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Synopsis

We developed a capillary rheo-optics technigue to visualize
how fluoropolymer polymer processing additives (PPAs)
eliminate a surface distortion called “sharkskin" in the
extrudate of linear low-density polyethylene (LLDPE). The
measurements were carried out in a transparent sapphire tube
located at the exit of a twin-screw extruder. Depth-resolved
optical microscopy was used to measure both the polymer
velocity profiles and to image the coating process of the PPA
onto the capillary wall. In the absence of PPA, no slippage
occurs between the capillary wall and the polyethylene;
sharkskin was observed at all flow rates. Upon addition of the
PPA to the LLDPE, the PPA migrates to the capillary wall
where it sticks and induces slippage between itself and the
LLDPE, concomitant with the elimination of sharkskin. The
interface between the PPA and LLDPE is characterized by long
stripes in the flow direction. Large values of the
polymer—polymer slippage parameter were found which
indicate that the fluoropolymer and LLDPE are fully
disentangled at their interface. The PPA acts by dramatically
reducing the extensional deformation of the LLDPE at the exit
surface.

INTRODUCTION

The throughput of several industrially important classes of
polymers is limited by a processing defect known as
“sharkskin,” which is a surface defect on the extruded
polymer. The surface of the polymer becomes rough, resulting
in a loss of gloss and a change in certain surface properties.
Sharkskin occurs beyond a critical throughput and affects
extrusion operations such as film blowing, film casting,
extrusion blown molding, tube extrusion, and wire coating.

The situation has become more critical in recent years with
the increasing use of linear low-density polyethylenes (LLDPE)
and metallocene linear low-density polyethylene (mLLDPE).
These materials are desirable for their good mechanical
properties, but flow instabilities such as sharkskin occur which
can limit their processability.?® A substantial effort to
understand and overcome sharkskin has been underway since
it was first reported over 40 years ago.”

In the 1960s, the accidental discovery that sharkskin could be
reduced or eliminated by the incorporation of a PPA allowed
processors to increase throughput, reduce energy
consumption, and enhance processing quality.? Since then, the
use of fluoropolymer PPAs has become widespread in
polyolefins; in fact, resin manufacturers often add it to their
polymer resins as part of an additive package. Fluoropolymer
additives migrate to the die surface during extrusion where
they lower the surface energy, allowing the main polyolefin to
slip at the wall?.

However, the study of polymer processing additives is made
difficult for two reasons. First, there are no available in situ
measurement tools. Thus, it is difficult to know whether a
given additive migrates to the surface, and if so, does it induce
slippage? Second, at a fundamental level the cause of
sharkskin and the precise reason that fluoropolymer additives
reduce it are still under debate. This lack of understanding of
the mechanism makes it conceptually difficult to rationally
design new materials.

In this work, we describe a capillary rheo-optics instrument
that uses stroboscopic optical microscopy to complement the
long-standing rheological studies. The optical microscope is
used to conduct particle tracking velocimetry and to directly
image the coating of the fluoropolymer onto the capillary wall.
The results indicate that the fluoropolymer and the
polyethylene are fully disentangled at their interface, causing
slippage. This slippage then decreases the extensional
deformation at the exit of the die, thus reducing sharkskin.

REVIEW

There have been several reported causes of sharkskin as
recently reviewed by Denn.”? One idea is that sharkskin is
caused by slippage in the die.® This conclusion is drawn in part
by a change in slope that occurs when one plots the pressure
drop across a capillary die as a function of throughput (i.e.,
mass flow). These conclusions are contradicted by results
showing that sharkskin occurs without large-scale slip."*#

Much evidence has accumulated which implicates the exit of
the capillary as the site where sharkskin initiates. However,
the mechanism is still under vigorous debate. Flow
birefringence measurements at the exit region confirm the
existence of a region of high stress at the exit of the capillary
tube.*%15273¢ The polymer at (and near) the surface undergoes
extreme stretching as the velocity goes from approximately zero
in the region just before the tip of the capillary die to the
extrudate’s final value just past the tip of the capillary tube.
Above a critical tensile stress, the polymer ruptures at this free
surface.” Inn et al.?? were motivated by video imaging of
polybutadiene extrusion to extend the Cogswell argument.
Tremblay®* based on numerical analysis work, suggested that
cavitation at the die exit was at the origin of the sharkskin
formation. This was correlated with experimental
measurements on polydimethylsiloxane (PDMS). Wang and
co-workers argue instead that sharkskin stems from an
oscillating slip—stick transition that occurs due to an oscillating
coil-stretch transition of the polymers adsorbed onto the
capillary wall right at the exit.?
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FIG. 1. (A) Possible boundary conditions at the
wall-polymer interface. Case |, standard no-slip
approximation; case ll, slippage occurs at the
wall-polymer interface; and case lll, a finite layer of
polymer is stuck to the wall and slippage occurs in the
polymer just beyond this layer. (B) In the case of a
fluoropolymer preferentially wetting the wall, slippage
may occur at the polymer-polymer interface.

Itis well known that the boundary conditions between the wall
and the polymer can affect sharkskin. Changing the die to brass
has been shown to reduce sharkskin and increase output at a
given pressure in polyethylene** Treating the die with a
fluoropolymer has a similar, but more pronounced effect.

The use of a fluoropolymer as a processing aid is particularly
interesting in that it represents the technologically most important
example of polymer—polymer slippage. Experimentally, polymer-
polymer slip has been indirectly observed by rheology in
multilayers of polymer films.? In a fluoropolymer/PE system
the rheological data of Hatzikiriakos and Dealy™ can be
interpreted as polymer—polymer slippage. In all these
experiments, one observes reduced viscosities in the systems
with interfaces. The topic of polymer—polymer slippage has
also been treated theoretically."*”"” Conceptually, one envisions
the interface between two polymers as a region where the
entanglement density is reduced compared to the bulk levels
due to their incompatibility. The degree of incompatibility
between the polymer pair determines the interpenetration of
one polymer into the other, which is then related to the
entanglement density at the interface. Since the viscosity is
dominated by entanglement effects, the viscosity in the
interfacial region is reduced. This reduced viscosity that occurs
over a spatially thin region appears to the experimentalist as slip.

The boundary condition between the wall and the polymer
melt is thus crucial to extrusion. Three general cases have
been discussed in the literature, as shown in Fig. 1. In case |,
we have the no-slip approximation. In case ll, slippage occurs
at the wall-polymer interface, known as adhesive slip. In case
I, there is a finite layer of polymers stuck to the wall but there
is an internal slip zone due to the high shear stress. This is
known as cohesive slip. We also show one model [Fig. 1(B)]
for what may happen in the case of a fluoropolymer additive in
which the additive sticks to the wall but the polyethylene slips
on the fluoropolymer. Spectroscopic technologies have shown
a 5-15 um fluoropolymer layer coated on the internal die
surface with a much smaller concentration on the
extrudate®”® in support of the model in Fig. 1(B).

In order to distinguish between the three general cases
described above, methodologies that complement the
pressure/flow rheology must be utilized. Optical-based mea-
surements can provide clean measurements of slip in polymer
melts. Migler® utilized a fluorescence-based evanescent
technique to document that slippage of a PDMS on a treated
surface occurs within the first 100 nm of a solid (quartz) wall.
That work also showed that slippage in the high shear regime
can be ascertained by measuring that the bulk velocity profile
does not extrapolate to zero at the wall. Laser-Doppler
velocimetry was successful in measuring slippage of a high-
density polyethylene during extrusion through a steel capillary
slit, and mapped out interesting flow behavior during
stick—slip.®2 The relationship between slippage and the surface
conditions has been shown by various optical techniques.'??%2%
Stroboscopic optical microscopy was utilized to monitor the
flow profiles, as discussed below and preliminary evidence for
slippage was found upon addition of a fluoropolymer additive to
polyethylene.?%" Notably, Inn et al* found evidence of a stick
boundary condition in the die land during sharkskin in
polyisobutylene (PIB).

EXPERIMENT

Many optical-based experiments utilize model systems such
as PDMS or PIB because they are room-temperature melts
and exhibit the sharkskin instability at relatively large time and
length scales, making them amenable to experimental
investigation. However, the driving force behind these model
studies is the substantial economic consequences of the flow
instabilities in polyethylene. The sharkskin instability occurs at
high frequency, short wavelength, and of course, at elevated
temperatures. Thus, few optical studies have been conducted
on the behavior of PE in the sharkskin regime.?” We show here
that optical measurements are feasible by combining a simple
sapphire flow cell with stroboscopic microscopy.

In this study, we utilize stroboscopic optical microscopy to
visualize the mLLDPE/fluoropolymer systems as they are



extruded through a transparent circular capillary die. \We utilize
the microscope for two purposes. First, we make velocimetry
measurements using a simple stroboscopic technique.
Second, we directly image the polymer—polymer interface,
thus gaining information about its structure and kinetics. The
overall schematic is shown in Fig. 2. The heart of the system
is the sapphire capillary tube, provided by Saphikon. (Certain
commercial equipment, instruments, or materials are
identified in this paper in order to adequately specify the
experimental conditions. Such identification does not imply
recommendation by the National Institute of Standards and
Technology, Dyneon or 3M, nor does it imply that the
materials are necessarily the best available for the purpose.)
Sapphire is an excellent material because it is transparent
from near UV to near IR, its thermal conductivity is near that of
steel, and it withstands pressure well. The tube is grown as a
single crystal. The surface of the inner circumference is not
perfectly round, although this deviation is not believed to be
serious. There are voids in the sapphire just below the inner
surface which are visible in the optical microscope. The optic
axis is perpendicular to (and intersects) the central tube axis.
One end of the sapphire is inserted into a compression-sealing
gland from Conax. This compression gland is composed of a
soft graphite-composite material that seals the sapphire
without breaking it. The other end of the sapphire is open to
the atmosphere. The sealing gland screws into an attachment
for a Haake capillary die, through a home-built coupler. The
sapphire tubing is available in several diameters and is cut to
whatever final length is desired. In this experiment the length
of the tube is L=25.4 mm and the radius is R= 0.80 mm.
Interchanging sapphire tubes is a simple task; thus,
experiments at various L/ D ratios are possible. Thus far, we
have not encountered any leakage, nor have we broken any
sapphire capillary tubes. A capillary sapphire-based technology
was developed by Brooks et al.? for contamination testing.
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FIG. 2. Schematic of the capillary rheo-optics apparatus
in imaging mode. Molten polymer under pressure is
extruded through the transparent sapphire tube. A
stroboscopic optical microscope (comprised of the light
source, illumination optics, objective lens and camera)
produces depth-resolved images of the material as it
flows through the capillary tube.

We utilize stroboscopic optical microscopy for imaging the
polymer under flow. This technique has been described in
more detail in the case of a slit die.* For velocimetry
measurements, we record video data from a standard charge-
coupled-device camera onto a standard S-VHS video recorder.
The stroboscopic light source is synchronized to flash twice
per video frame; the time between flashes is controlled by the
user and typically varies between 1 and 5 ms. Using an optical
field of view of approximately 400 um, we obtain an upper
velocity limit of about 400 pum/s. While this velocity is
sufficient for the current experiment, it could be increased by
decreasing the time between flashes. For sufficiently low
velocities the double strobe technique does not work, so we
simply monitor how many video frames it takes for a particle
to move a set distance—there is no lower limit on velocity.
The depth of field D is a crucial parameter in this experiment.
Itis a function of the size of the particle being observed. Thus,
large particles are in focus over a greater depth than are small
ones. For smaller particles, the depth of field is approximately
D = 50 pm, determined by monitoring the image of stationary
small particles while translating the objective lens. In
performing velocimetry measurements, care must be taken to
measure small particles (= 2 pm) or else the error in the depth
of that particle will be too large. In this experiment, the
"particles" are the naturally occurring gels, dust particles, and
miscellaneous foreign objects that have found their way into
the extruder. These need only be present in very small
quantities to make measurements feasible.

The second use of the stroboscopic microscope is for imaging
of polymer blend structure as documented in previous work
using the optical slit die.’*" |n the present case, it is used to
observe the structure of the fluoropolymer/mLLDPE interface
at the wall. The strobe light is necessary for imaging fast
flowing objects, as well as for minimizing loss of clarity due to
system vibration.

The curvature of the outer diameter of the sapphire tube
causes spherical aberrations in the optical image. The solution
is to slide a polished (on two sides) sapphire cube with a
polished hole drilled through its center, over the sapphire tube.
PDMS is placed in the narrow gap between the tube and the
cube's sleeve to minimize the index of refraction difference
that would otherwise be caused if air filled that gap.
Distortions due to the rounded sapphire/polymer interface are
not serious when imaging near the optic axis. The capillary
rheo-optics apparatus is situated at the exit of a Haake torque
rheometer with a co-rotating twin-screw extruder attachment.
The extruder melts, mixes, and then pumps the polymer
through the capillary die. It could equally well be placed at the
exit of a piston-based capillary rheometer.

MATERIALS

The tests were carried out using a well-stabilized commercially
available polyolefin mLLDPE [AFFINITY (trademark of The
Dow Chemical Company) EG 8100 Polyolefin Plastomer]. It is



characterized by a melt index of 1.0, a density of 0.870 g/cm?®,
and contains some long-chain branching. This material was
selected for its clarity, its overall low level of additives, and the
absence of PPA in its formulation.

The processing additive used in this study was a commercially
available copolymer of hexafluoropropylene and vinylidene
fluoride (Dynamar™ PPA FX 9613). A commercially available
master batch at a mass fraction of 3% PPA ina 2.0 MI LLDPE
(Ampacet) was used. The master batch was tumble blended
with the mLLDPE to achieve a mass fraction of PPA of 0.1%.
Before the test, the equipment was purged using a com-
mercially available purge compound (HM-10, Heritage Plastics)
comprising a mass fraction of 70% CaCO 3ina 10 Ml LDPE.

PROCEDURE

The goal of the experiment is to visualize how the
fluoropolymer additive gets to the die surface and what it does
once it gets there. The first component of the experiment is to
study the system and velocimetry in the absence of the
fluoropolymer. We carry out a series of five extrusions at
increasing throughput. We utilize the twin-screw extruder in
starve-feed mode in which pellets are fed into the twin-screw
feed port at a controlled rate by a metering screw. The feed
rate/RPM ratio is maintained constant as the throughput is
increased so that the barrel of the twin screw maintains the
same approximate fill ratio. (RPM is the rotations per minute
of the twin screw.) There are three heating zones in the twin
screw which are set (from feed to exit) at 130, 150, and

210 °C and the set point in the capillary die is 210 °C. In this
experiment, we monitor flow rate, RPM, pressure at the die
entrance, and screw torque. For each throughput, we conduct
flow velocimetry measurements using the techniques
described previously.

The extruder barrel was then cleaned by running an abrasive
purge compound through it for approximately 2 h. For this
procedure, the sapphire tube was replaced with a traditional
rod die. Next, the pure resin without fluoropolymer additive
was run through the extruder in order to remove the purge
compound. When the extrudate finally became clear again,
the sapphire tube was returned to the extruder.

In order to visualize how the PPA coats the die surface, we
recorded the dynamics at the surface upon addition of PPA to
the resin. After the system reached steady-state behavior, the
velocimetry experiments were carried out under the same
conditions (feed rate and temperature set points) as described
previously in the case before the PPA was added.
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FIG. 3. Entrance pressure of the metallocene linear low-
density polyethylene (mLLDPE) as a function of
throughput in the case of pure mLLDPE (no PPA), and in
the case of mLLDPE with 1000 ppm fluoropolymer added
as a polymer process additive (PPA).

RESULTS

Figure 3 shows a plot of the entrance pressure versus the
mass throughput Q. The (uncorrected) wall shear stress is
given by

W 2L (1)

where P, is the pressure upstream of the capillary die, and R
and L are the capillary radius and length, respectively. The
standard deviation is shown and is due to pressure
fluctuations. This is typical of the raw data that one obtains in a
standard capillary experiment. It is clear that the fluoropolymer
additive has a significant effect on the extrusion; for a given
throughput, the pressure across the capillary die is reduced in
all cases upon addition of the PPA. Note that the difference
between the two curves narrows at the highest throughputs.

Sharkskin is observed for all throughputs in the absence of
PPA. It is a strongly increasing function of throughput. At the
lowest throughput, it is barely discernable under a
microscope, whereas at the highest throughput it is easily
seen with the unaided eye. Figure 4 shows a micrograph of
the cooled extrudate in the absence of PPA at the highest
throughput. In the case of the PPA, there is a complete
disappearance of sharkskin.

Velocimetry results in the absence of PPA are shown in Fig. b.
The velocity profiles are taken from the center (r = 0) to the
wall (r = R) where ris the radial distance from the center and R
is the radius of the capillary (R = 0.8 mm). The solid curves are
fits obtained by using a power-law model for the viscosity:
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where Vg is the velocity at the surface Vg = V(R), Vq is the
velocity at the center Vo = V(0), and nis the power-law index.
In the fits, Vg, Vi, and n are allowed to vary. On a linear scale,
it appears that all curves converge to the no-slip condition Vg = 0.

In the actual measurement, any finite-sized particle in the
immediate vicinity of the wall necessarily feels a force in the
direction of flow and will move in that direction, as discussed
below. Furthermore, because our depth of focus is
approximately D = 50 um, we measure a range of velocities in
the near-surface region, from particles very near the wall
whose velocities are V= ye (where e=1 um is the radius of the
smallest measurable particle) to those near the edge of the
depth of focus V= ¢D. For the plot of Fig. 5, the data point
near the wall at r = 0.80 mm corresponds to the smallest
velocity that was measured. However, we do observe a
continuous range of velocities at this point. This behavior will
be seen to contrast with the velocity in the case of PPA. The
typical standard deviations are shown in Fig. 5 for a throughput
of 6.8 g/min. The error in the radial direction is due to the finite
depth of field, D, and the relative standard deviation of the
velocities is 5%, and applies to all the velocity profile curves in
this paper. The resulting fitting parameters are shown in Table |.

After the extruder was
purged and then flushed
with pure mLLDPE, the resin
with the PPA was added to
the extruder. One goal of
these experiments was to
study how the PPA behaves
when initially introduced into
the extruder. The throughput
was set to 7.0 g/min for
which sharkskin is easily
observable by the unaided
eye. Figure 6 shows a plot of
the evolution of the entrance
pressure and the screw
torque after the addition of
the PPA. Initially, we extrude
mLLDPE without the PPA.
The standard deviation of the
fluctuations is 5%.

At t=—350 s, we stopped feeding the mLLDPE pellets while
maintaining a constant RPM, so that the torque and pressure
decrease as the quantity of material in the barrel decreases
(first dashed line). At t = 0's, we added the mLLDPE plus PPA
to the feed hopper, and the torque and shear stress quickly
increase again. The video microscopy shows an interesting
phenomenon at the surface of the die during the coat-on
process. At approximately 1000 s, we observe gel-like

FIG. 4. Micrographs of a
cooled sample after
extrusion without PPA.
Height of the micrograph
corresponds to 6.0 mm.

particles at the wall. These particles move in a jerky fashion; at
times a given particle may stick to the wall, then it may move
slowly, and at times it moves quickly. Figure 7 shows five gel
particles at the wall. In time (= 10 s), these particles will move
downstream and out of view. This micrograph is somewhat
unusual in that the number of gel particles of this size is large.
More typically, perhaps one gel particle in the 20 um size
range is observed at a time, other gel particles are smaller.
Once the coating is established, these gel-like particles are not
visible or do not adhere to the die.
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FIG. 5. Velocity profiles obtained through direct imaging
for the case of the pure mLLDPE (no PPA). These five
flow rates correspond to those in the upper curve of
Fig. 3. Data is obtained from the center of the capillary
(r =0.00 mm) to the bottom wall (r = 0.80 mm). The
curves are best fits to a three-parameter power-law
model with slippage [Eq. (2)]. At the wall, V=0 mm/s,
indicating that slippage is absent (or completely
negligible) in these profiles.

TABLE I. Parameters and their standard deviation, obtained
by fitting the measured velocity profiles to Eq. (2).

1g/min 2g/min 4 g/min 7 g/min 13 g/min PPA?
Vg (mm/s) -0.4+0.8 10+0.8 0«3 6+6 -3x10 No
Vg (mm/s)  9.2+0.4 150+06 23706 41.4+4 64+8 Yes
Vo (mm/s)  24+1 43.5+1 66+3 104+3 201+10 No
Vo (mm/s) 10.8£0.5  19x1  34.6+1 63+5 117+10 Yes
n 0.8+0.2 0.64+0.1 0.5+60.1 0.37+0.1 0.36+0.1 No

n 1.2+0.4 0.8+0.2 0.8+01 075+04 035+0.1 Yes
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FIG. 6. Evolution of the pressure and torque in the
extruder system upon addition of the polymer processing

While we have not made a
positive identification of these
particles, it is known that PPA will
clean a dirty extruder, releasing
the accumulated degraded
materials from the metal surfaces
from the inside of the extruder? It
is also known that the PPA will
prevent the formation of oxidized
gels by presumably coating the
die metal and preventing
stagnation of the PE against the
metal, therefore, preventing
degradation.* Thus, it is likely that
the gel particles are products of
the cleaning of the die and barrel
by the PPA.

FIG. 7. Micrograph of
several slow moving/
stuck gel particles that
are observed 1300 s after At t= 1800 s, we see a clear
the addition of the

decrease in the levels of torque
fluoropolymer additive.  and shear stress. This steady
The height of the decline continues until a new
micrograph corresponds  steady state is reached at t =
to 200 pm. 4200 s. The wall shear stress and
the torque experience relative
decreases of approximately 15% and 12%, respectively. We
start to see a reduction in sharkskin at t = 2000 s and by t=
3000 s, it is eliminated—the surface is smooth. Concurrently,
at t=3000 s, we begin to see a new phenomenon, the
formation of streaks at the surface. At first, these streaks are
difficult to discern, but their contrast increases as time
proceeds. In Fig. 8 we show a micrograph taken at t= 10*s,
showing the streak phenomenon. The order of magnitude
wavelength of the streaks is 5 mm. Observations of the
dynamics of the streaks indicate that they are not static; we
can observe their creation (streaks have been observed to
"grow" down-stream) and their dissipation. Clearly, the
streaks are due to the structure of the fluoropolymer at the
surface. However, the cause of the streaking is not known at

this time. Possibilities include that individual PPA droplets hit
the surface, stick and elongate in a streak, smearing on the
surface as a lipstick. Alternatively, solid particles, such as the
talc, could be creating scratch marks in the fluoropolymer
layer. Finally, there may be a flow instability at the
PPA/mLLDPE interface, causing the streak pattern. In any
case, their appearance indicates the formation of the
fluoropolymer layer with the concomitant elimination of
sharkskin.

After the die is coated with PPA,
the velocimetry indicates a
significant difference in the
behavior at the wall. We now
observe two populations of
particles near the surface within
the depth of view of the
microscope, one moving much
faster than the other. Both
populations do contain a spread of
velocities but they are well
separated and there is no overlap
between them. In Fig. 9(A), we
include both the fast and slow
populations at the wall, the slow
one being at Vg = 0 mm/s and the
fast one being at V= 20 mm/s.

FIG. 8. Micrograph of
the polymer—polymer
Examination of Fig. 9(A) reveals the interface. The height of

origin of the discontinuity; the fast ~ the micrograph
population reflects particles that are  corresponds to 200 pm.
within the mLLDPE and the slow

population reflects particles that are

within the fluoropolymer layer. This is then a direct
measurement of polymer— polymer slippage. The standard
deviation in this graph has the same source and magnitude as
discussed in Fig. b.

In Fig. 9(B), we plot the velocity profiles for the five
throughputs. All curves show this discontinuity at the wall,
although for clarity we do not show the fluoropolymer data
points at Vg = 0. Again, these curves are fits to Eq. (2). Figure
10 shows direct comparisons between the velocity profiles
with and without the PPA. In each plot, the throughput, as set
by the metering feeder, is the same. In each curve there is a
crossover point, nearer the wall the velocity is greater with the
PPA, whereas nearer the center the velocity is greater with no
PPA. This is simply due to the conservation of mass.

In Fig. 11, we plot the velocity of the mLLDPE at the surface
V(R) = Vg as a function of wall shear stress. In the case of the
mLLDPE with the PPA system, we plot the velocity of the
mLLDPE at the wall. The wall velocities in the presence of
PPA range from approximately V¢ = 7 mm/s at low shear
stress to V=60 mm/s at high shear stress. Note that the wall
velocity in the case without PPA is approximately two orders
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FIG. 9. Velocity profiles with the addition of the PPA
provide the first direct evidence of polymer-polymer
slippage. (A) Q = 1.9 g/min. Note the discontinuous jump
in velocity in the immediate vicinity of the wall. (B) The
five flow rates correspond to those in the lower curve of
Fig. 3. All five curves show a similar discontinuous jump
in velocity at the wall.

of magnitude smaller. The standard deviation in the wall stress
axis is due to pressure fluctuations and that in the velocity
direction is smaller than the size of a data point. In Fig. 12, we
plot the extrapolation length b =V /¥,,,, as a function of wall
shear stress (see Fig. 1). In the case without PPA, the values
of b are in the 1 um range. If one considers a particle right at
the wall of radius e, and if there is a no-slip boundary
condition, then one would find that b = e. As our microscope
can see particles down to about 1 ym radius, then the values
of b that we obtain in the absence of PPA are the lowest that
our system is capable of measuring and are fully consistent
with a no-slip boundary condition. The standard deviation in b
is due mainly to that in the value of 7,,,, which is based on the
standard deviation from the fits of the velocity profiles. As
noted above, Table | shows that the power-law index nis a
decreasing function of increasing shear rate. We also note that
for similar throughputs n is larger in the presence of PPA. This
is consistent with the notion (to be quantified below) that the
shear rate is reduced in the presence of the PPA.

In the presence of PPA, we obtain values of b in the 100 pm
range. Comparing these results to the theoretical models, we
can gain an important insight into our system. Brochard and de
Gennes predict that at low values of polymer—polymer slippage,
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the friction at the interface is relatively large, indicative of a
modest level of entanglement at the interface. At larger values of
the slippage the polymers become disentangled at the interface
and the friction decreases strongly. According to this picture,®’
values this large can only be obtained if the interface between
the two polymers is sharp and the fluoropolymer and the
polyolefin are fully disentangled; there is virtually no
interpenetration of one polymer into the other at the interface.
Then, the friction between the two materials is Rouse type
rather than driven by entanglements.

Itis also useful to consider the dimensionless ratio b/R.

For b/R <<1, the consequences if slippage on the rheological
measurements are minimal. We anticipate that rheological
measurements first show effects of slippage when b/R =~ 0.05.
We see that in the case without PPA, b/Ris of order 10,
whereas with PPA, b/Ris of order 0.2. Figure 12 thus quantifies
an effect seen in the velocimetry plots; that the PPA induces
slippage which has important rheological consequences.

Now we consider a central question: VWhat causes sharkskin and
why is it reduced by fluoropolymers? The velocimetry in the
absence of PPA indicates that slip—stick behavior does not occur
inside the die and thus does not cause sharkskin. Equally, we
can rule out flow behavior further upstream, such as in the
entrance region to the die. It has been suggested that wall shear
rate is the crucial parameter in determining whether or not there
is sharkskin. However, we show in Fig.13 that this is not the
case. The two curves show the polyolefin shear rate at the wall
as a function of throughput. Throughput is a useful parameter
since it is the most easily controlled parameter in an industrial
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FIG. 11. Velocity of surface particles as a function of wall
shear stress for the cases with and without PPA. In the case
with PPA, the surface velocity measures slippage whereas
in the case without PPA, the low values are consistent with
the no-slip boundary condition.

process. First, we can see that for the same throughput, the
shear rate is less in the case of added PPA. This difference
persists for all five throughputs.

However, the reduction of shear rate upon addition of the PPAs
is not the reason for the elimination of sharkskin. This can be
seen upon comparison of the data points labeled (A)(no PPA) and
(B)(with PPA). Sharkskin occurs only for the one with no PPA,
even though its shear rate is approximately four times lower than
in the case with PPA. Thus, wall shear is not the controlling
parameter for sharkskin.
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FIG. 12. Extrapolation length (b) as a function of wall
shear stress for the cases with and without PPA.

A promising explanation is found by considering the nature of the
velocity rearrangements that occur as the mLLDPE transitions
from the flow profile in the die to the uniform velocity profile that
exists outside the die. Consider a thin finite layer of material of
width 8 at the inside layer of the capillary tube, near the exit.
Cogswell discussed the extensional deformation that occurs in
this layer of material; as it exits the tube its velocity increases
until it reaches the final extrudate velocity:
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FIG. 13. Wall shear rate as a function of throughput for the
cases with and without PPA.

Ve=0/ 7TRJ2cp, @3

where Ryis the radius of the extrudate and r is the density.
Concomitant with this increase in velocity is an increase in length
and decrease in width. The total deformation of the layer is

T = Vf/ Vﬁ, (4)

where Vj is the average velocity of the layer of material at a
distance & from the die. Cogswell™ utilized 8= 50 pm because
this corresponds to a sharkskin roughness level that would be
visible to the eye. We use a smaller value consistent with what
can be easily seen with a microscope (8= 20 um) while
recognizing that this value is some-what arbitrary. Figure 14
shows a plot of the Vf/ Vg as a function of throughput for the
cases with and without PPA. The largest source of error in this
plot stems from the relative error in die swell measurements of
20%. The remarkable result is that the presence of slip causes a
reduction in the total material deformation by an order of
magnitude. The deformation is relatively insensitive to the total
material throughput. Note that Vf/ Vs does not take the rapidity
of the deformation into account, nor does it assess the relative
importance of viscous and elastic effects. Also, in the case of
sharkskin, Vf/ Vs is an "“apparent deformation” because the true
deformation is reduced by the sharkskin. This result gives new
insight into how the polymer processing additives act.

L |

_;

o_n
T ey
L

= —8— NoPPA
;_ F —i— With PPA B

10°  Throughput (g/min) 10

FIG. 14. Total deformation of a thin layer at the surface of
thickness & = 20 pm as it transitions from the capillary to the
atmosphere.



CONCLUSION

The capillary rheo-optics methodology complements traditional
capillary rheometry. By providing both flow velocimetry and high-
speed imaging, a coherent picture of the suppression of
sharkskin by use of fluoropolymer PPAs emerges. In the
absence of the PPA, we confirm that slip in the die is not
observed and thus is not a necessary ingredient for sharkskin.
Upon addition of PPA, we observe the coating process through
direct imaging. We see that the PPA forms elongated structures
in the flow direction. The formation of the PPA layer coincides
with the disappearance of the sharkskin in the extrudate.

Flow velocimetry in the presence of the PPA then shows that
slip occurs for all throughputs. This slip is observed to occur at
the interface between the two polymers. The magnitude of the
slip extrapolation length (~200 um) indicates that these two
polymers are fully disentangled.

Itis seen that the overall magnitude of the velocity rearrange-
ments between the capillary die and the extrudate is greatly
reduced upon addition of PPA. In particular, the total elongation
in the surface layer is much reduced. More work is needed to
quantify the extensional shear rate at the exit of the die.

While we use LLDPE on sapphire, the general results presented
here are consistent with what one finds in a LLDPE/steel
system. Specifically, sharkskin can occur on the bare surface
beyond a threshold of approximately 0.1 MPa, but is reduced or
eliminated upon the addition of a small quantity of a fluoro-
polymer added to the LLDPE. Thus, the PPA is able to coat both
sapphire and steel. In the treated system, the effective viscosity
is reduced, consistent with the drop in pressure that we
measure.

For the range of temperatures and pressures investigated, we
find that slippage of the LLDPE does not occur inside the
sapphire capillary, even in the sharkskin regime. Typically, one
uses a steel surface. Our experiments do not rule out the
possibility that slippage can occur in the sharkskin regime on
surfaces other than sapphire. If the Cogswell picture is the
correct starting point, then the conditions at the exit determine
the onset of sharkskin, rather than whether or not slippage in the
tube occurs.
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