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ABSTRACT

Much work has been published showing how the addition of a
polymer processing additive (PPA) has improved the
processing characteristics of polyethylene. This paper will give
insight on how the PPA affects gel formation in linear low
density polyethylene (LLDPE) and polyolefin plastomers (POP)
in a single screw extruder. Solids conveying, melting, and melt
conveying were experimentally studied to determine how the
PPA affected these important processes during extrusion
leading to improvements in the melt quality.

INTRODUCTION

Changes in molecular architecture of polyethylenes have
introduced new materials that have unique physical
properties. Along with enhanced properties of the end
products, these materials have very different processing
characteristics. It has been shown that modification to single
screw design or processing conditions may be necessary in
order to process these new families of resins*?2.

The primary use of PPA has been the elimination of melt
fracture in polyethylene films®*. Other processing additive
benefits such as widening processing windows, improvement
in surface properties®, and eliminating die lip build-up® have
also been demonstrated. A new benefit of gel reduction has
also been identified and several mechanisms postulated’.
This work will show that certain PPA products can reduce
unmelted gels by preventing the premature, frictional melting
of plastomers in the feed section of the extruder.

A PPA forms a thermally stable fluoropolymer coating on the
metal surfaces of the extruder. A properly designed PPA will
move to the area of highest shear.This is typically the metal
die surfaces and where the screw flights sweep tightly across
the extruder barrel. The fluoropolymer coating changes the
interfacial properties between the metal surface and the host
resin — preventing stick and lowering frictional forces. Itis
through this interfacial mechanism that a plastomer can be
extruded without premature melting in the feed section.

This paper will look at the changes that occur with the addition
of PPA on solids conveying, melting characteristics and
process performance. It will investigate how PPAs may allow
a more general purpose screw design to run a wider spectrum
of materials with good quality.

EXPERIMENTAL

Experimentation was conducted on two materials, a 3 Ml
polyolefin plastomer (POP) and a 3 Ml Ziglar-Natta catalyzed
linear low density polyethylene (LLDPE). In addition three
different PPAs were evaluated, PPA 1 (Dynamar™ FX 9613),
PPA 2 (Dynamar™ FX 5920A) and PPA 3 (Dynamar™ FX
5911X). The POP has been shown to have early melting
behavior*. This paper will focus on the solids conveying and

melt pool formation of these materials and how they are
affected by PPAs.

Extrusion tests were conducted on a 63.5mm 24:1 L/D
extruder with pressure transducers installed along the length
of the barrel. The transducers were placed at 3 L/D intervals
starting at 3.8 L/D from the feed opening. The pressure was
measured at a sampling rate of 50 Hz per transducer. The melt
temperature was recorded at the discharge of the extruder
using an exposed junction melt thermocouple immersed to
the center of the melt stream. All of the tests were conducted
using a 41 cm wide film die with a die gap of 1.1 mm.

All of the tests were conducted on a barrier screw that was
optimized for cast film running LLDPE. The barrier screw had a
secondary flight introduced in the transition section of the
screw. This secondary flight had a clearance greater than the
main flight (barrier gap). This flight separated the solid bed
from the melt pool, while the barrier clearance allowed the
melted polymer to pass from the solids channel to the melt
channel. The lead of the main flight within the barrier section
was increased in order to maximize the available area for
melting against the barrel wall. The barrier flight had a lead
greater than the main flight, which changed part way through
the barrier section. This decreased the volume of the solids
channel while increasing the volume of the melt channel as
the polymer proceeded down the barrier section of the screw.
In addition to changing the width of each channel, the channel
depths were altered. The depth of the melt channel was
increased, while the depth of the solids channel was
decreased, as they progressed down the screw, in order to
match the volume of the melted polymer. The barrier gaps and
channel depths that were selected are typical of those used in
production cast film screws. The screw had an overall
compression ratio of 2.53:1 and incorporated a Union Carbide
mixing section in the meter section of the screw to ensure
melt homogeneity.

The test matrix included two cast film resins, a control
(LLDPE) and one known to have early melting characteristics
(POPY)*, and three different PPAs. The barrel profile was kept
constant for all tests at: Zone #1 - 177°C (350.6°F), #2 - 204°C
(899.2°F), #3 - 232°C (449.6°F), #4 - 260°C (500°F), while the
die and adapter temperatures were kept at 260°C (500°F). The
breaker plate pressure was fixed at approximately 20 MPa by
a valve in the adapter. All of these conditions are typical for
running production LLDPE cast film. Overall performance was
characterized by specific output, melt temperature, power
consumption, total melt temperature variation, and total
pressure variation. The solids conveying, melting, and
pumping processes within the extruder were monitored and
interpreted by means of pressure traces which were recorded
at very high sampling rates®. The material was extruded into a
film and examined visually for melt quality (gels — size and

quantity).

The PPAs were added to the materials by means of a



materbatch. The PPA was compounded into a 2 M|l LLDPE
carrier resin at 3% loading and was let down to 1000 ppm
concentration for the study. After the PPA was added to the
system, the extruder was run for at least 1 hour to ensure that
the PPA fully coated the extrusion barrel, screw, and
downstream adapter and die system. After running each PPA,
the extruder was purged with a fractional melt high density
polyethylene followed by cast acrylic in order to scour the
barrel and screw to remove all of the PPA from the extrusion
system. After this procedure, the control virgin resins were
run to make sure all process conditions had returned to the
original state.

Screw ““push-outs” were done in addition to extrusion trials to
observe the melt pool formation of the materials. At steady
state, the extruder was abruptly stopped and 100% water
cooling was initiated in order to freeze the material. After the
extruder was fully cooled, the screw was extracted and the
carcass was removed for evaluation. Both resins were tested
with and without PPA 2 at a screw speed of 50 RPM. The
resins were blended with 0.15% blue masterbatch, which
was in a LLDPE carrier, in order to observe the flow fields and
melt pool generation.

RESULTS AND DISCUSSION

The results and discussions will focus on the interaction of
PPA 2 and the two materials since this additive was
specifically designed for film grade POP and LLDPE resin
containing antiblock. Typically these applications have the
most sensitivity to gel formation. The other two PPAs were
also effective in POP and LLDPE and were tested to compare
their effectiveness for unmelt gel formation.

Process Performance

The addition of PPA 2 to both materials showed a reduction in
the output rate (Figure #1) and power consumption (Figure
#2), by approximately 5%. The melt temperature versus
screw speed is shown in Figure #3. This will be discussed in
greater detail in the Pressure Analysis section. The process
stability was considered excellent for all the materials
extruded with and without PPA. The total melt temperature
variation was less than 0.2°C (36°F), while the total pressure
variation measured in the adapter pipe remained below 0.7%.

Pressure Analysis

The addition of PPA 2 to the POP did not change the process
stability of the system. It did improve the extrudate quality by
reducing the amount and size of gels in the extrudate, see
Figure #4. The addition of PPA caused a reduction of the
pressure profile along with a lower cross channel pressure
gradient. Figure #5 shows the pressure development along
the screw for the POP material at 50 screw RPM. The line
represents the nominal pressure profile, while the box shows
the pressure range at each pressure transducer. Figure #6

shows the POP with PPA 2 at the same operating conditions.
The analyses of the screw carcasses or melt pool formation
are presented in Figure #7. This graph shows the width of the
solid bed (X) over the total width of the bed (W). As the figure
demonstrates, the POP without PPA initiates melting
approximately 4 L/D down the screw, which is still in the feed
section of the screw. The addition of PPA delays the start of
melting until just after 5 L/D down the screw, at the start of
the barrier section. The amount of melt accumulation was
always less for the POP with PPA as compared to the virgin
POP. This helps explain the lower output rates and power
consumption seen with the addition of PPA. The PPA had a
similar effect on the LLDPE where the onset of melting and
the melt pool accumulation are less for the PPA containing
material. These results are consistent with other work® in
which the PPA was incorporated into the resin directly from
the resin supplier. The pressure profile, onset of melting, and
melt pool formation were all reduced in the resin containing PPA.

The PPA helped eliminate the unmelted gels by delaying the
onset of melting until the introduction of the barrier section.
Additionally, the PPA reduced the size of the melt pool in the
solids channel, thereby preventing the solid bed from breaking
up. This breakup causes unmelted material to be encapsulated
in the melt creating gels in the extrudate. Figure #8 shows a
pressure trace before and after PPA #2 was added to the POP
at 50 RPM. The variation, which was attributed to solid bed
breakup, was reduced after the PPA coated the extrusion
system. It has been postulated that PPA coating helps
eliminate gels caused by thermal and/or oxidative degradation.
In coating the screw and barrel it prevents material from
stagnating and creating gels at these surfaces.

Additional PPA
The other PPAs performed similarly to PPA #2 with regards to
pressure, temperature, output and reducing unmelt gels.

The POP material, which has been shown to have a very high
melting rate along with early melt pool formation?, ran with
acceptable process stability but had a significant amount of
gels in the extrudate. Prior work showed that these gels were
formed from unmelted material being entrapped in the melt
due to solid bed breakup®. By altering the starting point of the
barrier section they were able to minimize the amount of solid
bed breakup and match the screw design to the melting rate
of the material. The addition of PPA was able to achieve the
same results by delaying the start of melting until the barrier
section was developed.

CONCLUSIONS

The addition of PPA can delay the onset of melting, lower the
pressure profile, and improve melt quality (less gels) of POP
when processed on an LLDPE barrier type screw. The PPA
can cause output rates to drop slightly at the same RPM but
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