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Preface

Preface

Polyethylene is one of common plastics which are extensively used in many
products. The statistics report that more than 60 million ton of polyethylene is produced in
every year. During the production, a large amount of waste caused by production loss is
emitted. Therefore, the processability is very important to fully utilize a raw material and
minimize the emission of waste. In order to improve the processability, control of
rheological properties is very important. Therefore, many techniques have been proposed
to modify the rheological properties of polyethylene.

In this thesis, the rheological modification of polyethylene by thermal history is

studied using various types of polyethylene including blends. 1 hope the study would

provide useful information to improve the processability.

Monchai Siriprumpoonthum
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Chapter 1
General Introduction

Chapter 1

General Introduction

1.1 Introduction

Rheological properties in the molten state play an important role at polymer
processing, which are decided by molecular architecture such as chemical structures,
molecular weight and its distribution, and long/short chain branches. Information on
rheological properties is crucial to predict the processability, morphology development,
and mechanical properties in the solid state.

Because of topological interactions of polymer chains, known as entanglement
couplings, pronounced elastic properties are expected even in the molten state of a
polymer. This specific interaction provides complicated rheological responses of a molten
polymer, which, in turn, enables various processing operations.

For some processes operations, such as thermoforming, foaming, extrusion
coating, and blow-molding, high melt elasticity is required. Therefore, various types of
polymers with high melt elasticity, such as polymers with long-chain branches and/or
broad molecular weight distribution, are produced on a commercial scale in the industry.
These polymers have a wide range of fabricating ability to produce desired products.

Among conventional polymers, polyethylene (PE) has the widest variety of

molecular structure with short- and long-chain branches and molecular weight distribution
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(MWD), which greatly affect its rheological behavior in the molten state. It is known that
the rheological properties of a branched polymer are changed by “processing history” such
as shear history or thermal history.? Furthermore, several techniques have been proposed
for rheological modification, such as addition of linear low-density polyethylene (LLDPE)
having high molecular weight®® and cross-linking with and without peroxide
addition.”*® The modification techniques have a strong impact on the elongational
viscosity which is one of the most important rheological properties at polymer processing.
In this chapter, the following topics are reviewed; (1) PE and polymerization, (2)
linear and non-linear vicoelastic properties, (3) tube model, (4) processing operations such
as extrusion coating, thermal forming and blown film, and (5) several techniques to control
and modify the melt elasticity for PE. Finally, the objectives of this research will be

explained

1.2 Polyethylene

PE is one of commaodity plastics and the versatile applications penetrate deeply in
society to support our daily life. The structure of PE is represented as a simple alkane
formula C,Han2 consists of covalently linked carbon atoms with pendant hydrogen atoms.
However, PE provides a wide range of mechanical properties due to variations in polymer
chain structure. PE is generally classified by the density, although the catalyst and
polymerization conditions also affect the properties. Table I-1 shows the types of PE and
the definition of high-density polyethylene (HDPE), medium-density polyethylene
(MDPE), and low-density polyethylene (LDPE) in accordance with JIS K 6922-1, Plastics-

Polyethylene (PE) molding and extrusion materials-Part 1; Designation system and basis
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for specifications, and ASTM D 1248, standard specification for polyethylene plastics

extrusion materials for wire and cable.™

Table I-I. Classification of PE

Density (kg/m°)
JIS K 6922 ASTM D 1248
HDPE 942.0-960.0 941.0-959.0
MDPE 930.0-941.0 926.0-940.0
LDPE 910.0-929.0 910.0-925.0

In addition, copolymers of ethylene and a-olefin are generally regarded as PE, as
well as linear low-density polyethylene (LLDPE) or very low-density polyethylene
(VLDPE) when the density range is within LDPE or lower than LDPE, respectively.
Further, copolymers of ethylene and non-olefin monomer, in which the functional group
consists of carbon, oxygen and hydrogen, are involved in PE.'? PE can also be classified
differently by the applied pressure at polymerization, which is closely related with the

catalyst used.

1.2.1 Polymerization of linear PE

HDPE, bhaving low degree of branching, is produced by low pressure
polymerization. The conversion is highly exothermic, in which the process releases a lot of
heat. The polymerization due to Ziegler-Natta catalyst was developed by Karl Ziegler in
Max Planck in 1955.* Medium pressure polymerization is also made it possible to

produce HDPE with Standard catalyst by Standard Oil in USA or Phillips catalyst
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developed by Phillips Petroleum in USA. The combination of the name of catalyst and

polymerization conditions is shown in Table 1-2.1

Table 1-2. PE catalyst and polymerization conditions

Catalyst Structure Polymerization conditions

Ziegler-Natta catalyst TiCls-Al(CoHs);  ambient to 100 °C, atmospheric to 1 MPa
Phillips catalyst CrO3/SiO; 125t0 175 °C, 2 to 3 MPa

Standard catalyst MoCVAI,O3-Na 150 to 250 °C, 3.5 to 10 MPa

The Ziegler-Natta catalyst is also employed to produce LLDPE. However, the
advent of metallocene catalyst is more amazing to polyolefins production. The catalyst was
discovered by Kaminsky in 1980s.** The metallocene catalyst generally consists of
metallocene compound and methylaluminoxane, and the polymerization takes place under
various conditions. It is particularly applied to produce ethylene-a-olefin copolymers. As
the metallocene catalyst contains only one type of active site, the catalyst gives narrow
MWD than the Ziegler-Natta catalyst, in which the distribution of molecular weight,
indicated by M,/M,, is around 2.0. Nowadays the metallocene catalyst has mostly
superseded the Ziegler-Natta catalyst in commercial production of LLDPE. It enhances
mechanical strength and heat-seal strength as well as less stacking. Moreover, heat seal

initiation temperature is low due to the homogeneous composition of short-chain branches.
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1.2.2 Polymerization of LDPE

LDPE was the first PE developed in 1933 and then commercialized in 1939. It is
produced exclusively by polymerization under high pressure and temperature conditions
with a free radical initiator. The polymerization process consists of initiation, chain

propagation, chain branching, chain transfer, and termination reactions.™

<Initiation>
The typical initiators are generated by decomposition of organic peroxides and/or
azo compounds.
ROOR' —» RO- + R'O-
RNNR' —» RN:- + R'N-
where R and R’ stand for alkyl or aryl group.
The free radical attaches to an ethylene molecule, and then the new small molecule

with a radical at the end of a molecule is generated.

R' + H2C:CH2 —_— R_CHZ_CHz

<Chain propagation>

A free radical initiates the polymerization by abstracting a hydrogen atom from an
ethylene monomer to create a new small polymer chain. The free radical on the end reacts
with another ethylene molecule. The incoming ethylene is bonded by C-C covalent bond,
and then the radical transfers to the end of new chain. Thus, the growth of PE chain

proceeds by the repeated addition of ethylene monomers to the end of extending chain.
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R' + H2C:CH2 —_— R_CHZ_CHz

""" CHZ_CHZ + HzczCHz = CHz_CHz_CHz_CHz

<Chain branching>

During the polymerization, however, the terminal radical can abstract a hydrogen
atom from its own polymer chain. Then, the chain growth at the end of original chain is
terminated, instead, the newly created radical site in the chain is capable to react with an
ethylene monomer or another chain nearby. In this way, the branching structure is formed.
The difference in LCB and short-chain branches (SCB) is that the LCB is formed by
intermolecular transfer of radicals. The possibility of the intermolecular hydrogen
abstraction from a given molecule is proportional to the molecular length.

To create LCB, the radical transfer occurs in adjacent chains when a terminal
radical attack another polymer chain. Then chain propagation is initiated in an existing

polymer chain.

. . ) \ P ~ CH
- \/\CH2+ e W . e \/\CH3+ /,'\/ \/ .

A~ CH - P
SN+ nc=CH, —>= T N N

On the other hand, the creation of SCB occurs when the end of a chain turns back

on itself, which is called “backbiting”, and then the terminal radical abstracts a hydrogen
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atom from the backbone structure. After that, the chain propagation continues from the

new radical site as the starting point.

CH,

CH,

gl \/\/\CH/j
CH,

gl \/\/\CH

+ H,C—=CH,

J + H,C=—=CH,

This reaction generates a butyl branch as follows;

Il \/\/\CH

HZC/\)
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Or the new radical abstracts a hydrogen atom from the backbone.

.
. .
. .
. .
.
. H

e
CH,  CH, CH,  cuj
The polymer terminal is left as 2-methyl hexyl branch by the growth from the new radical
site.
\/\CH
+  n H,C—=CH,

CH;  CH,

H

e \/\C
. 2-ethyl hexyl branch
CH,

<Chain transfer>
The growth of a chain can be terminated by transfer of a chain end radical to an
ethylene monomer, thus overall number of radicals is preserved through the chain transfer.

The following reactions can occur.

..... CHZ—CHZ + Hz(j:(jH2  d CH:CH2 + H3C—éH2
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<Termination>

The growth of PE chain is terminated by the radical transfer to another molecule.
The termination of chain growth occurs by the encounter of two radicals. A new bond is
formed by the association of each radical of in two molecules. The chain transfer controls
molecular weight, which is achieved by altering reaction conditions.’® There are two
different reactions; coupling and disproportionation. When two chain ends meet, the two
chains are coupled to be one chain, or create disproportionate to leave two chains having
different chain end from each other. Some possible reactions are as follow:

When two radicals meet, they react to form a covalent bond.

----- CH,-CH + HC=—CH, —» -----CH,—CH,—CH=CH,

The reaction couples two polymer chains.

""" CHZ_CHZ =+ CH_CHz““' e -—--‘CHz—CHZ—CHZ—CHZ““'

A following disproportionation reaction can also occur.

----- CH,—-CH, + CH,-CH~~ —— --—--CH=CH, CH;—CH,—

1.2.3 HDPE

HDPE is a linear polymer with a high degree of crystallinity. Basically, it consists
of unbranched molecules, and thus the crystallization is not hindered severely. However, a
very small concentration of 1-alkene is sometimes copolymerized in order to control the

crystallinity. The illustration is shown in Figure I-1(a). Ziegler-Natta catalyst, consists of
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triethyl aluminum and titanium tetrachloride, was first developed to produce HDPE. The
MWD, i.e., My/M,, is usually between 5 to 15 for HDPE, whereas it is around 20 for
LDPE. In contrast to the high pressure method for LDPE, HDPE is produced under a low
or medium pressure with a suitable catalyst for the polymerization. Not only Ziegler-Natta
catalyst, Phillips catalyst also gives HDPE. In the case of HDPE produced by Phillips
catalyst, a small amount of long-chain branching (LCB) exists especially in a large
molecular weight fraction.!” According to Yoshikawa et al., one long-chain branch per
10,000 carbon atoms exists.’®* It means that the LCB content in HDPE is about one to
two orders lower than that in LDPE.?*?! The LCB with broad MWD in HDPE produced by
Phillips catalyst is responsible for the elastic properties in the molten state and thus the

good processability for various processing operations.

M

(a) HDPE
— =
%
(b) LDPE ﬂ\_m
M

(c) LLDPE M

Figure 1-1. lllustrations of various PE structures; (a) HDPE, (b) LDPE and (c) LLDPE

-10 -
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1.2.4 LDPE

LDPE is a branched PE, obtained by radical polymerization under high pressure
and high temperature. It contains LCB as well as SCB. These days, two standard
polymerization methods are available in industry; one is produced in a batch-type
autoclave reactor, known as the vessel or autoclave process, and the other is obtained using
a continuous tube-type reactor, and is known as the tubular process. It has been believed
that autoclave LDPE has more and/or longer LCB than tubular LDPE.? The polymer
features substantial number of SCB, which consists of ethyl, butyl and 2-ethyl hexyl
branches, and LCB created at random intervals along the length of the main chain.” The
SCB prevents the crystallization by disrupting chain packing, resulting in relatively low

density compared to HDPE.

125 LLDPE

LLDPE is a copolymer of ethylene and o-olefin obtained through low-pressure
process, where a 1-alkene is used as a comonomer. The polymer consists of linear main
chain with pendant alkyl groups that are recognized as SCB. The comonomers of 1-butene,
1-hexene or 1-octene are commonly used and generate ethyl, butyl, or hexyl branches,
respectively with average 10 to 40 branches per 1,000 carbon atoms at random intervals.™
The impediment of crystallization by SCB results in low-density of a polymer, although
methyl branch is believed to be involved into the crystalline lattice.?® The illustration is
shown in Figure I-1(c). The probability of LCB existing in LLDPE is considered to be
almost zero. Although, the degree of LCB in LLDPE is reported to be fewer than 3/10,000

carbon atoms.?* However, this is the lower limit of detection in the use of light scattering.?

-11 -
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Recently, new technologies developed by Dow Chemical Company and Exxon
Mobil in single-site metallocene catalysis have leaded to advances in LLDPE synthesis.
Catalysts designed for the incorporation of a-olefins lead to Dow’s constrained geometry
catalysts (CGC) which is responsible for the homogeneous distribution of
the comonomer.?® LLDPE produced by CGC contains LCBs and thus it shows several

processing advantages.?’

1.3 Rheological control of PE
1.3.1 Linear viscoelastic property

Linear viscoelastic properties provide basic characterization of a polymer. Some
rheometers such as cone-and-plate rheometer and parallel-plate rheometer are used to
measure the linear viscoelastic properties under shear. The common method used to
measure the linear viscoelasticity is the small-amplitude oscillatory shear measurement. In
oscillatory shear measurements, both shear stress o and strain y are measured as a function

of angular frequency w. (Equations 1-1 and 1-2)

y(t) = 7, sin(at) (1-1)
o(t) = o, sin(at + &) (1-2)

where y(t) the sinusoidal strain, y, the strain amplitude, o the angular frequency of

oscillation, o (t) the sinusoidal stress, oy the stress amplitude and ¢ is the phase angle. The
shear storage modulus G’ (@) and loss modulus G” (@) are given as follows; (Equations

1-3and 1-4)

-12 -
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G'(w) =Z%°coss (1-3)
Yo

G"(w) =ZL°sin¢s (1-4)
7o

At low frequencies, it is possible to obtain the zero-shear viscosity 7, from the loss

modulus.

G'(w)

n_ = lim (1-5)

0 o —0 w
For typical polymers, the relationships between 7, and M, have already been
reported.?® Therefore, M,, can be predicted from the zero-shear viscosity. In case of

linear PE, the following relationships have been proposed based on experimental

results. 3%
7, =9.0x107"*M *° (at 150 °C) (1-6)
|\/| 333
n = 4.743x10-1°(ﬁ] (at 190 °C) (1-7)
b

where my, is the molecular weight per backbone repeating unit.?®

Further, the steady-state compliance J? and the weight-average relaxation time z,

can be calculated by Equations 1-8 to 1-9.

-13 -
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o .. G'(o) )
e 0
T, =16J¢ (1-9)

The relaxation spectra H(z) can be calculated from G’ and G” using Tschoegl

equation.®® (Equations 1-10 and 1-11)

dG, 1 dZGﬂ |
) 1 1-10
) din(w) 22(dInw)’ ‘1/w:z/fz | )
and
' 2
H(T):E G”—ﬂ dG +1 d°G : (1-11)
ps 3din(w) 3(dInw) Vw=r15

In case the sample has only one relaxation time. The longest relaxation time is
given by the inverse of the angular frequency at the crossover of G’ and G”. Further, the
molecular weight between entanglement couplings, Me, can be evaluated when the plateau
modulus is identified, using Equation 1-12.%%% However, it is very difficult for PE to find
a plateau modulus because of the crystallinity.

Al (1-12)
Gy

where G the rubbery plateau modulus, p the density, R the universal gas constant

(8.314 J mol™ K™*) and T the absolute temperature.

-14 -
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The value of G can be determined using Equation 1-13

GO =-‘j G"dInw (1-13)

where a is the upper limit before the transition zone is entered.

1.3.2 Rheological response under shear flow in non-linear region

The major property to be considered at processing operation is melt viscosity. In
industry, the information on melt viscosity of a polymer is given as melt flow index (MFI)
or melt flow rate (MFR), which is the weight of a polymer melt per 10 min [g/10min],
through an orifice die under a specific load and temperature, as determined by ASTM D
1238.3* In case of PE, the temperature is 190 °C and the load is 2.16 kg. Therefore, a
polymer with high molecular weight has a low melt flow rate and vice versa. In general,
extrusion blow-molding process usually requires a polymer whose melt index is below 2
[0/10 min]. In contrast, high-melt-index polymers between 6 to 60 [g/10 min] are
necessary in extrusion coating, injection-molding, and injection blow-molding.*® However,
the value can represent the viscosity data only at a specific shear rate. Therefore, non-
Newtonian behavior should be checked to obtain exact information by other techniques.

Steady-state shear flow is an important method to determine the non-Newtonian
behavior of a polymer melt. It can be evaluated using a cone-and-plate rheometer or a
capillary rheometer. A capillary rheometer is the best method to obtain the viscosity at
higher shear rate. It also gives information on the Barus effect and flow instability. To
express the Barus effect quantitatively, the extrudate swell (or die swell), defined as the

ratio of the area of cross section for the extruded strand to that of the die section, is

-15 -
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employed.®* This phenomenon closely relates to the primary normal stress difference.
Polymer melts with high melt elasticity always show high value of extrudate swell.

Further, molten strands always show flow instability at high extrusion shear rate, although

extrudate strands exhibit smooth surfaces at low shear rate.®’°

1.3.3 Rheological response under elongational flow
1.3.3.1 Elongational viscosity

Uniaxial elongational viscosity is the most appropriate method to evaluate strain-
hardening characteristics during uniaxial stretching of a polymer melt. The growth curve

of elongational viscosity is calculated from Equation 1-14.%

+

n(t) =& (1-14)
&

where o (t) is the elongational stress as a function of time and &€ is the elongational
strain rate.

Trouton** and some researchers found that the elongation viscosity 7 (t)is three

times of the shear viscosity p'(t) at low strain rates.* Therefore, the transient shear

viscosity at a low strain rate asymptote 7°(t) can be estimated from oscillatory shear moduli

using an approximate equation shown in Equation 1-15, which was proposed by

Osaki et al.®®

n* (1) =t[G"(0) +1.12G'(w/2)-0.2G"(w)] . (1-15)

-16 -
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1.3.3.2 Strain-hardening in elongational viscosity

Besides molecular weight and its distribution, long-chain branches play a major
role in rheological properties, especially elastic properties in the terminal zone.* It is well
known that chain stretching in LDPE leads to strain-hardening in the transient elongational
viscosity, as demonstrated by advanced molecular models such as the MSF theory*® and

1*° based on the tube model proposed by Doi and Edward.** According

the Pom-pom mode
to the tube model, the branch point is assumed to be fixed and the repation is prohibited.
Consequently, conformation changes in long-chain branches have to occur via contour
length fluctuation, i.e., chain retraction to the branch point within the tube. This retraction
process leads the polymer chain to a low enthalpy state, since the conformation around the
branch point will be distorted. Consequently, the reptation time, a time required to escape
from the original tube, increases exponentially with the length of branches. Moreover, the
“chain contraction process”, which occurs prior to the reptation motion, has to be seriously
considered. When there are more than two branch points in a backbone chain, chain
contraction between the branch points is prohibited owing to the topological interaction
with neighbor chains as illustrated in Figure 1-2. Because of the entropy loss due to the
chain stretching between the branch points, a high level of stress is generated. This
mechanism is responsible for the strain-hardening behavior, i.e., rapid stress increase with

strain, in the transient elongational viscosity for long-chain branched polymers as

exemplified in Figure 1-3.

-17 -
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Figure 1-2. Chain stretching and contraction process for a branched polymer; (left)

equilibrium state, (center) polymer chain is stretched by the applied strain, and (right) a

part of a chain between branch points cannot be shrunk and thus provides a large stress

because of the low entropy state.??

log [n "t &) (Pa s)]

Q
&
&
1

-1

log [t (s)]

log [n"t, &) (Pas))

Strain-hafdening

0

1 2
log [t (s)]

Figure 1-3 Growth curves of uniaxial elongational viscosity 7:*(t,£); (a) LLDPE and (b)

LDPEY

-18 -
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1.3.3.3 Drawdown force

The force needed to stretch a molten polymer under elongational flow is called
“drawdown force”. It has been recognized that drawdown force has information on
uniaxial elongational viscosity.**>* Varying the draw ratio, the information on the
elongtional viscosity at various strain rates is collected. The drawdown force at the
maximum stretching rate is called “melt strength”. A typical experimental set-up for

drawdown force is exemplified in Figure 1-4.%°

Figure 1-4. Schematic diagram for the measurements of drawdown force; (A) capillary
rheometer, (B) and (C) diameter detector, (E) tension detector and (F) rotating wheels

The drawdown force is measured by pulling the strand extruded vertically
downward from die in capillary rheometer (A) at constant rate by two rotating wheels (F).

Then, the drawdown is measured by a tension detector (E). Furthermore, this machine

-19-
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enables to evaluate of extensibility, the ultimate draw ratio at the break point of the strand,
by increasing the pulling rate constantly. Some capillary rheometers also have an
attachment to measure the extrudate swell. The diameter of the extrudates is measured
using a laser beam emitted from (B) to (C). The measurements are a useful technique to
determine the non-linear behavior of a polymer melt.* Further, it is well known that most
polymer processing operations involve some kinds of extensional flow by converging flow
at a die entry or nozzle. Therefore, the extensional deformation has become favorite to

determine the processability of a commercial polymer.*’=>>

1.4 Tube model

Linear and non-linear viscoelasticity of entangled polymers are well described by
the tube model. The entanglement couplings of polymer chains restrict the diffusion of a
polymer chain, especially in the direction perpendicular to the chain due to topological
constrains. Edwards introduced a concept that a polymer chain is confined in a tube-like
region®® as shown in Figure 1-5. As a polymer chain is longer than the length of such a
virtual tube, de Gennes supposed that the chain moves windingly in the tube. The motion

was called reptation named after the Latin reptare, to creep.”

Entanglements

Figure 1-5. A polymer chain entangled by surrounding chains

-20-
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The Doi-Edwards theory** assumes that the diameter of tube a is equivalent to the
square root of the mean-square end-to-end distance of the polymer chain whose molecular
weight is Me, as shown in Figure 1-6, to consider the topological restrain caused by
entanglements of surrounding polymer chains. The center line of the tube, which offers the

shortest path of the chain, is called the primitive chain.

Figure 1-6. Dimension of a tube in the Doi-Edwards theory

Figure 1-7 shows the reptation of a polymer chain having linear structure. The
chain fluctuates around the primitive chain. By some fluctuations, it may store some
excess mass in a part of the chain. This mass may diffuse along the primitive chain and
finally leave the tube. The chain thus creates a new piece of a tube and at the same time
destroys a part of the tube on the other side. Further, the time required to escape from the

original tube is “reptation time”.

-21 -
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Figure 1-7. Relaxation process in a linear polymer®®

The existence of branch points interrupts the relaxation of polymer chain.
Figure 1-8 shows the stress relaxation mechanism in a star-shaped polymer. Obviously, the
simple reptation of a polymer chain is prohibited. Meanwhile, the polymer is able to retract
and withdraw a chain from the tube to the branching point, and then the chain goes into a
new tube. This phenomenon, called contour length fluctuation, is allowed for stress

relaxation in branched polymers.

Figure 1-8. Contour length fluctuation in a star-shaped polymer**

-22 -
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Further, the main chain is not able to be relaxed until the relaxation of branches
occurs in highly branched structure as shown in Figure 1-9. The figure illustrates that the
main chain is constrained by a neighbor chain (left). However, the contour length

fluctuation of the neighbor chain releases the main chain from the constraint (right).

Partially relaxation
of main chain
1]

Main chain

Branches ___,

\ =

~

Contour length fluctuation

Neighbor chain % ?
= of the neighbor chain

Figure 1-9. Relaxation of a main chain by constraint release**

1.5 Polymer processing

Varieties of processing equipments and shaping methods such as extrusion, injection-
molding, blow-molding, thermoforming, and calendaring are available to form a desired
product in the plastic industry. Before raw materials are transformed into a final plastic
product by processing operations, almost all polymers are compounded with other
materials such as fillers, reinforcements, other polymers, pigments, flame retardants,
thermal stabilizers, and various processing aids for specific purposes. Typically, they are
compounded with other materials by melt mixing to produce pellets to be used in
subsequent processing operations.®®®* In this section, following operations, in which their
processability are strongly affected by the melt elasticity of material, are explained briefly;

extrusion coating, thermoforming and blown film.
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1.5.1 Extrusion coating

Nowadays, a large amount of LDPE is produced for extrusion coating.®® The
processability is very important to use a raw material efficiently and minimize the waste
emission caused by the production loss, otherwise the waste spawns not only industrial
loss but also social loss such as wasting fossil resource, excess energy consumption for re-
production, and the expenditure to supplement all the loss and replacement.

The PE extrusion started in 1940’s in the US. PE was firstly used as a coating
material onto a paperboard for milk carton production since 1957 in order to give
waterproof function to the paperboard. Since then, the extrusion coating was expanded in
the 1960s, and the commercial use of PE coated material has been accelerated in the
industry. Nowadays, co-extrusion is frequently applied to extrude a multilayer film. The
co-extrusion uses several extruders depending on the layer structure desired. Further, not
only a paperboard but also various films are used as substrates at extrusion coating, and
extrusion lamination. The extrusion lamination is an extended application of extrusion
technology to produce various multilayer lamination structures. In the lamination, a molten

polymer is extruded between two substrate films as shown in Figure 1-10.%°
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Polymer pellets

r

Hopper

Substrate

Figure 1-10. Schematic illustration of extrusion lamination station®®

In T-die forming such as film casting, extrusion coating, and lamination, a polymer

melt is extruded through a slit outlet of T-die with a shape of curtain-like film.

Chill roll

Substrate

Figure 1-11. Shape of extrudate between T-die and rolls.
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Higher speed coating is required for extrusion coating these days for high cost-
performance. The stability of a molten polymer in the air gap, i.e., the area between a die
exit and a drill roll, and adhesion between the polymer and substrate are the necessary
requirement for the extrusion coating. Meanwhile, a molten polymer film reduces its
width, called neck-in and edge beads, as illustrated in Figure 1-11. The neck-in occurs in
the air gap, resulting in the increase in film thickness at the both edges of the film, i.e.,
edge beads. Because of neck-in, thicker edges need to be trimmed after coating, leading to
the reduction of the film width. Therefore, the level of neck-in must be minimized,
considering the productivity and quality of products. The extrudate is drawn by contacting
a substrate that is usually running at several hundreds meters per minute.

It is well known that the extrusion coating process requires polymers having
marked melt elasticity. In general, melt elasticity is pronounced by broadening MWD and
incorporation of LCB. Therefore, LDPE is conventionally employed at extrusion

coating.t”®®

1.5.2 Thermoforming

Thermoforming involves softening of a thermoplastic sheet by heating, followed by
forming with vacuum, pressure, or a moving mold core and mold cavity.®* " It is a process
for converting a flat sheet into a product with thin-wall. Geometries of thermoformed
products are usually simple, such as boxes, food trays, various containers, refrigerator
linears, and computer cases. At vacuum forming, a sheet is clamped into a frame and
exposed to radiant heaters as shown in Figure 1-12. After a sheet becomes soft to a

formable condition, it is moved over a mold cavity and forced by air pressure forcing on
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the top surface of the mold. As well as extrusion coating process, polymers used at
thermoforming process must have marked melt elasticity because a molten sheet is
deformed by gravitational force, which is known as “sagging”. The sagging phenomenon
causes thinning and uneven thickness. Especially, excess thinning can be a cause of failure

of a final product.

Pressure

Y\

TSI TS TTTIS TSI SIS

Inlet

Went

Figure 1-12. Schematic diagram of thermo forming.

At thermoforming, a sheet will not be fully melted at low temperature.
Consequently, a formed product will not replicate accurately on the surface of the mold.
When the temperature is too high, the sheet loses its dimensional stability and thus flows
downward by gravity to a great extent. As a result, a thermoformed product will have

uneven wall thickness and may even result in tearing.
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1.5.3 Blown film

A blown film is obtained by biaxial stretching of an extruded molten polymer
passed through an annular die like a tube and then blowing as a bubble as shown in Figure
1-13. During blowing process, a bubble is cooled by blowing air to expand the bubble
outward. The inflation process will stretch a bubble in the transverse direction. This region
is very important for bubble formation because poor melt elasticity of a linear polymer will
give localized deformation and results in poor processability. However, if a branched
polymer is used, a uniform deformation will take place because of marked strain-
hardening, as seen in Figure 1-14.”*™ Then, solidifying process of a bubble film occurs
around the freezing line. A solidified bubble film is flattened into a double-layered sheet
by nip rollers. After a bubble film has been flattened by nip rollers, a flat film is reeled up

under a constant tension as a tubular film.
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Figure 1-13. Schematic diagram of a blown film: A extruder; B air supply; C air ring; D

cooling air flow; E freezing line; F guide rolls; G driven nip rolls; and H winder.”
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Figure 1-14. Deformation of a polymer melt with free surface
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1.6 Rheological modification of PE

For the industry, processability is very important to fully utilize a raw material
efficiently and minimize emission of waste caused by production loss, therefore control of
rheological properties of a molten PE is an important technology to improve the
processability and reduce the production loss.

As well know, many rheological modification techniques to control of rheological
properties for PE have been proposed. Most of them have a strong impact on the
elongational viscosity which is one of the most important rheological properties at polymer
processing. In this section, several techniques to control the melt elasticity of PE, which

were proposed by many previous researches, are reviewed briefly.

1.6.1 Shear modification

It is well known that long-chain branches enhance the elastic features greatly in the
molten state.’®*"%8% Therefore, LDPE having long-chain branches shows higher melt
elasticity than LLDPE. However, the elastic property of LDPE in the molten state is found
to be depressed by applied processing history, which is known as “shear modification”.?* %
The mechanism of the shear modification was explained by Miinstedt®® based on the tube

model.*

At equilibrium state, branch polymer shows prolonged characteristic time of the
longest relaxation mechanism, a because a simple reptation is not allowed by the branch
parts. Further, the chain contraction between branch points is prohibited. After processing
history, long-chain branches tend to align to the main chain by applied hydrodynamic

force.?28%8¢ Consequently, a branch part is dragged into a tube of a main chain, leading to

decrease in “active” long-chain branches. Because the alignment of LCB to the main chain,
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a simple reptation is allowed. As a result, chain stretching occurs without the hindrance of
branch parts as similar to linear polymer. Further, the longest relaxation time, i.e.,

reptation time, is also reduced.

shear force

Brownian motion

Figure 1-15. Schematics illustration of molecular conformation (left) before and (right)

after the shear modification.

However, the branch parts are in a low entropy state. Therefore, the conformation
will recover to the initial one by entropic force. Yamaguchi and Gogos evaluated the
rheological properties at recovery process from shear modification and found that the
rheological properties after applied shear history are determined by the applied shear stress

and the duration time of shearing.’

1.6.2 LDPE/LLDPE blends

LDPE is often blended with linear PE, including LLDPE, VLDPE and HDPE, to
improve the processability. Furthermore, it has been found that LDPE blended with linear
PE having high molecular weight shows anomalous behaviors as reported by a number of
researches.>**"8"#8 |n particular, the melt elasticity of LDPE is enhanced by blending
LLDPE or HDPE, although both LLDPE and HDPE have narrov MWD with no LCB.

This peculiar phenomenon was firstly detected by Utracki and Schlund.>*®’ They reported
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that a positive deviation from the log additive rule is detected for 7, of LDPE/LLDPE
blends under both shear and extensional flow. Later, Ajji et al.®® found that LLDPE
containing 10-20 wt% of LDPE shows marked strain-hardening behavior in elongational
viscosity. Wagner et al.* also demonstrated that the strain-hardening behavior for
LDPE/LLDPE is more pronounced than that for pure LDPE. Further, the deviation of
drawdown force from the linear additive rule for LDPE/LLDPE blends was reported by

Mieda and Yamaguchi, as shown in Figure 1-16.%
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Figure 1-16. Drawdown force of branch-PE/linear-PE blends, B-PE/L-PE, at 160 °C;
(closed circles) B-PE/L-PE-20, (closed triangles) B-PE/LPE-4, and (closed squares) B-

PE/L-PE-2 blends. The number in the sample code represents a melt flow rate MFR of L-
PE.Y

The anomalous rheological responses, sometime called “synergetic system”, are

pronounced as the molecular weight of linear PE increases. The anomalous phenomenon is
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believed to be attributed to the entanglement couplings between a branched polymer and
linear polymers.?® In the blend system, the longest relaxation mechanism of the blends
will be the relaxation of a backbone of a branch polymer in LDPE. For a branch polymer
chain, primitive path fluctuation, dynamic tube dilation, and constraint release of branch
parts become important, which have been proposed to predict the viscoelastic properties
precisely based on the tube model.#”° Since the primitive path fluctuation is affected by
the length of a branch, the characteristic time of this motion is unchanged by blending
LLDPE.®! On the other hand, the characteristic times of the dynamic tube dilation and
constraint release depend on the relaxation of surrounding chains. For pure LDPE, the
long-chain branched molecules in LDPE are surrounded by many linear molecules with
low molecular weight. Therefore, after mixing with LLDPE having high molecular weight,
the average relaxation time of surrounding linear chains will be increased. Consequently,
the longest relaxation time of the blend with a linear PE having high molecular weight

becomes longer than that of the pure LDPE.*?

1.6.3 Cross-linking reaction
1.6.3.1 Cross-linking by thermal history

PE trends to show cross-linking reaction, especially at high temperature with
prolonged residence time.®*** It results in changes of molecular weight, polydispersity, and
branch structure. A basic mechanism was proposed by Rideal and Padget,*® in which alkyl
radical diffuses to react with oxygen to generate peroxy radical. Then, the radical abstracts
hydrogen from an adjacent polymer chain. Consequently, the branch structure is created. A

number of previous researches proposed that the processing history affect the characters of
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a material, such as rheological properties, extrusion processability and crystallization
rate.”**® Ono and Yamaguchi found that the drawdown force of LDPE increases and
the drawability decreases with extrusion temperature up to 290 °C, as shown in Figure 1-
17.%° The result suggests that the extrusion processing leads to a cross-linking reaction,

resulting in increased elongational viscosity.
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Figure 1-17. Drawdown properties of LDPE at 160 °C; drawdown force at rupture (filled
circle) and maximum drawdown speed (open circle).” The samples without thermal

stabilizer were extruded using a single-screw extruder at various temperatures.
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1.6.3.2 Cross-linking by peroxide addition

Since PE is a thermoplastic material, it can be reprocessed repeatedly. However, it
shows poor mechanical properties at high temperature, such as strength, environmental
stress crack resistance (ESCR), resistance to slow crack growth, toughness, and abrasion
resistance, which limits its applications.'®**®* Therefore, cross-linking is ofen carried out
to retain desirable properties at high temperature. The permanent network generated by
cross-linking reaction changes the nature of PE from a thermoplastic to a semi-thermoset
plastic. The reaction leads to the formation of an insoluble part, in which the
intermolecular reaction takes place to form three-dimension network structure,**% This
structure change improves impact strength, ESCR, and abrasion resistance without

affecting tensile strength.’***% However, it reduces elongation at break.

1.7 Objectives of the study

Most studies on the cross-linking reaction were restricted to a single component of
PE. Meanwhile, marked elastic properties of LDPE/LLDPE blend, in which LLDPE shows
higher shear viscosity, have been reported as mention previously. However, the studies on
cross-linking reaction for the LDPE/LLDPE blends have not been reported.

Further, a recent interesting research successfully revealed that molecular weight
segregation of PE blends takes place in the molten state.” It was found that a fraction with
low molecular weight tends to localize at a film surface. This type of segregation was

9106 styrene-acrylonitrile copolymer,® and poly(styreneblock-

confirmed for poly(styrene),
methyl methacrylate).’”” Based on these researches, the rheological modification of PE by

molecular weight segregation under temperature gradient is proposed in this study.

-35-



Chapter 1
General Introduction

The main objective of this research is to propose several techniques to control the
rheological properties of PE. In particular, the rheological modification is focused on the
following two topics; (1) Cross-linking of LDPE/LLDPE blends with/without a peroxide
compound. The rheological changes in pure LDPE, pure LLDPE and their blends after
cross-linking reaction are investigated. Further, the effect of flow field on cross-linking
efficiency for LDPE and LLDPE is discussed; (2) Molecular weight segregation of PE
under temperature gradient. Firstly, the molecular weight segregation behavior under
temperature gradient is studied using HDPE blends. Then, the molecular weight
segregation of LDPE is investigated, which may be employed in the industry as a new

method to control the viscoelastic properties.
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Chapter 2

Rheological Modification by Cross-linking Reaction

2.1 Introduction

As explained in Chapter 1, LDPE is profitably employed in extrusion-coating
because of its marked melt elasticity. The chemical structure of LDPE is, however,
changed at processing operation because extrusion-coating is performed at higher
temperature to enhance the adhesive strength with a base material. Moreover, LDPE used
in extrusion coating does not contain any thermal stabilizer. Therefore, chemical reaction
such as cross-linking and chain scission occurs significantly. This is very important to
control the processablity.

According to previous reports, ™ the cross-linking reaction occurrs more readily
at relatively high temperatures, e.g., 250-320 °C. In these reactions, free radicals generated
during processing play an important role. Kuroki et al.' revealed that the rate of cross-
linking reaction is 3-5 times larger than that of chain scission at temperatures below
350 °C. Andersson et al. found that the cross-linking reaction is dominant at temperatures
below 325 °C during extrusion coating.” The same result was obtained by Ono and
Yamaguchi at extrusion processing. > Rangarajan,’ in contrast, reported that chain scission
takes place randomly at temperatures between 450 and 490 °C. Further, it was reported

that repeated extrusions affects to polymer structure and mechanical properties of LDPE.>
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Because chain scission is generally not desired, various techniques are used to
improve the cross-linking efficiency of PE, such as irradiation,” addition of peroxide
compounds as free radical initiators, or addition of silane coupling agents. According to
Ghosh et al.,® the addition of a proper amount of a peroxide compound results in the
acceleration of the cross-linking reactions. This technique is applicable to control the shear
viscosity and its non-Newtonian behavior.

In the cross-linking reaction, macroradicals generated by the abstraction of a
hydrogen atom in the chain, which often occurs at tertiary carbon atoms, show
intermolecular reaction:’ X-type branch points are provided by the reaction of two
macroradicals, whereas Y-type branch points are provided by the reaction between a

10-12

macroradical and a double bond at the chain end (terminal vinyl). Moreover, a high

degree of cross-link density leads to a three-dimension network structure which greatly
changes the rheological properties of a material.'*'*

To the best of our knowledge, however, most studies on the rheological changes
resulting from rheological modification through the cross-linking reaction were restricted
to a single component of PE. Meanwhile, the marked elastic properties of LLDPE/LDPE
blends, in which the LLDPE shows higher shear viscosity, have been reported by a number
of researchers.””* However, the rheological modification through the cross-linking
reaction of LLDPE/LDPE blends has not been studied, even though the blends have been
employed in industry. In this study, therefore, the effects of cross-linking/chain scission
reaction with/without peroxide compound on the rheological properties of LLDPE, LDPE,

and their blends are investigated. Moreover, the effect of flow field on the cross-linking

efficiency is also studied using a peroxide compound.
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2.2 Experimental
2.2.1 Materials

Commercially available LDPE, produced in an autoclave reactor, and LLDPE,
synthesized by a metallocene catalyst, were used in this study. Neither sample contained
thermal stabilizer. Molecular characteristics are summarized in Table 2-1. The contents of
unsaturated bonds at chain ends (terminal vinyl) and in the middle of chains (vinylene and
vinylidene) were measured by proton nuclear magnetic resonance spectroscopy ('H-
NMR). The short- and long- (>Cg) chain branches per 1000 backbone carbon atoms were
characterized by carbon nuclear magnetic resonance spectroscopy (C-NMR). The
number of long- (>Cs) chain branches of LDPE is a typical one for conventional
LDPE.>*!'# Further, the molecular weights were evaluated by gel permeation
chromatography (GPC) (Waters, Alliance GPC 2000) as linear PE standard, using TSK
GMHg-HT and TSK,. GMHe-HTL, with ortho-dichlorobenzene at 140 °C as an eluant at a

flow rate of 1.0 mL/min. The sample concentration was 0.15 wt.%.

Table 2-1 Molecular characteristics of PE used in this work

13
1 C-NMR
GPC H-NMR (per 1000 carbon
(per 1000 carbon atoms)
atoms)
Cé6
Mn Mw Mz terminal
. vinylene vinylidene C2 C4 C5 or
(Da) (Da) (Da) vinyl more
LDPE 13,000 192,000 1080,000 0.06 0.07 0.33 1 - 8 2
LLDPE 33,200 98,900 220,000  0.06 0.05 0.05 - 36 - -
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2.2.2 Sample Preparation
2.2.2.1 Sample without thermal modification

LDPE, LLDPE and their blends at various blend ratios were prepared by melt-
mixing at 130 °C with thermal stabilizers, such as pentaerythritol tetrakis(3-3,5-di-
tert-butyl-4-hydroxyphenyl propionate) (Ciba, Irganox1010) and tris(2,4-di-tert-
butylphenyl)phosphate (Ciba, Irgafos168), in a 60 cc internal batch mixer (Toyoseiki,
Labo-plastmil) for 3 min. The total amount was 48 g. The blade rotation speed was 30
rpm. The content of each additive was 5000 ppm. The obtained samples are used as

reference samples.

2.2.2.2 Thermal modification

LDPE and LLDPE were melt-blended at various blend ratios in the same internal
batch mixer for 3 min at 280 °C to perform the thermal modification. The total amount
was 48 g. The blade rotation speed was 30 rpm. Thermal stabilizers at the same content
with the reference sample were added after 3 min and further mixed for 30 s. The same

thermal history was also applied to pure LDPE and LLDPE.

2.2.2.3 Thermal modification under flow field

The samples were mixed with a cross-linking agent, a,a —di(t-butylperoxy)diiso-
propylbenzene (Perbutyl-P, 338.48 g mol™), 1 % wt.%, at 130 °C by the same internal
batch mixer. The haft time of decomposition of peroxide compound is 1 min at 175.4 °C.
Then, the polymer was compressed at 130 °C under 10 MPa for 3 min. The obtained
sample composed of 1 wt.% peroxide was used a master batch. The master batch was cut

into small pieces and diluted by melt-mixing with LDPE or LLDPE at 190 °C at a blade
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rotation speed of 30 rpm, for 15 min in a 30 cc internal batch mixer (Toyoseiki, Labo-
plastmil) to perform the cross-linking reaction under flow field. The total amount was 24
g. Then, the thermal stabilizers were added and mixed for 30 s. Finally, the concentration

of peroxide was controlled to be 0.1 and 0.05 wt.%.

2.2.2.4 Thermal modification without flow field

The master batch, 1 wt.% peroxide, was cut and diluted by melt-mixing with LDPE
or LLDPE at 130 °C by the 30 cc internal batch mixer. The total amount was 24 g. The
obtained samples with various concentrations of the peroxide were compressed at 190 °C
with a compression stress of 1 MPa for 15 min by the compression-molding (Imoto
Machinery Co., Ltd) to perform the cross-linking reaction without flow field. The
thickness of the sample sheet was 1 mm.

Further, the cross-linked LDPE/LLDPE (50/50) without flow field was prepared by
the same protocol. The final contents of the peroxide for the blend were controlled to be
0.05 and 0.5 wt.%.

All samples, except for the cross-linked samples without flow field, were
compressed into a flat sheet by the compression-molding machine at 230 °C under 10 MPa
for 10 min. Then, the sample was cooled down at 30 °C. Because of the long annealing
time in the compression-molding machine, the applied shear history, which has strong
impact on the rheological properties of long-chain branched polymers, known as “shear
modification”,***> was removed from the samples. It was revealed that the rheological
properties such as drawdown force and oscillatory modulus were not changed by

prolonged annealing in the compression-molding machine, which will be shown later.

Consequently, the oscillatory modulus in the molten state was stable during the
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measurement, confirmed by repeat measurements of the frequency dependence of the

oscillatory modulus

2.2.3 Measurements

The frequency dependence of the oscillatory shear moduli was measured at 130, 160
and 190 °C in a rotational-type rheometer (TA Instruments, AR2000) under a nitrogen
atmosphere using cone-and-plate and parallel-plate geometries. The time dependence of
the oscillatory modulus at 0.01 Hz was also evaluated at 190 °C to confirm thermal
stability. The both diameters of cone-and-plate and parallel-plate were 25 mm. The cone
angle was 4°. Further, the shear stress and primary normal stress difference under steady-
shear were measured at various shear rates at 190 °C using the cone-and-plate rheometer.
The measurements were performed three times to evaluate the experimental scatter.

Capillary extrusion was performed on a capillary rheometer (Yasuda Seiki
Seisakusyo, 140 SAS-2002) at 190 °C to evaluate the steady-state shear viscosity and the
appearance of the extruded strands. The molten polymer was extruded through a die of
dimensions: 1 mm diameter, 10 mm long and an entrance angle of 180°. The swell ratio
was measured by a laser detector fixed 5 cm below the die exit.

The drawdown force measurement was carried out at 190 °C with the capillary
rheometer, equipped with a tension detector and a set of rotating wheels. The molten
polymer was extruded through the same die used to evaluate the capillary extrusion
properties. The draw ratio was 9.2, which was empirically chosen because it gave reliable
values of force. Furthermore, the value is less sensitive to the draw ratio when the draw

23,26

ratio is larger than 5. The apparent shear rate at the die wall was 21.9 5.
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The growth curves of uniaxial elongational viscosity were evaluated at 160 °C on the
rotational rheometer, equipped with a universal testing platform (Xpansion instruments,
SER2-G). Flat sheet samples, 10 mm wide, 15 mm long, and 0.5 mm thick, were used.

The recovery behavior of the oscillatory modulus after applied shear history was
evaluated to obtain the information on the branch structure. Under the applied
hydrodynamic force, the long-chain branches are aligned to the main chain. The modulus
recovery after the cessation of flow is a result of an increase in entropy around the branch
points, as this alignment relaxes. Therefore, the process is sensitive to the branch structure.
The samples were sheared at a stress level of 24.5 kPa by the cone-and-plate rheometer at
160 °C for 30 min. After cessation of the shear flow, an oscillatory strain at 0.01 Hz was
applied immediately to the sample at 160 °C. Then, the growth curves of the shear storage
modulus were evaluated as a function of the residence time in the rheometer. The details of

this method were explained in a previous paper.**

2.3 Results and discussion
2.3.1 Rheological modification of PE by thermal history
2.3.1.1 LDPE and LLDPE

The molecular weight and its distributions for the samples before and after thermal
modification are shown in Figure 2-1. The GPC curves are barely changed by the thermal
modification at 280 °C for 3 min in the internal mixer. Moreover, the contents of double
bonds in the processed samples, evaluated by NMR, are the same as those in the original

polymers within experimental error, as seen in Table 2-2.
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log [Molecular Weight]

Figure 2-1 GPC curves of LDPE and LLDPE; (dotted lines) before and (solid lines) after

thermal modification

Table 2-2 Molecular characteristics of PE after thermal modification

1
H-NMR
GPC (per 1000 carbon atoms)
Mn Mw Mz terminal | .
(Da) (Da) (Da) vinyl vinylene vinylidene
LDPE 13,000 192,000 1,080,000 0.06 0.07 0.33
LDPE after modification 13,500 195,000 1,130,000 0.06 0.07 0.32
LLDPE 33,200 98,900 220,000 0.06 0.05 0.05
LLDPE after modification 30,400 99,000 227,000 0.05 0.05 0.05

Although the poor sensitivity (1/1000 carbon atoms for branches) has to be
considered, these results indicate that the thermal history should not be severe enough to
affect their primary molecular structure. This behavior was previously reported and well
summarized by Janzen and Colby.”” It has been well known for PE that thermal

modification barely affects the number of short-chain branches.*'***
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Prior to the measurement of the frequency dependence of the oscillatory shear
modulus, the time dependence of the oscillatory shear modulus was evaluated at 190 °C to
confirm the thermal stability during the measurement. As shown in Figure 2-2, the shear
storage modulus G’ is a constant irrespective of the residence time in the rheometer at
190 °C, suggesting that the samples are thermally stable, presumably as a result of the
sufficient thermal stabilizers. Furthermore, the figures also demonstrate that the samples
are free from shear history. It has been reported that the oscillatory moduli of a long-chain
branched polymer are strongly reduced by applied shear history and increase with
annealing time in the molten state without shear flow.***>***° All the samples used in this
study show constant values of both moduli irrespective of the residence time in the
rheometer, demonstrating that the effect of the applied shear history was removed during

the compression-molding at 230 °C for 10 min.

3 :
190 °C o 01 Hz
000000000000009000

LLDPE After Modlflcatlon
—_— 2 o
< ‘ LDPE After Modlflcatlon
e—, oooojooooojoooooo.oo
S ‘ LDF5E Before Modification
= oooooooooooooooooo
23
"'?5'”<'>"'%{"<'>'"<>""<'>"';;'”<'>'"'<>”'g”;'&"5'"&;'”{;"; """" )
LLDPE Before Modification
0 ; . i
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time (min)

Figure 2-2 Time dependence of shear storage modulus G’ at 0.01 Hz at 190 °C for the
samples (open symbols) before and (closed symbols) after thermal modification; (circles)

LDPE and (diamonds) LLDPE
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The angular-frequency dependence of the oscillatory moduli for LDPE and LLDPE
is shown in Figure 2-3. As indicated in Figure 2-2, both moduli for LLDPE are greatly
enhanced by the applied thermal history. Because the GPC curve, based on a linear PE
standard, is not changed by the history, the generation of a small amount of long-chain
branches must affect the rheological properties as shown later. Because the contents of
double bonds in the original LLDPE are unchanged, the cross-linking reaction of two
macro-radicals produced by the removal of a hydrogen atom in the backbone, which was
revealed by Kriston®' in detail, is the dominant mechanism to provide long-chain branches.
A large number of short-chain branches in the LLDPE used in this study is responsible for
the marked rheological change, because the hydrogen atoms attached to the tertiary carbon
are easily abstracted. However, the effect of the applied thermal history on the linear
viscoelastic properties is not obvious for LDPE, suggesting that linear viscoelastic
properties of LDPE are less sensitive to the applied thermal history. Because of the broad
distribution of relaxation times of the original LDPE, as compared with the original
LLDPE, prolonged relaxation mechanisms cannot be detected clearly. This is reasonable
because a small amount of long-chain branches created by the thermal modification should
have minimal effect on the linear viscoelastic properties of LDPE.*”” Even for LDPE,
however, G’ in the low frequency region is slightly enhanced, indicating that the
characteristic time of the longest relaxation mechanism is prolonged. Moreover, GPC
curves and oscillatory modulus at high frequencies indicate that chain scission during the
thermal history can be ignored for both samples.

The enhancement of G” by thermal modification is, of course, responsible for the
increase in 75p: from 19,000 [Pa s] at 190 °C for the original LLDPE to 190,000 [Pa s] for

the modified LLDPE. Considering that there is almost no change in the weight-average
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molecular weight M,, as seen in Table 2-2, this result also supports the generation of long-

chain branches.

log [G' (Pa)], log [G" (Pa)]

log [G' (Pa)], log [G" (Pa)]

log [wa, (s)]

Figure 2-3 Master curves of frequency dependence of (circles) shear storage modulus G’
and (diamonds) loss modulus G at 130 °C for (a) LDPE and (b) LLDPE; (open symbols)

before and (closed symbols) after thermal modification.
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The master curves in Figure 2-3 are obtained by a simple horizontal shift without a
vertical one. Strictly speaking, however, it is impossible to superpose all data for LDPE,
because molten LDPE is known to be a thermo-rheologically complex material.'®*
KeBner and Miinstedt’” reported a similar result for a metallocene-based LLDPE having
long chain branches (LCB).

The van Gurp-Palmen plot is known to be very sensitive to polydispersity, LCB and
molecular weight distribution (MWD).* Therefore, it will be a useful method to monitor
the changes of molecular architecture after modification. In the Van Gurp-Palmen plot, the
plot of phase angle Jis plotted against the absolute values of complex shear modulus |G*|.
If the time temperature superposition principle (TTS) is acceptable to a material, the
isothermal curves can merge into a common line. However, if the TTS principle is not
acceptable, the curves cannot be superposed onto each other. Further the low value of &
suggests a broad relaxation time distribution.

The van Gurp-Palmen plots for pure polymers are shown in Figure 2-4. Although all
data are on a single curve for LLDPE prior to the thermal modification, the complex
thermo-rheological behavior is clearly detected after the thermal modification. Moreover,
the data measured at low temperature are located below those at high temperature, as is
also the case for LDPE. The phase angle becomes smaller as a result of the thermal
modification, especially for LLDPE. This result is attributed to the broadening of the
relaxation time distribution. Furthermore, the shoulder at |G* = 10* Pa in the modified
LLDPE demonstrates that there is a long-time relaxation mechanism with a relatively
narrow distribution of characteristic times, which is presumably attributed to the relaxation

of the long-chain branches.
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Figure 2-4 van Gurp-Palmen plots for the samples (open symbols) before and (closed
symbols) after thermal modification; (circles) LDPE at 130 °C, (diamonds) LDPE at
160 °C, (squares) LDPE at 190 °C, (triangles) LLDPE at 130 °C, (inverted triangles)
LLDPE at 160 °C and (right triangles) LLDPE at 190 °C.

The apparent flow activation energy E, is calculated as a function of the loss
moldulus, at the same level of G using an Arrhenius-type equation as shown in the

following equation.

_AEa
a_ o ex RT (2-1)

As shown in Figure 2-5, E, is almost unchanged by the thermal history for LDPE.

The high value at low modulus is attributed to the high E, of the relaxation process
associated with long-chain branches. In contrast, for LLDPE, E, prior to the thermal

modification is constant, irrespective of G”. This is reasonable because a conventional
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LLDPE is thermo-rheologically simple, like other simple polymer melts. Exposure to the
thermal history in the mixer, however, affects this thermo-rheological simplicity. After
thermal modification, E, increases with decreasing G”, showing similar behavior to that

seen for pure LDPE. The result indicates that long-chain branches are now present.
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Figure 2-5 Relation between shear loss modulus G” and flow activation energy E, for
(circles) LDPE and (diamonds) LLDPE; (open symbols) before and (closed symbols) after

thermal modification

2.3.1.2 LDPE/LLDPE blends

The molecular weights and their distributions for the blend of LDPE/LLDPE (50/50)
before and after thermal modification are shown in Figure 2-6. The GPC curves are barely
changed by the applied thermal history. Moreover, the contents of double bonds in the
processed samples are almost the same as the blend before modification, as seen in Table
2-3. The result supports the primarily structure of the blend is barely changed by the

applied thermal history.
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Table 2-3 Molecular characteristics of LDPE/LLDPE (50/50)

'H-NMR
GPC (per 1000 carbon atoms)
M M M
LDPE/LLDPE (50/50) (DZ) (D:V) (Di terminal vinyl vinylene vinylidene
Before modification 18,500 149,000 809,000 0.06 0.06 0.19
After modification 18,100 155,000 111,000 0.05 0.08 0.17
LDPE/LLDPE (50/50)
~
| | ] -h‘-.-a
2 3 4 5 6 7

log [Molecular Weight]

Figure 2-6 GPC curves of the blend of LDPE/LLDPE (50/50); (dotted lines) before and

(solid lines) after thermal modification

The master curves of G’ and G at 130 °C for the blends before/after the thermal
modification are plotted in Figure 2-7. Prior to modification, the blends exhibit higher
values than those of the pure components in the low frequency region, as also seen in the
previous reports.”>'*"” According to the earlier reports, the oscillatory modulus is
enhanced by the addition of high molecular weight linear PE. Moreover, the blends exhibit

-59-



Chapter 2
Rheological Modification by Cross-linking Reaction

marked melt elasticity, such as strain hardening in elongational viscosity. Some
researchers concluded that the anomalous rheological behavior can be attributed to phase

: : : 16,20
separatlon as summarized in references, ’

mostly based on thermal analysis. However,
the melting and/or crystallization behavior of PE blends have been known to induce
segregation. Therefore, the miscibility in the molten state should not be discussed based on
the results of characterization in the solid state (such as thermal analysis), although there
has been controversial discussion on the miscibility of PE blends.”**> Moreover, Wagner
et al. reported that an advanced molecular model based on the molecular stress function
(MSF) theory successfully predicts the rheological properties in the molten state, assuming
phase separation.'® Meanwhile, it was found that the enhancement of strain hardening in
elongational viscosity as well as zero-shear viscosity was observed in blends of LDPE and
linear PEs, irrespective of the number of short-chain branches in the linear PEs." Because
the number of short-chain branches affects the miscibility, the anomalous behavior is not
attributed to phase separation in the molten state. The suggestion was made that the
prolonged relaxation time of the linear chains surrounding a branched polymer, which
restricts dynamic tube dilation and constraint release, is responsible for the anomalous
rheological behavior.”®*” Because similar results are obtained for the present blends prior
to modification, the LDPE and LLDPE used in this study are assumed to be miscible in the
molten state.

After the thermal modification, as shown in Figure 2-7(c) and (d), both G’ and G”
are enhanced, which become more pronounced with increasing LLDPE content.

Consequently, LDPE shows the lowest values among all the samples.
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After Modification
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Figure 2-7 Master curves of frequency dependence of shear storage modulus G’ and G at

130 °C for LDPE/LLDPE blends before and after thermal modification; (a) G’ of the
blends before modification, (b) G” of the blends before modification, (c) G’ of the blends
after modification and (d) G” of the blends after modification; (black) LDPE, (orange)
LDPE/LLDPE (75/25), (red) LDPE/LLDPE (50/50), (green) LDPE/LLDPE (25/75) and
(blue) LLDPE.
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The zero-shear viscosity 7o at 130 °C is calculated from G, as shown in eq. 2-1, and
is plotted as a function of the LLDPE content in Figure 2-8. Prior to thermal modification,
the values of the blends are higher than those of the individual components, which
correspond with previous papers.'®*° Even after the thermal modification, the values are
slightly greater than those expected from the log-additive rule, although 77 increases
monotonically with the LLDPE content. The result suggests that the anomalous behavior,
i.e., enhancement of 7, is less distinct after the thermal history, at least from the viewpoint
of linear viscoelastic properties. In other words, the thermal history is the main factor

affecting the zero-shear viscosity.

. G'(o)
7, = lim (2-2)
w0 @
6 .
130 °C
0 | ®
g After Modification
s : o
- e — ]
g .
ST S
h Before Modification
4
0 50 100

LLDPE Content (%)

Figure 2-8 Zero-shear viscosity 7, at 130 °C for LDPE/LLDPE blends (open circles)

before and (closed circles) after thermal modification
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Figure 2-9 and Figure 2-10 shows the shear stress o and primary normal stress
difference N, respectively, at 190 °C measured by the cone-and-plate rheometer. The
measurements were carried out three times to confirm the results. In the figure, |G*| curves
are plotted against the angular frequency . Prior to the thermal modification, both LDPE
and LLDPE show almost the same level of normal stress difference, although LDPE has
long-chain branches. This is attributed to the difference in their molecular weights. In fact,
the shear stress of the LLDPE, which has higher molecular weight, is considerably higher
than that of LDPE. The level of shear stress o is almost the same as |G*|, suggesting that
the Cox-Merz rule,”® i.e., an empirical rule which states that the dependence of the steady
shear viscosity on the shear rate can be estimated from the dynamic viscosity as a function
of frequency, is applicable to these systems. Furthermore, it is clearly seen that both shear
stress and normal stress difference are enhanced by the thermal modification: the greatest
enhancement is seen for the normal stress difference, and becomes more obvious with
increasing LLDPE content.

Prior to the modification, the shear stresses of the blends containing 50 or 75%
LLDPE are similar to that of pure LLDPE. After the thermal modification, however,
LLDPE exhibits the highest shear stress, i.e., shear viscosity. Moreover, the shear stress

increases with the LLDPE content, as similar to the linear viscoelastic properties.
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Figure 2-9 Shear stress o at various shear rates 7 at 190 °C for the samples (a) before and
(b) after thermal modification; (black circles) LDPE, (orange circles) LDPE/LLDPE
(75/25), (red circles) LDPE/LLDPE (50/50), (green circles) LDPE/LLDPE (25/75) and
(blue circles) LLDPE. The solid lines denote the shear stress predicted by the Cox-Merz

38
rule.
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In contrast, the blends show still higher primary normal stress difference N, than the
pure components even after the thermal modification. The results demonstrate that the

blends show higher melt elasticity than the pure components.

Before modification

190 °C | o

log [N1 (Pa)]

° o LDPE/LLDPE (25/75)

LDPE/LLDPE (50/50)

2 . LDPE

-1 0 1
log [7 ()]

After modification

190 °C

log [N1 (Pa)]

K FLLDPE .
. LDPE/LLDPE (25/75)

LDPE/LLDPE (50/50)
5 . LDPE

-1 0 1
log [y (s7)]

Figure 2-10 Normal stress difference N; at various shear rates 7 at 190 °C for the samples
(a) before and (b) after thermal modification; (black circles) LDPE, (orange circles)
LDPE/LLDPE (75/25), (red circles) LDPE/LLDPE (50/50), (green circles) LDPE/LLDPE
(25/75) and (blue circles) LLDPE.
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The enhanced N; after the thermal modification indicates the marked strain
hardening behavior in transient elongational viscosity which is responsible for good

o . . . 39-47
processability at various processing operations.

However, the material having marked
strain hardening always shows flow instability at high output production. In other words,
the enhanced strain hardening can be predicted by the appearance of flow instability.

The mechanism of flow instability at capillary extrusion has been studied for a long

. 48-64
tlme.86

The gross melt fracture is the flow instability occurred at die entrance, which is
prominent for a polymer melt with high melt elasticity, such as LDPE and poly(vinyl
chloride).®*® Meller found that elongational stress generated by contraction flow at die
entrance decides the occurrence of gross melt fracture.”> As increasing the output rate,
gross melt fracture occurs when the elongational stress is beyond the critical one. Since
LDPE exhibit marked strain hardening in elongational viscosity, leading to high
elongational stress, gross melt fracture is always detected. Recently, Mieda and
Yamaguchi revealed that binary blends of LDPE and LLDPE with high molecular weight
exhibit severe gross melt fracture owing to enhanced elongational stress.** On the contrary,
LLDPE and HDPE show shark-skin failure before gross melt fracture when shear stress is
beyond the critical value. Roughly speaking, two types of mechanism have been proposed
for shark-skin failure; one is owing to cohesive rupture at surface of extrudates by sudden
large deformation at die exit, originally proposed by Cogswell;*’ and the other is due to the
detachment of a melt from die surface accompanied with cracks by adhesive failure, which
was summarized in recent works by Kulikov et 1

In the study, extrusion properties of samples were evaluated by the capillary

rheometer at 190 °C. The photographs taken by an optical microscope (Leica 2, DMLP) of

the extruded strands are shown in Figure 2-11. The blends after the thermal modification
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exhibit gross melt fracture at a lower shear rate than before modification, especially for
LDPE/LLDPE (75/25), in which the onset shear rate greatly decreases from 1000 s to
277 s '. As LLDPE content increases, helical distortion, instead of chaotic distortion, is
detected in the high shear rate region. In the case of pure LLDPE, shark-skin failure
appears prior to gross melt fracture, irrespective of the thermal modification. The onset
shear stress is around 0.25 MPa, which seems to be independent of thermal modification
and agrees with values reported previously.®® Further, the strand diameters become larger
after thermal modification, as illustrated in Figure 2-12. The enhancement of the Barus
effect is clearly seen in LLDPE, which is consistent with the increase in the normal stress

difference observed for this sample.
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Figure 2-11 Optical photographs of extruded strands at 190 °C through a circle die with
L/D = 10/1 (mm): (a) LDPE, (b) LDPE/LLDPE (75/25), (¢) LDPE/LLDPE (50/50),
(d) LDPE/LLDPE (25/75) and (e) LLDPE. The numerals in the figure represent the

apparent shear stress (MPa).
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Figure 2-12 Swell ratio plotted against shear rate 7 at 190 °C for (circles) LDPE,
(triangles) LDPE/LLDPE (50/50) and (diamonds) LLDPE; (open symbols) before and

(closed symbols) after thermal modification.

The origin of the gross melt fracture is believed to be the flow instability at the die
entrance.”*%%® As previously explained, a polymer liquid having marked strain hardening
in elongational viscosity, such as LDPE, is apt to show gross melt fracture even at a low
output rate, as compared with a polymer melt without strain-hardening. The present result
suggests that elongational viscosity is pronounced for the blend systems because of
thermal modification, although the onset elongational stress for gross melt fracture cannot
be evaluated from the present results. Precise evaluation of the entrance angle is required
to predict the elongational strain, and thus the elongational stress, at the die entry.

To obtain the information on the elongational stress of the samples, the drawdown

d,** is evaluated as shown in Figure 2-13. It

force, i.e., the force required to stretch a stran
is apparent that the drawdown force is greatly enhanced by the thermal modification,

especially for the blends. It should be noted that enhancement of drawdown force is not so
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obvious for LLDPE, even though its linear viscoelastic properties and rheological
properties under steady-state shear are greatly affected by the thermal modification. The
results suggest that the strain hardening behavior, i.e., upwards deviation from the linear
value, is not obvious for LLDPE, even after the modification. In addition, the symbol (x)

in the figure will be explained later.
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Figure 2-13 Drawdown force at 190 °C for LDPE/LLDPE blends; (open circles) before
and (closed circles) after thermal modification. In the figure, (x) denotes the drawdown
force of the LDPE/LLDPE (50/50) blend prepared by mixing the thermally-modified pure

components.

To evaluate the strain hardening behavior directly, the growth curves of uniaxial
elongational viscosity are measured (Figure 2-14). The solid line in the figure represents
three times of the growth curve of shear viscosity in the linear region 37', which is

calculated by the approximate equation proposed by Osaki et al.”
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log [nE+(t,é) (Pa.s)] + a

LDPE/LLDPE (50/50)

160°C .
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LLDPE

160 °C

log [nE+(t,é) (Pa.s)] + a

log [t (s)]
Figure 2-14 Growth curves of uniaxial elongational viscosity 7, (z,€) at 160 °C; (a) LDPE,

(b) LDPE/LLDPE (50/50) and (c) LLDPE; (open symbols) before and (closed symbols)
after thermal modification at various strain rates, (circles) 0.1 s, (squares) 0.2 s,

(diamonds) 0.4 s and (triangles) 0.8 s'. The solid line denotes the growth curve of

elongational viscosity at a low strain rate asymptote 37'(?).

As seen in the figure, the modified blend shows a steep curve of 37" and marked
strain hardening. Both features are responsible for the enhanced drawdown force.
Moreover, the strain hardening behavior also occurs at smaller strains, as demonstrated in
Figure 2-15. In the case of LDPE, strain hardening is also pronounced, with a slight

increase in 37", while the elongational strain required for strain hardening is not changed
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greatly by the thermal modification. Finally, the strain hardening behavior is not clearly

detected for LLDPE, even after the thermal modification; this will be explained later.
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Figure 2-15 Ratio of uniaxial elongational viscosity 7, (z,€) to that at the low strain rate

asymptote 377°(¢) as a function of elongational strain ¢ at a strain rate & of 0.2 s for (a)
LDPE and (b) LDPE/LLDPE (50/50); (open circles) before and (closed circles) after
thermal modification. The symbols (x) represent the data of the LDPE/LLDPE (50/50)

blend prepared by mixing the thermally-modified pure components.

The present experimental results indicate that polymer chains having more than two
branch points are generated in the blend. In the case of LLDPE, a polymer chain has to be
attacked by at least two macroradicals to become comb-shaped branch structure. As
demonstrated by the GPC curve, however, the thermal history applied in this experiment is
not so severe to change the molecular weight or its distribution. Moreover, the van Gurp-
Palmen plot of the thermally-modified LLDPE indicates that the distribution of relaxation

times associated with long-chain branches is not so broad. These results indicate that most
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branched chains generated by the thermal modification of LLDPE will have star-shaped
branch structure. For the blends, in contrast, intermolecular reaction between LLDPE and
LDPE will take place, as well as the reaction between two LLDPE molecules, because the
cross-linking reaction occurs randomly when the blend is miscible. As a result, the number
of branched polymers having more than two branch points in a chain will increase because
of reaction of LLDPE with LDPE. Further, prolonged relaxation times of polymer chains
surrounding a branched chain will enhance the chain stretching. To confirm the
intermolecular reaction between LLDPE and LDPE, another blend was prepared by
mixing the thermally-modified pure components, i.e., modified LLDPE and modified
LDPE, at 130 °C as a reference sample. After compression-molding at 230 °C, the
rheological properties were evaluated. As indicated by x in Figure 2-13, the drawdown
force of the reference sample blended after the thermal modification is lower than that of
the blend modified during mixing. Correspondingly, the upturn only occurs at a large
elongational strain, and is smaller for the reference sample compared with that of the blend
modified during mixing. In other words, the thermal modification during mixing is more
effective to enhance the elastic properties.

Finally, recovery curves of the shear storage modulus from the shear-modified state
were evaluated to discuss the branch structure. Yamaguchi and Gogos>* found that the
shear modification phenomenon, which is observed clearly for branched polymers, can be
evaluated by examining the recovery process of the oscillatory modulus after cessation of
shear flow. Furthermore, the degree of shear modification is determined by the applied
shear stress, duration of shearing, and flow pattern. When the applied flow field is chaotic,
the rheological properties are barely affected by the shear history.®” This is reasonable

because the shear modification occurs by the alignment of branch chains along main
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chains. Therefore, the oscillatory modulus greatly decreases as a result of the shear flow in
a cone-and-plate rtheometer. Moreover, the branch structure can be predicted from the
recovery curves to some degree’”’ because a longer branch will need a longer recovery
time to return its equilibrium state.

Figure 2-16 shows the recovery curves of G’ and its normalized values, i.e.,
G’(t)/G’(+=0), after removal of the shear stress at 24.5 kPa. As seen in the figure, G’
increases with the elapsed time in the rheometer for all samples (except for LLDPE prior
to the modification). Although the G’ change provided by the shear history is clear for the
modified LLDPE, the modified blends require a longer time to recover to their plateau
values, as does the modified LDPE. Because the recovery time is closely related to the
length of long-chain branches,” the thermally-modified blends have long or hierarchical
branches compared with the thermally-modified LLDPE. This result also supports the idea
that, in the blends, intermolecular crosslinking reactions between LLDPE and LDPE take
place during the thermal modification. In contrast, depression of the initial G’, which is

42,30

presumably attributed to the number of long-chain branches, is prominent for the

thermally-modified LLDPE.
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Figure 2-16 Time dependence of (circles) shear storage modulus G’ and (diamonds) its
normalized values G '(f)/G’(+=0) at 0.01 Hz after the removal of shear stress (24.5 kPa for
30 min) at 160 °C; (open symbols) before and (closed symbols) after thermal modification
for (a) LDPE, (b) LDPE/LLDPE (50/50) and (¢) LLDPE.
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The effect of shear modification was further studied using a commercial LDPE
produced by a radical polymerization method in an autoclave reactor (MFR = 1.6 g/10
min) for a primary study. The processing histories were applied to LDPE in the internal
mixer at 160 °C for 2 hrs at 30 rpm of the blade rotation speed. The sample amount was
48 g in the 60 cc mixer. Then the processed LDPE was extruded by the same capillary
rheometer. Figure 2-17 shows the apparent wall shear stress with pictures of the extruded
strands. Both samples exhibit smooth surface without any distortion at low shear stress.
As increasing the shear rate and thus the output rate, the virgin LDPE exhibits volumetric
distortion with smooth surface at 73 s (1.9 x 10° Pa) and 140 s’ (2.4 x 10° Pa).
Beyond 280 s, surface of the distorted strand becomes rough. The magnified pictures
observed by a scanning electron microscope (machine name) are shown in Figure 2-18.
On the contrary, the processed sample can be extruded without melt fracture at 140 s™ (1.9
x 10° Pa), even though the shear stress is slightly higher than that at 73 s™' for the virgin
LDPE. Considering that the gross melt fracture appears beyond the critical elongational
stress, the processed sample shows lower elongational stress. Moreover, shark-skin failure
is detected at 280 s™' (2.4 x 10° Pa) without volumetric distortion for the processed sample.
It must be noted, because it has been believed that LDPE shows gross melt fracture prior
to sharkskin failure. As seen in Figure 2-18(c), it seems that the crack of adhesive failure at
the die wall propagates to large scale roughness, which is a similar result reported by
Kulikov et al.’** Beyond 560 s, the processed sample also shows gross melt fracture
with rough surface. As explained in previous report,”* because of the alignment of branch
chains along main chains by the applied shear history, the rheological properties of

processed LDPE are similar to those of LLDPE from a viewpoint of flow instability.
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The applied processing history, leading to low elongational stress, avoids the onset of the

gross melt fracture.

1 2 3 4
log [7 (s™)]

Figure 2-17 Shear stress as a function of shear rate at 160 °C with pictures of extrudates
for (open symbols) LDPE and (closed symbols) LDPE processed for 120 min; (circles)
smooth surface without gross melt fracture, (triangles) shark-skin failure without gross
melt fracture, (diamonds) gross melt fracture with smooth surface, and (squares) gross

melt fracture with rough surface.
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Figure 2-18 SEM pictures of the extrudate’s surface; (a) 140 s for virgin LDPE,
(b) 560 s for virgin LDPE, and (c) 280 s™ for LDPE processed for 120 min.
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According to previous study reported by Lohse et al.,”* the molecular structure of
materials, such as molecular weight average of total molecule M,,, and molecular weight of
branched chain M,,,,, can be predicted using zero shear viscosity 70 However, it should be
noted that the values have to be considered under these following conditions; (1) The new
star-shape branch structures in modified LLDPE are assumed that they are 4-arm
symmetry star-shape structure; (2) It is not clear that there is any simple relation between
10 and multi-branched polymer, as LDPE and LDPE/LLDPE blends, in the case of My
because many factors, such as muti-branched structure, amount and length of LCB or the
length of main chain between branch point, affect to the 7 This means that a measure of
n0 alone cannot be used as a measure of LCB. Therefore, the values reported in this study
cannot present the actual molecular structure of materials. However, it can be used to

roughly consider the structural changes of materials after thermal modification as seen in

the Table 2-4.
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Table 2-4 Molecular weight average of total molecule M,, and molecular weight of

branched chain M,,, predicted by the relationship between zero shear viscosity 77, and

molecular weight of polyethylene reported by Lohse et al.”

Samples

molecular weight average
of total molecule

M, (g/mol)

molecular weight of
branched chain

M (g/mol)

LDPE

LDPE/LLDPE

(75/25)

LDPE/LLDPE

(50/50)

LDPE/LLDPE

(25/75)

LLDPE

Before modification

After modification

Before modification

After modification

Before modification

After modification

Before modification

After modification

Before modification

After modification

65.3

65.3

67.7

70.2

68.9

75.3

67.7

80.9

158.5

147.6

cannot be predicted

cannot be predicted

cannot be predicted

cannot be predicted

cannot be predicted

cannot be predicted

cannot be predicted

cannot be predicted

34.6
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2.3.2 Rheological modification of PE by peroxide addition
2.3.2.1 LDPE and LLDPE

It is found from the previous section that LLDPE is very sensitive to the cross-
linking reaction. The modification leads to the significant changes in the rheological
properties. In this section, the cross-linking reaction of LDPE and LLDPE is further
studied using peroxide addition.

Figure 2-17 shows the curves of frequency dependence of oscillatory shear moduli,
such as G” and G” for LDPE before and after peroxide modification, in which the cross-
linking reaction was performed under flow field in the mixer or without flow field. It is
found that the cross-linking reaction enhances both G’ and G”. Moreover, the values
increase with a peroxide content. However, it seems that the modification under flow field
gives a poor cross-linking efficiency. In other words, the enhancement of G’ and G” is

more pronounced for samples cross-linked without flow.
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Figure 2-17. Master curves of frequency dependence of shear storage modulus G’ and loss
modulus G” at 130 °C for LDPE; (open circles) before modification, (closed circles)
0.1 wt.% and (closed diamonds) 0.05 wt.% peroxide; (a) G’ of LDPE (under flow), (b) G”
of LDPE (under flow), (c) G’ of LDPE (without flow) and (d) G” of LDPE (without flow).
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Figure 2-18 shows the oscillatory shear moduli G’ and G” curves for LLDPE,
before and after the peroxide modification, under and without flow field, respectively. As
seen in the figure, both moduli for the modified samples are greatly higher than those of
LLDPE prior to the modification. However, the cross-linking efficiency of the
modification without flow filed is slightly lower than the modification under flow field. It
is found that the applied flow field differently affects to cross-linking behaviors of LDPE

and LLDPE.

5 LLDPE (Under flow)

s | ? ' a
T =130°C | | $
r 1 1 X,
e
A o
R
= o8 | P
g o @CC’;Q
= s s o
o 3 14 B S '
8 -
) S ,,,,,,,,,,,,, gD ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 4
! OOI
s o
AN
1 OO SOOI NN SO U 1
Ea
o %
0 O| 1 1 1 1
-3 -2 -1 0 1 2 3

log [ wa_(s™)]

-90-



Chapter 2

Rheological Modification by Cross-linking Reaction

log [G" (Pa)]

log [G' (Pa)]

5 LLDPE (Under flow)

T =130°C

log [ wa_(s™)]

 LLDPE (Without flow)

_130%  ges ©
TIRe ettt
5[ A (;;”.’333" """ B 1
: [ ) P2
wesett &
AP A |
4 o ..“‘ """""" """"""" CQO """"""""""""""""""" 1
s : o)
- : : ©
¢ : : H
s P
3 - """ CQ ép """"""""""""""""""""""""""""""""" T
&
: e}
2 b S L -
g
&
1ho OO SO SR SOOI N J
C
° %
0 Oi L 1 1 1

log [ wa_(s™)]

-91 -



Chapter 2
Rheological Modification by Cross-linking Reaction
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Figure 2-18. Master curves of frequency dependence of shear storage modulus G’ and loss
modulus G” at 130 °C for LLDPE; (open circles) before peroxide modification, (closed
circles) 0.1wt.%, and (closed diamonds) 0.05 wt.% peroxide; (a) G’ of LLDPE (under
flow), (b) G” of LLDPE (under flow), (c) G’ of LLDPE (without flow) and (d) G” of
LLDPE (without flow).

It is clearly shown in the van Gurp-Palmen plot (Figure 2-19). In the case of the
modified LDPE, the magnitude of 6 for LDPE cross-linked under flow flied is higher than
that without flow field. This is attributed to broad relaxation time distribution for LDPE
cross-linked without flow field. The information suggests that the cross-linking efficiency
in LDPE is greatly affected by applied flow field.

Meanwhile, the flow field slightly affects cross-linking behavior of LLDPE. It is
found that the relaxation time distribution of LLDPE cross-linked under flow field is

slightly broad. The result is consistent with the oscillatory modulus.
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Figure 2-19. van Gurp-Palmen plots for samples (open symbols) before modification and
after modification (closed symbols) under flow field and (red symbols) without flow field;
at (circles) 130 °C, (diamonds) 160 °C and (squares) 190 °C; (a) LDPE 0.05 wt.%,
(b) LDPE 0.1wt.%, (c) LLDPE 0.05 wt.% and (d) LLDPE 0.1 wt.% peroxide.
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Further, the effect of flow field to cross-linking behaviors of LDPE and LLDPE is
confirmed by the enhancement of shear stress o and normal stress difference N, as seen in
Figure 2-20. It is clearly seen that both o and N, are enhanced with peroxide content.
However, the values of LDPE cross-linked under flow field are close to those of the
sample before modification, whereas they are greatly enhanced by cross-linking without
field. In the case of LLDPE, both o and N, for the sample cross-linked under flow field are

slightly higher than these without flow field.
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Figure 2-20. Steady-state properties such as (circles) shear stress o and (diamonds)
primary normal stress difference N; plotted against shear rate ' at 190 °C for the samples
after peroxide modification; (a) LDPE under flow (b) LDPE without flow, (¢) LDPE under
flow and (d) LDPE without flow; (black symbols) before modification, (blue symbols)
0.05 wt.% and (red symbols) 0.1 wt.% of peroxide.

It is known that a branch polymer has small gyration radius compared to a liner
polymer having the same molecular Weight.73 Therefore, the intramolecular cross-linking
reaction is predominate than inter molecular one for LDPE. Once the intramolecular cross-
linking occurs, the gyration radius of chain is reduced. Consequently, intramolecular cross-
linking, not intermolecular, increases its possibility. Furthermore, the molecules trend to
rotate in the applied shear flow and thus reduce the entanglement coupling with

surrounding chains as the reaction processeds. Therefore, intramolecular cross-linking
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reaction further occurs easily. Meanwhile, in the case of LLDPE, the possibility of
intermolecular cross-linking reaction is higher than the intramolecular one. Because
LLDPE has linear structure, intramolecular reaction barely occurs compared to LDPE,
therefore the intermolecular cross-linking reaction is predominant for LLDPE cross-linked
under flow field.

The peroxide modification of LDPE and LLDPE is further studied using the
samples having a high cross-linking density. For the measurement, the modified samples
cross-linked without flow field are chosen. The gel fraction ¢ and degree of swelling ¢ for
the cross-linked LDPE and LLDPE were measured by immersing the samples into hot

xylene for 12 hours and drying up the solvent in a vacuum oven for 10 hours.

b= %XIOO (%) (2-3)

1

where W) is the initial weight of the sample before immerge to solvent, W, is the dried

weight after immerge to solvent.

qg=— (2-4)

where W3 is the weight of a swollen gel.

Figure 2-21 and Figure 2-22 show swelling ratio and gel fraction plotted against
the peroxide content for LDPE and LLDPE, respectively. The results suggest that LLDPE
shows higher gel fraction with lower swelling ratio than LDPE at high peroxide content.
However, it found that the gel fraction is very low at the low peroxide content.
Considering that rheological properties of LLDPE are easily affected by the radicals, it is

presumed that the network structure of a weak gel was destroyed by the swelling pressure.
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It often occurs for a network polymer immersed in a good solvent. Therefore, the data in
Figure 2-21 and 2-22 in the low peroxide content are not reliable. In actual, LLDPE will
form permanent network with a lower amount of peroxide than LDPE, and the swell ratio

density should be very high.
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Figure 2-21. Swelling ratio of LDPE and LLDPE at various peroxide concentrations;
(solid lines) LDPE and (dotted lines) LLDPE
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Figure 2-22. Gel fractions of LDPE and LLDPE at various peroxide concentrations; (solid
lines) LDPE and (dotted lines) LLDPE

For the sample at high peroxide concentration, the cross-link density is high
enough. Therefore, the system behaves like a cross-linked rubber above the melting point.
Here, the stress-strain curves were measured by a tensile machine. Figure 2-23 shows the
relationship between the stress and strain measured at 160 °C. At the same peroxide
amount, the stress of LLDPE is located higher than that of LDPE which suggests that the
cross-link density of LLDPE is higher than LDPE. The result corresponds to the gel
fraction and swelling ratio. Further, the initial slope of the stress-strain curve correlates to

the tensile storage modulus £
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Figure 2-23. Tensile stress o plotted against strain ¢ at 160 °C for the samples (solid lines)
LDPE and (dotted lines) LLDPE at various peroxide concentration; (black) 0.4, (blue) 0.5

and (red) 0.6 wt.%

Figure 2-24 shows the temperature dependence of tensile storage modulus E°, loss
modulus E°, and loss tangent tan 6 at 10 Hz for LDPE and LLDPE with 0.4, 0.5 and
0.6 wt.% of the peroxide. The plateau region is observed beyond the melting point due to
the generation of network structure. As well known, the plateau modulus provides the
average molecular weight between cross-linking points M, (Equation 2-4). It is found that
M. of LDPE is higher than that of LLDPE: 78.64 [kg mol'] for LDPE and
14.03 [kg mol'] for LLDPE. The result shows that cross-link density for LLDPE is higher
than LDPE.

Gpluteau = M_ (2-4)
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Figure 2-24 Temperature dependence of tensile (closed circles) storage modulus £, (open
circles) loss modulus £” and (closed diamonds) loss tangent tan ¢ at 10 Hz for (a) LDPE
and (b) LLDPE at peroxide concentration of 0.6 wt.%
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It is found that the cross-linking performance is increased with peroxide content.
The applied flow field differently affects cross-linking behaviors in LDPE and LLDPE. In
the case of LDPE, the intramolecular cross-linking is predominant during flow field. Once
the intramolecular cross-linking reaction occurs, the gyration radius of chain decreases.
Consequently, the possibility of intramolecular cross-linking is further enhanced. It results
in low efficiency to form network structure under flow field. Meanwhile, the applied flow
field leads to the opposite result in the case of LLDPE, the intermolecular cross-linking
reaction is predominant. Further, the results suggest that cross-link density in LLDPE is

higher than that in LDPE.

2.3.2.2 LDPE/LLDPE blends

The cross-linking reaction by peroxide addition is further studied using
LDPE/LLDPE blends. The oscillatory modulus of the sample at low peroxide content is
performed by shear mode using cone-and-plate and parallel plat geometries. However, at
the high peroxide content, e.g., 0.5 wt.%, it is difficult to cut the sample out. Therefore the
tensile modulus measurement was performed instead of the shear modulus. In order to
compare with other data, the shear modulus is calculated assuming Poisson’s ratio of 0.5.

Figure 2-25 shows the curves of frequency dependence of oscillatory shear moduli,
such as G’ and G” for the blends after peroxide modification, in which the cross-linking
reaction occurs without flow field. It is found that at low peroxide content, 0.05 wt.%, the
G’ for LDPE / LLDPE (25/75) is almost the same level to that of LLDPE in the low
frequency region. The same phenomenon is observed in the thermally modified blends, as
seen in Figure 2-10 (c) and (d). Furthermore, the phenomenon disappears at the high

peroxide content, 0.5 wt.%.
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Figure 2-25 Master curves of frequency dependence of shear storage modulus G’ and loss
modulus G~ at 130 °C for the samples; (a) G’ of the blends 0.05 wt.% peroxide, (b) G of
the blends 0.05 wt.% peroxide, (c) G’ of the blends 0.5 wt.% peroxide and (d) G” of the
blends 0.05 wt.% peroxide; (black) LDPE, (orange) LDPE/LLDPE (75/25), (red)
LDPE/LLDPE (50/50), (green) LDPE/LLDPE (25/75) and (blue) LLDPE.

Figure 2-26 shows the shear stress o and primary normal stress difference N,
respectively, at 190 °C. It is found that the o increases with peroxide content and LLDPE
exhibits the highest o, whereas N, of the blends are higher than those of their pure

components. This is similar to the result obtained for the thermally modified blends

(Figure 2-9 to 10).
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Figure 2-26. Steady-state properties such as (a) shear stress o and (b) primary normal
stress difference N, plotted against shear rate ' at 190 °C for the blends at peroxide
concentration of 0.05 wt.%; (black) LDPE, (orange) LDPE/LLDPE (75/25), (red)
LDPE/LLDPE (50/50), (green) LDPE/LLDPE (25/75) and (blue) LLDPE.

Further, the extrusion properties are investigated. Because the degree of cross-
linking reaction is greater, the similar considerations, such as draw down force and
extensional viscosity, are difficult to perform. Even though, the flow instability takes place
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at the experiment condition for the blends containing low peroxide amount, the significant
differences are observed in the flow instability of strands.

LDPE, LLDPE and their blends contenting 0.05 wt.% were extruded by the
capillary rheometer at 190 °C with a apparent shear rate ¥ of 21.9 s™'. The photographs of
the extruded strands are shown in Figure 2-27. As seen in the figure, LDPE shows the melt
fracture slightly, whereas LLDPE shows the shark sharkskin. In contrast, the gross melt
fracture is clearly observed for the blends. The apparent flow instability for the blend

55,64 Further, the deviation

suggests the marked strain hardening in elongational viscosity.
from the additive rule of apparent shear stress is not obvious compared to the blend before

the modification. The result suggests that the synergistic effect is detected for the blends

having low peroxide amount.
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Figure 2-27. Optical photographs of extruded strands for LDPE/LLDPE blend at peroxide
concentration of 0.05 wt.% at 190 °C through a circle die with L/D = 10/1 (mm): (a)
LDPE, (b) LDPE/LLDPE (75/25), (c) LDPE/LLDPE (50/50), (d) LDPE/LLDPE (25/75)
and (e) LLDPE. The numerals in the figure represent apparent shear stress (MPa).

The tensile test was performed at 160 °C using the blends contenting 0.5 wt.%
peroxide. Both stress o and strain € are the engineering values. It is found that the stress of
LLDPE is the highest due to the high level of cross-linking efficiency, whereas those of
the blends are lactated between LDPE and LLDPE. The result suggests that the synergistic

effect becomes disappear at high peroxide concentration.
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Figure 2-28. Tensile stress o plotted against strain ¢ at 160 °C for the blends at peroxide
concentration of 0.5 wt.%; (black) LDPE, (orange) LDPE/LLDPE (75/25), (red)
LDPE/LLDPE (50/50), (green) LDPE/LLDPE (25/75) and (blue) LLDPE.

The gel fraction ¢ and swelling ratio ¢ were measured and plotted against the
LLDPE content, as shown in Figure 2-29 and 2-30, respectively. It is found that LLDPE
shows the highest ¢ with the lowest ¢ and vice versa for LDPE, whereas both ¢ and ¢
blends are between those of the individual components, which is consistent with
oscillatory modulus and tensile test obtained from the blend contain 0.5 wt.% of the

peroxide. In the figure, ¢ and ¢ of the blend at 75% LLDPE are not reliable.
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Figure 2-29. Swelling ratio of LDPE/LLDPE blends contain 0.5 wt.% of the peroxide

plotted against LLDPE contents
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Figure 2-30. Gel fractions of of LDPE/LLDPE blends contain 0.5 wt.% of the peroxide

plotted against LLDPE contents
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It is found that the weak synergistic effect is observed for the blends contain
0.05 wt.% of the peroxide. Then it disappears when the peroxide content increases. It is
clearly shown that the synergistic effect is depressed by a degree of cross-linking. The
cross-linking reaction leads to the generation of permanent network and thus it prohibits
the relaxation of polymer chains. Consequently, reptation of a branched molecule is less
important. Moreover, the chain stretching occurs even without LLDPE, because it behaves

like a cross-linked rubber.

2.4 Conclusions

The effects of cross-linking reaction with/without the peroxide compound on the
rheological properties of LDPE/LLDPE blends, in which LLDPE has higher molecular
weight than LDPE, were examined. At 280 °C, which is a typical temperature for
extrusion-coating, PE without thermal stabilizer tends to be cross-linked rather than chain
scission. The structural change significantly alters the rheological properties, although
there are little or no changes in the molecular weight and its distributions and the
numbers of double bond and short-chain branches. Furthermore, the thermally-modified
LLDPE shows the following properties; (1) Time temperature superposition principle is
not applicable, (2) the zero-shear viscosity greatly increases without increase in the M,,
and (3) shear modification behavior is detected. These results indicate that long-chain
branches are generated in the main chains, which are responsible for the rheological
changes in LLDPE. In contrast, the pronounced deviation of the drawdown force from the
linear additive rule with marked strain hardening in elongational viscosity were detected
for the thermally-modified blends. Correspondingly, gross melt fracture was detected

even at low output rates during capillary extrusion, presumably caused by the high
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elongational stress at the die entrance. The prolonged recovery of oscillatory modulus
from the shear-modified state was also prominent for the blend. These results suggest that
an intermolecular cross-linking reaction between LDPE and LLDPE, which provides
branch chains having more than two branch points, occurs in the system during mixing.
Meanwhile, the cross-linking efficiency is greatly extended by the addition of the
peroxide compound. The cross-linking reaction with the peroxide compound differently
affects cross-linking behaviors in LDPE and LLDPE under flow field. It is found that the
intramolecular cross-linking is predominant due to a small gyration radius of LDPE.
Therefore, the cross-linking efficiency under flow field is lower than without flow field. In
the case of LLDPE, however, the applied flow field leads to the intermolecular cross-
linking reaction rather than intramolecular cross-linking one which gives a slightly higher
cross-linking efficiency. Further, the density of cross-link points in LLDPE is higher than
that in LDPE, as revealed by stress-strain curves, gel fraction and swelling ratio in a
solvent. Moreover, it is found that the synergistic effect for LDPE/LLDPE blends is
depressed by the generation of permanent network. It is reasonable because reptation of a

branched molecule is less important.
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Chapter 3

Molecular Weight Segregation of Polyethylene by Annealing
Procedure in Temperature Gradient

3.1 Introduction

LDPE has complicated branch structure with broad molecular weight distribution
(MWD). The most pronounced molecular architecture is long-chain branch (LCB). It is
well known that LDPE can be classified into two types according to the production
method; one is tubular LDPE and the other is autoclave LDPE. Previous studies on the
dilute solution properties have clarified the difference in molecular structure between
tubular LDPE and autoclave LDPE. According to them,' autoclave LDPE has more long-
chain branches than tubular LDPE. The result was also confirmed by a study using nuclear
magnetic resonance.’” Moreover, autoclave LDPE is believed to show tree-like branch
structure, whereas the tubular LDPE molecules has comb-like branch structure.®’ 1t is also
found from the dilution properties that high molecular weight fraction of LDPE has greater
unbranched chain segment (high number of average molecular weights between long- and
short-chain branching point, M cg and Mgcg are high) than the low molecular weight
fraction. Moreover, the unbranched chain segment of tubular LDPE is higher than that of
autoclave LDPE.*® Further, the difference in branch structure affects the rheological
properties, especially under elongational flow.”” It was reported that tubular LDPE shows

less strain hardening, although both types of LDPE exhibit strain hardening.
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Table 3-1 LCB and SCB as a function of molecular weight (MW)°

MW M ce average number of LCB
autoclave  tubular autoclave tubular
1x10°  55x10° 2.1x10* 90 23
5x10°  52x10° 1.8x10* 48 13
2x10°  49x10° 1.3x10* 20 7
1x10°  4.7x10° 9.0x 10° 10 5
1x10*  4.0x10° 3.1x10° 0-1 1-2
MW Mscs average number of SCB
autoclave  tubular autoclave tubular
1x10°  9.0x 10> 1.1x10° 1100 900
5x10° 8.7x 10> 1.0x 10° 570 500
2x10° 85x10*° 9.2x10? 240 220
1x10°  82x10° 85x10° 120 120
1x10*  7.7x10° 6.0x10? 13 17

In order to clarify the relation of structure and rheological properties for LDPE in

detail, fractionation is required. Therefore, various fractionation methods of molecular

weight have been studied for a long time, such as size exclusion chromatography (SEC),

fractional precipitation metho

10-14
d,

and gas anti-solvent technique.'>'® Recently, an

interesting research successfully revealed that molecular weight segregation of PE blends
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takes place in the molten state.”” This type of fractionation was confirmed for

1819 styrene-acrylonitrile  copolymer,”® and poly(styreneblock-methyl

poly(styrene),
methacrylate).”' It is found that low molecular weight fraction tends to localize at a film
surface, indicating that rheological properties in the surface region are different from those
in the bulk. Therefore, the rheological properties of PE could be modified using the
concept of fractionation methods.

In this research, a molecular weight segregation method by annealing procedure in
temperature gradient is performed using autoclave and tubular LDPE in order to separate
the low molecular weight fraction from the high molecular weight one to clarify the
structure and rheological properties of fractionated samples. This technique can be applied
to control the rheological properties at actual processing by tuning the temperature in a
processing machine.

Firstly, the molecular weight segregation under temperature gradient using HDPE

blends is studied as a pioneer work, because of its simple structure in HDPE. Secondly, the

molecular weight segregation of LDPE having complex branch structure is investigated.

3.2 Experimental
3.2.1 Materials

All samples employed in this study were commercially available materials; two
types of HDPE produced by Zieglar-Natta catalyst and three types of LDPE. The melt

flow rate (MFR) at 190 °C for all samples is summarized in Table 3-2.
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Table 3-2. Melt flow rate of PE used in this work

Melt Flow Rate (MFR)
Types
(g/10 min)
HDPE-1 HDPE 0.3
HDPE-2 HDPE 120
t-LDPE tubular-LDPE 1.0
a-LDPE-1  autoclave -LDPE 1.6
a-LDPE-2  autoclave -LDPE 6.5

3.2.2 Sample preparation

A binary blend of HDPE-1/HDPE-2 (50/50, w/w) was prepared by melt-mixing in
a 60 cc internal batch mixer (Toyoseiki, Labo-plastmil) at 230 °C with pentaerythritol
tetrakis  (3-3,5-di-tert-butyl-4-hydroxyphenyl)propionate  (Ciba, Irganox1010) and
tris(2,4-di-tert- butylphenyl)phosphate (Ciba, Irgafos168) as thermal stabilizers and
calcium stearate as a neutralizer. The content of each additive was 5000 ppm. The total
amount was 48 g. The blade rotation speed was 30 rpm, and the mixing time was 3 min.
The obtained samples were compressed into a flat sheet with 1.5 and 3 mm of thickness
by a compression-molding machine (Tester Sangyo, SA303IS) at 230 °C under 10 MPa
for 10 min. Then the sample was subsequently cooled down at 30 °C. Further, the same
protocol was also applied to prepare LDPE sheets.

The obtained sheets were annealed in the molten state in the compression-molding
machine for various annealing times, in which the temperatures of top and bottom plates

were controlled separately. The gap between the molds was controlled to be either 1.5 or
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3.0 mm. After annealing treatment, the sheets were quenched at 30 °C. Then, both
surfaces of the annealed sheet were sliced in the thickness of approximately 300 um by a
knife. The sliced samples were compressed into a flat sheet by the compression-molding

machine at 230 °C of both plates and then quenched at 30 °C.

3.2.3 Measurements
3.2.3.1 Oscillatory shear measurement

The frequency dependence of oscillatory shear modulus for two types of HDPE with
different molecular weight and their blend was measured in the molten state by a cone-
and-plate rheometer (TA instruments, AR2000) at various temperatures such as 160, 190,
and 230 °C under a nitrogen atmosphere. The same experiment was performed for LDPE
at 130, 160 and 190 °C.

The recovery behavior of the oscillatory modulus after applied shear flow was
evaluated to obtain the information on branch structure. The samples were sheared at a
stress level of 24.5 kPa by the cone-and-plate rheometer at 160 °C for 30 min. After
cessation of the shear flow, an oscillatory strain at 0.01 Hz was applied to the sample at
160 °C. Then, the shear storage modulus was evaluated as a function of the residence time

in the rheometer. The details of this method were explained in the previous paper.*

3.2.3.2 Rheological response under elongational flow

Capillary extrusion was performed for LDPE by a capillary rheometer (Yasuda Seiki
Seisakusyo, 140 SAS-2002) at 190 °C to evaluate the steady-state shear viscosity and the
appearance of the extruded strands. The molten polymer was extruded through a die of the

following dimensions: 1 mm in diameter, 10 mm in length and an entrance angle of 180°.
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The drawdown force measurement was carried out at 190 °C with the capillary
rheometer, equipped with a tension detector and a set of rotating wheels, as described
previously.”* The molten polymer was extruded through the same die used to evaluate
the capillary extrusion properties. The draw ratio was 9.2. The shear rate at the die wall
was 21.95 .

The growth curves of uniaxial elongational viscosity were evaluated at 160 °C on the

rotational rheometer, equipped with a universal testing platform (Xpansion instruments,

SER2-G). Flat sheet samples, 10 mm wide, 15 mm long, and 0.5 mm thick, were used.

3.3 Results and discussion
3.3.1 Molecular weight segregation of HDPE blend

Figure 3-1 shows the master curves of frequency dependence of oscillatory shear
moduli such as storage modulus G’ and loss modulus G”” for HDPE-1, HDPE-2, and the
blend. The reference temperature is 160 °C. As well known, the time-temperature
superposition principle is applicable to not only pure samples but also the blend. The
apparent flow activation energy is calculated from the slope of the logarithm of the shift
factors plotted against the reciprocal of absolute temperature, i.e., Arrhenius plot,
following the well-known Andrade equation,” and found to be approximately 20 kJ/mol
for all samples including the blend, which is a typical value for HDPE."* The modulus of
the blend is located between those of the individual pure components. Further, there is no
shoulder peak ascribed to phase separation for the blend. This is reasonable because both
components are HDPE, i.e., a miscible blend. Moreover, it is found from the figure that
the zero-shear viscosities of PE-1, PE-2 and the blend are 35000, 80, and 6300 Pa s,

respectively.
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Figure 3-1 Master curves of frequency dependence of (a) shear storage modulus G’ and
(b) loss modulus G at 160 °C; (black circles) HDPE-1, (black diamonds) HDPE-2, and
(solid line) the blend prior to annealing. The master curves of surface parts of the samples
after annealing at the condition of (top) 300 °C / (bottom) 150 °C for 2hrs are also plotted;

(blue circles) low temperature side and (red circles) high temperature side.

Figure 3-1 also shows the oscillatory shear moduli for the samples obtained from
each surface of the sheet annealed at 300 °C at the top and 150 °C at the bottom for 2 hrs.
As seen in the figure, both moduli for the sample collected from the top surface
controlled at the high temperature are lower than those of the blend prior to annealing in
the wide range of frequency, whereas the sample from the bottom surface at the low

temperature exhibits higher moduli than the blend. The result suggests that low molecular
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weight fraction is segregated at the high temperature side and vice versa. Further, the
slopes of G’ and G” for the top surface are almost similar to those for the bottom,
indicating that molecular weight distribution of both samples is not so different.

The weight-average molecular weight My, of HDPE is calculated from the zero-
shear viscosity. According to Garcia-Franco, the zero-shear viscosity at 190 °C is

expressed as follows; *°
M 3.33
7, =4.743x10‘1°(1—4¥} (3-1)

Following the equation, My of pure PE-1 (7, = 2.4 x 10* [Pa s] at 190 °C) is
calculated to be 1.8 x 10° and that of pure PE-2 (n, =5.5x 10" [Pas])is 2.9 x 10",

Figure 3-2 shows the weight-average molecular weight calculated from values of
zero-shear viscosities for the surface samples annealed at various temperature conditions.
It is found that a large temperature gap leads to pronounced segregation. Since the
thickness of the sample sheets is a constant (1.5 mm for the experiments), it can be
concluded that large temperature gradient enhances the molecular weight segregation.
Further, low molecular weight fraction is segregated at the high temperature side even
when the bottom plate of the compression-molding machine is controlled at higher
temperature than the top. It suggests that the gravitational force has no influence on the

segregation.
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Prior  200°C 250°C 300°C 150°C (top)
to anealing 150°C 150°C 150°C 300 °C (bottom)

Figure 3-2 Weight-average molecular weight My, calculated from 7, for the blend samples

annealed at various temperature conditions for 2 hrs; (black) prior to annealing, (red)

surface at the bottom, and (blue) surface at the top.

Figure 3-3 shows the effect of annealing time on the segregation at the annealing
condition of (top) 300 °C and (bottom) 150 °C. It is obvious that the molecular weight

increases with the duration time of annealing for the low temperature side, and vice versa.
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Figure 3-3 Weight-average molecular weight M, for the surface samples after annealing
for various residence times at (top) 300 °C / (bottom) 150 °C; (red) top surface and (blue)

bottom surface.

In order to understand the effect of thermal decomposition on the segregation
behavior, the sample sheet having the annealing history at 300/150 °C for 2 hrs is kneaded
again in the internal mixer at 230 °C for 5 min and compressed into a flat sheet at 230 °C
of both plates of the compression-molding machine. The oscillatory shear modulus of the
obtained sample is shown in Figure 3-4. The moduli of the re-mixed sample are
completely the same as those of the original blend sample prior to annealing,
demonstrating that the current experimental results shown in Figures 3-1 to 3-3 are not

attributed to the thermal decomposition.
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Figure 3-4 Master curves of frequency dependence of (a) shear storage modulus G’ and

(b) loss modulus G for blends at 160 °C; (closed symbols) blend sample prior to
annealing and (open symbols) re-mixed sample after annealing at the condition of (top)

300 °C / (bottom) 150 °C for 2 hrs.
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The segregation behavior is obvious at a narrow gap between both plates of the
compression-molding machine. Figure 3-5 shows the loss modulus for the segregated
samples annealed at (top) 200 °C and (bottom) 150 °C for 30 min employing two samples
with different thickness. As seen in the figure, a slight difference is detected between
them when the gap between the molds is 3 mm, suggesting that segregation barely occurs
in the blend sample. This result indicates again that temperature gradient is important for

the segregation.
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Figure 3-5. Master curves of frequency dependence of shear loss modulus G for surface
parts of the samples after annealing at the condition of (top) 200 °C / (bottom) 150 °C for
30 min. The gap between the molds was (a) 1.5 mm and (b) 3.0 mm. (blue) bottom surface

and (red) top surface.

The experimental results presented in this study could be explained using the
concept of free volume. Because the free volume fraction of a polymer melt increases
with temperature, chain ends having a large free volume would prefer to a high
temperature region.

The study confirms that the molecular weight fractionation of HDPE take places
during annealing procedure in a temperature gradient performed by compression molding

machine, in which the temperatures of top and bottom plates were controlled separately.
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Further, the technique could be applied as a new fractionation method, since it does not

require any solvent.

3.3.2 Molecular weight segregation of LDPE

The molecular weight segregation under temperature gradient is applied to LDPE.
The gap between the top and bottom plates of the compression-molding machine was
controlled to be 1.5 mm. The temperature of compression-molding machine was set to be
250 °C at the top and 150 °C at the bottom. The annealing time was 2 hrs.

Figure 3-6 shows the master curves of frequency dependence of oscillatory shear
moduli for t-LDPE, a-LDPE-1 and a-LDPE-2. The reference temperature is 130 °C. The
master curves in Figure 3-6 are obtained by a simple horizontal shift without a vertical
one. As seen in the figure, G” of t-LDPE is slightly higher than that of a-LDPE-1 in the
measured region of frequency, whereas a-LDPE-2 shows lower moduli. The result
suggests that the molecular weights of t-LDPE and a-LDPE-1 are close to each other,
whereas they are higher than that of a-LDPE-2. Yamaguchi and Takahashi’ employed the
same samples with t-LDPE and a-LDPE-1 and suggested that a-LDPE-1 has broader
distribution of relaxation times from the crossover point of G* and G”. The 779 of t-LDPE,

a-LDPE-1 and a-LDPE-2 are 132000, 79600 and 20500 Pa s, respectively.
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Figure 3-6. Master curves of frequency dependence of (a) shear storage modulus G’ and
(b) loss modulus G at 130 °C for the virgin sample: (red) t-LDPE, (black) a-LDPE-1 and
(blue) a-LDPE-2.
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Figure 3-7 shows the oscillatory shear moduli for the samples obtained from each
surface of the sheet annealed at 250 °C at the top and 150 °C at the bottom for 2 hrs. As
seen in the figure, both moduli for the samples collected from the top surface controlled at
the high temperature are lower than those of the samples before annealing in the wide
range of frequency, whereas the samples from the bottom surface at low temperature
exhibit higher moduli than their references. Further, the slopes of G’ and G” for the top
and bottom surfaces are almost similar to those of the virgin sample, indicating that

distribution of relaxation time of both samples are not so different.
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Figure 3-7. Master curves of frequency dependence of (circles) shear storage modulus G’
and (diamonds) loss modulus G” at 130 °C for (a) t-LDPE, (b) a-LDPE-land (c) a-
LDPE-2; The master curves of surface parts of the samples after annealing at the
condition of (top) 250 °C / (bottom) 150 °C for 2 hrs are also plotted; (blue circles) low
temperature side and (red circles) high temperature side. The (solid line) G’ and (dashed

line) G of the virgin sample are also plotted.

The apparent flow activation energy E, is calculated at the same level of the loss
modulus G” using an Arrhenius-type equation, as shown in Figure 3-8. As seen in the
figure, E, increases with decreasing G, demonstrating the thermo-rheologically
complexity. The high value at low modulus is attributed to the high E, of the relaxation

process associated with LCB. As seen in the figure, E, for the samples collected from the
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bottom surface is higher than that of the top one for all samples. The result suggests that
the branch structure of high molecular weight fraction is well-developed than the low

molecular weight one.
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Figure 3-8 Relation between shear loss modulus G” and flow activation energy E, for (a)
t-LDPE, (b) a-LDPE-1 and (c) a-LDPE-2; (black circles) the sample before annealing,
(blue circles) the samples collected from bottom surface and (red circles) the samples

collected from top surface

In the van Gurp-Palmen plot, all data are on at the same curve. The result indicates
that the relaxation time distribution is not changed by the fractionation, which corresponds
to unchanged slopes of oscillatory shear modulus of the fractionated samples. Further, the
lower O values of two types of a-LDPE suggest the broader relaxation time distribution due

to well-developed branch structure in autoclave LDPE.
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Figure 3-9 van Gurp-Palmen plots for (solid line) the samples prior to annealing, , (blue
symbols) the samples collected from bottom surface and (red symbols) the samples
collected from top surface at (circles)130, (diamonds) 160 and (squares) 190 °C; (a) t-
LDPE, (b) a-LDPE-1 and (c) a-LDPE-2

Extrusion properties are evaluated by the capillary rheometer at 190 °C. The
photographs of the extruded strands are shown in Figure 3-10. It is well known that the
gross melt fracture is a flow instability occurred at die entrance, which is prominent for a
polymer melt with high melt elasticity, such as LDPE.*"**

In the case of t-LDPE and a-LDPE-1, the onset shear rate of gross melt fracture for
the samples collected from the bottom surface (138 s™ for t-LDPE, 277 s for a-LDPE-1)
is lower than the samples collected from the top surface (277 s for t-LDPE, 561 s™ for a-
LDPE-1) and the virgin sample (277 s™ for t-LDPE, 561 s™ for a-LDPE-1). The result

suggests that the level of elongational stress of the samples collected from the bottom
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surface is higher than that of the top and virgin ones. Moreover, the level of apparent shear
stress for the samples collected from the bottom surface is the highest, whereas that of the
virgin sample is between those of fractionated samples. This phenomenon corresponds to

the oscillatory moduli.
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Figure 3-10. Optical photographs of extruded strands at 190 °C through a circle die with
L/D =10/1 (mm): (a) t-LDPE, (b) a-LDPE-1 and (c) a-LDPE-2. The numerals in the figure

represent apparent shear stress (MPa).
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The drawdown force, i.e., the force required to stretch a strand,23’29 is evaluated at
draw ratio of 9.2, as shown in Figure 3-11. The drawdown force of the samples collected
from the top surface is lower than that of the samples from the bottom. Further, the
drawdown force of the virgin sample is between those of the fractionated samples. The
result suggests that the high molecular weight fraction is localized at the bottom surface
and vice versa. This result confirms that the molecular weight fractionation takes place

during annealing procedure irrespective of the type of LDPE.

Drawdown Force (mN)

t-LDPE a-LDPE-1 a-LDPE-2

Figure 3-11. Drawdown force at 190 °C for t-LDPE, a-LDPE-1 and a-LDPE-2 annealed at
temperature conditions of (top) 250 °C /(bottom) 150 °C for 2 hrs; (black) prior to

annealing and annealed samples collected from (blue) bottom surface and (red) top

surface. The shear rate at the die wall is 21.9s .

In order to characterize the branch structure in the fractionated LDPE, the
elongational viscosity is measured. Figure 3-12 shows the growth curves of uniaxial

elongational viscosity at 160 °C for all samples. The solid line in the figure represents
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three times of the growth curve of shear viscosity in the linear region 37, which is

calculated by the approximate equation proposed by Osaki et al. *°

t-LDPE

10 r j a
0 -1
160 °C 0.8 st 0.4 1 0.2s

E
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T
i
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a-LDPE-2

10 g : .
160 °C f ‘

log [nE+(t,'a) (Pa.s)] + a

log [t ()]

Figure 3-12. Growth curves of uniaxial elongational viscosity 7 (t,€) at 160 °C for (a) t-
LDPE, (b) a-LDEP-1 and (c) a-LDPE-2; (black symbols) the virgin sample samples, (blue
symbols) the samples collected from bottom surface and (red symbols) the samples
collected from top surface; (circles) 0.1 s, (squares) 0.2 s, (diamonds) 0.4 s and

(triangles) 0.8 s™. The solid line denotes the growth curve of elongational viscosity at a

low strain rate asymptote 377'(t).
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a-LDPE-2

10 j : :
160 °C 1 1

N (tE)/3n'(t)

Figure 3-13 Ratio of uniaxial elongational viscosity 7 (t,€) to that at the low strain rate

asymptote 37'(t) as a function of elongational strain & at a strain rate & of 0.2 s for
(a) t-LDPE, (b) a-LDEP-1 and (c) a-LDPE-2; (black) the sample prior to annealing, (blue)

samples collected from the bottom surface and (red) samples collected top surface.

For the fractionated samples, the bottom one shows a steep curve of 377" and more
pronounced strain hardening than the top one, irrespective of the type of LDPE, as seen in
Figure 3-13. This feature is responsible for the large drawdown force for the bottom one.
Moreover, the strain hardening behavior is also detected at smaller strains compared to that
of the top one.

According to linear viscoelastic properties, high molecular weight fraction is
localized at the bottom surface. Meanwhile, the elongational viscosity suggests the well-

developed branch structure of the fractionated samples collected from the bottom surface,
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as seen in the marked strain hardening. The result corresponds to result from the dilute
solution properties of LDPE reported by Kuhn and Kromer.°

According to Kuhn and Kromer,” it is found that the ratios of average number of
LCB/MW and average number of SCB/ MW, which can express the absolute amount of
branched chains in each fractionated sample, decrease with MW. In another words, the
amount of chain end, which is proportional to the amount of branched chains, in the low
molecular weight fraction is higher as seen in Table 3-4.

It is found that the calculated ratios correspond with the results presented in this
study. It is reasonable because the fractionation behavior is affected by free volume as
explained in the first section. Therefore, the high molecular weight fraction having lower
amount of chain end is segregated at the low temperature side and vice versa, irrespective

of the type of LDPE.

Table 3-3 The ratio of average number of LCB/MW and average number of SCB/MW

calculated from the results of autoclave LDPE and tubular LDPE reported by Kuhn and
6

Kromer

MW average number of LCB/MW average number of SCB/MW
autoclave tubular autoclave tubular

1x10° 0.000090 0.000023 0.00110 0.00090

5x10° 0.000096 0.000026 0.00114 0.00100

2x10° 0.000100 0.000035 0.00120 0.00110

1x10° 0.000100 0.000050 0.00120 0.00120

1x10* 0.000100 0.000200 0.00120 0.00170
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Finally, recovery curves of the shear storage modulus from the shear-modified state
were evaluated to discuss the branch structure. The details of this experiment were
explained in Chapter 2.%** The branch structure can be predicted from the recovery
curves,”'* because a longer branch will need a longer recovery time to return its
equilibrium state.

Figure 3-14 shows the recovery curves of G’ and its normalized values, i.e.,
G’(1)/G’(1=0), after removal of the shear stress at 24.5 kPa. As seen in the figure, G’
increases with the residence time in the rheometer for all samples. The bottom samples
(low temperature side) require a longer time to recover to their plateau values than the top
ones. Because the recovery time is closely related to the length of long-chain branches,’'~

the result suggests that the samples at low temperature side are composed of high

molecular weight fraction with longer branches.
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Figure 3-14 Time dependence of (circles) shear storage modulus G’ and (diamonds) its
normalized values G’(1)/G’(t=0) at 0.01 Hz after the removal of shear stress (24.5 kPa for
30 min) at 160 °C; (black symbols) the sample prior to annealing, (blue symbols) annealed
samples collected from the bottom surface and (red symbols) samples collected top surface

for (a) t-LDPE, (b) a-LDEP-1 and (c) a-LDPE-2

Moreover, it is found that the MWD of fractionated samples also suggests the
segregation behavior. Even thought, the shape of the MWD curves for both fractionated
samples are almost similar, the curve of the sample collected from the top surface is
higher than that of the one collected from the bottom surface at low molecular weight
region. Meanwhile, at high molecular weight region, the MWD of sample collected from
the bottom surface is higher, as seen in Figure 3-15. It supports that the high molecular
weight fraction is localized at surface attached to the low temperature plate of the

compression molding machine.
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0.6

d W(M) /d (log M)

log M

Figure 3-15. Molecular weight distribution (MWD) as a function of molecular weight for
(black line) LDPE prior to annealing, and annealed LDPE collected from (blue line) the

bottom surface and (red line) the top surface.

In a dilute solution, the shrinking factor ¢' is defined as the ratio of intrinsic viscosity
[77] of a branched polymer to that of a linear polymer with the same molecular weight.
Similarly, another shrinking factor g is defined by the ratio of the mean square radius of
gyration <R*> of branched and linear polymer having the same molecular weight. **~*

Unfortunately, g” and g of the samples collected from both surface of the annealed sheet

are similar.
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Figure 3-16. Shrinking factor g' as a function of molecular weight for (black line) LDPE
prior to annealing, and annealed LDPE collected from (blue line) the bottom surface and

(red line) the top surface.
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Figure 3-17. Shrinking factor g as a function of molecular weight for (black line) LDPE
prior to annealing, and annealed LDPE collected from (blue line) the bottom surface and

(red line) the top surface.

3.4 Conclusions

It is discovered that the temperature gradient induces the molecular weight
segregation of PE in the molten state, which can be explained by the free volume concept
which strongly depends on the amount of chain ends. The high molecular weight fraction
is localized at the low temperature side and vice versa. The segregated behavior becomes
obvious with the annealing time and temperature gradient. Since the method is free from
toxic solvent, it could be applicable to a new fractionation method of polymers. Further,
the rheological properties of PE can be modified by the molecular weight fractionation

under temperature gradient.
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General Conclusions

PE is available for various polymer processing operations because of its widest
variety of molecular structure, such as short- and/or long-chain branches and molecular
weight distribution. The variety of chain architectures greatly affects the rheological
behavior. Therefore, the study on rheological properties of PE is very impotent.
Furthermore, several techniques have been proposed to control the rheological properties
for PE, such as shear history, thermal history, and addition of specific processing aids.
These have a strong impact on the elongational viscosity which is believed to be one of the
most important rheological properties at polymer processing. In this study, several
rheological modification techniques by applying thermal history were proposed to control
the rheological properties of PE.

The effects of cross-linking reaction with/without the peroxide compound,
i.e., a,a’—di(t-butylperoxy)diiso-propylbenzene, on the rheological properties of
LDPE/LLDPE blends were discussed in Chapter 2. Firstly, the processing history without
the peroxide compound was applied at 280 °C to LDPE and LLDPE. At this temperature,
cross-linking reaction occurs more frequently than chain scission. The cross-linking
reaction leads to a small amount of X-type branches, which greatly affects the rheological

properties. The time-temperature superposition principle is not applicable to the thermally
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modified LLDPE because of the appearance of LCBs. In the case of LDPE/LLDPE
blends, the upward deviation of the drawdown force from the linear additive rule is
pronounced with marked strain hardening in elongational viscosity when the cross-
linking reaction slightly occurs. This situation happens at high-temperature-mixing
without a peroxide compound. It suggests that the intermolecular cross-linking reaction
occurs between LDPE and LLDPE, which provides more than two branch points in a
chain, during processing history at high temperature.

The cross-linking efficiency is greatly enhanced by the addition of the peroxide
compound. Further, it is found that the addition of the peroxide compound during cross-
linking reaction differently affects the cross-linking behaviors of LDPE and LLDPE under
flow field. The phenomenon is explained by the ratio of intermolecular/intramolecular
reactions under flow field. In the case of LDPE, the intramolecular cross-linking reaction
is predominant. Once the intramolecular cross-linking occurs, the gyration radius of chain
decreases. Consequently, the possibility of intramolecular cross-linking is enhanced.
Meanwhile, the applied flow field leads to intermolecular cross-linking reaction rather than
intramolecular cross-linking one for LLDPE. Moreover, the degree of cross-linking in
LLDPE is higher than that in LDPE because of its large amount of tertiary carbon atoms.
Furthermore, it is found that the synergistic effect for the LDPE/LLDPE blends becomes
weak by cross-linking reaction. The cross-linking reaction with the peroxide compound
leads to the generation of permanent network which restricts the simple reptation motion
of whole chains. Consequently, reptation of a branched molecule is less important.

The rheological modification of PE by annealing procedure under temperature

gradient was studied in Chapter 3. The applied thermal history in a compression-molding
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machine, in which the temperature of one mold is higher than the other, leads to molecular
weight segregation of PE in the molten state. The high-molecular-weight fraction is
localized at the surface attached to the mold with low temperature and vice versa. The
segregated behavior becomes obvious with the annealing time and temperature gradient. In
addition, the rheological properties can be modified by the molecular weight fractionation.

In this research, several techniques were proposed to control the rheological
properties by thermal history. For the first study, the elongational viscosity of
LDPE/LLDPE blends is enhanced by thermal modification with/without peroxide
compound. Even though, the study was not carried out at actual polymer processing, the
enhanced elongational viscosity is responsible for reduction of neck-in in an extruded film
at T-die extrusion process. The second study suggests that the molecular weight
fractionation of PE takes place by thermal history during annealing procedure under
temperature gradient. The method could be applied as fractionation and rheological
modification method, although more characterization should be carried out quantitatively.
In addition, the study revealed the rheological properties of fractionated LDPE. These
could be used as information to understand the structure of LDPE. The study also
demonstrated the potential of thermal history to the rheological properties of PE. The
finding has to be reviewed quantitatively to control the rheological propertied more
precisely, which will affect the processability to a great extent in actual polymer

processing.
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Effect of Heating Temperature on Flow Instability

at Extrusion for Polyvinyl Chloride

1. Introduction

Polyvinyl chloride (PVC) compounds have been widely used in numerous
applications because of their processability, mechanical properties, and relatively low
production costs. The final properties in the solid state of the materials depend on
the molecular weight of PVC. Moreover the properties of final product also depend on
the species and contents of the plasticizer which is added to PVC. Therefore, PVC became
an interesting material which could be used for many applications. However, they often
show flow instability in extrusion, which limits productivity in processing. The origin and
mechanisms of flow instability for various polymers have been discussed for a long
time.! Nevertheless, it is still one of the major problems in the field of polymer
processing.

Generally, the flow instabilities are classified into two groups. One is a small-
amplitude and high-frequency distortion on the surface of the extrudates, which is usually
called “shark skin.” This phenomenon results in the dull appearance or loss of gloss of
the products. The other is characterized a scale distortion which is known as “melt
fracture”. The origin of gross melt fracture is flow instability at a die entry, and is
prominently found in polymers with high melt elasticity. Meller et al. indicated that

elongational stress generated by contraction flow at the die entrance lead to the occurrence
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of gross melt fracture.*? The gross melt fracture is always detected in the case of long-
chain branched polymers because they exhibit marked strain-hardening in elongational
viscosity, leading to high elongational stress.

In case of shark-skin failure, two possible mechanisms have been proposed.**’
One is sudden large deformation at die exit due to cohesive rupture at surface of

extrudates, originally proposed by Cogswell.™

According to their work, the discontinuity
in velocity at the die exit wall region, leading to elongational wall velocity acceleration
and tensile stresse, is responsible for the cracks. Since the flow velocity of polymer melts
on the die wall is zero, the strain rate at the die exit becomes infinity. This phenomenon
eventually may appear as a “peel-off” failure.” Another well-known mechanism leading to
shark-skin failure is slippage, i.e., adhesive failure, between a polymer melt and the die
wall. When the cohesive strength of the polymer melt is higher than the debonding stress
between the wall and a polymer melt, the polymer slips on the wall. The detachment of a

polymer melt from die surface accompanied with cracks by adhesive failure leads to

surface instabilities.'®

28.80kV x188 388sm

a b

Figure 1 Pictures of flow instability: a. gross melt fracture and b. shark-skin failure
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According to previous researches, flow instability appears at high level of viscosity,
i.e. elongational viscosity. Many factors affect the viscosity, such as the character of
melting zone of screw inside extrusion machine, the type and content of the additive for
PVC, and heating temperature. For the screw, there are more than three possible zones in a
thermoplastic screw. These zones are defined as different because the terminology is not
standardized in the industry. Different types of polymer will have different screw designs.
However the traditional thermoplastic screws have three zones. The first zone is feed zone,
sometime called solids conveying. This zone conveys the polymers into the extruder, and
the channel depth is usually the same throughout the zone. Next is melting zone, also
called the transition or compression zone. Most of the polymer is melted in this section,
and the channel depth gets progressively smaller and depends on the melting mechanism
of each material. The last zone is metering zone or melt conveying. This zone, the channel
depth is again the same throughout the zone. The materials will be melted until last
particles and mixed to a uniform temperature and composition. In order to get a good
qualified product for PVC materials, the melting zone of screw should be designed to
support the melting mechanism of PVC materials. In addition, a vented (two-stage) screw
has further two zones; (1) decompression zone and (2) second metering zone. In this
decompression zone will has about two-thirds down the screw. The channel suddenly gets
deeper to relieve the pressure and allows any trapped gases, such as moisture or air, to be
drawn out by vacuum. The second metering zone is the same as the first metering zone,
but with greater channel depth, and repressurizes the melt to get it through the resistance of

the screens and the die.
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Figure 2 Screws for extrusion machine

As well known, the character of screw is very important. For the actual processing,
however, the cost for chaining screw of extrusion machine is quite high. Therefore, the
controlling the viscosity by heating temperature is more suitable and simple for the
primary study. In this study, the viscosity of PVC material is controlled by heating
temperature inside at melting zone in the screw of extrusion machine. Then the flow
instability on the surface of PVC product is investigated at various conditions. This result
may be useful information for improving the production speed which is usually limited by
flow instability. Further, thermal degradation of product at high output need to be

considered also.
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2. Material and Experiments

The rigid PVC having specific density as 1.5 was used for investigation.
The various type of the die, such as circular shape and specific shapes, were used.
The pictures of flow instability were taken by digital camera and profile projector (AROS,
SVP2010). Further the blend of acrylonitrile butadiene styrene (ABS) / polystyrene (PS)
was used as a primary study. There is no characteristic data of ABS/PS because the

material is a waste from production loss in a plant.

2.1 Primary study
The products were extruded through a single screw extrusion machine (Speecon,
52000-S). The controlled temperatures of six heaters are shown in the table 1. The number

from low to high of heater represents the position of heater from hopper to die.

2.2 PVC study
Circular die

The products were extruded through extrusion machine (Thai Hydraulic Machinery,
B-201075). The die of the following dimension; 10 mm of diameter, 100 mm in length
was used. The controlled temperatures of all five heaters are shown in the table 1. The

number from low to high of heater represents to the position of heater from hopper to die.
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Specific dies
The samples were extruded through extrusion machine (Thai Hydraulic Machinery,
A-12017). The controlled temperatures of six heaters are shown in the table 1. The

geometry of die plates for sample 7 to 13 are shown in Figure 3. The cross section and tow

view of samples are shown in Figure 4.

Figure 3. Shape of specific die: a. front plate, b. middle plate and c. final plate

Figure 4 Pictures of product shape: a. cross section view and b. top view
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Table 1 Heating temperature and rotation speed conditions (rpm) for samples

Samplas and condition

Heating tempearaturs {("C) of =ach

Average Temm

heatar (Taves 5C
(rpm) n
1 2 3 4 5§
Primary Sampls 1, (ABSPS) 170 174 174 180 178 175
ET.EIE’PE:I rpm =600 rounds/min
Sampls 2, (ABSPS) 170 180 188 190 188 183
rpm =600 rounds/min
Sampls 3, (ABS/PS) 170 180 188 190 188 183
rpm =200 rounds/min
Pg_"'c-‘iz:iiif Sample 4 (PVC) 172 175 185 185 185 180.4
AT 12 _ L
- rpm =900 rounds/min
(FVC)
Sample 5, (PVC) 183 180 185 195 193 191.6
rpm =900 rounds/min
Sampls 6, (FVC) 183 180 185 185 193 191 6
rpm =430 rounds/min
FVCstudy Sampla 7, (BFVC) 165 170 170 145 178 179 1678
Sp 2Cilic dis rpm =363 rounds/min
EVE) Sampls 8, (PVC)
plo, lENLY 165 170 170 148 178 181 1686
rpm =383 rounds/min
Sample 3. (PVC) oo 170 170 150 176 179 1685
rpm =443 rounds/min
Sample 10, FVC) 165 175 170 151 176 180 1686
rpm =483 rounds/min
Sample L1 (PVC) oo 191 171 154 173 183 1695
rpm =660 rounds/min
Sample 1. (BVC)  yes 170 170 158 174 180 1693
rpm =730 rounds/min
Sample 13, (PVC) 171 176 176 162 175 181 1735

rpm =730 rounds/min
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3. Results and Discussion
3.1 Flow instability of blend of acrylonitrile butadiene styrene / polystyrene (ABS/PS)
The blend of ABS/Ps was picked up as a material for primary study because it is a
waste from production. Figure 5 is a picture of extruded products made from blend of
ABS/PS. To confirm the effect of heating temperature, this blend was used as a primary
study to investigate flow instability. It is found from the high output speed with low
heating temperature of extrusion that, the extruded sample exhibits a distorted shape with
rough surface (Figure 5a). The result indicates that the shape of sample is changed by flow
instability. Then the shape and dimension of extruded product becomes precise when the
heating temperature of extrusion machine increases (Figure 5b). Moreover, it is found that
the dimension is further precise as well as smoother surface at high heating temperature
and low output speed (Fig 5¢). This primary study is an experimental model for next PVC

experiments.

a b C
Figure 5 Pictures of surface of ABS/PS samples: a. sample 1 (ABS/PS, 600 rpm,
Taver. = 175 °C), b. sample 2 (ABS/PS, 600 rpm, Taver = 183 °C) and c. sample 3 (ABS/PS,
300 rpm, Taver = 183 °C)
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3.2 Flow instability of polyvinyl chloride
3.2.1 Flow instability of extruded samples using circular die

Figure 6 shows the pictures of the strand surface extruded through circular die.
The shark-skin phenomenon appears at the lowest average extrusion temperature with high
screw speed (Figure 6a). The level of shark-skin is reduced with increase of heating
temperature. The surface of strands becomes smoother at high extrusion temperature with
lower rpm of screw, as shown in Figure 6b and 6¢. The results indicate the rupture of
surface can be controlled by heating temperature as well as the speed of screw. It is
reasonable because the flow instability, i.e. shark-skin behavior, on the surface of poly
vinyl chloride (PVC) is reduced by reduction of viscosity. Therefore, the velocity of PVC
inside extrusion machine increases and thus the shark-skin phenomenon is postponed.®
However, in order to get a good qualified product, many parameters, such as dimension,

mechanical prosperities and thermal degradation should be considered.
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Figure 6 Pictures of surface of PVC samples: a. sample 4 (PVC, 900 rpm,
Taver. = 180.4 °C), b. sample 5 (PVC, 900 rpm, Taver = 191.6 °C) and c. sample 6 (PVC, 450
rpm, Taver = 191.6 °C)

3.2.2 Flow instability on the surface of extruded product

As seen in the Figure 7a to7e, even the shark-skin is not observed clearly, however,
the product shows the flow instability as a rough surface with slightly distorted shape at
high output rate (Fig 7f). The surface becomes smoother when the heating temperature at
melting zone of screw is increased, as seen in Figure 7g. The dimension of product cannot
be investigated at high output rate because the amount of extruded PVC is excessive to go
through the sizing part, a part for controlling the size and shape again after the materials
came out through the die , of extrusion process. Therefore the experiments were carried on
irrespective of dimension checking. The result indicates that the appearance of surface of
final product could be controlled by heating temperature. However, the thermal
degradation takes place at high heating temperature. This phenomenon can be observed by
color change of extruded product. The result shows that the color of sample changes at

high temperature condition, indicating the thermal degradation. Moreover, the excess
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amount of material due to the very low viscosity at very high extrusion temperature leads

to the dimensions loss for final product.
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Figure 7 Pictures of surface of PVC samples: a. sample 7 (PVC, 385 rpm,
Taver. = 167.8 °C), b. sample 8 (PVC, 385 rpm, Taer = 168.6 °C) c. sample 9 (PVC, 445
rpm, Taver = 168.5 °C), d. sample 10 (PVC, 485 rpm, Tayer. = 168.6 °C), e. sample 11 (PVC,
660 rpm, Taver = 169.5 °C) g. sample 12 (PVC, 750 rpm, Taver = 169.5 °C) and c. sample 13
(PVC, 750 rpm, Taver = 175.5 °C)
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4. Conclusion

The flow instability of polymer at high output rate is controlled by heating
temperature and the speed of screw inside the extrusion machine. This study is useful for
improving the production speed. In the case of extrusion process, however, more
parameters have to be controlled also, such as draw ability, cooling temperature and
residence time inside the extrusion machine and cooling time for material. All of these
parameters should be investigated and developed simultaneously. Because of the
enhancement of extrusion temperature leads to reduction of viscosity of PVC, it is more
difficult to control the shape of final product. Therefore, the knowledge of die design is
necessary. Moreover, the cooling behavior of material is also important because the
contents of amorphous and crystalline which determine the mechanical properties of final
product are depended on the cooling temperature and cooling time. Another problem at
high production speed is an excess amount of extruded material at very high extrusion
temperature. Because of excess amount, the material could not go through sizing part. The
draw resonance and thermal degradation should be considered also for actual polymer

processing.
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