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ORIGINAL CONTRIBUTION

Control of the sharkskin instability in the
extrusion of polymer melts using induced
temperature gradients

Abstract The extrusion of polymer
melts is often rate limited by the
onset of an elastic surface instability
known as sharkskin. Appearance of
these surface distortions is generally
unacceptable for commercial applications. The desire to forestall the
onset of sharkskin to higher output
rates has motivated a considerable
amount of research to characterize
the nature of the instability. In this
manuscript, we will present a series
of detailed experiments using a custom fabricated extruder and die. By
incorporating thermal breaks and
precise localized temperature control
of the die and barrel, predetermined
temperature gradients could be induced across the extrudate. Polymers are typically very poor thermal
conductors, and therefore the eﬀects
of heating or cooling from a
boundary can be designed to only
aﬀect the properties of the extrudate
very close to the die wall. We will
present data correlating the amplitude and frequency of the sharkskin
instability to the bulk and die surface temperature as well as the shear
rates. The result is a quantitative

Introduction
Flow instabilities occur in a variety of commercial
polymer processing operations including extrusion, ﬁlm
blowing, ﬁber spinning and coating. During the extru-

processing map that characterizes
the instability and demonstrates that
by modifying the rheology of the
polymeric ﬂuid very near the die exit
corner, it is possible to suppress or
control the sharkskin instability
through isolated die heating or
cooling. By reformulating our data
into Weissenberg and Deborah
numbers using the relaxation time
evaluated at the wall temperature,
we demonstrate that the sharkskin
surface instability is dependent only
on ﬂow kinematics and viscometric
properties of the ﬂuid very near the
die wall, a result of the stress singularity present at the die exit, and
independent of bulk ﬂuid properties.
This technique could conceivably
increase the proﬁtability of extrusion
processes and be extended to develop precisely-controlled sharkskin for
designing speciﬁc functionality into
extruded surfaces.

Keywords Polyethylene extrusion Æ
Sharkskin Æ Surface instability Æ
Quantitative characterization

sion of molten polymer through capillary or slit die
geometries, a transition from a smooth surface to a
nearly periodic ridge-like surface distortion has been
observed at a critical shear rate or wall shear stress
(Petrie and Denn 1976; Denn 2001). These surface

161

distortions are known as sharkskin. Flow instabilities
during extrusion were ﬁrst observed after World War II,
and early reports of sharkskin, in particular, date back
to the 1960s (Howells and Benbow 1962; Tordella 1963).
Detailed experimental observations on ﬂow instabilities
through 1975 are reviewed in a broad sense by Petrie and
Denn (1976), and subsequently by Larson (1992). A
more speciﬁc review of ﬂow instabilities, with a focus on
sharkskin and its mechanism was written by Denn
(2001). In general, and as detailed in the aforementioned
reviews, distortions seen during extrusion have a progression in severity. As shear rate or stress increases, the
extrudate surface undergoes a transition from stable, to
sharkskin, to stick-slip, and ﬁnally to gross melt fracture. In Fig. 1, a series of photographs are shown to
illustrate the transition from smooth, to loss of gloss, to
fully developed sharkskin.
While a great deal of research has been devoted to
sharkskin in polymer extrusion, the origins and underlying physical mechanism of this elastic instability are
still widely debated within the literature. There is,
however, a consensus among researchers that the
underlying physical mechanism of the sharkskin instability is rooted in the stress singularity that develops at
the die exit. As seen schematically in Fig. 2, large local
stresses can develop within the polymer melt near the die
exit. This occurs as the ﬂuid accelerates from rest for the
case of a no-slip velocity boundary condition, or from a
small velocity (vslip>1 mm/s, Denn 2001) for the case of
a slip boundary condition to a consistent velocity plug
ﬂow beyond the exit plane. The presence of this stress
singularity can lead to a rapid tensile deformation of the
polymer molecules in the extrudate near the die wall,
which can, in turn, result in enormous tensile stresses.
The ﬁrst detailed analysis of this ﬂow and the resulting
instability was performed by Cogswell (1977).
The underlying cause of the sharkskin instability is
not agreed upon in the literature. Barone et al (1998)
proposed an interfacial molecular instability (IMI)
mechanism for sharkskin where conditions in the die
wall play an important role. In a polymer melt, polymer
chains either near to or adsorbed to the die wall are
entangled with other chains within the bulk. Near the die
exit, if the shear rate is large enough, the stress accumulated within the ﬂuid can grow large enough to result
in a coil-stretch transition of these molecules. The chains
near the wall elongate and eventually disentangle from
the bulk chains. The original chains, now at a lower
stress, recoil, and the cycle repeats. Barone et al (1998)
assumed that the wall chains are tethered; the mechanics
of this microscopic phenomenon incorporating wall-slip
are detailed in Mhetar and Archer (1998).
An alternate physical model proposed by Ramamurthy (1986) attributes sharkskin to a failure of adhesion at
the polymer/die interface. This claim is further supported
by Kalika and Denn (1987), who described the same

Fig. 1 Series of photographs showing the transition from
 stable1to

sharkskin extrudate. From top to bottom:
c_ ¼ 8 s ;
 a smooth

1
b loss of gloss or onset
of sharkskin
c_ ¼ 16 s ; and c fully


developed sharkskin c_ ¼ 50 s1 : All photos are from the same
experiment using Dow Aﬃnity EG8100 LLDPE, extruded at
Tbulk=140 C

sharkskin mechanism based on periodic slip at the die
exit followed by nearly complete slip in the gross melt
fracture regime. A later work by El Kissi and Piau (1994),
however, directly contradicts the wall slip results in the
previous works using the same ﬂuids and a series of
capillaries with diﬀerent geometries. They performed the
same ﬂow and rheometry experiments using time-temperature superposition and careful selection of dies and
extrusion temperatures rather than extrapolation of
data. Their precise results and analysis clearly showed
that the experimental methods for determining slip
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Fig. 2 Schematic diagram of a capillary die exit geometry showing
no-slip wall condition and plug ﬂow in the extrudate, with inherent
stress singularity. High local stresses at the die exit plane result in
strong deformation of the polymer chains and large tensile stresses

velocities do not give conclusive evidence of the existence
of slip at the wall for the linear low-density polyethylene
(LLDPE) used by Kalika and Denn (1987) and Ramamurthy (1986). El Kissi and Piau (1994) suggested that
the slip at the wall reported by the previous authors can,
in fact, be attributed to shear thinning, and ﬁnally concluded that sharkskin in LLDPE is caused instead by a
cracking of the ﬂuid at the die exit. This mechanism is
based on the hypothesis that local stresses at the die exit
exceed the melt strength and cause a surface melt fracture
with a cyclic nature, which is further described by Piau
et al (1989) as an exit phenomenon related to the relaxation of stretch strains.
In spite of the continued debate between some of the
above works, there is a commonality one can infer about
the nature of the sharkskin mechanism. The phenomenon
of sharkskin is fundamentally rooted in the kinematics
and dynamics of the ﬂow near the capillary die exit and the
build-up of tensile stress resulting from the stress singularity. In particular, numerical simulation results by
Mackley et al (1998) support this claim and refer to the
mechanism as a periodic melt rupture at the die exit
resulting from large velocity gradients, deformations and
stresses, conﬁned to the surface region. In a more experimental approach by Dhori et al (1997), the eﬀects of the
exit corner were explicitly probed. Dies were dipped in a
ﬂuoroelastomer additive (Dynamar 9613) known to
eliminate sharkskin. The extent of the coating was varied
from a few millimeters deep to the entire capillary length.
Extruding through these capillaries before coating, after
coating, and ﬁnally after the coating was machined oﬀ the
face of the die, only showed sharkskin, suppression of
sharkskin, and reappearance, respectively. This careful
series of experiments therefore clearly demonstrated that
the suppressive coating only aﬀected sharkskin when
present at the outermost die exit corner.
Surface quality is important in most extrusion
applications. For example, extruded optical ﬁbers must

be free from surface defects if they are to transmit light
eﬀectively. Thin ﬁbers that are to be woven into some
other ﬁnal product are diﬃcult to work with if their
surfaces are not smooth and able to slide past other
ﬁbers easily. Therefore, suppression or elimination and
an understanding of sharkskin have practical relevance
in that the instability limits the output rate for acceptable extrudate. To this end, there is a large body of
previous work that addresses the suppression of sharkskin based on the mechanism described above. Already
mentioned above in the work by Dhori et al (1997),
coatings which promote slip in the die/polymer interface
have been studied extensively. Inn et al (1998) show the
eﬀectiveness of a simple soap solution coating around
the die exit in eliminating sharkskin for the extrusion of
polybutadiene. Previous work has also shown successful
suppression or complete elimination of sharkskin in
polyethylene extrusion with the use of ﬂuoropolymer
polymer processing additives (PPA). In the work of
Migler et al (2001), PPA is mixed with the LLDPE resin
and, with the aid of a sapphire capillary die, is observed to
migrate to the capillary wall where it sticks and induces
slip between itself and the LLDPE. The slip velocity at the
wall reduces the stress built up at the die exit, thereby
postponing or even eliminating sharkskin altogether.
Although successful, the addition of PPAs is not always
desirable in a ﬁnal LLDPE product. Rather than using a
PPA, experiments by Piau et al (1995) use special stainless
steel dies and polytetraﬂuoroethylene (PTFE or Teﬂon)
inserts. These PTFE inserts or sleeves also eliminate
sharkskin without aﬀecting the composition of the product. PTFE inserts are, however, limited in their resistance
to high temperature and susceptibility to wear. Alpha
brass is another die material shown to induce enough wall
slip to suppress sharkskin, as ﬁrst suggested by Ramamurthy (1986) and later veriﬁed by Ghanta et al (1998)
and Perez-Gonzalez and Denn (2001).
Rather than addressing the onset of sharkskin by
changing the material at the polymer/die interface, our
research focuses on aﬀecting the properties of the
polymer itself towards the goal of reducing polymeric
stress and deformation at the die exit. By using very
speciﬁc and localized heating/cooling in the die, we will
show that it is possible to locally aﬀect the ﬂuid temperature and therefore ﬂuid rheology only near the
capillary wall. The rheological properties of polymers
are very sensitive in general to small changes in temperature. The theory of time-temperature superposition
allows one to relate changes in viscosity and relaxation
time to changes in temperature (Bird et al 1987). The
Arrhenius form of the time-temperature superposition
shift factor is valid for polymer melts far from their
melting point and is given by



kðT ÞT
gðT Þ
DH 1
1
aT ¼

¼ exp 
¼
ð1Þ
kðTref ÞTref gðTref Þ
R T Tref
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 is the universal gas
where DH is the activation energy, R
constant, and Tref is an arbitrary reference temperature
(Bird et al 1987). Therefore, a strong coupling between
ﬂow kinematics and the temperature gradients imposed
upon the ﬂow through the thermal boundary conditions
(die heating/cooling) can exist. A detailed analytical
treatment of ﬂow through capillaries with die heating is
presented by Winter (1977). This shift factor, aT, allows
for the creation of master curves of properties such as
viscosity from rheology experiments over a wide range
of temperatures.
The relatively poor thermal conductivity of polymer
melts results in the eﬀects of die heating being isolated to
the polymeric ﬂuid near the wall and die exit. The
approximate thermal boundary layer thickness, dT, can
be related to relevant geometric and physical properties
of the ﬂow by
dT ½a  t1=2 h a i1=2
/
¼ 
¼ Pe1=2
L
L
VL

ð2Þ

where t is the ﬂuid’s residence time in the capillary, L is
the capillary length, and V is the average velocity. The
ﬁnal scaling argument in Eq. 2 relates the thermal
boundary layer thickness, as a fraction of capillary
length, to a Peclet number, a dimensionless group which
relates the characteristic timescale of thermal diﬀusion
to the characteristic timescale of the ﬂow. Using typical
values for average velocity on the order of V =0.01m/s,
capillary length L=10 mm, and a typical value of
thermal diﬀusivity for LLDPE of a=1.86·10)7 m2/s
(Touloukian 1979), gives a result of Pe=537 and
dT/L=0.043. A more meaningful result is attained by
multiplying this result by the aspect ratio of our capillary, L/D=5, arriving at a ﬁnal result which indicates
that the thermal boundary layer grows to roughly 22%
of the capillary diameter, D. In terms of the die heating/
cooling experiment, this scaling argument highlights the
importance of easily controlled variables such as aspect
ratio and average velocity. Extruding through a shorter
capillary or at higher ﬂow rates will cause the Peclet
number to increase and thereby minimize the growth of
the thermal boundary layer even further.
Using the ideas above, let us undertake a brief conceptual exercise. Heating the ﬁnal section of a capillary
die some percent above the bulk working temperature
will result in a radial temperature proﬁle in the polymer
melt across the plane of the die exit. This proﬁle will vary
from some bulk temperature at the centerline to the
elevated capillary wall temperature. If the localized
heating is designed correctly, the majority of the polymer
melt in the resulting temperature distribution will be near
the upstream bulk temperature. Consequently, this
induced temperature proﬁle will translate into an
analogous distribution of the ﬂuid rheology, resulting in
a dramatic reduction in both the viscosity and the

relaxation time of the polymeric ﬂuid near the die wall. It
is our hypothesis that this local modiﬁcation of the ﬂuid
rheology will directly correspond to a respective increase
in a critical output rate before the onset of sharkskin.
In extrusion ﬂows, the polymer melt can be exposed
to large shear rates over an extended time. As a result of
the poor thermal conductivity of typical polymeric
materials, the accumulated heat from viscous dissipation
can also have a signiﬁcant eﬀect on the temperature
proﬁle in the extrudate and the viscometric properties of
the ﬂuid. The relative importance of viscous heating can
be quantiﬁed by the Nahme number (Bird et al 1987)
Na 

g0 bV 2
kt T

ð3Þ

where g0 is the zero-shear-rate viscosity, kt is the thermal
conductivity of the ﬂuid, T is the absolute temperature,
and b is the thermal sensitivity of the ﬂuid viscosity
deﬁned as
 
T  dg 
b
ð4Þ
g dT 
0

For the Arrhenius form of time-temperature super . Using kt=0.416
position, this simpliﬁes to b ¼ DH =RT
W/m·K and calculating b=8.38 at a temperature of
T=413 K, gives a relatively small Nahme number of
Na=0.195 for this ﬂow. It has been shown by Winter
(1977) that the eﬀect of viscous heating in an extrusion
ﬂow is not to heat the ﬂuid near the die where it would be
useful for our purposes, but away from the wall and
towards the centerline. The extent of heating and location
of the maximum temperature is a strong function of
Nahme number and residence time. Viscous heating can
have negative eﬀects by raising the temperature of internal
regions of the polymer melt above acceptable levels and
could result in polymer degradation (Chung 2000).
The strategy of raising temperature to control or
eliminate ﬂow instabilities by decreasing viscosity is not
altogether new. Industrial practices routinely suggest
ramping up temperature through consecutive heating
zones in screw-type extruders (Chung 2000; Michaeli
1984). The opposite approach, die cooling, has also been
suggested in a British patent by Cogswell (1976), in
which he suggests that sharkskin occurs at a given
temperature, and can be avoided by cooling the surface
of the extrudate as it exits the die. Work by Santamaria
et al (2003) details how cooling of the die lip to just
above the melting point eliminates sharkskin in polyethylene by inducing ordering of the molecules, thereby
increasing cohesiveness and reducing the tendency to
tear and cause sharkskin. Using a Teﬂon gap, a large
heat sink, and, in some cases, water cooling at the die
exit, Barone et al (1998) were able to demonstrate a
correlation between the period of the sharkskin
instability and the die wall exit temperature. Speciﬁcally,
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they found that at a given ﬂow rate, the period increases
with decreasing die temperature. The experiments of
Barone et al (1998) are quite limited in scope and no
measurements of the extrudate temperature proﬁle were
made. It is therefore uncertain that the observed shift in
the sharkskin period is not simply a result of increased
bulk temperature of the extrudate. With respect to all
the previous research, our approach to die heating/
cooling will utilize a very precise experimental design to
locally aﬀect the extrudate at the die exit allowing us to
not only suppress sharkskin, but also quantify its characteristics and eventually control and predict it. Our
results build upon the conclusions of several aforementioned works and add support to the proposed mechanisms for the instability. The practical relevance of our
work points to an extrusion method that uses a small
amount of added energy in the form of localized die
heating to increase output while minimizing necessary
bulk temperatures and subsequent cooling times.
The outline of this paper is as follows. In the following
section we discuss our experimental setup, ﬂuid rheology,
and test protocol. In the next section we present our
results demonstrating suppression and control of
sharkskin through localized thermal modiﬁcations.
Finally, we conclude with some implications and suggestions for the use of our technique for industrial extrusion.

Experimental
Apparatus
A series of experiments were carried out using a purpose-built extruder. In Fig. 3, a schematic diagram of
Fig. 3 Schematic diagram of
experimental extruder

our experimental set-up is shown, highlighting several
key components and heating zones. The barrel, with a
30 mm internal diameter and total volume of 0.19 m3,
was machined from 7075 aluminum and heated by three
500 W band heaters (Omega MB-1). The temperature of
the bulk ﬂuid inside the barrel (Zone 3) is monitored by
an internal bore thermocouple (Omega BT) inserted
through a radial pressure ﬁtting near the bottom of the
barrel. A standard pipe ﬁtting provides the attachment
point for the intermediate and capillary die, both constructed of stainless steel and heated by a 100 W band
heater (Omega MB-1) and 15 W cartridge heater
(Omega CSS-01115), respectively. In the intermediate
die (Zone 2), the bulk temperature of the ﬂuid is again
monitored by an internal bore thermocouple. However,
in the capillary die (Zone 1), rather than controlling the
ﬂuid temperature, the temperature of the die itself is
monitored for control using a thermocouple mounted
directly in contact with the surface of the steel die. A
divider fabricated from Teﬂon provides thermal isolation to the small capillary die. Temperature diﬀerences
of DT>30 C are possible between the capillary and
intermediate die. The actual capillary section begins in
the intermediate die and is bored smoothly through the
3 mm thick Teﬂon gap and the 5 mm capillary die. Total
length is 10 mm and diameter is 2 mm (L/D=5). All
three heating zones are controlled individually by
standard proportional-integral controllers (Omega
CN2110). Polymer melt is forced out of the barrel and
through the die using pressurized nitrogen supplied with
a standard compressed nitrogen tank and regulator
capable of producing 1.4·107 Pa. The regulated pressure
is monitored by a 100 mV transducer (Omega PX302)
mounted inline at the top of the barrel.
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Working material
The material under investigation is a polyoleﬁn plastomer; speciﬁcally, a co-polymer of ethylene and octene.
Dow AFFINITY EG8100 was chosen on the basis of
being a well-stabilized and commercially-available linear
low-density polyethylene (LLDPE), as described in Migler et al (2001). The density of this polymer is
q=870 kg/m3, and it has a diﬀerential scanning calorimeter (DSC) melting point of Tmelt=55 C. EG8100
was delivered in pellet form and in the absence of any
instability is transparent. Dynamic and steady ﬂow
rheology experiments were performed on this material
using parallel plate geometry on an AR2000 shear
rheometer (TA Instruments), the results of which are
shown in Fig. 4 and Fig. 5, respectively. The small
amplitude oscillatory data in Fig. 4 were ﬁt using a
discrete multi-mode Maxwell spectrum (Bird et al 1987).
In this linear viscoelastic model, the discrete forms of the
loss and storage moduli, G¢ and G¢¢, respectively, are
deﬁned as
G0 ¼

G00 ¼

n
X

gi ki x

i¼1

1 þ ðki xÞ2

2

n
X

gi x

i¼1

1 þ ðki xÞ2

ð5Þ

ð6Þ

A satisfactory ﬁt was produced with ﬁve modes; the
relaxation times, ki, and viscosities, gi, associated with
each mode are given in Table 1. The model predictions

Fig. 5 Steady shear rheology of EG8100 at Tref=140 C. The data
include viscosity measurements (circles) and a ﬁt to a Carreau
model (line)

are superimposed over the data in Fig. 4. For polymer
melts, a shear-rate dependent relaxation time can be
calculated from viscometric properties of the ﬂuid
(Rothstein and McKinley 1999), and an average or
Oldroyd relaxation time can be determined through a
viscosity weighted average of the relaxation time spectrum,
Nm
P

gi ki
k ¼ W10 ¼ i¼1
¼ 1:52s
Nm
P
2g0
gi

ð7Þ

i¼1

Shifting of the linear viscoelasticity data over a range
of temperatures using the Arrhenius form of the timetemperature superposition shift factor allowed for the
determination of the activation energy, DH/R=3460 K,
which was used in later calculations. The results from
ﬁtting the steady shear viscosity data at a reference
temperature of 140 C with a Carreau model (Bird et al
1987) are superimposed over the data in Fig. 5. Using
this model,
h
in1
g  g1
2
¼ 1 þ ðsc c_ Þ2
ð8Þ
g0  g1

Fig. 4 Small amplitude oscillatory shear rheology of EG8100 at
Tref=140 C. The data include: loss modulus G¢ (unﬁlled circles),
storage modulus G¢¢ (ﬁlled circles), and ﬁts to a multimode Maxwell
model (solid line), the parameters of which are listed in Table 1

resulted in a zero-shear rate viscosity of g0=
4.0·104 Pa s, an inﬁnite-shear rate viscosity of g¥=0, a
time constant for the onset of shear thinning of sc=24 s,
and a power law exponent of n=0.83. The Carreau
model predictions are in good agreement with the viscosity measurements over the entire range of shear rates.
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Table 1 Spectrum of relaxation times and moduli
Relaxation time k (s)
1.98·10)3
1.24·10)2
5.64·10)2
0.327
3.22

Viscosity g (Pa)
3.94·105
2.11·105
1.19·105
3.24·104
5.07·103

Fig. 6 Flow curves showing eﬀects of bulk temperature versus die
heating/cooling. The data include Tbulk=Tdie=160 C (squares),
Tbulk=Tdie=140 C (circles), die heating Tbulk=140 C/Tdie=
160 C (triangles), and Tbulk=140 C/Tdie=130 C (upside-down
triangles)

junction was marched across the exit plane of the capillary die. The center of the thermocouple junction was
aligned to be tangent with the exit plane of the capillary,
resulting in no upstream eﬀects within the capillary but
still capturing the temperature of the extrudate directly
at the exit plane. The thermocouple junction had a
diameter of Dtc=0.35 mm, resulting in a spatiallyaveraged temperature measurement of the polymer melt.
These measurements are invasive and, although great
care is taken during positioning so that the eﬀect is
completely downstream of the die exit plane, they can
aﬀect the ﬂow as we are trying to measure it. Future
experiments are planned with a non-invasive temperature measurement technique such as the Dual Emission
Laser Induced Fluorescence (DELIF), described in
Coppeta and Rogers (1998). These temperature measurements served to conﬁrm the thermal gradient
between the extrudate centerline and wall temperature.
Qualitative ﬂow visualization of the extrudate upon
exiting the die was done using a CCD camera (Hitachi
KP-M22 N) and video zoom microscope lens with an
increased depth of ﬁeld (Edmund VZM 450i). Quantitative characterization of the extrudate surface showing
the sharkskin instability was done optically. Still images
of cooled extrudate samples were taken from frames
captured with a CCD camera mated to a microscope
(Olympus Vanox-T). Using backlighting, the proﬁle of
the extrudate was captured and processed using an edge
detection routine we developed in MATLAB. The routine utilized a max/min function and fast-Fourier
transform to calculate the average amplitude and
dominant wavelength of the nearly periodic sharkskin
proﬁle.

Experimental protocol

Results and discussion

The extruder was initially calibrated by generating ﬂow
curves, several of which will be presented in the following sections. Pressure drop, controlled via the regulator on the nitrogen tank, was ramped up while the
mass ﬂow rate of extruded polymer was measured. The
latter was done by weighing timed samples of extrudate,
using an accurate balance with a sensitivity of 0.001 g
(Mettler AC100), collected at a constant pressure drop.
Flow curves were generated at various temperature
conditions, where bulk temperature is controlled in
Zones 2 and 3, and die heating or cooling is done with
precise control at Zone 1. We will show through temperature measurements that this precise control aﬀects
only a very small portion of the polymer melt near the
capillary wall as it exits the die.
Temperature proﬁle measurements of the extrudate
were performed using a micro-positioning stage adapted
to hold a K-type thermocouple junction at the end of a
horizontally-oriented protection tube. The exposed

Flow curves and eﬀects of die heating
We begin our study of thermal modiﬁcation by acquiring ﬂow curves at various bulk temperatures, as well as
die heating and cooling conditions. In Fig. 6, the eﬀect
of changing the bulk material temperature and comparative lack of eﬀect through die heating or cooling is
shown. In the ﬁgure, the diﬀerence in material properties
resulting from a 20 C bulk temperature diﬀerence is
evident by the increased ﬂow rate for a given applied
pressure drop. As the bulk temperature is increased from
Tbulk=140 C to 160 C, the viscosity, calculated using
the Arrhenius form of time-temperature superposition
for zero-shear, is reduced from g0=4.0·104 Pa s to
g0=2.7·104 Pa s. This 32% decrease in viscosity results
_ at a
in an average 58% increase in mass ﬂow rate, m;
given pressure drop, DP. This agrees well with the
observations of Pudjijanto and Denn (1994). They found
that during stable polymer melt extrusion, the wall shear
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stress, swall ¼ DP ðD=4LÞ; increased as swall / c_ 0:69
app , where
the nominal uncorrected value
of
the
apparent
shear rate

is c_ app ¼ 8V =D. Here, 4m_ qpD2 is the average velocity
calculated from the measured mass ﬂow rate. From the
experimental observations of Pudjijanto and Denn
(1994), we would expect a 59% increase in the observed
mass ﬂow rate. In contrast to changing the bulk temperature, the addition of die heating or cooling to the
experiment at Tbulk=140 C produces a negligible eﬀect
on the ﬂow curve. Therefore, although the die is being
heated to Tdie=160 C or cooled to Tdie=130 C, these
experiments clearly show that only the very outermost
polymer melt in the die is being heated or cooled beyond
the centerline temperature while the bulk properties of
the ﬂuid remain unaﬀected. These qualitative observations of the localization of our thermal modiﬁcations
will be reinforced with precise temperature proﬁle measurements.
Utilizing the fact that extruded polyethylene becomes
cloudy, or experiences loss of gloss as it transitions to
sharkskin, the ﬂow curves can be used to explore the
onset of the instability. By qualitatively selecting a critical onset point, the data can be separated into stable
and unstable ﬂow regimes. When the data are plotted on
a log-log scale, they demonstrate a clear transition in
slope upon onset of the surface instability, as seen in
Fig. 7. Initially, the wall shear stress is found from our
experiments to increase as swall / c_ 0:7
app , independently of
bulk or wall temperature. However, a clear transition
occurs in the data at larger shear rates and the wall shear

Fig. 7 Flow curves showing transition from stable (open symbols)
to unstable sharkskin (closed symbols) extrudate. The data include:
Tbulk=Tdie=140 C (circles), Tbulk=140 C/Tdie=160 C (triangles), and Tbulk=Tdie=160 C (squares)

stress is found to increase as swall / c_ 0:5
app , again, independently of wall or bulk temperature. This change of
slope coincides precisely with the loss of gloss of the
ﬁlament and the transition from the stable ﬂow regime
to the sharkskin instability. A similar transition was
observed by Pudjijanto and Denn (1994) and our
experimentally-measured slopes are in good agreement
with the values reported in their work. It should be
noted that the onset of sharkskin to this point is assessed
in a qualitative manner. As we will discuss below, in
order to quantify the eﬀectiveness of die heating or
cooling, an exacting procedure must be developed to
determine the character of the sharkskin instability.
In addition to showing a clear change in slope at the
onset of the sharkskin instability, the data in Fig. 7
strongly supports our original hypothesis that the
sharkskin instability can be suppressed through controlled die heating. The three curves shown are extrusion
at Tbulk=140 C with no die heating, Tbulk=140 C
with die heating to Tbulk=160 C, and Tbulk=160 C
with no die heating. It should be noted that no die
heating means that the die was controlled at the same
temperature as the selected bulk. As in the previous ﬂow
curves, the curves for Tbulk=140 C with and without
die heating are uniform in terms of stress and shear rate
trends. However, the onset point of sharkskin has been
suppressed to the next higher experimentally imposed
stress level. By heating only the ﬁnal die exit to
Tdie=160 C while keeping the bulk temperature at
Tbulk=140 C, the critical shear stress for the onset of
the sharkskin instability from Fig. 7, scrit=0.138 MPa,
is found to be consistent with the value observed for the
experiments where both the bulk and die were heated to
Tbulk=Tdie=160 C, albeit at a lower output rate.
In order to quantify the eﬀects of die heating on the
polymer melt, temperature measurements were taken at
the die exit. In Fig. 8, proﬁles taken at a bulk temperature of Tbulk=140 C with die heating to Tdie=160 C
at several increasing output rates are shown. The data
do not continue to the die exit (r=1.0 mm) due to the
oﬀset caused by the size of the thermocouple junction,
Dtc=0.35 mm, in relation to the capillary with diameter,
D=2 mm. As a result of the thermocouple junction
being fully submerged in the extrudate at the outermost
reading, this oﬀset roughly corresponds to one radius,
Rtc=0.18 mm. The measurements correspond to average temperatures across the thermocouple junction
which is carefully traversed through the extrudate, tangent to the exit plane of the die. A rough extrapolation
of the temperature proﬁles to the edge of the polymer
melt extrudate results in a wall temperature of very close
to the applied Tdie=160 C. At low output rates and
small Peclet numbers, the polymer melt has a long enough residence time in the capillary to be heated to the
elevated temperature across the entire proﬁle. As the
output rate increases and residence time decreases, a
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strong temperature gradient develops, isolated near the
die wall, and less heat is transferred into the polymer.
These results illustrate the dependence of the thermal
boundary layer thickness on average velocity, as referred
to in the dimensionless Peclet number scaling argument
presented previously in Eq. 2. The highest ﬂow rate seen
in Fig. 8, m_ ¼ 1:2 g=min; is equivalent to an average
velocity of V ¼ 7:2  103 m/s, and using Eq. 2 results
in a Peclet number of Pe=376 corresponding to a
thermal boundary layer thickness of approximately 26%
of the capillary diameter. Using Eq. 3 gives a Nahme
number of Na=0.075, indicating that eﬀects from viscous heating are very small. Close inspection of Fig. 8
shows a small bump in the data near the midpoint of the
radius that could be the result of viscous heating, but
this occurs only for the highest ﬂow rate shown. In lieu
of a more precise and non-invasive temperature measurements, we can conclude that the stated goal of
imposing large temperature gradients on the polymer
melt extrudate has been attained.
Characterization of sharkskin
A still image of an extrudate in proﬁle exhibiting highly
developed sharkskin is shown in Fig. 9. This image
illustrates the parameters we will be using to discuss the
nearly periodic nature of the sharkskin instability.
Qualitative visual inspection of extrudate surfaces indicated that sharkskin amplitude and wavelength both
increased as output rate increased. The nature of the
surface variations was quantiﬁed by analyzing images

Fig. 8 Radial temperature proﬁles through extrudate across die
_
exit plane for several increasing mass ﬂow rates, from m=0.079
_
g/min to m=1.2
g/min

Fig. 9 Characteristic proﬁle photo of EG8100 extrudate with fully
developed sharkskin surface

from a wide range of output rates and heating conditions. The resulting plot, seen in Fig. 10, is a quantitative
processing map of the sharkskin instability. Looking at
the instability in terms of the amplitude of the surface
roughness, A, there is a clear exponential growth as
output rate increases. Furthermore, throughout the
range of die heating and cooling conditions tested, this
growth rate appears to be consistent. A speciﬁc scaling
will be discussed in a later section. Preliminary ﬁtting of
the data is included in Fig. 10 to illustrate uniformity of

Fig. 10 Sharkskin amplitude as a function of shear rate at various
die heating or cooling conditions, a quantitative processing map.
All curves are at Tbulk=140 C with die heating/cooling. The data
include Tdie=130 C (squares), Tdie=140 C (circles), Tdie=
150 C (ﬁlled triangles), Tdie=160 C (unﬁlled triangles), and
Tdie=170 C (diamonds). Exponential ﬁts included and addressed
in Fig. 14
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the data between temperature conditions in the given
window. This scaling suggests that the consistent ﬁt is
valid for shear rates far from the onset conditions of
sharkskin; the initial growth from submicron roughness
and smooth surfaces to sharkskin is much stronger. The
scatter in the data is due primarily to the 1 lm resolution of the images used.
An additional feature of the data in Fig. 10 is the
lack of hysteresis, explored in a series of experiments
performed to determine the nature of the instability.
The shear rate at which the polymer was extruded was
initially ramped up and then back down. Samples of
the extrudate were collected along both paths of the
ﬂow curve. The resulting measurements of the amplitude of the surface roughness demonstrated no signiﬁcant deviation indicative of hysteresis. This result
suggests that the sharkskin instability is a supercritical
bifurcation (Iooss and Joseph 1980). Our work contradicts the results of Bertola et al (2003) and Meulenbroek et al (2003), who investigated the extrusion
of a polyvinyl alcohol sodium tetraborate solution and
found the amplitude growth of the sharkskin instability was hysteretic with shear rate. Based on the
results of their experiments and the stability analysis
of Meulenbroek et al (2003), Bertola et al (2003) claim
that there is one fundamental intrinsic route to the
sharkskin instability and that the instability has
the characteristics of a weakly subcritical bifurcation.
The origin of this discrepancy in our experiments is
unclear and, to our knowledge, no other source
indicates that sharkskin has the characteristics of a
subcritical bifurcation.
There is a need to quantify the onset conditions of the
sharkskin instability. Rather than qualitatively assigning
a surface as stable or unstable based on its ‘‘by eye’’
visual appearance, the map shown in Fig. 10 allows a
speciﬁc characteristic amplitude to be designated as the
condition for the onset of the sharkskin instability. The
quantitative map encompasses the region of processing
at the point where some level of instability is already
present. This is due to the fact that the optical edge
detection routine has diﬃculty processing amplitudes
smaller than about 1 lm. Sharkskin has historically
been identiﬁed as a loss of gloss on the surface of the
extrudate. Based on our qualitative inspection, this
corresponds to a surface roughness of approximately
A10 lm. If a vertical slice is taken through the data,
thereby holding the shear rate ﬁxed, the amplitude is
found to decrease as the degree of die heating is
increased. This can be seen explicity in the series of
images presented in Fig. 11. These images show a
decrease in surface roughness from A=90 lm to 25 lm
to 9 lm as the capillary die wall temperature is decreased from Tdie=170 C to 150 C to 130 C at a
shear rate of c_ ¼ 30 s1 and a bulk temperature
of Tbulk=140 C. Therefore, a surface temperature

Fig. 11 Succession of proﬁle photos at constant apparent shear
rate of c_ =30 s)1 and a constant bulk temperature of Tbulk=140 C
with increasing die temperature. The data include a Tdie=130 C, b
Tdie=150 C, and c Tdie=170 C

modiﬁcation of 40 C about the bulk temperature
produces an order of magnitude diﬀerence in the
measured sharkskin amplitude. Alternatively, a given
amplitude can be selected and a horizontal slice taken
through the data in Fig. 10. We observe that modiﬁcation of the die temperature by 40 C through localized
heating or cooling makes it possible to change the
output rates required to achieve a desired surface
roughness by a factor of three. The implications of this
quantitative surface roughness map over a given processing region are broader than simply suppressing
sharkskin to higher output levels or eliminating it
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entirely at a speciﬁc condition, ﬂow rate, or pressure
drop. Through the use of controlled die heating, the
polymer melt extrudate can be processed at a selected
operating condition in terms of stress and shear levels,
allowing one to ‘‘dial in’’ a speciﬁc amplitude and impart
a desired functionality to the surface.
Mechanism of sharkskin
The eﬀectiveness of isolated heating at the die wall gives
some insight into the mechanism of the sharkskin
instability. Our results lend support to the theory that
sharkskin originates in the interaction of the polymer
with the die wall and local stresses at the die exit. To
further quantify this dependence, a local Deborah and
Weissenberg number are formed based on the conditions
at the capillary die wall:
Delocal ¼ kðTdie Þf
W ilocal ¼ kðTdie Þ_capp

ð9Þ
ð10Þ

where f is the frequency of the sharkskin instability. For
these calculations, the relaxation time at the wall,
k(Tdie), was evaluated using the Arrhenius form of the
time-temperature superposition shift factor, Eq. 1. The
Deborah and Weissenberg numbers describe the ratios
of the characteristic ﬂuid relaxation time to the characteristic time scale of the ﬂow, and the shear rate,
respectively. The two dimensionless quantities also diﬀer
in that the Deborah number is used for a time-dependent
ﬂow, and Weissenberg for steady ﬂow, as deﬁned by
Morrison (2001). In Fig. 12, two vertical slices of the
data in Fig. 10, holding the apparent shear rate constant
at c_ ¼ 15 s1 and c_ ¼ 30 s1 ; are recast in terms of the
local Deborah number. As the wall temperature increases, the frequency of the instability increases. When
the frequency of the instability is non-dimensionalized
by the relaxation time at the die wall to form the local
Deborah number, however, the data are found to collapse to a single constant value of De.38 for c_ ¼ 15 s1
and De.50 for c_ ¼ 30 s1 ; independent of die temperature. Similarly, if the amplitude is held ﬁxed by taking a
horizontal slice of Fig. 10, the shear rate required to
achieve a given surface roughness can be determined for
various die temperatures. The data in Fig. 13, for
amplitudes of A=20 lm and A=30 lm, show that the
apparent shear rate required to achieve a given surface
instability amplitude increases with wall temperature. If
the shear rate data is non-dimensionalized, the local
Weissenberg number is found to remain nearly constant,
Wi.32 for A=20 lm and Wi.37 for A=30 lm, independent of die temperature. From these observations,
we can conclude that the sharkskin instability is independent of the viscometric bulk ﬂuid properties and only
a function of the rheological properties of the ﬂuid

Fig. 12 Sharkskin frequency and local Deborah number at die wall
as a function of die temperature for ﬁxed apparent shear rate (a
vertical slice of Fig. 10). The data include, for c_ =15 s)1: local De
(ﬁlled squares), and frequency (unﬁlled squares); for c_ =30 s)1:
local De (ﬁlled circles), and frequency (unﬁlled circles)

closest to the die wall and the levels of stress due to both
viscous and elastic eﬀects resulting from the enormous
deformation of the ﬂuid near the stress singularity.
To further demonstrate this conclusion, all of the
data from the quantitative map in Fig. 10 can be collapsed onto a single master ﬂow curve by plotting the
sharkskin amplitude as a function of the local Weissenberg number in Fig. 14. Within the limits of experimental error, the data agree very well. The use of this
dimensionless quantity now becomes even more
insightful. When an exponential ﬁt is applied to the
master curve, it becomes clear that there is some critical
Weissenberg number (Wilocal.20) at which there is a
transition in the growth rate of the amplitude data.
Fitting the data well above the onset conditions
(A>10 lm) for the sharkskin instability gives a scaling
of A=5.8e0.047Wi; rewritten in terms of apparent shear
rate, this same scaling was also applied to the data in
Fig. 10 and the results are quite good.
As discussed in the previous section, the absence of
hysteresis in the data suggests the transition from a
smooth extrudate to the sharkskin instability is a
supercritical Hopf bifurcation. An expression for both
the amplitude of the surface roughness and the
frequency of the instability at Weissenberg numbers
above and close to the onset of the instability can be
determined from the following asymptotic results for
supercritical Hopf bifurcations (Iooss and Joseph 1980)
A ¼ A0 ðW ilocal  W icrit Þ1=2

ð11Þ
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Fig. 13 Apparent shear rate and local Weissenberg number at die
wall as a function of die temperature for a ﬁxed sharkskin
amplitude (a horizontal slice of Fig. 10). The data include, for
A=20 lm: local Wi (ﬁlled squares), and apparent shear rate
(unﬁlled squares); for A=30 lm, local Wi (ﬁlled circles), and
apparent shear rate (unﬁlled circles)

A0=2.4 lm and Wicrit=12. These results lend further
support to the classiﬁcation of this instability as supercritical. In addition, this critical Weissenberg number is
in good agreement with values reported in the literature
(Meulenbroek et al 2003). As seen in Fig. 14, the initial
deviations from a smooth extrudate appear to be well
described by the linear theory. However, when Wilocal
Wicrit, nonlinear dynamics begin to dominate the ﬂow
kinematics and the growth in the amplitude data transitions to the exponential growth regime described previously.
To investigate the role of temperature gradients near
the die wall, a ﬁnal set of experiments were performed.
The temperature at the die wall was set to Tdie=150 C
and bulk temperature was varied from Tbulk=130 C to
170 C. Starting with the lowest bulk temperature, output rate was increased to slightly above the point of
sharkskin onset. The mass ﬂow rate was recorded and
samples were taken for analysis. Pressure was released,
bulk temperature increased, and after an equilibration
period, the output rate was gradually increased until the
same mass output rate was attained at the new temperature conditions. The pressure-controlled extruder was
adjusted manually for output rates and resulted in an
error of approximately 1% about the average. Figure 15
shows the distribution of data taken at 5 C increments
with several samples taken at each increment. Although
there is some scatter in the data, which can be attributed
to the inherent error in the graphical analysis method at
these small amplitudes, the trend in the amplitude is
nearly constant with an average value of approximately

Fig. 14 Master curve of all amplitude data at the same bulk/die
temperature conditions as for Fig. 10, using the local Weissenberg
number. Fits are included for data near and far from onset of
sharkskin instability, A=2.4(Wi)12)1/2 and A=5.8e0.047Wi, respectively

f ¼ c1 þ c2 ðW ilocal  W icrit Þ1=2

ð12Þ

where Wicrit is the critical Weissenberg number for the
onset of the sharkskin instability and A0, c1, and c2 are
constants. A good ﬁt over all the low Weissenberg
number amplitude data (A<10 lm) in Fig. 14 was
achieved using Eq. 11 and the following parameters:

_
Fig. 15 Sharkskin amplitude at constant mass ﬂow rate m=0.95
g/min, as a function of bulk temperature for a ﬁxed wall
temperature, Twall=150 C
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A=20 lm. These experiments demonstrate that the
character of the sharkskin amplitude remains constant
in the presence of changing temperature gradients and is
a function only of the actual temperature at the die wall.

Conclusions
Precise and localized die heating has been shown to
suppress the onset of the sharkskin surface instability in
the extrusion of LLDPE. Sharkskin has also been
quantitatively characterized as a function of the processing conditions, showing that the severity of the distortions grows with an exponential trend with increasing
apparent shear rate at all die heating conditions. The
resulting quantitative processing map for sharkskin
amplitude is a useful tool that allows for the precise
control of sharkskin surface distortions through the
modiﬁcation of die wall temperature. Analysis of
the same quantitative map gives fundamental support to
the mechanism of sharkskin being inherent in conditions
at the die wall, and nearly independent of conditions in
the bulk.
These results have some interesting practical implications to the extrusion of LLDPE and other polymers

that exhibit the sharkskin instability. Bulk processing
temperatures can be much lower than those needed to
suppress the instability. The heating of a very small
portion of the die at the exit provides the same beneﬁt as
processing the entire bulk at that higher temperature.
Bulk processes can be cooler and more energy eﬃcient,
while cooling times of the polymer melt extrudate are
minimized. Precise control of sharkskin as alluded to in
the preceding experimental results leads to future theoretical applications such as the extrusion of products
with speciﬁcally designed or even varying surface
roughness. In ﬁlm blowing or sheet extrusion, inner and
outer dies could produce surfaces smooth on one side
and rough on the other. On a qualitative level, Rutgers
et al (2002) have already stated that temperature gradients between the inner and outer die lips in a ﬁlm
blowing application produce smooth and sharkskin
surfaces on the respective surfaces of a bubble. Further
development of temperature control systems could result
in dies that would respond quickly and could pattern
surfaces as they were extruded.
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