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Synopsis

We measure the flow kinetics of a polyethylene extruded through the exit of a sapphire capillary
tube in order to understand the nature of sharkskin, a surface roughness in the extruded material.
Optical velocimetry shows that sharkskin can occur under a variety of polymer/wall boundary
conditions; stick, slip, or oscillating stick/slip, demonstrating that the flow boundary condition is not
the direct cause of sharkskin. Downstream of the exit, high-speed video microscopy reveals two
distinct material failures during each sharkskin cycle, the first is cohesive and splits the material into
two regions, the second one occurs at the polymer–wall interface. Upon modification of the surface
with a polymer processing additive~PPA!, we confirm strong slip at the wall and a suppression of
sharkskin, but find that sharkskin does return at sufficiently high flow rates. The extensional strain
rate at the onset of sharkskin is significantly higher in the case with PPA than that without. We then
empirically define a ‘‘reconfiguration rate’’ and find it is comparable at the onset of sharkskin for the
two surface conditions. We use data in the literature to show that the reconfiguration rate also
predicts the relationship observed between the onset of sharkskin and the capillary radius. ©2002
The Society of Rheology.@DOI: 10.1122/1.1445186#

INTRODUCTION

Over the past 50 years, there has been a sustained interest in the understanding and
control of instabilities that occur upon pressure driven extrusion of molten polymers.
These instabilities limit the manufacturing rate and the materials selection in continuous
forming operations, such as sheet extrusion. Processors are forced to sacrifice final me-
chanical properties to achieve greater processability. From the scientific point of view,
understanding of these instabilities is challenging; despite much progress, fundamental
issues remain unresolved. An understanding of the cause of sharkskin would enable a
more rational design of materials in order to eliminate it.

In the case of extrusion through a capillary die, at sufficiently low extrusion rates, the
polymer is smooth as it exits the die. At progressively higher extrusion rates, a series of
flow instabilities occurs. The first instability thatmay occur is known assharkskinor
sharkskin melt fracture and is characterized by surface roughness. At higher extrusion
rates, one observes an oscillatingstick–slip transition, followed at higher rates bygross
melt fracture in which the polymer is extruded in an extremely irregular fashion. The
occurrence of the instabilities is dependent on many factors including polymer chemistry,
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architecture, molecular weight and distribution, and polymer/wall surface interactions. A
review and history of this subject has recently been written@Denn ~2001!#.

In this work we focus on the sharkskin instability. The driving force behind the
attempts to understand sharkskin is that linear chain polyethylenes of narrow molecular
weight distribution are particularly susceptible to this instability. Because this instability
occurs at relatively low extrusion rates, it is troublesome. The subject has received re-
newed attention because the newer metallocene based polyethylenes offer advantages in
mechanical properties but often suffer from this extrusion instability due to their inher-
ently narrow molecular weight distribution. There have been numerous suggestions for
the mechanism of sharkskin and for elucidation of the conditions that produce it. We
review several interrelated issues that are central to understanding sharkskin.

The first issue is the location of the initiation of sharkskin. There is strong evidence
that the exit of the capillary tube serves as the initiation point, as was first suggested 40
years ago by@Howells and Benbow~1962!#. Recent evidence comes from stress birefrin-
gence experiments which show a sharp peak in the stress distribution at the exit due to
velocity rearrangements that occur in the material as it makes the transition from inside
the capillary~pressure-driven flow! to outside it~plug flow!. This observation has been
made in polybutadiene@Piau et al. ~1995!#, in PDMS @El Kissi et al. ~1997!#, and in
polyethylene@Mackley et al. ~1998!#. During sharkskin, the stress birefringence just up-
stream of the exit has been shown to oscillate@Barone and Wang~1999!; El Kissi et al.
~1997!#. Furthermore, numerical models also show the existence of large stress and
elongational fields in the exit region@Rutgers and Mackley~2000!; Tremblay ~1991!;
Venet and Vergnes~2000!#. The sharp exit corner produces a singularity in the math-
ematical models. It is well known that incorporation of a low energy surface to the very
exit of the tube can eliminate sharkskin@Inn et al. ~1998!; Moynihanet al. ~1990!#. The
flow in the tube itself during sharkskin conditions has been shown to be smooth@Inn
et al. ~2000!; Migler et al. ~2001!#.

A major focus of recent efforts is to understand the connection between the flow
boundary conditions and sharkskin. Upstream of the capillary exit, several reports indi-
cate that, during sharkskin, the polymer slips at the wall@Kalika and Denn~1987!;
Ramamurthy~1986!#. Tzoganakiset al. ~1993! concluded via capillary rheology that the
onset of slip occurs at a lower wall shear stress than the onset of sharkskin. However,
others have shown that it sticks at the wall@El Kissi and Piau~1994!; Ghantaet al.
~1999!; Migler et al. ~2001!#.

Several authors have hypothesized that the boundary condition may be different at the
capillary exit than in the interior~die land!. For example, it has been proposed that the
slippage can be greater near the exit@Hatzikiriakoks and Dealy~1992!#. Others have
suggested that the polymer sticks in the capillary die but that the boundary condition at
the exit oscillates in time between slip and stick.~This local instability is distinct from the
stick–slip transition discussed in the second paragraph in which the slippage occurs
throughout the die! @Wanget al. ~1996!.# Another idea is that the contact line between the
polymer, the wall, and the atmosphere oscillates at the die exit@Dhori et al. ~1997!#.

By changing the boundary condition to favor slippage, it has been shown that shark-
skin is eliminated@El Kissi et al. ~1994!; Hatzikiriakos et al. ~1995!; Moynihan et al.
~1990!; Piauet al. ~1995!#. Fluorocopolymer additives have been used industrially since
the 1960s to reduce/eliminate sharkskin and have been intensely studied@Amos et al.
~2001!#. Recently Migleret al. ~2001! confirmed through direct observation that they
migrate to the internal capillary wall and induce slippage between themselves and the
main polymer~a polyethylene!. They found that the fluoropolymer induces a slip bound-
ary condition, which in turn causes a dramatic reduction in the total extensional defor-
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mation in the polyethylene at the surface as it exits the tube. It was concluded that it is
this reduction in extensional deformation~rather than the reduction in shear rate or the
occurrence of slippage! that causes fluoropolymer additives to suppress sharkskin. It has
also been shown that replacing a steel capillary with other materials~brass, aluminum,
copper, glass, etc.! can affect sharkskin@Ghantaet al. ~1999!; Person and Denn~1997!;
Ramamurthy~1986!#. Interestingly, when Wiseet al. ~2000! utilized a Teflon capillary
~which induces slippage!, they reported that sharkskin is not eliminated, rather its onset is
shifted to significantly higher shear stress~and apparent wall shear rate!.

The next question is about the cause of the rough surface. This is intimately related to
the boundary conditions. For the oscillating localized stick–slip hypothesis, it is the
boundary condition at the wall itself that causes the surface undulations seen in the
extrudate. Baroneet al. ~1998! argued that the ridges are created by the increased stress
~hence die swell! that occurs when the material sticks whereas the valleys are created
when the material slips~reduced die swell!, although Baroneet al. ~1999! seemed to
suggest a different picture. An alternative hypothesis is that flow discontinuity at the exit
occurs due to high stress levels; this was made popular by simple arguments advanced by
Cogswell~1977!. This discontinuity goes by several names, such as tearing, rupture, and
cracking. If one considers a stick boundary condition, the polymer very near the surface
undergoes great stretching as its velocity rapidly increases from near zero inside the tube
to a finite value outside the tube. In this model, the extensional stress outside the die is so
great that the material tears. Since the extensional stress is greatest at the surface, the tear
starts there and propagates into the material. The tear creates a flow discontinuity and
splits the material into two distinct layers; the layer near the wall becomes the ridges and
that in the core becomes the valleys. In a related model, Tremblay suggested that the
material undergoes cavitation due to the extensional stresses rather than tearing. Both
models are similar in that there is a cohesive flow discontinuity caused by the extensional
nature of the flow at the exit.

There is reasonable evidence to support the Cogswell picture. Sharkskin visualization
experiments in PDMS@El Kissi et al. ~1997!; Howells and Benbow~1962!# and in po-
lybutadiene@Inn et al. ~1998!# have been interpreted in terms of a two-layer model or of
a tearing/rupture mechanism. Rutgers and Mackley~2000! have shown a correlation
between the stress at breakage of a stretched fiber and the numerically calculated exten-
sional stress on the material near the wall at the capillary’s exit. A simple experiment to
test for flow discontinuity is to color the polyethylene near the internal surface of the die
and leave colorless the material in the core. It was found that the ridges were colored
whereas the valleys were clear, an indication of a flow discontinuity caused by tearing
@Baroneet al. ~1999!, Cogswell~1977!#. A further test of this model is to understand why
the fluoropolymer additives reduce sharkskin. As discussed above, Migleret al. ~2001!
showed that the additives eliminate sharkskin by dramatically reducing the extensional
stretching at the exit, that is, in accord with the Cogswell model.

The physical parameter that coincides with the onset of sharkskin has not been iden-
tified. Cogswell proposed that the extensional strain rate is the controlling parameter but,
in his ‘‘silly putty’’ experiments, as the radius increases by a factor of 4, the extensional
strain rate decreases by a factor of 0.6. While the Cogswell model argued that when
extensional stress at the air–polymer interface at the exit exceeds a critical parameter
rupture should occur, such a localized quantitative measure has not yet been made.
Recoverable strain has also been suggested as the critical parameter@Pomar et al.
~1994!#. However, this parameter does not agree with the observation of the inverse
dependence of the shear rate at the onset of sharkskin with the radius of the die.
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We close the review by adding that recent efforts to suppress sharkskin involve modi-
fication of the exit die geometry@Kulikov and Hornung~2001!#, novel processing addi-
tives @Honget al. ~1999!; Rosenbaumet al. ~2000!#, and modification of the die material
@Ghantaet al. ~1999!#.

It is the aim of this work to try to distinguish between the various possibilities de-
scribed above. Many of these ideas can be tested through a combination of microveloci-
metry, optical imaging, and surface modification through fluoropolymer additives. We
further seek to conduct the experiments under conditions of maximum industrial rel-
evance by use of a metallocene polyethylene processed by twin-screw extrusion.

In this article, we conduct microvelocimetry measurements in the vicinity of the cap-
illary exit under conditions that produce sharkskin instability. Measurements conducted
upstream of the exit serve to probe the flow boundary condition at the polymer/wall
interface. In particular, we check whether sharkskin is associated with a slip boundary
condition, a stick boundary condition, or an oscillating stick/slip. We conduct these ex-
periments on two sets of boundary conditions, first, on one with strong polymer wall
interaction, then when the interaction is weakened by the presence of a fluoropolymer at
the wall.

Next, we conduct visualization studies of the sharkskin kinetics. These measurements
serve two purposes; first, we wish to understand what gives rise to the rough surface.
Second, we ask whether the kinetics in polyethylene sharkskin is similar to that in
previously studied model materials~polybutadiene and polydimethylsiloxane!.

Finally, we conduct measurements of the extensional strain rate at the onset of shark-
skin for the weak and strong boundary conditions. Here, we seek a parameter that coin-
cides with the onset of sharkskin. One clue from the work of Migleret al. ~2001! is that
the fluoropolymer slip layer greatly reduces the extensional stretching at the die lip.
Further, there is a wide processing window in which, for a constanttrue wall shear rate,
the strong boundary condition produces sharkskin and the weak~fluoropolymer! bound-
ary condition produces a smooth extrudate. It was suggested that an interesting parameter
to consider is the rate of change of the extensional flow for the two boundary conditions.
In the current work we increase the flow rate so that sharkskin is produced under the
weak boundary conditions and propose an empirical parameter for the onset of sharkskin.

EXPERIMENT

In previous work, Migleret al. ~2001! utilized a sapphire capillary die situated at the
exit of a twin-screw extruder. A microscope with stroboscopic illumination was con-
structed at the capillary die exit in order to image the flow. Particle tracking velocimetry
was utilized to measure the velocity of a metallocene polyethylene polymer as a function
of the radius inside the capillary for a series of extrusion rates. It was found that this
polymer sticks at the wall, and that sharkskin is observed at low extrusion rates. Follow-
ing addition of a fluoropolymer process additive at low concentration to the linear low-
density polyethylene~LLDPE!, it was observed through direct real-time microscopic
imaging that the fluoropolymer coats the internal surface in a streak pattern. The LLDPE
was observed to slip against the fluoropolymer via polymer–polymer slippage, concomi-
tant with the elimination of sharkskin. Those experiments were conducted at 210 °C 3
mm upstream of the die exit.

In the current work, the apparatus has been modified in several ways. First, we attach
a high-speed video camera~1000 frames/s! to our microscope which allows observation
of the sharkskin dynamics in polyethylene with high temporal and spatial resolution.
Second, the objective lens of the microscope is now mounted on a three-dimensional
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translation stage, so that measurements can be easily made as a function of the distance
along the capillary flow axis~both upstream and downstream of the exit.! In this experi-
ment the slowest moving particles are those closest to the wall; by focusing the objective
lens on these particles, we thus determine the position of the wall. By translating the
objective lens relative to the wall position we make measurements at other radial posi-
tions. The length of the tube isL 5 33 mm and the radius isR 5 0.80 mm.

The experiments were carried out using the same polymer and fluoropolymer as Mi-
gler et al. ~2001!, a well-stabilized commercially available polyolefinmLLDPE ~AFFIN-
ITY™ EG 8100 Polyolefin Plastomer! ~see the Acknowledgment!. It is characterized by
a melt index of 1.0 and a density of 0.870 g/cm3. This material was selected for its clarity,
its overall low level of additives, and the absence of PPA in its formulation. In order to
work at conditions where the sharkskin instability is relatively strong, we use the low
temperature of 177 °C~and of 157 °C in one case!, which is well below the recommended
processing temperature of this material. The processing additive used in this study was a
commercially available copolymer of hexafluoropropylene and vinylidene fluoride~Dy-
namar™ PPA-FX-9613!. A master batch was prepared of a mass fraction of 3% PPA
added to a commercially available 2.0 MI LLDPE through tumble blending~Ampacet!.
The master batch was tumble blended with themLLDPE to achieve a mass fraction of
PPA of 0.1%. Before the test, the equipment was purged using a commercially available
purge compound~HM-10, Heritage Plastics! comprising a mass fraction of 70% CaCO3
in a 10 MI LDPE.

SHARKSKIN WITH STRONG POLYMER/WALL INTERACTIONS

We seek to establish the nature of the polymer flow during sharkskin instability both
upstream and downstream of the exit. Figure 1 shows a series of micrographs of cold-
quenched extrudates. These micrographs are typical of what one finds in the literature:
the severity of sharkskin increases with an increase in the mass flow rate. At the highest
flow rate,~Fig. 1E!, a second instability called gross melt fracture is observed.

First, we examine the connection between slippage and sharkskin. In the work of
Migler et al. ~2001! it was shown that sharkskin can occur in the absence of any slippage
in the die land. Those measurements were taken 3 mm upstream of the exit. In the current
work, those measurements are conducted much nearer the exit. We show in Fig. 2 the

FIG. 1. Cold postextrusion micrographs as a function of the flow rate. The processing conditions wereT
5 177 °C and no PPA. Each image is actually a composite of two micrographs in which the side and top are

focused. The relative errors in throughputs are 0.05Q 5 ~A! 1.0, ~B! 2.2, ~C! 3.8, ~D! 6.3, and~E! 11 g/min.
The width of each image corresponds to 3 mm.
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velocity profile as a function of radius of the LLDPE in the absence of any polymer
process additives. These experiments were taken at 177 °C, at a mass throughput ofQ
5 2.2 g/min; thus the extrudate corresponds to that seen in Fig. 1~B!. 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 apply to all the velocity profile curves in this article. The relative
standard deviation of the mass throughput is 7%, caused by fluctuations of the extruder.
Under these conditions, the surface roughness that characterizes sharkskin is readily
apparent. In Fig. 2, the measurements are taken at two axial positions:x 5 22 and
20.05 mm. We takex 5 0 to be the exit of the tube and the direction of flow is in the
1x direction so thatx 5 20.05 mm corresponds to a point 50mm upstream of the exit.
It is seen that the velocity profiles between these two measurements are very similar,
indicating that the flow profile does not change appreciably even though the material is
very near the exit. Further, it can be seen that the velocity of the slowest moving particles
nearest the wall is near zero~on a linear scale!.

We now consider the possibility of oscillating slip–stick behavior at the exit. We track
single particles that are near the capillary wall over time roughly equal to one period of
sharkskin. The particles that are within a few micrometers of the wall are moving so
slowly that their motion is not clearly resolvable over this time interval ofTss
' 30 ms. In Fig. 3, we track the motion of several particles under the same flow

conditions as those Figs. 1~B! and 2~no PPA!. By measuring their velocity, we can use
the curve fit from Fig. 2 to deduce their distance from the wall, which is indicated in Fig.
3. We see in all cases that the position increases linearly over time rather than by stick–
slip motion. For the slowest moving particle~5 mm from the wall!, its velocity was
deduced by observation of its motion over a longer period of time, so there was sufficient
spatial resolution to measure the change in distance. These results agree with the obser-
vations in polybutadiene at the exit region@Inn et al. ~2000!#. Furthermore, given the
severity of the sharkskin distortion at the micron length scale, it is difficult to imagine
that stick/slip could occur in the last 20mm but not be felt atx 5 20.05 mm. The
condition of flow continuity would demand that effects of stick/slip be felt a modest 30
mm upstream of it. Thus we conclude that sharkskin can occur even though there is no
stick–slip instability in the exit region.~Later we show different behavior at a lower
temperature.!

FIG. 2. Flow velocimetry as a function of the radial position of the polyethyleneinside the capillary die for a
flow rateQ 5 2.2 g/min@the same as in Fig. 1~B!#. The measurements were conducted atx 5 20.05 and22
mm upstream of the exit. Also shown in the case with PPA.
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Now we reexamine the question of slippage at the wall near the exit. Measurements of
the velocimetry as a function of the radial position for a series of mass flow rates were
conducted 200mm upstream of the exit. The velocimetry curves are shown in Fig. 4,
along with fits to the power law model. Given the precision of the data, it is not appro-
priate to examine more sophisticated models. We again see that the velocities become
small at the wall. The apparent wall shear rates for this plot are 55, 122, 210, and 348
s21. A measure of the degree of slippage is given by the extrapolation length,b
5 vs /ġw where in this casevs is the velocity of the slowest moving particles that are

observed andġw is the wall shear rate. We obtainġw through a fit of the data to a power
law flow model~solid lines in Fig. 4!. We obtainb 5 1.5mm for the slowest throughput,
a value that is at the resolution limit of the apparatus. For the highest flow rate, we obtain
b 5 17mm which indicates mild slippage. If there is any slippage, one considers the
ratio b/R, whereR is the radius of the capillary tube. This quantity measures the impor-
tance of the slippage to the rheology. For the highest flow rate,b/R 5 0.02 which
indicates that the slip is only marginally relevant to it. See the work of Migleret al.

FIG. 3. Position-time curves for single particles as a function of the axial position in the vicinity of the die’s
exit. The different curves correspond to particles of different radial position. The time lapse from the first
measurement att 5 0 s to the last one att ' 25 ms corresponds to approximately one cycle of sharkskin. The
height of the particle from the wall is determined by flow curve fitting. Conditions:Q 5 2.2 g/min and no PPA
@the same as in Fig. 1~B!#.

FIG. 4. Flow velocimetry as a function of the radial position of the polyethyleneinside the capillary die for a
series of flow rates. Measurements were taken atx 5 20.2 mm~no PPA!.
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~2001! for a discussion of the accuracy of the measurement ofb when b/R ! 1. We
conclude that sharkskin can occur under conditions ofboth no slip and weak slip. Later
we show that sharkskin can even occur during strong slip.

The images in Fig. 5 show one cycle of sharkskin instability. An on-line video of Fig.
5 is available via EPAPS Document EPA46 No. E-JOR HD2-46-003202. The flow con-
ditions here are the same as those in Fig. 1~C!. As will be shown below, an interesting
feature is that there are two failures, a cohesive failure and a surface failure. In Fig. 5~A!
(t 5 t0), the extrudate is shown exiting the capillary tube. The horizontal dashed line
shows the location of the edge of the capillary tube, which is the same for all six video
micrographs. The flow direction is from top to bottom as shown by the arrow to the left
of Fig. 5~A!. At the bottom of Fig. 5~A!, the surface disturbance from the previous cycle
of sharkskin is visible~see the dashed arrow!. By measuring the velocity of the extrudate
in the first 50mm downstream of the lip of the exit at this point in the cycle, we find the
extensional strain rate to be«̇ ' 500 s21. In Fig. 5~B!, (t 5 t014 ms) we see the
failure labeled ‘‘F’’ occurring at the air–polymer–tube contact line. In subsequent images
this ‘‘fracture line’’ ~always labeled as F! moves downstream until in Fig. 5~F! it is below
the field of view. In Fig. 5~C!, we see that the fracture surface divides the material into
two regions, a surface layer~labeled S! and a core region~labeled C!. The surface layer
bulges upwards. In Fig. 5~C!, the velocity of the surface region in the immediate vicinity
of the exit lip ~20 mm! is near zero, thus we say that the surface region sticks to the tube
at this point in the cycle. The material in the growing surface region is composed of
polymer that had been adjacent to the capillary wall while inside the capillary tube and
the material in the core region is composed of polymer that had been at a smaller radius.
In Figs. 5~B! and 5~C! fracture line F is a point of material discontinuity—the velocity of

FIG. 5. High-speed video microscopy images of the evolution of the sharkskin structure. This sequence
corresponds to one cycle of the sharkskin structure. The flow is downward; the exit of the die is shown by the
dotted line at the top of the first time frame. The height of the micrograph corresponds to 340mm. Conditions:
Q 5 3.8 g/min and no PPA.@The same as in Fig. 1~C!#. An on-line video of Fig. 5 is available: EPAPS
Document No. E-JOR-HD2-46-003202.
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the core region is significantly greater than that of the surface region.~A plot of the
velocimetry at the fracture line is presented later in Fig. 9.!

The splitting of the polymer into core and surface layers and the discontinuity in
velocity at that interface~coupled with the coloration experiments! are the primary rea-
sons for calling this a cohesive failure. The surface layer grows in size from Fig. 5~B! to
Fig. 5~C! as time progresses. Next, in Fig. 5~D! (t 5 t0114 ms), the surface layer
detaches from the capillary tube~the upper point labeled ‘‘SF’’ corresponds to the lip of
the tube and the lower point labeled SF corresponds to the material that has detached
from the tube.

Once the material has detached from the tube, fracture line F in Fig. 5~D! is no longer
a point of material discontinuity—the velocity of the core and surface at this line become
identical. Figures 5~E! and 5~F! show this failure line flowing. Meanwhile, back at the
tubes lip area, once the failure line is not active, the extensional stress once again starts
to build up. Figure 5~F! is essentially the same point in the sharkskin cycle as Fig. 5~A!.

With regard to initiation of the fracture line in Fig. 5~B!, it is not correct to say that the
fracture occurs spontaneously from a locally ‘‘smooth’’ material. The arrow in Fig. 5~B!
shows the initiation of fracture. To the right of this point, the fracture line is visible, while
to the left, fracture has not yet occurred. In Fig. 5~C! the initiation point is at the leftmost
part of the image. The initiation point propagates circumferentially around the capillary
tube; it could equally well propagate from left to right. It seems reasonable to assume that
the stress to continue the propagation of an existing fracture line is less than the stress
required to propagate a new fracture line. When the initiation point travels undisturbed
around the circumference for several cycles of sharkskin, the sharkskin ridges spiral
around the extrudate.

A side-view cartoon of our interpretation of the kinetics is shown in Fig. 6. In Fig.
6~A!, the polymer’s jump in velocity from the polymer–tube interface to the polymer–air
interface is depicted. The extensional stress at the air–polymer–sapphire contact line
builds up over time until the material fractures, Fig. 6~B!. The fracture is located at the

FIG. 6. Sketch of the kinetics of the sharkskin instability, side view. The labels on the images coincide with
those in Fig. 5.
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air–polymer surface. In Fig. 6~C! the material near arrow 1 goes toward the surface
region of the extrudate while the material at arrow 2 goes toward the core region. The
extensional strain rate as the material flows from arrow 2 to the core region is much
reduced from what occurs at the surface in Fig. 6~A!. The surface region grows in size
and eventually it peels off the sapphire@Fig. 6~D!#, this is the surface failure. Once it
peels off, the fracture line heals as the surface and core regions move off together.

We note that we observe a dark region that cyclically appears with the same frequency
as sharkskin in the first 20mm upstreamof the exit. This coincides with the surface
failure that occurs when the surface layer detaches from the exit region@Fig. 5~D!#. This
dark ring could either be associated with a detachment from the inner surface of the
capillary tube~adhesive failure!, or could be caused by a breaking of the material right
near the wall~cohesive failure!. Due to the small length scales and weak optical contrast
induced by this dark ring we do not seek to overinterpret this observation.

The visualization done here has qualitative similarities to that seen in the model
materials referred to earlier in which the wavelengths and time scales are much greater
@Inn et al. ~1998!#. Thus much of the fundamental physics associated with the instability
should carry over to the short wavelength and high frequency instability seen in polyeth-
ylenes. We see that the sharkskin instability is visible immediately after the tube exit.
Previously, we observed no changes in the velocimetry within 20mm upstream of the
exit, while we see evidence of a crack in the last 20mm. Thus we conclude that under the
conditions of Fig. 1~B! that sharkskin is initiated in the region of220mm , x
, 3 mm.

In Fig. 7, we show on-line micrographs for a series of mass flow rates. Note that the
severity of the distortion increases with an increase in flow rate. These images can be
compared to the postextrusion case where the extrudate cools down and crystallizes~Fig.
1!. As the flow rate increases, the same two-layer structure is clearly visible; the differ-
ence is merely that the amplitude of distortion is larger.

The above experiments demonstrated sharkskin in the presence of stick or of weak
slip. This result is typical for what was observed at temperatures of 177 °C and above.
Here we reduce the temperature to 157 °C and find a different boundary condition. Figure
8 shows position versus time plots for particles near the wall at several flow rates. Strong
sharkskin prevails in the three flow rates. The particles are inside the tube and the
positionx 5 0 corresponds to the exit of the tube~similar to in Fig. 3!. At a flow rate of
4.4 g/min, we observe a slight dip in the curve atx 5 275mm. At higher flow rates, we
see two or three kinks in the flow curve. By simultaneously observing the position of the
particle inside the die and the sharkskin kinetics outside the die, we find that the period

FIG. 7. High-speed video microscopy images as a function of the flow rate. No PPA.Q 5 ~A! 0.23,~B! 1.0,
~C! 2.2, ~D! 3.8, and~E! 6.3 g/min. Images~B!–~E! correspond to the same flow rates as those labeled~A!–~D!
in Fig. 1.
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between the kinks corresponds exactly to the period of sharkskin. Note that the severity
of the kinks increases as the particle approaches the exit. We tentatively label this behav-
ior as oscillating stick/slip. It is possible that this behavior is a result of the effects of
oscillations in the stress due to the downstream sharkskin kinetics. Later we discuss why
we believe that it is the sharkskin kinetics outside the tube that propagate a disturbance
upstream and cause the stick/slip. For the remainder of the article, we return to the
condition ofT 5 177 °C.

BOUNDARY CONDITIONS, EXTENSIONAL DEFORMATION, AND
SHARKSKIN

In order to assess the role of extensional flow at the exit as a potential cause of
sharkskin, we measure the extensional strain rate in the bare surface and in the PPA
treated surface. Our goal is two fold: to further quantify how the PPA eliminates shark-
skin and to attempt to find the controlling parameter for the onset of it. As discussed in
Sec. I, the upstream wall shear rate and total extensional deformation have previously
been ruled out as possible controlling parameters for sharkskin. Since there is little
change in the velocity profile from a position 2 mm upstream to 50mm upstream, we also
conclude that the shear rate near the exit is also not the controlling parameter for shark-
skin. We focus on the polymer–sapphire surface upstream of the exit and on the
polymer–air interface downstream of it, since this is where the largest extensional flows
are anticipated. We combine velocimetry data at the wall upstream of the exit with that
extracted from the sharkskin kinetics downstream of the exit. The results are shown in
Fig. 9. Inside the die (x , 0) we conduct particle-tracking velocimetry of the particles
that are nearest the wall. Outside the die, (x . 0) we conduct particle-tracking veloci-

FIG. 8. Position–time curves for single particles as a function of the axial position in the vicinity of the die’s
exit. The three curves correspond to different flow rates. Oscillating stick–slip behavior is observed to have the
same frequency as sharkskin. In this FigureT 5 157 °C ~whereas in all other figures the condition isT
5 177 °C!.
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metry when there is no sharkskin present but we track the velocity of texture or structural
elements in the case of sharkskin. Because it is difficult to simultaneously focus on the
inner surface of the capillary and on the outer surface of the hot extrudate, we combine
data from two sequential measurements, one taken inside the die and the other taken
outside, thus we do not track the same material element from inside to outside. This
region is shown in gray in the plots; the lines running through the gray are a guide to the
eye.

For the case of polyethylene on sapphire@Fig. 9~A!#, the measured velocity adjacent to
the surface is near zero. Outside the tube, we track the velocity of both the surface and
core regions in the immediate vicinity of the fracture line~labeled F in Fig. 5.! For the
surface region~open circles!, we track the velocity in thex direction~machine direction!
at the fracture line. For the core region~closed circles!, we track the velocity of the region
closest to the leading edge of the same fracture surface. The general feature of the
velocimetry is that, when the material first splits, the core is moving faster than the
surface. In fact, for the higher throughputs, the core slows down as it moves further away
from the capillary exit while the velocity of the surface region increases. Note the dra-
matic jump in velocity from inside the die to outside of the capillary tube atx 5 0. The

FIG. 9. Velocity of the polymer in the vicinity of the wall as it makes the transition from inside to outside the
capillary die. Forx , 0 ~inside the die!, the measurements were made of slow moving particles, i.e., those
nearest the wall. Forx . 0 ~outside the die!, the measurements were made at the air–polymer interface. The
flow rate at which the onset of sharkskin is observed is noted.~A! Without the polymer process additive. For the
higher flow rates, we show the velocity of both the core and the surface regions.~B! With the polymer process
additive.

394 MIGLER ET AL.



actual distance over which this jump occurs has not been measured; the upper limit is the
distance shown in the plotDx 5 60mm.

The detachment of the surface region, i.e. the secondary failure, is identifiable as the
point at which the surface and core velocities become identical. For greater flow rates, the
length ~in the flow direction! is greater and, correspondingly, the point of detachment is
further downstream~ ' 0.25 mm! whereas for a weaker flow rate this point is at' 0.02
mm. For the weak flow rate ofQ 5 1.0 g/min, the sharkskin structure is too small to
discern the point of detachment, so it is not possible to measure a difference between the
velocities of the surface and of the core regions. The point of the onset of sharkskin is
noted in this plot.

Upon addition of the polymer processing additive~PPA!, there is a strong change in
the flow profile of the LLDPE: the velocity does not go to zero at the wall as was seen in
previously. In referring back to Fig. 2, we find substantial slippage at the LLDPE/PPA
interface ~closed squares!. In Fig. 9~B!, we show the surface velocimetry in the exit
region when the surface has a fully developed coverage of PPA. The difference between
this plot and that in the absence of PPA@Fig. 9~A!# is striking. First, the LLDPE is now
slipping at its interface with the PPA; hence the velocity inside the capillary is well above
zero. Second, the velocity inside the capillary is increasing as the exit is approached.
Most important is the reduction in the velocity jump from inside to outside the capillary
tube. This observation complements the stress birefringence measurements that show a
reduction in stress at the exit when a low-energy surface is used@Piauet al. ~1995!#. For
the lower mass flow rates, the velocity is almost continuous across the exit. As the mass
flow rate increases, there is a jump in velocity as the material traverses from inside to
outside the die. The magnitude of the jump increases as the flow rate increases. This jump
in velocity across the interface at high flow indicates that the PPA is not as effective in
promoting slip at higher throughputs as it is at lower throughputs. This result was antici-
pated by Migleret al. ~2001! when the extrapolation lengthb, defined asb 5 ns /ġ, was
found to be a decreasing function of throughput.

However, sharkskin is not completely eliminated by the addition of the PPA; it returns
~albeit weakly! at a higher mass flow rate, as indicated in the plot. It is clear that the
polymer is slipping at the interface from the behavior atx , 0. Earlier in this article we
stated that sharkskin can occur under conditions of no slip, little slip, or oscillating
stick/slip. Now we observe that sharkskin can also occur in the case of strong slip. Such
a result is reasonable if the causative factor for sharkskin resides in the region just past
the exit. As mentioned earlier, Wiseet al. ~2000! found sharkskin in a Teflon tube at
sufficiently high flow rates. Since the polymer slips in the Teflon tube, their observation
also indicates that sharkskin can occur under a slip boundary condition.

From the surface velocimetry data in the vicinity of the exit, it is obvious that the
largest extensional strain rate occurs right at the exit. This is also the site of the initiation
of sharkskin instability. In order to further interpret the data of Fig. 9, we consider the
fluid flow in the region of the capillary exit. We defineV2 to be the velocity of the
slowest moving particles inside the capillary tube but as close to the exit as we can
measure~ ' 20 mm! and we defineV1 to be the velocity at the air–polymer interface
' 20 mm downstream from the exit. The extensional strain rate is defined as«̇
5 dn/dx and at the exit the quantity we measure is

«̇max 5 DVexit /Dx, ~1!

whereDVexit 5 V12V2 andDx is the distance between these two points.
In Fig. 10 we present the results for«̇max. In the case of strong sharkskin, for the

calculation ofV1 we utilized the velocimetry data of the surface layer, because this is
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from the material that is continuous with the inner surface inside the capillary. However,
beyond the onset of strong sharkskin,«̇max should be considered as an apparent exten-
sional strain rate, because the sharkskin makes the behavior too complex to quantify.

Cogswell suggested that the extensional strain rate may determine whether or not a
material exhibits sharkskin. In Fig. 10 we show the maximum extensional strain at the
onset of sharkskin for the cases with and without PPA. In the cases of PPA,«̇max
5 400 s21 at the onset whereas in the case of no PPA, we have«̇max ' 80 s21. The

relative standard deviation in they axis is 10%. The only change between these two cases
is the boundary condition, yet«̇max differs by a factor of approximately 5 between the
two of them. Thus«̇max is not the controlling parameter for the onset of sharkskin. While
«̇max at the onset of sharkskin is greater for the case with PPA than without, it was shown
previously that the total extensional deformation is muchless in the case of PPA than
without @Migler et al. ~2001!#. This leads us to consider that the parameter that describes
the onset of sharkskin may be related to a product of the extensional strain rate and the
total deformation.

In order to explore this possibility, we examine the flow rearrangements in the spirit of
Cogswell~1977!. In Poiseuille flow, at a distancedR 5 R2r from the wall, the velocity
profile is approximately linear whendR ! R:

Vr 5
4VfdR

R
, ~2!

where we use the Newtonian approximation and neglect die swell. Here,R is the radius
of the capillary,Vf is the final velocity of the extrudate, andr is the radial distance from
the capillary axis. The corresponding wall shear rate is given byġw 5 4Vf /R. In the
limit of dR ! R, the maximum extensional strain rate~which occurs at the exit! has the
same scaling:«̇max ' Vf /R. Sinceġw and«̇maxhave the same scaling, and since we have
previously determined thatġw is not the parameter that causes sharkskin, perhaps it
should not be surprising that we found that«̇max is also not the parameter that causes
sharkskin.

To define the deformation rate, we consider a fluid element at the wall of widthdR ~in
the radial direction!. The total deformation of the material element from just inside the
capillary tube to a point sufficiently outside the tube~so that there is only uniform
translation of the extrudate! is

T 5 Vf /Vd . ~3!

FIG. 10. Extensional strain rate at the polymer–air interface as the material exits the tube. We show cases with
and without PPA. The onset of sharkskin is denoted by the arrows.
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Since we know that sharkskin initiates in the exit region, we use the measured value,

T 5 V1 /V2 , ~4!

which is the deformation in the immediate vicinity of the exit. If we assume that the
particle undergoes uniform acceleration as it goes fromx2 to x1 , then the time it takes
the particle to move between these two points isDt 5 2Dx/(V11V2). We then define
the reconfiguration rateby

Ṫ 5 ~T21!/Dt. ~5!

We utilize T21, rather thanT, in the expression forṪ, so that the reconfiguration rate
would be zero in the case of a pure plug flow through the exit. Using Eqs.~1!, ~4!, and
~5!, and the time for a particle to move byDx, we have

Ṫ 5 «̇max~T11!/2. ~6!

In the case of a stick boundary condition, at the onset of sharkskin we are concerned with

the case ofdR ! R so thatT21 ' T, and thenṪ 5 «̇maxT/2 so that the reconfiguration
rate is the product of the extensional strain rate and the extensional deformation.

In Fig. 11, we compare the values ofṪ for the cases with and without PPA. Note that

the addition of PPA causes a dramatic reduction inṪ for a given mass throughput. The
relative standard deviation in they axis is 10%. In referring back to Fig. 9~B!, we see that

the change in velocity across the exit is quite small for the lower throughputs, thusṪ
~with PPA! is also quite small. As the jump in velocity across the exit increases in Fig.

9~B!, so does the correspondingṪ. Significantly, the onset of sharkskin as noted in this

plot occurs for similar values ofṪ. This is the first measurable quantity that we have
found which is comparable at the onset of sharkskin as the boundary condition is changed
to from stick to slippage.

One could argue that the history of deformation, which is different with and without
PPA, is the basis for an explanation for the onset of sharkskin in these two cases rather
than what we propose. However Howells and Benbow~1962! observed that the defor-
mation history does not strongly alter the onset of sharkskin~at least regarding the length
of time in the die!.

FIG. 11. Reconfiguration rate as a function of the flow rate for cases with and without PPA. The onset of
sharkskin is denoted by the arrows.
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DISCUSSION

We can draw several conclusions regarding our work within the context of the litera-
ture on sharkskin. In terms of the stick or slip boundary conditions, perhaps it can now be
understood why the results of some experiments have reported a stick boundary condition
whereas others have reported a slip condition, and others have speculated about an
oscillating stick/slip. We see here thatany of these boundary conditions is capable of
producing sharkskin. Of course the throughput at the onset is significantly affected by the
flow boundary condition. While we can observe oscillating stick/slip, it is not the cause of
sharkskin. The first reason is that sharkskin can be produced by other boundary condi-
tions. Second, we find that the rough surface is caused by the tearing that occurs past the
exit. Our observation of stick/slip localized to the exit is different from that of Mhetar and
Archer ~1998! who observed stick/slip in simple shear flow and from that of Munstedt
et al. ~2000! who observed global stick/slick in capillary flow.

Migler ~2001! has shown previously that neither wall shear rate nor total extensional
deformation is the parameter that controls the onset of sharkskin. Here we show that the
extensional strain rate is also not the controlling parameter. In a viscoelastic liquid sub-
jected to an imposed extensional rate of strain, extensional stress is a function of strain
rate and time~or total deformation!. Thus, to determine the stress to which the material is
subjected, it is insufficient just to consider the strain rate—one must also consider the
time scale~or total deformation!. Thus we propose the simple product of extensional
strain rate and extensional strain. The evidence presented here in favor of this idea is

preliminary and must be backed up with more measurements. It is likely thatṪ is only a
first approximation to the actual parameter that causes sharkskin.

However, our conjecture is consistent with one of the earliest results in the sharkskin
literature—that as one varies the radius of the capillary die, the onset of sharkskin occurs
at the same value of the linear velocity of the extrudate@Howells and Benbow~1962!#.

Here we make a simplified argument showing thatṪ can explain this behavior. At the

onset of sharkskin, we have shown thatṪ ' «̇T. From the above considerations, we have

Ṫ 5
Vf

dR
. ~7!

The work presented in this article indicates that, beyond a critical value ofṪ, one finds
the sharkskin instability. Since we considerdR to be the depth of the flow discontinuity
at the onset of sharkskin, it is independent of the radius of the capillary tube. It is more
dependent on our ability to measure the surface distortion in an on-line or quenched
mode. ThusdR has the same value at different capillary radii. Equation~7! implies that

Ṫ scales as the velocity of the extrudate. Thus, as the capillary radius varies, the onset of

sharkskin occurs at the same critical value ofṪ, that is, when a critical extrudate velocity
is reached. Alternatively, at the onset of sharkskin, the wall shear rate scales inversely
with the capillary radius, independent of the length of the capillary.

This argument, combined with our data showing that the onset occurs for a compa-

rable value ofṪ for two very different boundary conditions, lends plausibility to the

association ofṪ with the onset of sharkskin. It is well known that it takes a finite time to
build up a given level of extensional stress in a polymer. The stress is related to both the
time of application of the deformation as well as the speed of deformation. Our results
indicate that it is useful to compare slip and nonslip conditions at the onset of sharkskin.
We find that, for the slip boundary condition, the total extensional deformation is signifi-
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cantly less, but the rate of deformation is greater, leading presumably to the same level of
stress so that the material fails cohesively at the polymer–wall–air interface. One antici-

pates that the critical value ofṪ at the onset of sharkskin to be material dependent.

BecauseṪ has the units of inverse time, it would be useful to compare our parameter with
viscoelastic relaxation times.

CONCLUSION

We have examined the flow behavior of a linear low-density polyethylene in the
immediate vicinity of the exit of a capillary die. We have shown that the three boundary
conditions postulated in the literature can occur during sharkskin: stick, slip, and oscil-
lating stick/slip. Thus the cause of sharkskin resides not in the flow boundary condition in
the tube, but in the flow conditions just past the tube exit. The important parameter is the
stretching rate just past the capillary exit. We have also shown that a two-layer model is
correct for the sharkskin distortion in polyethylene, although we suggest that the ‘‘recon-
figuration rate,’’ rather than the extensional strain rate determines the onset of sharkskin.
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