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ABSTRACT: Effect of applied processing history on flow
instability at capillary extrusion is studied using a com-
mercially available low-density polyethylene (LDPE) hav-
ing long-chain branches. It is found that processing history
in an internal mixer in a molten state depresses long-time
relaxation mechanism associated with long-chain branches,
which is known as “shear modification.” Consequently,
the onset of output rate for melt fracture increases greatly.
Furthermore, it should be noted that the sample having
intense shear history shows shark-skin failure without vol-
umetric distortion, although it has been believed that

LDPE exhibits gross melt fracture at capillary extrusion.
The reduction of elongational viscosity by the alignment
of long-chain branches along to the main chain is responsi-
ble for the anomalous rheological response. As a result,
the sample shows shark-skin failure like a linear polyeth-
ylene at a lower output rate than the critical one for gross
melt fracture. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
124: 429-435, 2012

Key words: polymer extrusion; rheology; polyethylene;
melt; viscoelastic properties

INTRODUCTION

It is well known that long-chain branches enhance
the elastic features greatly in a molten state.'™
Therefore, a low-density polyethylene (LDPE) pro-
duced by a radical polymerization method under
high pressure, which is characterized as a long-chain
branched polymer, shows higher melt elasticity than
a conventional linear LLDPE obtained by copolymer-
ization of ethylene and a-olefin with the aid of Zie-
glar—Natta or metallocene catalyst. However, the
elastic property of LDPE in a 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
proposed by Doi and Edward.* According to the
tube model, a branch polymer shows prolonged char-
acteristic time of the longest relaxation mechanism at
the equilibrium state, because a simple reptation is
not allowed by the branch parts. Furthermore, the
chain contraction between branch points is prohib-
ited, which is responsible for the marked strain-hard-
ening behavior in transient elongational viscosity. Af-
ter processing history, long-chain branches tend to
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align to the main chain by applied hydrodynamic
force.”"> Consequently, a branch part is dragged
into a tube of a main chain, leading to decrease in
“active” long-chain branches. Therefore, the polymer
behaves like a linear polymer having low melt elas-
ticity. The alignment of branch parts, however, will
be relaxed after cessation of flow because of the low
entropy state around the branch points. Yamaguchi
and Gogos evaluated the rheological properties at re-
covery process from “shear modification” and found
that the rheological properties after applied shear his-
tory are determined by the shear stress and the dura-
tion time of shearing.17 This is reasonable, because
degree of molecular orientation increases with the
stress, known as the stress-optical law.

The marked strain-hardening behavior in transient
elongational viscosity for LDPE is responsible for
good processability at various processing operations
such as reduction of draw resonance and small level
of neck-in at T-die extrusion, uniform wall thickness,
and reduction of heat sagging at blow-molding and
thermoforming, and large expansion ratio with fine
cell structure at foaming.*>*® However, gross volu-
metric melt fracture occurs for LDPE even at low-
output rate condition, which limits productivity at
extrusion. On the contrary, shark-skin failure, that
is, minute surface roughness of extrudates, decides
the productivity for linear polyethylenes such as
LLDPE and high-density polyethylene (HDPE). In
other words, the type of flow instability at capillary
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extrusion for polyethylene is dependent upon the
molecular structure.

The mechanism of flow instability at capillary
extrusion has been studied for a long time.”*™* 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(vi-
nyl 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 mech-
anism have been proposed for shark-skin failure;
one is owing to cohesive rupture at surface of extru-
dates by sudden large deformation at die exit, origi-
nally proposed by Cogswell®’; and the other is due
to the detachment of a melt from die surface accom-
panied with cracks by adhesive failure, which was
summarized in recent works by Kulikov et al.***
Moreover, the critical stresses of shark-skin failure of
both mechanisms were theoretically derived by Allal
et al,*” which agree with the experimental data
obtained by Yamaguchi et al.*”” using model polyole-
fins. Yamaguchi et al.”’*** also explained the onset
of shark-skin failure as well as gross melt fracture
using the concept of Deborah number. Although
their explanation does not predict the mechanism, it
provides the direction to solve the problem.

The difference in the type of flow instability
between LDPE and linear polyethylenes suggests
that LDPE reaches to the critical elongational stress
of gross melt fracture before the critical shear stress
of shark-skin failure and vice versa.”® Consequently,
LDPE, showing high level of elongational stress,
always exhibits gross melt fracture at first without
shark-skin failure in general. In fact, shark-skin fail-
ure of LDPE without volumetric distortion has not
been reported yet to the best of our knowledge.

In this study, the effect of processing history on
the flow instability at capillary extrusion is eval-
uated using LDPE. Because processing history weak-
ens the strain-hardening behavior in elongational
viscosity for LDPE, the type of flow instability at
capillary extrusion can be changed. This will be im-
portant information on extrusion processing of
LDPE, because the flow instability decides the out-
put rate at actual processing, that is, productivity.
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EXPERIMENTAL
Materials

The LDPE [melt flow rate = 1.6 (g/10 min) at 190°C
under 2.16 kg] used in this study was a commercial
material produced by a radical polymerization
method in an autoclave reactor (Tosoh, Petrocene
360).

The number—, weight—, and z-average molecular
weights were measured by gel permeation chroma-
tography (Waters, 150°C) at 135°C, in which ortho-
dichlorobenzene was used as a solvent. The flow
rate was 1.0 mL/min, and the sample concentration
was 1.0 m%/mL. It is found that M,, = 2.6 x 10* M,
=21 x 10°, and M, = 6.7 x 10°, respectively.

The species and contents of branches estimated by
¥C-nuclear magnetic resonance spectroscopy are as
follows: 7 butyl, 2 pentil, and 5 hexyl and longer
branches per 1000 backbone carbon atoms.

Further information on molecular characteristics
such as shrinking factor as well as various visco-
elastic properties has been reported in our previous
works, 16-1646-49

Sample preparation

Processing histories were applied to LDPE in a labo-
ratory-scale counter-rotating internal mixer with
blade-type rotors at 160°C (Toyoseiki, Labo-plastmil)
for various residence times at 30 rpm of the blade
rotation speed. The amount of the sample in the
mixer was 48 g, that is, fullfilling condition. Further-
more, thermal stabilizers such as pentaerythritol tet-

rakis (3-3,5-di-tert-butyl-4-hydroxyphenyl) propio-
nate (Ciba, Irganox1010) and tris(24-di-tert-
butylphenyl)phosphate  (Ciba, Irgafos168) were

added to prohibit thermal degradation, with calcium
stearate as a neutralizer. The amount of each addi-
tive was 5000 ppm. The residence time in the mixer
was decided considering the thermal stability as
well as the homogeneity in the sample from the
viewpoints of kneading, that is, processing history.

Furthermore, the obtained samples were com-
pressed into a flat sheet by a compression-molding
machine (Tester Sangyo, SA303IS) at 160°C under 10
MPa for 3 min. Then, the sample was subsequently
cooled down. After cutting the samples, various
rheological properties were evaluated.

Measurements

The frequency dependence of oscillatory shear mod-
uli was measured by a cone-and-plate rheometer
(TA Instruments, AR-2000ex) at 160, 190, and 230°C
under nitrogen atmosphere. The cone angle was 5°,
and the diameter was 25 mm. When measuring the
processed sample, time dependence of shear moduli
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at various frequencies was evaluated at 160°C,
because the moduli grow rapidly with time by the
thermal history in the rheometer. The detail in the
measurement method for the processed sample was
mentioned in the references.'”*®

The drawdown force, defined as the force
required for the extension of a polymer melt at a
constant stretching ratio, was evaluated at 160°C by
a capillary rheometer (Yasuda Seiki Seisakusyo, 140
SAS-2002) equipped with a tension detector (Nidec-
Shimpo, tensionmeter PLS) and a set of rotating
wheels. The dimension of the capillary die was as
follows: 8 mm in length L, 2.095 mm in diameter D,
and an entrance angle of n/2. The drawdown force
was evaluated at a draw ratio of 7. Considering that
the drawdown force increases with the residence
time in the capillary rheometer as demonstrated by
Yamaguchi et al.,'®'”*" the measurement was per-
formed with a constant residence time, 3 min, in the
barrel of the capillary rheometer.

The apparent shear viscosity was also measured
by the capillary rheometer using another circular die
having L/D = 10/1 (mm) at 160°C. Furthermore, the
appearance of the extruded strands was examined
by an optical microscope (Leica, S6E) and a scanning
electron microscope (SEM; Hitachi, S400). Before
SEM observation, the samples were coated by Pt-Pd.

The transient uniaxial elongational viscosity was
measured by a Meissner-type rheometer (Toyoseiki,
Melten Rheometer) in an oil bath at various elonga-
tional strain rates at 160°C. Rod samples were pre-
pared by the capillary rheometer.

RESULTS AND DISCUSSION
Linear viscoelastic properties of original LDPE

Figure 1 shows the master curves of frequency de-
pendence of oscillatory shear modulus at 160°C for
LDPE without the processing history in the internal
mixer. As a comparison, the shear moduli for the
sample processed in the mixer for 120 min are also
plotted. The viscoelastic properties of the virgin
LDPE, which suggest broad distribution of relaxa-
tion time, are typical ones for a commercially avail-
able LDPE. The oscillatory modulus is, however,
known to be insensitive to the difference in branch
structure for polyethylenes.””" In particular, it is
almost impossible to predict the processability such
as the level of neck-in by oscillatory shear modulus.
The flow activation energy is calculated to discuss
the branch structure assuming that the time-temper-
ature superposition principle is applicable to the
virgin LDPE and found to be ~ 53 kJ/mol. The
value, however, has no/little relation with, at least,
long-chain branch structure for a commercial
LDPE,' although it is known that longer branches
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Figure 1 Master curves of frequency dependence of oscil-
latory shear moduli such as (open symbols) storage modu-
lus G’ and (closed symbols) loss modulus G” at 160°C for
(small symbols) virgin LDPE and (large symbols) LDPE
processed by the mixer for 120 min. The figure is repro-
duced from a part of the data in Ref. 16.

provide higher activation energy employing model
star-branch polyethylenes.”>*® This could be attrib-
uted to the complicated branch structure for a
commercial LDPE. Moreover, some LDPE samples
are known to be thermocomplex materials,*>***
although Stadler et al.>* reported that LDPE used in
their research obeys the time-temperature superpo-
sition principle. This is reasonable because relaxa-
tion mechanism associated with long-chain branches
has different activation energy from that of entan-
glement couplings for a linear polyethylene.>**>
We confirmed that the present LDPE is also a ther-
mocomplex material as demonstrated by a well-
known van Gurp-Palmen plot in our previous
work.*

In case of the processed sample, a conventional
frequency sweep method is not appropriate to mea-
sure the oscillatory moduli, because the values grow
by the thermal history in the rheometer, as demon-
strated in detail by Yamaguchi and Gogos.'” There-
fore, time dependence of oscillatory moduli was
measured at various frequencies. Then, the value at
t = 0, that is, oscillatory moduli for processed LDPE
without postprocessing annealing was estimated at
each frequency. Furthermore, the measurements
were performed only at 160°C because of the same
reason. As seen from the figure, both moduli drop
to a great extent by the processing history in the in-
ternal mixer with an intense fashion of G, which is
the same results in our previous work."”
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Rheological properties under elongational flow

Figure 2 shows the drawdown force as a function of
the residence time in the internal mixer. It is found
that the drawdown force of virgin pellets having no
processing history in the internal mixer is signifi-
cantly high, 580 = 30 mN. However, the value drops
off sharply with the processing history. For example,
the drawdown force of the sample processed for 120
min is only 100 = 10 mN, which is lower than 20%
of the original value. Furthermore, the value is
almost similar to that of LLDPE having a similar
shear viscosity.”® The sample shows neither molecu-
lar scission nor crosslinking reaction at the present
processing condition, which is confirmed by gel per-
meation chromatography as shown in Figure 3.
Therefore, the sensitivity of drawdown force to the
applied processing history would be attributed to
the reduction of strain-hardening behavior. This is
the phenomenon of the shear modification. Conse-
quently, the drawdown force recovers to the initial
high value after annealing treatment beyond the
melting point without flow field.'*"”

Figure 4 shows the growth curves of uniaxial elon-
gational viscosity at various strain rates for the vir-
gin LDPE and LDPE processed for 15 min in the in-
ternal mixer. The solid line in the figure represents
the growth curve in the linear region calculated
from the oscillatory shear moduli, that is, three time
of transient shear viscosity at low-strain rate asymp-
tote 3n7(f). As seen from the figure, marked strain-
hardening behavior is detected for the virgin LDPE,
which is reduced to a great extent by the exposure
to processing history. On the contrary, the magni-
tude in the linear region of the elongational viscosity
is not changed to a great extent. Furthermore, the
measurement cannot be performed for the samples
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Figure 2 Drawdown force of LDPE as a function of the
processing time in the internal mixer at 160°C. The extrap-
olated line is inserted to see the result clearly.
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Figure 3 GPC curves of virgin LDPE and LDPE proc-
essed for 120 min in the mixer.

processed for 30 and 120 min because of severe sag-
ging by gravitational force.

Strain-hardening index, defined as the ratio of the
highest elongational viscosity to the linear value at
the same time, is evaluated from the data at the in-
termediate strain rate to minimize the experimental
error and found to be 10.2 for the virgin LDPE and
4.3 for the sample processed for 15 min.
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Figure 4 Growth curves of uniaxial elongational viscosity
at various strain rates at 160°C for (open symbols) virgin
LDPE and (closed symbols) LDPE processed by the inter-
nal mixer for 15 min. The solid line represents three time
of transient shear viscosity calculated from the oscillatory
shear moduli. The applied elongational strain rates are
(open circles) 0.038 s, (open diamonds) 0.16 s, (open
triangles) 0.36 s7!, (closed circles) 0.041 s~!, (closed dia-
monds) 0.18 s~', and (closed triangles) 0.37 s '. The data
of the virgin LDPE are reproduced from a part of the data
in Ref. 16.
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Figure 5 Flow curves at 160°C for (open symbols) LDPE
and (closed symbols) LDPE processed for 120 min.

Capillary extrusion

The flow curves at 160°C without Rabinowitch and
Bagley corrections are shown in Figure 5. The val-
ues, whose experimental errors are minuscule, are
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moduli by Cox—Merz relation. A part of the origin of
the deviation could be attributed to the difference in
end-pressure drop at the capillary exit.

As seen from the figure, the sample shows non-
Newtonian behavior in the experimental shear rate
region irrespective of the processing history. Because
relaxation mechanism with long characteristic time
is weakened by shear modification,'” shear viscosity
of the sample after the processing history is slightly
lower than that of the virgin LDPE, which is pro-
nounced in the low-shear rate region.

Figure 6 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~ 1, sur-
face of the distorted strand becomes rough. The
magnified pictures observed by SEM are shown in
Figure 7.

On the contrary, the processed sample can be

slightly higher than those calculated from oscillatory ~ extruded without melt fracture at 140 s~ (1.9 x 10°

1 2 3 4
log [y (s )]

Figure 6 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. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7 SEM pictures of the extrudates’ surface; (a)
140 s~ for virgin LDPE, (b) 560 s~ ' for virgin LDPE, and
(c) 280 s ! for LDPE processed for 120 min.

Pa), even though the shear stress is slightly higher
than that at 73 s~ for the virgin LDPE. This is a
great benefit for actual extrusion processing, because
it can be operated at high-output rate condition.
Considering that the gross melt fracture appears
beyond the critical elongational stress, the processed
sample shows lower elongational stress owing to the
reduced strain-hardening behavior in elongational
viscosity as shown in Figure 3. Furthermore, the
great depression of the drawdown force with small

Journal of Applied Polymer Science DOI 10.1002/app
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reduction of shear viscosity also indicates weak
strain-hardening.

Moreover, shark-skin failure is detected at 280 s~ !
(2.4 x 10° Pa) without volumetric distortion for the
processed sample, although it has been believed that
LDPE shows gross melt fracture at first not shark-
skin failure. As seen from Figure 7(c), it seems that
the crack of adhesive failure at the die wall propa-
gates 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.

Finally, it can be concluded that rheological prop-
erties of processed LDPE are similar to those of
LLDPE and HDPE from a viewpoint of flow instabil-
ity. The applied processing history, leading to low
elongational stress, avoids the onset of the gross
melt fracture.

CONCLUSIONS

The effect of processing history on the flow instabil-
ity at capillary extrusion is studied using LDPE. It is
found that the shark-skin failure occurs for LDPE at
capillary extrusion after exposure to shear history
for a long time. Because the applied flow history
depresses the strain-hardening behavior in elonga-
tional viscosity owing to shear modification, the
elongational stress at die entry at extrusion will be
reduced to a great extent. As a result, the stress level
becomes lower than the critical elongational stress of
gross melt fracture. As increasing the output rate,
shark-skin failure appears when the applied shear
stress at die exit is beyond the critical shear stress of
shark-skin failure. This experimental result demon-
strates that LDPE behaves as a linear polyethylene
from the view point of flow instability. As a result,
the processed LDPE is available for extrusion proc-
essing at high-output rate condition, because the
onset value of flow instability increases greatly.
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