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ABSTRACT: Successive passes through an extruder can modify the melt morphology of
low-density polyethylene (LDPE) by applying a shearing process. The major effects of
shear modification are to decrease the elastic properties, as evidenced by the decrease
in extrudate swell at the exit of a capillary and in melt viscosity at a low-frequency
region. The effect of shear modification is also shown by the delay in the onset of melt
fracture upon extrusion. The critical shear stress resulted from extrudate appearance,
and apparent discontinuity in the flow curve of LDPE shows a similar value with
polypropylene rather than those of LLDPE and HDPE. The shearing histories experi-
enced by these materials did not result in any measurable change in molecular weight,
so that the chemical modification process such as degradation and crosslinking may be
ruled out. These behaviors were also confirmed to the fact that the extrudate swell was
fully reversible by annealing in a molten state. The effects of shear modification on
rheological properties could be explained by the changes in melt morphology owing to
the disentanglement of temporary couplings between long branches. Also, a reduction
in melt elasticity by shear modification of LDPE can be used as an effective tool to
improve the surface roughness of extrudates in the cable-making process. © 1998 John

Wiley & Sons, Inc. J Appl Polym Sci 70: 2187-2195, 1998
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INTRODUCTION

Low-density polyethylene is extensively used in
plastic markets using extrusion process such as
films, electrical insulation material, and so
on.>? Of these applications, high-voltage power
cables containing extruded polymeric insula-
tion especially require insulation material that
exhibits good surface roughness. There are sev-
eral causes for surface roughness in extrusion
process. An irregular dimensional change in the
molten polymer is the main cause of the melt
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fracture after it exits the die in the extrusion
process. The dimensional change is due to an
inhomogeneous elastic response of the melt to
the flow fields it encounters.

Polymer modification by a special shearing his-
tory is becoming a more widely accepted and stud-
ied method of altering polymer properties, such as
a reduction in melt viscosity and elasticity, and a
delay in the onset of melt fracture during extru-
sion. This is the reason that the relationship be-
tween shear modification and rheological behav-
ior of polymers is a topic of long-standing inter-
est.3~® The shearing process has been attributed
to the disentanglement of polymeric chains in the
melt, which does not cause any disruption of pri-
mary bonds. This fact is further supported by
extrudate swell results that the original entan-
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gled structure could be re-formed by heat treat-
ment. For a reduction in melt viscosity and elas-
ticity, it was confirmed by some researchers that
the phenomenon could be explained by a decrease
in entanglement density as the polymer becomes
more highly sheared.?

Recently, Prooyen and his co-workers® have
studied the physical changes taking place during
shear modification of LDPE using the Carr—Pur-
cell-Meiboom—Gill spin-echo technique. The re-
sults of the experiment showed that as the num-
ber of extrusion passes is increased, the spin—spin
relaxation time of the slowest relaxing region (the
most entangled component) decreases from 0.25
to 0.17 s, which indicates that entangled compo-
nent is being converted to less constrained spe-
cies. It could be explained that the result is an
evidence of a decrease in entanglement density
and side-chain alignment along the backbone due
to shear modification.

The most important feature in the properties
affected by shearing is a delay of melt fracture
(distortion of surface smoothness) during extru-
sion. A principal problem in the extrusion of
LDPE is the phenomenon of extrudate distortion
commonly known as melt fracture. Although
there has been considerable interest in rheologi-
cal behavior and physical changes taking place
during shear modification of LDPE, little progress
has been made in elucidating the shear modifica-
tion—melt fracture relationships as one of the
most important factors in extrusion process of
LDPE.

The present study was carried out to determine
the effects of shear modification on melt fracture
and rheological properties of LDPE. Shear modi-
fication was accomplished in this study with a
laboratory-scale single-screw extruder, and a sys-
tematic study was made on the effects of extru-
sion temperature and the number of passes
through the extruder. The surface roughness of
extrudates was measured by scanning electron
microscopy (SEM). To analyze the effect of shear
modification on the surface roughness of the end
product, rheological properties and surface rough-
ness of curing materials with 2.0 wt % dicumyl
peroxide (DCP, Nippon Oils) were also examined.

EXPERIMENTAL

Materials

Polyethylene used in this study was a tubular
process LDPE from Samsung General Chemicals

of Korea with a melt index = 2.0 (190°C, 2.16 kg)
and a density = 0.920. Two kinds of samples were
prepared for testing after a one and three times
pass through a single-screw extruder (Shinwha
Indus., SE40-03V). Extrusion was done with the
temperatures set at 150, 170, and 210°C. The
head pressure did not change during these steps,
and there was very little, if any, melt fracture.
Antioxidant (Irganox 1010, Ciba Geigy), 0.1 wt %
was added to prevent chemical degradation dur-
ing extrusion.

Measurements

Molecular weight analyses were carried out with
a high temperature gel permeation chromato-
graph (GPC, Waters-150C). The samples were an-
alyzed at a temperature of 140°C in 1,2,4-trichlo-
robenzene (TCB) solvent.

Melt viscous and elastic parameters were moni-
tored by using Rheometrics Dynamic Spectrometer
(RDS, Instec-RDS II) in a parallel plate type of
geometry (12.5 mm in radius and 1.0 mm in gap
size). The disk-shaped samples were molded at a
temperature of 180°C for neat LDPE and 125°C for
LDPE containing 2.0 wt % DCP by a laboratory hot
press under about 10 metric tons, and dried in a
vacuum oven for 24 h before the test. The samples
had the diameter of 25 mm and the thickness of 3
mm. The gap between the plates was 2 mm. Recov-
erable elasticity (die swell) was measured by using
melt-flow indexer (Ceast-6542). Recoverable elastic-
ity was observed by measuring extrudate diameter
at the exit of the die.

Onset of melt fracture was simply determined
by observation of the extrudate appearance (the
surface roughness of extrudate). The surface of
the extrudate was measured by using scanning
electron microscopy (SEM, ZEOL-JSM 6300).
Measured surfaces were coated with gold for the
microscopy.

Recovery after shear modification was performed
by heat treatment (annealing). For an annealing,
the polymer was pressed into plaques on a heat
press at 150°C. These plates were kept in an oven
under nitrogen atmosphere at 150°C for 8 h.

The flow properties of the samples were mea-
sured by using a capillary rheometer (Rosand,
RH7-15, /D = 16, D = 2 mm).

The samples containing 2.0 wt % DCP were
compounded by using a mixer (Moriyama, D3-7.5)
at 130°C. The torque change of the samples con-
taining 2.0 wt % DCP was monitored by a Haake
Mixer at 130°C.
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the samples before and after shearing. It was
shown that the molecular weights were little
changed upon extrusion, and it was concluded
that the extrusion processes employed did not
result in detectable chemical degradation of
LDPE. This conclusion was further supported by
extrudate swell results, which showed that the
extruded material annealed at 150°C gives the
same value as the swell of base polymer. In Table
I, values of melt index and extrudate swell for the
base and SA,5,,* are presented. It can be seen
that melt index and swell revert to the values of
the original material. These observations are in
accord with earlier reports®* and industrial ex-
perience that the effects of shear modification of
polyethylene are only slowly reversible. From the
above discussion it is concluded that the changes
in the various polymer properties discussed later
can be attributed to shear modification alone. Ta-
ble I shows the effects of shear modification at
three temperatures (150, 170, and 210°C), as ev-
idenced by the change of the apparent extrudate
swell measured at the melt flow indexer of 10 kg
and 130°C. The decrease in melt elasticity of the
sample after shearing at 150°C is remarkable in
the case of three passes, and reduces progres-
sively with decreasing of the number of extrusion
pass. One may also note that shearing at lower
temperature entails higher efficiency in the re-
duction of swell. The higher efficiency in the re-
duction of elastic property at lower temperature
agrees with the results of Maxwell,” but contra-
dicts other works.?® The temperature dependence
of LDPE is associated with higher shear energy
because of the higher value of viscosity (shear
stress) at low temperature. The effects of shear
modification on melt elasticity could be explained
by structural change (physical modification) ow-
ing to the disentanglement of temporary cou-
plings between long chain branches. Long chain
branching has been demonstrated® ! to have sig-
nificant effects on the rheological behavior, phys-
ical properties, and environmental stress crack-
ing of polyethylene. Generally, the increasing of
long-chain branches increases melt viscosity at a
low shear rate and shear sensitivity of melt vis-
cosity, reducing the average melt viscosity in pro-
cessing very effectively. Bersted® reported on the
relationships between viscous behavior and
branching level, which has been introduced by
peroxide decomposition, thermal-mechanical deg-
radation, or free radical polymerization. There
was good evidence to show that the melt viscosity

at a low rate is shown to increase considerably
with the branching level.

Dynamic data (frequency response in the lin-
ear viscoelastic region) of shearing samples were
obtained from dynamic rheometer in the parallel-
plate mode at 150°C. The results of complex vis-
cosity are shown in Figure 2. The complex viscos-
ity in a low frequency increased upon extrusion
temperature, whereas it decreased with increas-
ing number of extrusion passes for the samples
after shearing, as expected from the results of the
extrudate swell. In Figure 2, the results of the
samples after shearing show a slight decrease in
the slopes of the flow curves, demonstrating the
tendency toward more Newtonian-like flows as an
evidence for the decreasing effect of the long-
chain branch. The zero rate viscosity of the sam-
ples were measured and given in Table II. The
values decreased upon extrusion pass and in-
creased upon extrusion temperature. The fact
that the complex viscosity at a low frequency de-
crease with extrusion could be explain by the
effect that the shearing process might lead to
more linear-like structure, inducing a decrease in
entanglement density and side-chain alignment
along the backbone.

The loss and storage moduli of the samples
before and after shearing at 150°C are shown in
Figure 3. It is well known that loss modulus is
related to molecular weight property, and storage
modulus is related to the elastic property. In Fig-
ure 3, the viscous behavior, as expressed by the
dynamic loss modulus, do not show a change, but
the decrease of the storage modulus becomes ap-
parent. The decrease of dynamic moduli with ex-
trusion at a low frequency suggests that the
shearing process has influences on the elastic
properties of LDPE, owing to the re-formation of
the original entangled structure.

Following reports by Han'? and Ritzau,* an
attempt was made to correlate the measured val-
ues of the storage modulus with the loss modulus.
In Figure 4, these values are plotted for the base
and S;5,.5 samples. Because the decrease in the
values of the storage moduli due to shear modifi-
cation is greater than the decrease in the values
of the loss moduli, the log G’ over log G” curve
moves toward the right for a low frequency. This
result, of course, indicates a reduction in the elas-
ticity for the S,5,.5 sample.

Melts of linear polymers exhibit an extrusion
instability,’® known as “melt fracture,” in which
there are two critical stresses. The first critical
stress is characterized by the visual appearance
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Figure 2 Complex viscosity of the samples after
shearing (a) with extrusion pass at constant tempera-
ture, and (b) with temperature at constant extrusion
pass.

of regular fine-scale surface distortions, and is
known as “sharkskin.” At the second critical
stress there is an apparent discontinuity in the
flow curve, sharkskin disappears, and the extru-
date becomes wavy or distorted; this transition is
known as “wavy fracture” or “gross melt fracture.”

Figure 5 shows the extrudate for the samples
before and after sharing at 150°C. It can be ob-
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Table II Zero Shear Viscosity of the Samples

After Shearing

Mo X 107°
Sample (Zero Shear Viscosity, Poise)
Base 4.0973
Si50-1 3.9134
Si50.3 3.8873
Si70-1 3.9623
Si70-3 3.8938
So10.1 3.9987
So10.3 4.1020
SAis0.3 4.0764

Mo = lim, o 7.

served that there is a sudden transition from a
smooth extrudate to a grossly distorted one (wavy
fracture) without the observation of sharkskin.
For polyethylenes!* such as linear low-density
polyethylene (LLDPE) and high-density poly-
ethylene (HDPE), fine-scale surface distortion
(sharkskin) usually occurs before wavy melt frac-
ture. However, this type of melt fracture does not
occur in the case of polypropylene, and the tran-
sition from a smooth surface to a wavy fracture
one is rather abrupt.'®

From several studies,'* ' the onset of wavy
fracture was detected to occur at critical apparent
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shear stresses in the range of 0.3—0.4 Mpa for
linear polyethylene (LLDPE and HDPE), and in
the range of 0.1-0.2 MPa for polypropylene. Fig-
ure 6 shows the apparent flow curves obtained by
using a capillary rheometer (Rosand, RH7-1C,
L/D = 16, D = 2 mm) with the samples before and
after shearing at 150°C. From the results of ap-
parent discontinuity in the flow curve and SEM
photos of extrudate, the onset of wavy melt frac-
ture was detected to occur at critical apparent
shear stresses in the range of 0.09-0.11 MPa, as
shown in Figure 6. These results indicate that the
onset behavior of LDPE used in this study shows
more similar patterns with polypropylene rather
than those of LLDPE and HDPE. Moreover, the
onset of wavy fracture shows a trend towards
appearing at a higher apparent shear rate for
the sample after the shearing of three passes
at 150°C.

Prooyen et al.® certified the fact that the melt
fracture was present at the lowest shear rate for
the LDPE system, even though the critical appar-
ent shear stress was not calculated from the ex-
perimental results. Kim and his co-workers'! also
reported the fact that the onset of wavy fracture
was detected to occur at a critical apparent shear
stress of 0.1 MPa for branched low-density poly-
ethylene. Although a more precise estimate of

shear rate for onset of melt fracture could not
been obtained due to the limitations on the shear
rate increments on the rheometer, the onset for
extruded material was delayed around 60 s !, as

shown in Figure 5.

Effect of Shear Modification on the Melt Fracture
of LDPE Containing DCP

An example of the expected improvement on the
end-product properties due to shear modification
is in the high-voltage cables as insulation mate-
rials. Apparently, the end-product qualities of in-
sulation materials are governed by extrusion and
curing process. To analyze the curing properties,
LDPEs containing 2.0 wt % DCP were com-
pounded using mixer at 130°C. The properties are
shown in Table III. The results show the similar
values in both case of before and after shearing.
Considering crosslinking process for wire and ca-
ble insulation, an estimation of scotch time is
generally accepted as an important factor. The
torque changes in mixer maintained at 130°C are
shown in Figure 7. The starting point of torque

30sec” 60sec™ 120sec™

(S]SUI-J)

120sec’

60sec”’
(Base)

30sec”

Figure 5 SEM pictures from LDPE extrudates of
base and S5, 5 in capillary rheometer.



(@
Temperature = 150°C
'.\\.\l —* Onset of wavy fracrure
& —B-— Base
\\ —e—S§
1503

w

o

L 1\

.‘? 103 |

@ |

o 3

o

2

>

I
102
Apparent Shear Stress (kPa)
(b)
Temperature = 150°C
[
0% ‘ — Onset of wavy fracrure
. —=— Base
—e—3S
1503

w

I

L)

.‘? 103 |

73 L

[od

o

2

>

i ]

10t — 102 108
Apparent Shear Rate (s -1)

Figure 6 Apparent viscosity of LDPE as a function of
apparent (a) shear rate and (b) shear stress.

changes accepted usually as scotch time has a
higher value for the sample after shearing at
150°C. This change is, however, not big enough to
affect the final insulation material properties.
The fact that shear modification of LDPE is not
effective for the curing process or reaction could
explain that the shearing process might lead to
the change in melt morphology but not chemical
modification, such as molecular weight, molecular

SHEAR MODIFICATION OF LDPE 2193

Table III The Properties After Curing the
Samples with 2.0 wt % DCP

Gel Delta Diameter
Content? Torque® of Extrudate
Sample (%) (kg - cm) (mm)
Base 77.3 7.0 3.67
Sis0.5 75.8 6.8 3.49

Press sheet molding condition: 180°C X 15 min.

2 Two hours in boiling xylene.

b Measured by using conical disk rheometer (Model 1000,
Toyo Seiki).

weight distribution, and number of long chain
branch.

In Figure 8, viscoelastic results are presented
for the base and S;5,.5 with 2.0 wt % DCP. Shear
modification is found to result in a drop in the
values of storage modulus, and to lesser degree, of
loss modulus in the range of low frequency. SEM
photos of extrudates for the curing samples are
shown in Figure 9. The photographs show the
same trend with the samples without DCP. Be-
cause the newly formed structure does not imme-
diately revert to its original state due to the long
relaxation time in highmolecular-weight polymer,
viscoelastic results of the curing material after
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Figure 7 Torque changes in mixer of the samples
before and after shearing with 2.0 wt % DCP.
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having thermal history in mixer were showing a
similar trend with the base resin without DCP.
From the above results it could be concluded that
LDPE should be shear modifiable, and this affects
rheological properties such as die swell, flow
curve, and critical shear stress, owing to the de-
crease of entanglement density and the chain
alignment along the backbone. Particularly, a re-
duction in melt elasticity by shear modification of
LDPE can be used as an effective tool to improve
the surface roughness of insulation materials in
the cable-making process.

CONCLUSION

The effect of shear modification for LDPE was
examined by varying the process parameters such
as temperature and number of extrusion pass.
The effectiveness of shearing increased with the
increase of extrusion pass and with the decrease
of extrusion temperature. After shearing, the
samples exhibited a decrease in melt elasticity, as
measured by extrudate swell, in dynamic storage
modulus and in critical shear stress. The wavy
fracture of LDPE was detected to occur at critical
apparent shear stresses in the range of 0.09-0.1
MPa. The observed changes in rheological prop-
erties can be attributed to changes in melt mor-
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Figure 8 Dynamic moduli and complex viscosity of
the samples with 2.0 wt % DCP.

30sec’! 60sec™

(1303 + 2.0wt% DCP)

120sec™

30sec” 60sec

(Base + 2.0wt% DCP)

Figure 9 SEM pictures from LDPE extrudates of
base and S;5,.5 with 2.0 wt % DCP in capillary rheom-
eter.

phology by shear modification alone, without sig-
nificant changes in molecular weight. The initial
properties were recovered by heat treatment as a
further evidence of no change in the molecular
weight. The changes in melt morphology could be
explained by the fact that the shear modification
process might lead to the decrease of entangle-
ment density and the chain alignment along the
backbone. From the results of curing materials, it
was concluded that the shearing process of LDPE
could be used as an effective tool to improve the
surface roughness of insulation materials.

REFERENCES

1. M. S. Pucci and R. N. Shroff, Polym. Eng. Sci., 26,
569 (1986).
. B. Thorburn, Antec, 1379 (1994).
. A. Ram and L. Izrailov, J. Appl. Polym. Sci., 31, 85
(1986).
4. G. Pomar, S. J. Muller, and M. M. Denn, J. Non-
Newtonian Fluid Mech., 54, 143 (1994).
5. M. V. Prooyen, T. Bremner, and A. Rudin, Polym.
Eng. Sci., 34, 570 (1994).

w N



6. M. V. Prooyen, H. Peemoeller, and A. Rudin,
Polym. Eng. Sci., 36, 2001 (1996).

7. B. Maxwell and A. Brockwoldt, J. Rheol., 25, 55
(1981).

8. M. Rokudai, J. Appl. Polym. Sci., 23, 463 (1979).

9. B. H. Bersted, J. Appl. Polym. Sci., 30, 3751 (1985).

10. R. K. Chohan, J. Appl. Polym. Sci., 56, 1455
(1995).

11. Y. S. Kim, C. I. Chung, S. Y. Lai, and K. S. Hyun,
J. Appl. Polym. Sci., 59, 125 (1996).

12

13.

14.

15.

16.

SHEAR MODIFICATION OF LDPE 2195

. C.D. Han and M. S. Jhon, J. Appl. Polym. Sci., 32,
3809 (1986).

C. Rauwendaal, Polymer Extrusion, Hanser Pub-
lishers, Munich, 1986, p. 315.

S. Q. Wang and P. A. Drda, Macromolecules, 29,
4115 (1996).

I. B. Kazatchkov, S. G. Hatzikiriakos, and C. W.
Stewart, Antec, 1180 (1994).

G. Ritzau, A. Ram, and L. Izailov, Polym. Eng. Sci.,
29, 214 (1989).



