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Abstract
Project Code: BRG4780023
Project Title: Normal Stress, Radial Extrudate Swell and Velocity Profiles of Flowing
Polymer Melts in Single-Screw Extruder with Electro-magnetic Dies
Main Researcher: Professor Dr Narongrit Sombatsompop

Email address!  nparongrt.som@kmutt.ac.th
Project Period: 31" August 2004 - 30" August 2007

Objectives:

1. Designing and developing an electro-magnetized die to be used in the parallel co-
extrision technique for simultanecus measurements of normal stress, radial extrudate
swell and velocity profiles of polymer melts flowing in a single screw extruder

2'. Investigating effects of test conditions such as magnetic flux density and direction,
molecular structure of polymers, die temperature, and shear rate (rotating speed) on
extrudate swell and velocity profiles of polymer melts flowing in the single screw
extruder.

3. Relating the normal stresses, radial extrudate swell with the velocity profiles of polymer

melts in the single screw extrusion process s

Methodology, Results and Discussion

This research project determined the radial extrudate swell and velocity profiles of
polystyrene melt flowing in a single screw extruder using a specially designed electro-
magnetized die together with “Parallel Co-Extrusion Technique (PCT)”. The PCT
technique allowed simultaneous measurements of extrudate swell and melt velocity across
the die diameter. The test varables included magnetic flux density and direction, molecular
structure of polymers; die temperature, shear rate and rotating speed extrudate were
considered. The presentation of research outputs from this project -is in the form of

combination of all papers published in various intermational journals.

The work was started by designing and constructing an electro-magnetized capillary die to
be used with the PCT technique in order to study the changes in the overall and radial
extrudate swell ratio of PS_ melt flowing in a single screw extruder [Polymers for Advanced
Technologies, 16 (7}: 505-514 (2005)]. The effects of magnetic flux density, wall shear

rate (screw rotating speed) and die temperature were studied. The results suggested that, in
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the case of non-magnetic die the average overall swell ratio of the melt ranged from 1.25

to 1.55. The swelling ratio increased with increasing wall shear rate up to 8.5s and then
decreased at 17.1s . Increasing die temperature caused a reduction of extrudate swell ratio.
The changes in extrudate swell ratio can be explained using the simultanecusly measured
velocity profiles during the flow in the die, and the swell ratio decreased with increasing
radial position. Melt confraction of the melt layer near the die wall was observed. The die
temperature was found to have no effect on the change of the radial extrudate swell profiles.
When an electro-magnetized die was used, the average overall swell ratio was found to
increase with increasing magnetic flux density to 2 maximum value and then decreased at
higher flux densities. The magnetic flux density of the maximum swell was changed by the
wall shear rate. It was associated with 2 balance of elastic and magnetic energies during the
flow. The magnetic energy was thought to have a pronounced effect on the swell ratie at Jow
shear rate and low die .temperature. Considering the radial position, the highest swell ratio
occurred at the duct center, in the range of 2.4-3.3, There was no extrudate contraction of

the melt layer near the die walt.

The work on swelling behaviour of PS melt during extrusion was extended to investigate the
effect of die materials on such behaviour [Polymer Journal, 37 (7): 541-544 (200§)]. It
was found that the extrudate swell ratio of PS melt changed upon exposure to the magnetic
field, the magnitude of the change being slightly larger than the scattering of the data. The
extrudate swell increased for a steel die and decreased for a stainless die. The reason was not
clear at the present time. An interpretation of the observed phenomena was made in terms of
the normal stresses and anisotropic magnetic energy stored by the deformation of the chains
under flow. Further study is under way to clarify the effect of the magnetic field on the flow
of the polymer melt using viscoelastic measurement under the magnetic field. By comparing
the extrusion swell ratios and velocity profiles obtained from single screw extruder with
capillary rheometer [Polymer Testing, 24 (8): 948-952 (2008)], it was found that the
overall swell ratio of the PS melt measured in the extruder was greater than that in the
rheometer, this being caused by the differences in the flow properties of the melt in these
two machines. The discrepancies in the radial extrudate swell profiles from the rheometer
and extruder could be explained by the velocity profile development. When an electro-
magnetized die was used, the swelling ratio of the melt changed with magnetic flux density

and was affected by the size of the machinery used.
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7
Finally, the extrudate swell behaviour of thermoplastic melts, with different molecular

structures, flowing into an electro-magnetized die during extrusion was studied [Polymer
Engineering and Science 47 (3): 270-280 (2007)]. The effects of the magnetic flux
direction and density, die temperature and wall shear rate on the extrudate swell and flow
properties were of interest. The experimental results suggested that an increasing wall shear
rate increased the swelling ratio for the PS, LLDPE and PVC melts, but the opposite effect
was observed for the ABS and PC melts. The extrudate swell ratio for the PS, ABS, PC,
and LLDPE melts decreased with increasing die temperature, the effect being reversed for
the PVC melt. Thermoplastic melts having high benzene content in the side-chain and
exhibiting anisotropic character were apparently affected by the magnetic field, the extrudate

swell ratio increasing with magnetic flux density. The effect of the magnetic field on the

extrudate swell ratio decreased in the order of PS —> ABS —> PC. The extrudate swell ratio
for the co-parailel magnetic field system was slightly higher than that for the counter-
paralle] magnetic field system at a high magnetic flux density.

Conclusion and suggestions to further work

Congclusion

This project has designed and developed an electro-magnetized die to be used in the phrallel
co-extrusion technique for simuitaneous measurements of radial extrudate swell and velocity
profiles of polymer melts flowing in a single screw extruder. The main findings of this work
suggested that when an electro-magnetized die was used, the average overall swell ratio
increased with increasing magnetic flux density to a maximum value and then decreased at
higher flux densities. It was associated with a balance of normal stresses and magnetic
energies during the flow. The magnetic energy was thought to have a pronounced effect on
the swell ratio at low shear rate and low die temperature. The extrudate swell increased for a
steel die and decreased for a stainless die. The overall swell ratio of the PS melt measured in
the extruder was greater than that in the extrusion rheometer. Under magnetic field, the
swelling ratio of the melt changed with magnetic flux density and was affected by the size of
the machinery used. Increasing wall shear rate increased the swelling ratio for the PS,
LLDPE and PVC melts, but the opposite effect was observed for the ABS and PC melts.
The extrudate swell ratio for the PS, ABS, PC, and LLLDPE melts decreased with increasing
die temperature, the effect being reversed for the PVC melt. Thermoplastic melts having
high benzene content in the side-chain and exhibiting anisotropic character were apparently

affected by the magnetic field. The effect of the magnetic field on the extrudate swell ratio
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decreased in the order of PS — ABS —> PC. The extrudate swell ratio for the co-parallel
magnetic field system was slightly higher than that for the counter-parallel magnetic field

system at a high magnetic flux density.

Suggestions to further work

In the next step, as the Parallel Co-extrusion Technique (PCT) with electro-magnetized die
system has now been well-established it should be used for measurements of radial extrudate
swell and velocity profiles of flowing polymer melts in more complex polymer processing
technigues such as co-extrusion processes. In the future work, the radial extrudate swell and
velocity profiles of co—extruded melts under different magnetic flux densities to the die will be
investighted. Two coextrusion geometries are to be studied, one being single core co-extrusion
and the other being multi-core co-extrusion. An experimental test rig will be specially designed
and constructed to allow both single and multi-layer co—extrudates under magnetic field to be
produced and to allow both radial extrudate swell and velocity profiles to be simultaneously
measured. In terms of polymer systems, since PS melt was found in our previous works to be
most affected by the magnetic field, all co-extruded polymer systems are based by the PS as
skin layer. Examples of skin/core extrudates to be produced are PS/LLDPE, PS/PVC, PS/ABS
and PS/PC. The effects of wall shear rate, die temperature, magnetic flux densityh, polymer
type, viscosity ratio, co-extrusion geometry, and core-to-skin size ratio on the radial extrudate

swell and velocity profiles are of our main interest here.

Keywords: Single screw extrusion, Polymer melts, Radial extrudate swell, Velocity profiles,

Normal stresses, Magnetic field.
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Level Number Name and sub-project title
PhD 1 O Mr. Naret Intawong (2005) Investigation of Radial Extrudate
Swell and Velocity Profiles of Flowing PS Melts in Extrsuion
Processes (Graduated)
MEng 3 O Mr. Sarun Choomchaiyo (2008) Effect of Electromagnetic
Field on Nommal Stress Difference of Polymer Melts in a
Single Screw Extruder (Graduated)
O Mr. Pootinun Uawongsuwan (2006) Effect of Magnetic
Field Direction in an Extrusion Die on Extrudate Swell
Behaviour of Polymer Melts in Capillary Rheometer
(Graduated)
O Mr. Nitat Luangaramkul (2006) Effect of Barrel Size and
Magnetic Field on Swelling and Flow Properties of Different
Polymer Melts in a Single Screw Extruder (Graduated)
Postdoc 1 O Dr Naret Intawong (2006-present) Flow Analysis and
Extrudate Swell of Polymer Melts in Extrusion Processes
(Extended to study the rotating die effect - ongoing)
Full-time 1 O Miss Kantima Chaochanchaikul (2007) Effect of Molecular
researcher Structure on Elastic Swell Behavior of Thermeplastic
Extrudates in an Electro-magnetized Die (Done)
Total 6 -
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Publication Level Number of Papers Publication Status
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Extrudate swell and flow analysis of polystyrene
melt flowing in an electro-magnetized die

in a single screw extruder

Narongrit Sombatsompop* and Naret Intawong
Paotymar Procassing and Flow {P-PROF} Group, School of Energy & Materials, King Mongkut's University of Technology Thonbur (KMUTT),
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An electro-magnetized capillary die via a parallel co-extrusion technique was used to study the
changes in the overall and radial extrudate swell ratio of polystyrene (PS) melt flowing in a single
screw extruder. The effects of magnetic flux density, wall shear rate (screw rotating speed) and
die temperature were studied. The results suggested that, in the case of non-magnetic die the aver-
age overall swell ratio of the melt ranged from 1.25 to 1.55. The swelling ratio increased with
increasing wall shear rate up to 8.5sec”” and then decreased at 17.1sec ™. Increasing die tempera-
ture caused a reduction of extrudate swell ratio. The changes in extrudate swell ratio can be
explained using the simultaneously measured velocity profiles during the flow in the die, and
the swell ratio decreased with increasing radial position. Melt contraction of the melt layer near
the die wall was observed. The die temperature was found to have no effect on the change of the
radial extrudate swell profiles. When an electro-magnetized die was used, the average overall swell
ratio was found to increase with increasing magnetic Hux density to a maxdmum value and then
decreased at higher flux densities. The magnetic flux density of the maximum swell was changed
by the wall shear rate. It was associated with a balance of elastic and magnetic energies during the
flow. The magnetic energy was thought to have a pronounced effect on the swell ratio 3t low shear
rate and low die temperature. Considering the radial position, the highest swell ratio occurred at
the duct center, in the range 2.4-3.3. There was no extrudate contraction of the melt layer near the

die wall. Copyright © 2005 John Wiley & Sons, Ltd.

KEYWORDS: velocity profiles: single screw extruder; processing; melt; polystyrene

INTRODUCTION

In plastic extrusion, it is essential to have precise knowledge
of the flow properties and flow patterns of a material under
the molten stage because it helps engineers to control the size
and quality of melt streams and final products. However, the
fina] product shapes are not easily controlled during the pro-
cessing because the swell phenomenon of the extrudate
oceurs while the melt is being forced out of the shaping die,
and becomes more complex In the case of co-extrusion of two
or more materials through a single shaping die. The mechan-
ism of extrudate swell can be explained in different ways; e.g.
elastic recovery,' ™ residence time upon the applied stresses,*
and the re-organization of melt velocity profiles developed in
the die and the die exit *®

Many researchers'™’’ have studied the extrudate swell
behavior of both Newtonian and non-Newtonian fluids,

*Correspondence to: N. Sombatsompop, Potymer Processing and
Flow (P-PRCF) Group, School of Energy & Materials, King
Mongkut's University of Technology Thonburi (KMUTT),
Thongkru, Bangmed, Bangkok 10140, Thailand.

E-mail: narongrit.som@kmutt.ac.th

usually using a single fluid flowing through a confined flow
channel. In addition, it is widely known that the extrudate
swell of uids is affected by many parameters such as shear
rate, temperature, fillers, and die size and design. Kar and
Otaigbe' measured the extrudate swell of low-density
polyethylene (LDPE), polypropylene, and polystyrene (PS)
using a Randcastle microtruder over a range of shear rate,
length/diameter ratio of die, and melt temperature, and they
found that the extrudate swell of the polymers increased with
increasing shear rates, but decreased with increasing melt
temperature and the length/ diameter ratio. They proposed a
theoretical model based on strain energy density function so
as to explain the extrudate swell phenomena in an extrader.
Leeand Ho” studied the effect of melting temperature and die
length on the extrudate sweil behavior of PS melt to design
profile die by comparing the experimental results with the
theoretical ones. The extrudate swell became smaller as
the melting temperature and die length increased, and the
experimental result was in good agreement with the theory.
Sombatsompop'® originally designed and manufactured a
magnetic circular die in a capillary rheometer and studied the
effect of magnetic field at 2.16 Tesla flux density on the

Copyright i 2005 John Wiley & Sons, Lid.
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" extruclate swell ratio of PS melt. The result showed that the

application of a magnetic ficld to the die gave a significant
increase in the swelling ratio of the PS5 melt of up to 25%. The
author proposed that the increased swelling of the PS could
be caused by the change in the molecular orientation or
alignment. Later, Sombatsompop and Sergsiri'' atso studied
effect of barrel diameter and magnetic flux density on the

. overall extrudate swell for the PS melt in a capiltary
' rheometer with use of an electro-magnetized die, and they

found that the maximum swelling of the PS melt was

. enhanced up to 2.6 times and 1.9 times with and without
* application of the electro-magnetic field (up to 2.11 Tesla},
" respectively. The barrel diameter of 30 mm was found to be a
" critical vatue in case that the extrudate swell ratio and flow
. properties of the PS5 melt were significantly affected by the

magnetic flux density.

There is few data of the swell ratio of meit layers at different
positions across the duct diameter due to experimental
difficulties, so that the overall extrudate swell ratio {the ratic

! of the extrudate diameter to the die diameter) has been

determined experimentally,'™>'" or by computer simula-

tions.! %13 The radial extrudate swell profiles are extremely
important, especially for the co-extrusion process where the
size of each melt layer must be accurately deterrnined as this

! directly affects overall properties of the co-extruded pro-
* ducts. Only a few works”'*13 have been found. For example,

Mitsoulis' examined melt swell behavior of two Newtonian
fluids which had different viscosity and feed ratios, extruded
concentrically from a capillary die using the finite element
method. The results showed that the highest swelling
occurred at the centre of the duct and the lowest near the
wall, Similar work was also conducted by Kiselev and
Kanavets'> who investigated extrudate swell of PE melt
layers as a function of radial positions across a cireudar duct.
The swell ratio of a melt layer lying at a distance from the axis
equal to 2/3 of the capillary radius (R) was equal to that of the
overall extrudate swell. Mett layers lying in distances below
2/3R exhibited higher swellings, whereas those above 2/3R
became contracted. Christodoulou ef al.” used direct mea-
surement to investigate the swelling ratio of ethylene-vinyl
acetate (EVA) copolymer through a newly developed co-
extrusion technique coupled with a color-layer technique ina
capillary rheometer. The resulis suggested that the extrudate
swell was associated with the development of velocity
profiles along the die. This view was in good agreement with
the work of Mungtedt et al.® Most recent work by Intawong
and Sombatsompop'® have been develeped using a new
experimental apparatus and method to allow simultaneous
measurements of extrudate swell and velocity profiles at
different positions across the die diameter. The proposed
technique called “Parallel Co-extrusion Technique” {PCT),
was based on parailel co-extrusion of colored melt-layers into
uncolored melt-stream from the barrel into and out of the
capillary die. The size (thickness) ratio of the generated melt
layers flowing in and out of the die was monitored to produce
the extrudtate sweil ratio for any given radial position across
the die diameter. The results suggested that the radial
extrudate swell profiles could not be reasoned by the shear
rate change, but closely linked with development of the
velocity profiles of the melt in the die. The extrudate swell

-

Copyright € 2003 John Wiley & Sons, Ltd.
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ratio was high at the center (~1.9 times) and low {~(.9 times)
near the die wall.

In this article, the authors intend to further investigate the
radial extrudate sweill and velocity profiles of PSmelt flowing
in a drcutar die of a single screw extruder using the
developed PCT technique,'® pointing out originality on the
following points:

¢ Radial velocity profiles: The PCT can be used to determine
the velocity profiles of the melt in the die of the extruder
with measurement of the radial extrudate swell, which
aflows one to establish a relationship between the velocity
profiles and the radial extrudate swell profiles for various
test conditions,

Use of an electro-magnetic die: The authors are the first to
use on electro-magnetized die to monitor a change in the
extrudate swell ratic and velocity profiles of a flowing
melt in real processing equipment {like a single screw
extruder). The effect of the magnetic flux density in the
die on the changes in the extrudate swell ratio and velecity
profiles of the melt across the die diameter would be of
greai interest and become a new and unique parameter
in altering the extrudate properties in real extrusion
processes.

EXPERIMENTAL

Raw material and arrangement

of the experimental apparatus

All tests in this work used PS (Styron 65613 267), supplied
in granular form by Siam Polystyrene Co., Lid (Bangkek,
Thailand). #t was characterized by using a melt flow index
of 7 and a density of 1.350g/cm® (852782 Method 720A;
1979).

This present work was aimed to determine the radial
extrudate swell and velocity profiles of PS melt in a circular
cross-secton die using a single screw extruder (Thermo-
Haake PolyDrive Extruder). The exact length-to-diameter
(1./D) ratio of the barrel was 200:25 mm/mm. The setting
temperature profiles on the extruder Jength were 170, 180, 150
and 200 from hopper to die zones. It shouid be noted that the
die temperature will be varied to follow the changes in the
extrudate swetl and velocity profiles, which is indicated later.
In order to investigate the effect of the electro-magnetic field
on the radial extrudate swell and velocity profiles, the
capillary die had to be re-designed to accommodate an
electro-magnetized die and tobe fitted at the end of the barrel
of the single screw extruder. The arrangement of the
experimental apparatus is shown in Fig. 1. The experimental
rig consists of a PCT,!® an electro-magnetized die system,
video camera and recorder. The details of the electro-
magnetized die will be explained in the next section.

Construction of an electro-magnetized die

for the extruder

The capillary die used in this work was made of mild steel
(Grade 1020} of 64 mm in length and 5 mm in diameter. To
make an electro-magnetized die, the die body was wrapped
with copper wires in order to apply the electromagnetic field
to the die. To prevent an electrical short-circuit, Teflon fitm

Polym. Adv. Technol. 2005; 16: 505-514
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Figure 1. Anarrangement of the experimental apparatus for
measurement of radial extrudate swell and velocity profiles of
PS melt in a single screw extruder.

was placed between the outer die wall and the copper sole-
noid coil. The dimensions and arrangement of the electro-
magnetized die, including the magnetic field profile for this
particular die system, are shown in Fig. 2. According to the
relationship between magnetic force (F), charged particle
(Q), charged velocity () and flux density {B} evidenced by
Ulaby," the magnetic flux direction was paraliel to the flow
of the polymer melt in the capillary die. The efectro-magnetic
field was generated to the die by applying electricity to the
copper solenoid coil, the electricity varying from 0 to 10 A.
It was of some concern that the application of the electro-mag-
netic field would cause additional heat due to the induction
effect across the solenoid coil. This additional heat would
then affect the die and melt temperatures during the tests.
Therefore, an air-cooling jacket unit was constructed and
placed around the electro-magnetized die, the cooling unit
being located between the solenoid ceil and the die body.
The flow-rate of the cooling air was adjusted and calibrated
to reduce the additional heat so that the desired temperature
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Figure 2. Design and construction of an electro-magnetized
capiflary die system.

Copyright € 2005 John Wiley & Sons, Lid.
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was achieved—some experimental results in the discussion
section confirm that no additional heat gccurred during the
test. The apparatus femperature was controlled using a
DD6 temperature controller. A small pressure hole was
located between the two die locations to detect the occurrence
of entrance pressure drap, the pressure being measured by a
photo-conductive light pressure sensor which was originally
proposed by Sombatsompop et al.,'® and manufactured by
our research group.

Measurements of radial extrudate swell and
velocity profiles, and flow properties
The radial extrudate swell and velocity profiles of the PS melt
were simultaneously measured using the PCT which was
based on a parallel co-extrusion of colored melt-layers into
an uncojored melt-stream from the barrel into and out of a
capillary die, the details of the technique being discussed
elsewhere.’® The radial exirudate swell ratio vatues (B,)
were determined with a comparison of the thickness of the
colored layer of the extrudate outside the die for a given
reduced radius {r/R) posidon in the die. The r/R range
used in this work was from 0.0 to 0.86, Accuracy of the radial
extrudate swell profile can be verified by averaging the
values of the radial extrudate swell obtained across die dia-
meter, and comparing with the overall extrudate swell ratio
directly measured at the die exit, the overall extrudate swell
ratio being referred to as the ratio of the exfrudate radius to
the die radius. The detailed description of the technique,
including its accuracy, can be found in previous work.1
The velocity profile measurement in this work was based
on monitoring a relatively small anl light foreign object
{corn particies) flowing along the melt stream. The measure-
ments were carried out by recording the times taken for
the small particles loaded into the melt layers to travel for a
given distance in the die (10mm before the die exit). The
detailed description of the technique is obtained in previous
work.'® The accuracy of the velocity profile measurement
was verified by integrating the radial melt velocity for any
given die radius to give the output rate. It was calculated to
be approximately 91%.'¢

Retationship between the watl shear sfress and the wall
shear rate of the PS melt was also simultaneously online-
determined using the same extruder, under the same
conditions at which the extrudate swell and velocity profiles
were measured in the single screw extruder. The shear otress
was calculated using the pressure drop measured near the
entry region of the die while the shear rate was determined
using the extrusion rate and the die dimensions.

Investigating parameters

A screw rotating speed and die temperature in the experi-
mental apparatus varied and all measurements were
performed with and without the application of an electro-
magnetic field to the capillary die.

e Magnetic flux density: The magnetic flux density of the
electro-magnetic field was altered by varying the amount
of the electric current from 0, 2, 4, 6, 8 to 10 A, these values
corresponding to the magnetic flux densities of 0, 0.75,
1.23, 1.56, 1.69 and 1.85 Tesla, respectively. In this work,

Polym. Adv. Technol. 2005; 16: 505-514
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" the magnetic flux lines generated in the die had a parallel
direction to the fiow of the polymer melt. These values
were measured using a Tesla-meter at the centre position
of the copper coil length which appeared to give a maxi-
mur value for any given eleciric current; it was confirmed
by computer simulation through use of the Finite Element
Method Magnetics (FEMM) sofiware (V3.3; 2003;
Germany) (although the results are not shown in this
paper}. The test results obtained in this work were reported
as a function of the maximum magnetic flux density in the
capillary die at the centre position of the copper coil.
Wall shear rate: The wall shear rate was calculated from the
output rate ((J) of the melt flowing from the die and the
die dimensions. The shear rate was altered by varying
the screw rotating speeds. The extrudate swelland velocity
profiles were measured at (low) shear rates below the criti-
cal shear stresses for the onset of PS meit distortions
(sharks-in and melt fracture} under the test temperatures,
because the extrudate swell measurements can be more
acowrate in this condifion wherein the shear rates were
5.1,85and 17.1sec™".
¢ Die temperature: The die temperature of the electro-
magnetized die in the extruder was varied from 200 to
230°C.
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RESULTS AND DISCUSSION

Extrudate swell and velocity profiles in normal
(non-magnetic) die

Cverall extrudate swell as a function of die temperature
and shear rate

Figure 3(a)-3(d) illustrates the overall extrudate swell ratic
as a function of extrusion {ime for the PS melt flowing ir a
capillary die of the extruder for different shear rates at var-
ious die temperatures. The average swell ratio of the melt
was found to range from 1.25 to 1.55 (25-55% extrudate |
expansion as compared to the die diameter}. The results sug-
gested that the overall swell ratio reduced with increasing die
temperature. This was expected since the increased die tem-
perature resulted in an increase in the viscous component of
the melt. For shear rate effect, the swell ratio increased as the
shear rate increased from 5.1 to 8.5sec™, and then decreased
when the shear rate of 17.1 sec™" was used. This may be sur-
prising as one would expect the swell ratio to simply increase
as the shear rate increased. A reason for this might be duetoa
decrease of the viscosity of the melt at the shear rate of
17.1 sec™ as compared to the other shear rates. The decreases
in the melt viscosity and extrudate swell ratio at this shear
rate (17.1sec”!) were probably caused by an increase in
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Figure 3. Overalf extrudate swell ratic as a function of extrusion time in a single screw extruder for different die
temperatures and shear rates: (a) 200°C; {b) 210°C; (c) 220°C; {d) 230°C.
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