss properties increase with increasing fraction of HMW copolymer.
It also appears that the range of elasticity and loss narrows. For the most part, the G’ versus G’
of these resins exhibits single-phase behaviour since the plots were generally linear, and the
regions of the blends properties overlap that of the homopolymer and copolymer.  Thus, the
LMW copolymer and HMW homopolymer are melt miscible for these samples.

For set 3, Figure 7.30c shows similar behaviour for the HMW homopolymer and LMW
copolymer. Again, the LMW materia (copolymer) exhibitsthe lowest G’ and G'’. The elasticity
and loss increases with increasing fraction of HMW homopolymer. However, for these blends,
the HMW homopolymer tends to dominate the elastic and loss behaviour. A large separation
exists between the properties of the LMW copolymer and that of the HMW homopolymer and
the associated blends. Given the viscosity evidence that the blends of HMW homopolymer and
LMW copolymer shown in Figure 7.28c in set 3 are slightly immiscible, it is possible that this
large separation in G’ and G’ reinforces this finding.

Figure 7.31 compares the tan delta behaviour of the resinsin the melt. The tan delta(G’’/
G’) quantifies the balance of the loss and elastic properties. A high value of tan delta indicates
that the polymer material has poor recovery characteristics since the chains relax slowly after
being stressed. From a processing point of view, this value can indicate how well a material will
recover after being deformed. A material that withholds stress histories may lead to melt flow

instabilities such as melt fracture. Figure 7.31a and 7.31b compares the tan delta responses for
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sets 1 and 2. As the fraction of HMW copolymer increases, the tan delta decreases. The flow
recovery of the blends increases with the addition of HMW material. The flow recovery aso
increases with increasing frequency. Comparing samples 30/70 (1-E), 30/70 (2-C) and the pure
HMW copolymer (1-F), their tan delta values are quite similar to the HMW copolymer. For
these samples, the MWDs are much broader than the narrow HMW copolymer. Despite the
differences in the MWDs, the longer chains dominate the flow recovery as represented by the
weight average molecular weight. Figure 31c shows the tan deltaresponse for set 3. As shown,
the tan delta range was quite separated between the LMW copolymer (3-D) and the others. The
LMW copolymer showed the lowest flow recovery.

Overdll, it has been demonstrated that the rheologica properties of these reactor blends
reflect the nature of the individual components. From the comparison of the shear viscosities
and viscoelastic properties G and G’’, it was confirmed that both the molecular weight and
MWD govern the melt behaviour. It was also confirmed that the reactor blends of LMW
homopolymer and HMW copolymer were melt miscible. However, some immiscibility was

detected with the large viscosity differences between HMW homopolymer and LMW copolymer.
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7.4 Conclusions

Reactor blends of polyethylene and poly(ethylene-co-1-octene) with bimodal structural
distributions were successfully produced via a two-step polymerization process. The
microstructural characterization of these blends indicates that both the molecular weight and
comonomer distributions are consistent with the method of polymerization.  The physical
properties of the blends containing LMW homopolymer/HMW copolymer and HMW
homopolymer/LMW copolymer are consistent with the nature of the individua components.
For the tensile properties, the stiffness decreases with increasing fraction of the copolymer,
regardless of the molecular weight of the homopolymer fraction. It was confirmed that the
degree of crystalinity governs the stiffness of a polymer. However, the energy dampening
properties of the polymers do benefit from the presence of the copolymer. Depending on the
desired application, a balance of stiffness and toughness can be obtained by atering the
composition of the blends. For some blends, the presence of HMW homopolymer can dominate
the tensile properties showing little variation in the stiffness with the increased addition of
copolymer.  For these blends, some evidence was found that indicate that some of the
components do not cocrystallize efficiently. Nonuniform crystal structures sometimes leads to
properties that deviate from linearity.

From the melt rheological studies, it was observed that the viscosity of HMW polymers
was reduced with the addition of LMW material. The shear flow characteristics of these
polymers in the typical processing range mostly depend on the molecular weight and MWD of
the polymer and are independent of the short chain branch content. For the polymers produced
with this two-step polymerization process, the LMW homopolymer and HMW copolymer blends

were melt miscible. However, there was some evidence that the HMW homopolymer/LMW
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copolymer blends may be melt immiscible, presumably due to the extreme viscosity differences
of the components.

Overdl it has been demonstrated that reactor blends of LMW homopolymer/HMW
copolymer and HMW homopolymer/LMW copolymer can exhibit a wide range of physical
properties. Depending on the desired application, the viscoelastic properties of the blends, both
in the solid-state and melt state can be tailored by controlling the individual components that are

present.
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8.0 Contributionsto Research

The concept of controlling the short chain branching distribution of ethylene/a-olefin
copolymers with a heterogeneous metallocene catalyst and different akyaluminums was
introduced and systematically investigated for the first time. With the use of a single
metallocene catalyst and a single reactor, it was possible to tailor the crystalline distribution of
ethylene copolymers. This process is inherently simpler than the use of a combined metallocene
catalyst or tandem reactor technology.

Given the unique ability of in-situ supported metalocenes to produce ethylene
copolymers with bimodal short chain branching distributions, a structure-property study was
initiated. By isolating the effect of molecular weight, samples were synthesized and tested to
examine the tensile properties of resins with varying crystalline distributions. It was found that
resins with a mixture of high crystalline and low crystalline material exhibited an overall balance
of tensile properties, thus demonstrating how these catalysts can be used to tailor the physical
properties of the copolymers.

The experimental design study to investigate the effect of polymerization conditions on
the catalyst activity and microstructure showed that in-situ supported Me,Si(2-Me-4,5
Benzind),ZrCl2 is not a typical single-site catalyst. The responses to important polymerization
conditions were not easily predicted from typical polymerization mechanism steps, and several
two-factor interactions play important roles in determining polymer MWD and SCBD, as well as
catalyst activity. Nonetheless, the experimental approach used was very important to detect and
quantify the complex nature of this particular system and can be readily extended to other

supported metallocene systems. The ability to produce polyolefins with multimoda
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microstructural distributions in a single metallocene/single reactor set-up is very attractive and
could in principle be used to produce polyolefin resins with advanced molecular architecture.
Lastly, a structure-property study was carried out demonstrating the effect of molecular
weight and short chain branching distribution on the physical properties of polyolefins. Using a
single reactor and a single metallocene catalyst, reactor blends of high and low molecular weight
polymer with varying comonomer content were produced and tested. Overall, polyethylene
copolymers with bimodal structural distributions exhibit a wide range of physical properties.
Depending on the desired application, the microstructure of the polymer can be tailored to
achieve a balance of physical properties, such as stiffness and toughness. For the resins in this
study, it was observed that the stiffness of the polymers depended on the degree of crystallinity
regardless of the underlying composition. The properties of polyethylene blends do benefit
from the addition of the copolymer to increase its energy dampening properties. However, the
energy dampening behaviour of the HMW copolymer studied showed that the testing conditions
drastically influence the response. The melt flow properties of these blends are mostly influenced
by the molecular weight of the polymers. Increasing the fraction of HMW polymer leads to
higher viscosities and greater shear thinning. Depending on the end-use application and process,
the property-processability relationship can be tailored for resins with bimodal structural

distributions.
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Appendix Al - Estimation of Monomer/Comonomer Liquid Concentrations

Bubble point calculations were performed to estimate the concentrations of ethylene and 1-
hexene or 1-octene in hexane solvent at various temperatures and pressures. A modified
Raoult’s law was used to iterate the compositions based on an input temperature, pressure and
comonomer/ethylene ratio. The Chao-Seader correlation was used to determine the pure
component fugacity coefficients; Redlich-Kwong correlation for the vapour component fugacity
coefficients; Scatchard-Hildebrand regular solution theory for the liquid phase activity
coefficients (Smith and Van Ness, 1975).

Input Temperature, Pressure
and Comonomer/Ethylene End Bubble Point
Ratio (X2/X1)

Calculate{ ¢ ){ ¢/'}{y}for | Adjust
each component Xethylene
Cdculate P
Cdculate N
XV @ °
y = .V.V(P. <
@

Recal culate

{@){@'} {vland {Z yi}

Figure A1.1 —Algorithm Used for Estimation of Monomer/Comonomer Liquid
Concentrations



Appendix A2 - Fortran 77 Program: Vapour Liquid Equilibrium Ethylene a-olefin

Composition Estimation

Ck******************************************************************C

QOOOOOO0O

)]

w

[

2500

LR R R I I I R R I I I I R I R R R I R I I I R R

Thi s program perfornmns a bubbl e point pressure
calculation for the ternary system 1-octene, ethylene and

n- hexane usi ng the Chao-Seader Correl ation, the Redlich-Kwong
Equati on, and Scatchard-Hi | debrand regul ar sol ution theory.

O000000

DI MENSI ON X(3), Y(3), PHI L(3), PHI &(3), TC(3), PC(3),
1VC(3), ZC(3), GAMVA( 3), W 3), PL(2), S(2) , XMOLV( 3)

1-octene, ethylene, n-hexane
DATA TC/ 566. 6, 282. 4, 507. 4/
DATA PC/ 25. 9, 49. 7, 29. 3/
DATA VO 464.,129., 370./
DATA Z{ . 260, . 276, . 260/
DATA WO. 386, . 0949, . 296/
WRI TE(*, 2)
FORMAT(' THI S PROGRAM PERFORMS A BUBBLE PO NT PRESSURE' /
& CALCULATI ON FOR VARI OQUS LI QUI D PHASE COVPCSI TI ON. '/
& THE CHAO SEADER CORRELATION IS USED FOR THE PURE COVPONENT' /
& THE REDLI CH KWONG EQUATION IS USED TO DETERM NE THE VAPOR )
WRI TE( *, 6)
FORMAT(' FUGACI TY COEFFI CI ENTS, WH CH DEPEND ON THE VAPOR /
& COWPOSI TI ON. SCATCHARD- HI LDEBRAND REGULAR SOLUTI ON THEORY' /
& |'S USED TO DETERM NE THE LI QUI D PHASE ACTI VI TY CCEFFI Cl ENTS')
WRI TE( *, 3)
FORMAT(1X/' * | NPUT DATA FORM *'/
& * A, B, O *'/
&‘ ******************'/
& WHERE, <LIQUI D COWVPOSI TI ON | NPUT>' /
& a) MOL RATIO OF 1- OCTENE TO ETHYLENE' /
& b) THE TEMPERATURE (C)'/
& c¢) THE TOTAL PRESSURE(ATM '/
&‘ *****************‘/
& WRI TE RATI Q(C8/ C2), T, P")
READ(*,*) RATIO T, P1
WRI TE(*,8) T
FORMAT(' THE CENTI GRADE TEMPERATURE | S', F10. 2, ' DEG C / 2X)
VRl TE( 6, 1)
FORMAT(4X, ' VAPOR PHASE COWVPOSI TI ON', 18X,
1' LI QUI D PHASE COWPCSI TI ON' / 7X, ' (MOLE FRACTI ON) ' 9X,
1' PRESSURE' , 9X, ' (MOLE FRACTION)', 3X, ' g-mol e/ l'/2X, "' 1- HEXENE ', 2X,
1' ETHYLENE' , 2X, ' Y(2)/Y(1)', 3X,' ATM, 3X,
1' 1- HEXENE ', 2X, ' ETHYLENE' , 3X, ' C6MOL' , 3X, ' C2MOL' / 2X)
T=273. 16+T
X(2) =0.
DX=0. 01
X(2) =DX+X( 2)
X( 1) =RATI O* X( 2)
X(3)=1.-X(1)-X(2)

230
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CALL ACTI VI TY( X, GAMVA, T)
C---estimte of P(atm
C Antoi ne Equation (1-octene, ethylene, n-hexane)
P= EXP(15. 9630-3116. 52/ (t-60. 39)) *x(1)/ 760.
& +EXP(15.5368-1347.01/(T-18.15))*X(2)/760.
& +exp(15. 8366-2697.55/(T-48.78))*x(3)/760.

C---Set vapor fugacity coefficients to unity for the first iteration
DO 10 1=1,3

10 PH G(1) =1.

C---Calculate liquid fugacity coefficients

20 DO 30 1=1,3
TR=T/ TC( 1)
PR=P/ PC( )

30 CALL LFUG TR, PR, W), PHI L(I))
C---Calculate and SUM and Y(I)

SUM=O0.

DO 40 1=1,3

Y(I)=X(1)*PH L(1)*GAMVA(L)/ PHI G(1)
40 SUMESUMHY( )

IF(IT.NE. 1) GO TO 50

C---first iteration
| T=2
GO TO 60
50 | F(SQRT((SUM sumML) **2) .LT. .0001) GO TO 70

60 DO 80 I=1,3
80  Y(1)=Y(l)/SuM
SUML=SUM
CALL GFUXY, PHI G, TC, PC, VC, ZC, P, T)
GO TO 20
70 SUML=SUM
I F(SUM GT. .9995 .AND. SUM.LT. 1.0005) GO TO 90
| T=1
| COUNT=I COUNT+1
| HALF=I COUNT/ 2
| NDEX=I COUNT- | HALF* 2+1
PL( | NDEX) =P
S( I NDEX) =SUM
P=(PL(2)-PL(1))/(S(2)-S(1))*(1.-S(1))+PL(1)
TO 20

0
90  CALL LI QDEN(XMOLV)
Com--- i f (FLAG .EQ 1.0) go to 1500

CTOT=1. / ( X(1) * XMOLV( 1) +X( 2) * XMOLV( 2) +X( 3) * XMOLV( 3))
C2MOL=CTOT* X( 2) * 1000
C3MOL=CTOT* X( 1) * 1000
WRI TE(*, 95) Y(1), Y(2), Y(2)/Y(1),P, X(1), X(2), C3MOL, C2MOL
| F(SQRT((P-P1)**2) .LT. 0.01) GO TO 3500
IF (P .Lt. P1) GO TO 1500
X(2) =X( 2) - DX
DX=DX* 0. 1
GO TO 1500
95 FORMAT( 1X, 8F9. 5)
1500 GO TO 2500

3500 STOP
END
G 5 m m m o e o e o e e e e e e e e e e e eeeeeo oo
C Estimation of Liquid Fugacity using Chao- Seader
G = m m m e e e e e e e e e e e e e e e e e e e e e e e e o -

SUBROUTI NE LFUG( TR, PR, W PHI L)
DI MENSI ON A( 10) , AL( 10) , AO( 10)
DATA A0/ - 3. 01761, - 4. 985, 2. 02299, 0. , . 08427,

231
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& 26667, -. 31138, -. 02655, . 02883, 5. 75748/
DATA A1/1. 02972, -. 054009, . 0005288, 0. ,
& 008585,0.,0.,0.,0.,1.96718/

C----SIMPLE FLU D; HEXANE

20

10

20

10

30

20

DO 20 =1, 10

A(1)=A0(1)

VO=A( 10) +A( 1) / TR+A( 2) * TR+A( 3) * TR * 2+A( 4) * TR* * 3+
&(A(5) +A( 6) * TR+A( 7) * TR** 2) * PR+( A( 8) +A( 9) * TR) * PR * 2
& LOGLO( PR)

V1=- 4. 23893+8. 65808* TR- 1. 2206/ TR- 3. 15224* TR *3
& . 025* (PR- . 6)

PHI L=EXP( 2. 302585* ( VO+W V1))

RETURN

END

SUBROUTI NE ACTI VI TY( X, GAMVA, T)
DI MENSI ON V( 3), DELTA(3), X( 3) , GAMVA( 3)
DATA V/ 156. 945, 61. , 130. 77/
DATA DELTA/ 7. 62, 6. 08, 7. 28/
R=1. 987

SUMEO.

SUML=0.

DO 10 I=1, 3
SUMESUMEX( 1) * V(1) * DELTA(I)
SUML=SUML+V( 1) *X(1)

DELAV=SUM SUML

DO 20 1=1, 3

GAMVA( | ) =EXP( V(I )/ R/ T* ( DELTA(| ) - DELAV) * * 2)
RETURN

END

Estimation of Vapour Fugacity using Redlich-Kwong Correl ation

SUBROUTI NE GFUGX Y, PHI G, TC, PC, VC, ZC, P, T)
DI MENSI ON Y(3), B(3), A(3, 3), PHI G(3), TC(3), PC(3), VC(3) , ZC( 3)
R=82. 05

BT=0.

AT=0.

DO 10 1=1,3

B(1)=.0867*R*TC(1)/PC(1)
BT=BT+B(1)*Y(I)

DO 10 J=1, 3

TC1=SQRT( TC(1) *TC(J))

ZC1=(ZC(1) +2C(3)) 1 2.

VCL=( (VO(1)**(1.73.)+VC(I)**(1./3.))/2.)**3
PC1=ZC1* R TC1/ VC1

A1, J) =. 4278*RF* 2% TC1**2. 5/ PC1
AT=AT+A(1, 3) *Y(1)*Y(J)

ABRT=AT/ BT/ R/ T**1. 5

HO=BT*P/ R/ T

E=. 0001* HO

H=HO

HL=HO/ (1./(1.-H)- ABRT*H (1. +H))

| F(SQRT((HL-H**2) .LT. E) GO TO 20
H=HL

GO TO 30
Z=BT*PIHRT
DO 40 1=1,3
SUM=0.

DO 50 K=1, 3
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50  SUMESUMFY(K)*A(1, K)
40  PHIG(1)=EXP(B(I)/BT*(Z-1.)-LOG Z- Z*H) +ABRT* (B(1) / BT-
1 2.*SUM AT) *LOG( 1. +H))

RETURN

END
@
C Cal cul ation of Liquid Density of Conponents
G = m m m o m e o e o e e e e e e e e e e e e e mem e oo

SUBROUTI NE LI QDEN( XMOLV)

DI MENSI ON XMA( 3) , DEN( 3) , XMOLV( 3)
DATA DEN/ 0. 715, 0. 577, 0. 659/
DATA XMW 112. 216, 28. 054, 86. 178/

DO 30 I1=1, 3
30 XMOLV(1)=XMA(I)/DEN(I)
RETURN

END
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