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1. Introduction

Polyethylene (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, especially strain-hardening in elongational viscosity. The rheology
control is, however, still required to widen the processing window. Therefore, the study on rheological properties of PE
is very important. Up to now, several techniques have been proposed, such as shear history, thermal history, and
addition of specific processing aids. These techniques have a strong impact on the elongational viscosity which is one of
the most important rheological properties at polymer processing. In this study, rheological modification techniques by

applying thermal history were proposed.

2. Aim of Research

The main objective of this research is to propose new techniques to control the rheological properties of PE. In
particular, the rheological modification by the following two methods is studied; (1) The rheological changes of
long-chain branched low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE) and their blends after
thermal history at high temperature without thermal stabilizers; (2) Molecular weight segregation of PE under

temperature gradient.

3. Experimental Results

3.1 Rheological Modification by Thermal history at High Temperature

Exposure to high temperature, e.g., 280 °C, which is a typical
temperature at extrusion-coating, leads to cross-linking reaction
for LDPE, LLDPE and their blends without thermal stabilizers.
Although it has been believed to change the molecular structure
greatly by the applied thermal history, the molecular weight and its

distribution are found to be barely changed as shown in Figure 1.
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Figure 1. GPC curves of LDPE and LLDPE;
(dotted lines) before and (solid lines) after
thermal modification (280 °C for 3 min)



However, the thermal history has a strong impact on
the linear viscoelastic properties especially for LLDPE as
shown in Figure 2. Moreover, the values of phase angle
evaluated at various temperatures are not superposed onto
each other after thermal modification, demonstrating that
long-chain branches are generated during the thermal
modification. The result indicates that the cross-linking
occurs slightly, leading to a small amount of X-type branch
points in LLDPE.*® This structure change greatly affects
the drawdown force, a force needed to stretch a molten
sample uniaxially. Since the drawdown force has a close
relation with elongational viscosity, it should be
comprehended exactly. Figure 3 shows the enhancement of
drawdown force by thermal history, i.e., the difference in
the drawdown force between the virgin sample and
the thermally-modified one for LLDPE/LDPE blends. As
seen in the figure, the drawdown enhancement is marked
for the blends. The enhanced drawdown force is attributed
to the marked strain-hardening in elongational viscosity as
seen in Figure 4. Considering that a comb-shaped branch
polymer shows marked strain-hardening behavior, the result

suggests that the intermolecular cross-linking reaction

occurs between LDPE and LLDPE.
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Figure 3. Enhancement of drawdown force at
190 °C for LDPE/LLDPE blends after thermal
modification

The cross-linking efficiency is greatly enhanced by the
addition of a peroxide compound. Furthermore, flow field
during reaction affects the structure of cross-linked PE and

thus the rheological properties, as seen in Figure 5.
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Figure 2. van Gurp-Palmen plots for LLDPE (open
symbols) before and (closed symbols) after thermal
modification (280 °C for 3 min); (circles) at 130 °C,
(diamonds) at 160 °C and (squares) at 190 °C
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Figure 4. Ratio of uniaxial elongational viscosity
e (t, &) to that at the low strain rate asymptote 37" as
a function of elongational strain & at a strain rate & of
02 s' for (diamonds) LLDPE and (circles)
LDPE/LLDPE; (open symbols) before and (closed
symbols) after thermal modification.
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Figure 5. van Gurp-Palmen plots for LDPE (open
symbols) before and after modification (closed
symbols) with 0.05 wt.% peroxide under flow field and
(red symbols) without flow field; at (circles) 130 °C,
(diamonds) 160 °C and (squares) 190 °C.



The phenomenon is explained by the ratio of intermolecular/intramolecular reactions. Once the intramolecular
cross-linking occurs, further reaction within the same molecules takes place more frequently because the radius of

gyration of a polymer chain is small due to the existence of long-chain branches.

3.2 Molecular Weight Segregation of Polyethylene by Annealing Procedure in Temperature Gradient

The rheological modification of HDPE by annealing procedure under temperature gradient was studied.
The applied thermal history in a compression-molding machine, in which the temperature of one mold is higher than
the other, is firstly found to induce molecular weight segregation in the molten state as shown in Figure 6.
In the figure, the weight-average molecular weight M,, of HDPE is calculated from the zero-shear viscosity at 190 °C.°
The high molecular weight fraction is localized at the surface attached to the mold with low temperature and vice versa.
Even when the bottom plate of the compression-molding machine is controlled at higher temperature than the top, the
low molecular weight fraction is still segregated at the high temperature side. The result suggests that there is no effect

of gravity force. The segregation behavior becomes obvious with the annealing time and temperature gradient as seen in

Figure 7.
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Figure 7. Weight-average molecular weight M,, of HDPE Figure 6. Weight-average molecular weight M, of

for the surface samples after annealing for various HDPE calculated from 77, for the blend samples

residence times at (top) 300 °C / (bottom) 150 °C; (red) annealed at various temperature conditions for 2 hrs;

top surface and (blue) bottom surface. (green) prior to annealing, (red) surface at the bottom,
and (blue) surface at the top.

The molecular weight segregation in temperature 10 LDPE
gradient is further studied using LDPE. It is found that the 160°C
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Figure 8. Ratio of uniaxial elongational viscosity 7:" (¢, £)
to that at the low strain rate asymptote 377" of LDPE as a
function of elongational strain & at a strain rate & of 0.2 s™'
for (black) virgin, (blue) high molecular weight and (red)
low molecular weight fraction.



4. Conclusions and Prospect

Rheological modification using thermal history is studied employing various types of PE. The elongational

viscosity of LDPE/LLDPE blends is enhanced by structure change caused by intermolecular cross-linking reaction at

high temperature, which is responsible for good procressability. The effect of flow field on the structure change by

cross-linking reaction is also clarified. Furthermore, it is also found that the elongational viscosity of PE can be

enhanced by segregation behavior occurred in the temperature gradient, which could be applied as a novel fractionation

method.
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