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Abstract

This paper reports experimental observations and numerical simulations relating to sharkskin extrusion instabilities for two different types
of polyethylene, a metallocene high-density polyethylene (HDPE) and a linear low-density polyethylene (LLDPE). Experimental results are
presented for both the effect of die exit curvature and die surface roughness for slit die geometry. Matching polyflow numerical simulations are
also reported and are shown to be qualitatively consistent with experimental observations. The onset of the sharkskin instability is correlated
with the magnitude of the stress concentration at the die exit, and is found to be sensitive to both the melt/wall separation point for a curved
exit die, and the level of partial slip at the die wall. Additional observations on the effect of a fluoropolymer additive also support the sensitivity
of the sharkskin instability to partial slip at the wall.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the die, overriding experimental evidence shows that the
sharkskin instability originates at the die exit8]. A grow-

This paper is concerned with sharkskin extrusion insta- ing number of researchers believe that the origin of sharkskin
bilities for polyethylene and investigates ways of minimising is related to local stress concentrations in the melt near the
its occurrence. Sharkskin is generally described as fine-scaledie exit[9-12]. However, the mechanism by which the stress
high frequency, small-amplitude distortions or surface rough- concentrations actually cause sharkskin is still a subject of
ness (see, for examp|@—3]). The instability can appear at debate. A number of proposed mechanisms are outlined be-
high shear stresses for certain polymers and can hinder thdow.
optical and mechanical properties of the polymer product,
thereby limiting the rate of polymer production. The subject 1.1.1. Rupture mechanisms
is of both scientific and commercial interest and has been  Cogswell[9] proposed that the polymer extrudate frac-

extensively reviewed bj1—6]. tures at the die exit due to an abrupt change in the flow
boundary conditions. He explained that downstream of the
1.1. Sharkskin origin die exit, the surface layer of the melt accelerates from rest

to the average extrusion velocity. The acceleration causes
Although there have been numerous studies on sharkskina stretching flow, producing tensile stresses higher than the
instabilities over the past 50 years, there is still no clear con- tensile strength that the material can withstand, giving rise to
sensus as to the exact mechanism that causes its onset. It isracking of the surface at the exit, which in turn leads to a
generally accepted that, whatever may be happening withinmomentary relaxation of flow conditions near the edge. This
continues in a cyclic manner, giving rise to the sharkskin
* Corresponding author. Tel.: +44 1223 334777; fax: +44 1223 334796, Phenomena. This explanation is consistent with the visual
E-mail addressmalcolmmackley@cheng.cam.ac.uk (M.R. Mackley).  observations made just at the die exit by El Kissi and Piau
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[11], who reported the appearance of cracks perpendicular
to the flow direction. In addition, Rutgers and Mack[&g]
proposed that a rupture mechanism could explain the corre-
lation between sharkskin and melt strength. The mechanism
is supported by numerous auth@s-15].

Legrand and Pia[l6] and Inn et al[15] attributed shark-
skin to a layer of polymer melt close to the die wall sticking
to the rim of the die exit as it is extruded with die swell.
The outer layers of the melt stick to the exit rim and the
inner layers move with the extrudate. They claim that the
surface fracture begins in a form of peeling. After the ridge
has grown to a certain size, it is torn from the die exit and
moved forward with the whole extrudate, and immediately
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relate precisely with molecular chain relaxation dynamics
[22-24]

Molenaar and Koopman&5] proposed a local mecha-
nism of stick-slip or relaxation oscillations in a thin periph-
eral layer near the die exit, similar to the oscillating defect
observed at higher stresses. They modelled melt flow instabil-
ities in terms of cyclic relaxation oscillations, during which
potential energy is successively stored and relaxed, and found
that above a critical wall shear stress, the increase in the flow
curve becomes non-monotonic and successive stick-slip os-
cillations develop within a localised area at the die exit.

An alternative local stick-slip mechanism for LLDPE was
proposed by Dhori et a]26—28] who attributed stick-slip to

a new ridge starts at the rim of the die exit. In support of the dewetting-wetting process between the melt and the die
this model, Inn et al. found that dies with a sharp exit in- wall at the die exit corner. They asserted that the dewetting
duce uniform and well-defined sharkskin ridges, because thewas the result of exceeding a critical surface elastic energy,
surface layer of the melt can stick to only one fixed po- while the rewetting was the result of a relaxation process.
sition on the die edge. The extrudates from rounded exit According to this mechanism, sharkskin is suppressed by
dies, however, have non-uniform ridges, because the surfacdocal die exit coatings such as PTFE, because the coating
layers appear to stick arbitrarily on the surface of the exit forms a relatively low energy solid surface that the polymer
[15]. cannot rewef28].
Joseph and Li{29], on the other hand, suggested that the
asymmetric aspect of sharkskin could result from a thin lubri-
In 1986, Ramamurthf17] carried out measurements us- cating layer (which, for example, could be a molecular mass
ing a technique outlined by Moong¥8] and demonstrated  fraction of the polymer) with a steep wave front. Josggij
that for certain polymers, partial slip occurs at the die wall argued that this lubricating layer allows the polymer melt to
above the critical shear stress for sharkskin. He then arguedslip along the die wall, creating sharp steep (sharkskin) waves,
that the several categories of extrudate distortion are part of asuch as those that appear on flows of heavy oil lubricated by
continuum behaviour associated with the occurrence of wall water.
slip, and that the first onset of sharkskin occurs with a failure ~ Both the melt fracture mechanism, and the mechanism that
of adhesion at the melt/die wall interface along the die land. proposes local stick-slip of the melt at the die exit, are consis-
Kalika and Denmn19] also showed evidence that the onset tentwith observations of local oscillations of birefringence or
of sharkskin and the apparent curvature of the flow curve for stress fringes at the die exit. Legrand and Ri&i} observed
a linear low-density polyethylene (LLDPE), are both caused that the onset of these stress oscillations coincided with the
by partial slip of the melt at the die surface. This mechanism, onset of the sharkskin instability for PDMS. They viewed
which proposes that sharkskin is enhanced with slip, appearsand recorded periodic cracking of the melt at the die exit,
to be inconsistent with results of Migler et 0] and Yang and found that the period of the stress oscillation matched
et al.[21], who show that the presence of a thin layer of flu- with the sharkskin crack formation period. Barone and Wang
oropolymer at the melt/die wall interface enhances slip but [31] observed birefringence oscillations during the sharkskin
suppresses sharkskin, rather than causes its onset. Migler etegime of polybutadiene and also found that the period of
al. used optical velocimetry to show that sharkskin can occur the oscillations agreed with the period of the ridges produced
under a variety of melt/wall boundary conditions: stick, slip on the sharkskin extrudate. They explain that the oscillation
or oscillating stick-slig20]. occurs because of the unstable slip boundary condition at the
Wang and Drdd22] explained the sharkskin distortions die exit[31].
in terms of melt/wall interfacial interactions at a molecular
level. Their proposed mechanism states that sharkskin oc-1.1.3. Other mechanisms
curs because of a local conformational transition at the die  Tremblay[32] suggested that negative pressures close to
wall exit, where the adsorbed chains entrap a layer of interfa- the die exit could induce the formation of vacuum spaces
cial chains. This layer oscillates between entanglement andby cavitation, the coalescence of which would then produce
disentanglement states due to a reversible coil-stretch tran-sharkskin instabilities.
sition. The corresponding oscillation of the exit wall bound-
ary condition leads to cycles of local stress relaxation and 1.2. Current sharkskin minimisation methods
growth, and to periodic perturbation of the extrudate swell
in the form of sharkskin-like surface roughening on the ex- 1.2.1. Additives
trudate. In support of this mechanism, sharkskin dynamics  The most common method of eliminating sharkskin, or
of linear low-density polyethylene has been found to cor- postponing it to higher flow rates, has been the use of

1.1.2. Slip mechanisms
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polymer processing additives (PPA), such as a fluoropoly- 2. Experimental

mer. When a fluoropolymer is blended into polyethylene in

an extruder, it has been found that the fluoropolymer be- 2.1. Materials

comes dispersed in the polyethylene in the form of spher-

ical droplets, 0.1-0.pm in diametef33]. The fluoropoly- The two materials studied were Dowlex NG5056E lin-
mer was found to be incompatible with the polyethylene, ear low-density polyethylene supplied by Dow Benelux B.V.
causing a uniform, continuous coating of strongly adhered and a metallocene development grade high-density polyethy-
fluoropolymer, of the order of m thick, which was de-  lene homopolymer supplied by Repsol YPF. The HDPE was
posited during extrusion on the extruder screw, barrel and supplied both without and with a fluoropolymer additive sup-
die surfaceg434]. No fluoropolymer was found on the sur- plied by Dyneon GmbH. The LLDPE was chosen as a refer-
face of the polyethylene after extrusion, suggesting that aence comparison to the HDPE. Material properties of the
sharp interface existed between the fluoropolymer coating polymers are given iffable 1and the linear viscoelastic
and the polyethylene melt during extrusion. It appeared that spectrum parameters and a non-linear Wagner damping fac-
fluoropolymers act as processing aids by forming a thin uni- tor obtained from rheological characterisation are given in
form coating on die surfaces, which provides a sharp, low Table 2(see[41] for details on how this data was obtained).
energy interface over which, at sufficiently high shear stress, The Dowlex LLDPE was a heterogeneous blend of linear
the polyethylene can slifB4]. It has also been discovered polyethylene and polyethylene chains with varying numbers
that fluoropolymer can act either as an adhesion promoterof octene-1 branches. Its main application is in blown film
or as a slip promoter, depending on the coating method extrusion. The fluoropolymer was a linear random terpoly-
[35]. If the coating method results in a porous fluoropoly- mer of tetrafluoroethylene (40 mol%), hexafluoropropylene
mer coating, this enhances melt/die wall adhesion, whereas(10 mol%) and vinyldenfluoride (50 mol%). Its main appli-
if the method results in a non-porous coating, slip is pro- cation area is within the automotive industry where it is used
moted. in hose applications under the bonnet.

A more recent processing additive that was found to  Preparation of the fluoropolymer as a polymer-processing
significantly delay the onset of sharkskin is boron ni- additive to the HDPE was carried out in the following way. A
tride (BN) [36]. The authors found that the addition of master-batch of30,000 ppm (3%, w/w) fluoropolymer/HDPE
a composition of fine particles of BN eliminated shark- was supplied by Dyneon. This master-batch was diluted to
skin as well as postponed the critical shear rate for the the final recommended concentration of 1500 ppm (0.15%,
onset of gross distortion to significantly higher values w/w) by shaking and stirring the mixture with a large spoon

[37]. in a container for 5min to ensure homogeneity. In order to
aid the deposition of additive on the internal walls of the
1.2.2. Coatings extruder and die, the master-batch was extruded through the

Coating the die wall with a low surface energy material system until a reduction in pressure drop was observed. The
such as PTFE has been found to eliminate, or at least con-1500 ppm batch was then extruded subsequently.
siderably delay the sharkskin instabilif¥7,38,39] While
Ramamurthy17] attributed this result to increased adhesion 2.2. Extrusion apparatus
of the melt to the die wall, Piau et dI38] proposed that
the coating material promotes slip at the die wall, thereby  Extrusion experiments were carried out using a 25 mm
reducing the exit stresses. Recently, Kulikov and Hornung single screw extruder equipped with a melt gear pump de-
[40] found that coating the die land with a rubber compound signed to control the flow rate and the extruder screw speed
produced defect-free extrusion, for flow rates 10 times higher through a pressure feedback system (dégfor further de-
than those in Teflon dies. Coatings of PTFE or rubber that aretails). The dies were held in a stainless steel flow cell that
localised just at the exit of the die wall, have also been found allowed interchangeable die inserts. The polymer extrudate
to be effective at delaying the onset of sharkskin, though to was hauled off vertically using a haul off machine with con-
a lesser extent than a coating along the whole die surfacetrollable rotational speed.
[38,40] The flow cell was designed to accommodate optical win-
This paper systematically explores the effect that die dows, which would enable the set-up of an optical line-up for
exit curvature, die wall surface roughness and a fluoropoly- flow birefringence measurements. A mercury lamp was used
mer additive have on sharkskin instabilities. Both experi- with a 546 nm wavelength (green) filter to provide monochro-
mental results and matching numerical simulations are pre-matic light. The flow cell was placed between a polariser,
sented. Two distinctly different types of polyethylene are oriented at 45 with respect to the principle flow direction,
examined, namely a commercial grade of LLDPE where and an analyser, oriented-a#15°. The transmitted picture of
sharkskin instabilities have been observed previously anddark and light bands were captured by a CCD camera and
a developmental grade metallocene high-density polyethy-recorded onto video.
lene (HDPE) that shows pronounced extrusion instabili-  The features of the various die inserts used in the experi-
ties. ments described in this paper are summariséidbie 3 All
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Table 1

Physical properties of the LLDPE, HDPE and the fluoropolymer

Material Dowlex LLDPE NG5056E HDPE 0017 ZSK Fluoropolymer THV220G
Supplier Dow Benelux B.V Repsol YPF Dyneon GmbH
Density (g/cnd), RTP 09195 09521 1937

Mn (g/mol) 54,800 53,400 46,900

Mw (g/mol) 113,000 122,900 75,000

Mw/Mn 2.1 23 16

Table 2

Spectrum coefficient§g;, i} and damping factors for the LLDPE, HDPE and the fluoropolymer

LLDPE HDPE FP

i (s) gi (Pa) Ai (s) gi (Pa) i (s) gi (Pa)
2.09x 1073 2.43x 10° 2.00x 1073 3.38x 10° 2.11x 1073 1.88x 10°
9.51x 1073 1.44x 10° 9.38x 1073 2.28x 10° 9.27x 1073 2.04x 10°
4.32x 1072 5.34x 10* 4.40x 1072 7.05x 10* 4.07x 1072 1.17x 10°
1.96x 1071 1.25% 10* 2.06x 101 1.06x 10* 1.79x 101 3.30x 10*
8.90x 101 2.08x 10° 9.69x 101 1.30x 103 7.86x 101 5.36x 10°
4.04x 10° 2.83x 10? 4.54x 10° 2.18x 1% 3.45x 10° 1.00x 10°
1.84x 10t 2.24x 10 2.13x 10 1.73x 10 1.52x 10 1.29x 10%
8.33x 10! 9.59% 107 1.00x 107 1.37x10°° 6.67x 10! 1.54x 10t

k=0.21+0.02 k=0.23+0.04 k=0.37+0.05

dies had curved entries, a parallel die length of approximately tip that was automatically traversed along the surface to be
8 mm, and die gaps of 1.2 mm and die depths of 15 mm. Dies examined. As the stylus moved up and down along the sur-
A-C had identical surface roughness of {Lr& centre line face, a transducer (pick-up) converted this movement into a

average (CLA). The first die had a conventionét 8Rit (die signal that was then exported to a processor that converted
A); the others were radiused such that their exits are curvedthis into a number and a visual profile. A Talysurf six instru-
at 0.8 mm (die B) and 2 mm (die C), respectively. ment was used with a standard diamond cone stylus with a

Dies D-F had different surface roughness. Die D had a cone angle of 90and a tip radius of &4m. The pick-up used
medium finish of 1.um CLA, die E had a semi-polished was a 112/2033-P3. Surface roughness values in this paper
finish of 0.7um CLA and die F had a technically polished are given as Rq, defined as the root mean square roughness
finish of 0.05um CLA. The dies had curved exits of radius value of a profile.
0.8 mm similar to die B. The dies were assembled ensuring
similar gap widths of 1.2 mm. The accuracy of the slit width 25107 ¢

was controlled by tightening the inserts with a feeler gauge in « 2104t ELEPE .
place, such that the feeler gauge could only just be removed 2 LB/ \ :
without friction. s.g 1510%L| » F '
Flow rates in this paper are given in RPM, correspond- E 104{ T C !
ing to the melt gear pump speed. Corresponding mass flow % t v o3 I-)I(DiE
rates can be obtained usiRg. 1 Volumetric flow rates were S 510°F 4
calculated assuming a melt density of 760 k§/m 0100k . . ‘ . ‘
The extrudates were examined using scanning electron mi- 0 02 04 06 08 1
croscope (SEM) and surface profilometry techniques. SEM Melt gear pump RPM

was carried out using a Leica Stereoscan 430 scanning eleszig. 1. Plot of mass flow rate vs. melt gear pump speed for extrusion of the

tron microscope. Th.e profllomete[r was a contact rQUQh”eSSLLDPE at 190°C through dies A-F and for the HDPE at 19Dthrough die
measurement technique that consisted of a stylus with a smalla,

E?:ISX?; and surface roughness features of the die inserts used in the experiments described in this paper
Features Dies
A B C D E F
Die exit 90 0.8 mmrad 2mmrad 0.8 mmrad 0.8 mmrad 0.8 mmrad
Surface roughnesg.(n CLA) 15 15 15 15 0.7 0.05

CLA, centre-line average.
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3. Numerical simulation is the point of the abrupt change in boundary condition, as
well as the point of maximum PSD, it would seem reasonable
Numerical simulations were carried out using the com- to expect that this is the point where sharkskin is initiated.
mercial finite element CFD package polyflow. Simulations Manifestation of the sharkskin characteristics would be ex-
usedthe KBKZ integral equation with the Wagner irreversible pected to take place slightly downstream of the die exit, since
damping factor to predict principal stress differences (PSD) it would take a finite time for the wave to propagate within the
values in the melt flowing through the die (see for exam- melt. Venet and Vergndg4], however, used a finite element
ple [12]). Meshes were constructed with a°Xkit angle, a  method incorporating the Phan-Thien and Tanner constitu-
0.8 mmradiused exitand a2 mm radiused exit, correspondingtive equation to predict the tensile or extensional stresses in
to the dies used experimentally. In order to carry out simu- the melt in the die exit region and found that the maximum
lations of the radiused exit dies, it was necessary to spec-extensional stress actually occurred slightly downstream of
ify the separation points of the melt from the die. This was the die exit at the surface of the melt. They proposed that the
done using data from the matching experimental observa-actual rupture of the melt occurs at this position of maximum
tions and meshes were generated with these experimentallyextensional stress, downstream of the die exit.
obtained separation points. All meshes were designed with  Quantitative matching of experimental and simulated
30um x 30um size elements at the die wall at the die exit stress birefringence and extrusion pressure drops for the ex-
and are shown ikig. 2 The parameters used inthe numerical perimental die geometries presented in this paper has notbeen
simulations were for LLDPE and HDPE at 190 and ata  made. However, a quantitative matching of extrusion pressure
flow rate of 2.4x 10~ m?/s. This was a typical high exper- drop has been carried out for the same material LLDPE and
imental extrusion flow rate within the sharkskin regime and at the same temperature of 19Dfor different die geometry
corresponded to awall shear stress of approximately 0.2 MPa.and this is shown iffrig. 3.
The finite element formulation in polyflow used quadratic
interpolation for velocities and linear interpolation for pres-
sure. The boundary conditions assumed were a fully devel-4. Results and discussion
oped flow 25 mm upstream of the slit entrance before the
curved entry region, with initially no slip at the die wall. The 4.1. The effect of die exit curvature
convergence criterion was set to#0 A mesh sensitivity
study investigated three meshes refined such thatthe elementg.1.1. Stress field
immediately at the wall at the exit were 8@ x 30um, Flow birefringence images of LLDPE extruded through
20pm x 20pm and 15.m x 15um, respectively. The re-  dies A—C, which had different die exit curvatures, are shown
sulting streamlines and global stress contours were qual-in Fig. 4 The images are for a lower flow rate than that where
itatively compared and the pressure drops, velocities andsharkskin occurs because the high flow rate images, where
stresses along the centreline and the PSD along streamlinesharkskin does occur, are unclear due to the high number of
close to the die wall were quantitatively compared. These fringes. The images show that in the parallel section of the
were found to match across the three dies. die, the fringes and therefore the stresses are parallel to the
A difference in the solution between the three meshes with die wall. An identical number of fringes are observed in each
different exit element sizes only occurred in the element clos- die, showing that the stresses in the parallel section of the
estto the wall atthe exit. This was the consequence of a math-dies are of equal magnitude. The local stress concentrations
ematical singularity at the die eX#2,43] It was found that  at the die exit are difficult to resolve; however, it is possible
the more refined the mesh, the higher the numerically pre-to see that with curvature of the die exit, separation of the
dicted stress in the one node adjacent to the wall. However,melt from the die no longer occurs at the smallest gap width
in the present study, for the element sizes ofit80x 30.m, and the separation is delayed. The separation is more delayed
20pm x 20pmand 15.um x 15umatthe diewallatthe exit,  for die C than die B. Qualitatively, the stress concentrations
the exit PSD peaks were calculated outside the element nearappear to be lower for the curved exit dies.
estthe wall, along streamlines pfn from the wall, and these
values were found to agree to within 2%. It was, therefore 4.1.2. Extrudate surface
concluded that mesh independence of the simulation was ob-  SEM images of the extrudate surfaces from dies A-C at
tained outside the element immediately adjacent to the wall, 0.6 rpm are shown iifrig. 5. The images show the results
which in this case was 30m for the coarsest mesh. The 2% of extrusion at moderately high flow rates in a flow regime
agreement in the values of the PSD peaks was considered adwhere sharkskin occurs. It was observed that while there was
equate and subsequent simulations were, therefore, carriechot a significant reduction in sharkskin from die A to die B,

out with meshes having exit element sizequ3dx 30um. there was a definite reduction in sharkskin from die A to die
The mathematical singularity occurs at the corner of the C. The onset of the sharkskin instability, as observed visu-
die wall. Tracking along a streamline pon from the die wall, ally from SEM, was as follows: 0.4 rpm for die A (wall shear

polyflow predicted that the maximum PSD also occurred in stress,, =0.14 MPa), 0.4 rpm for die Br(, = 0.16 MPa) and
line with the die wall corner. Since the corner of the die exit 0.6 rpm for die C ¢, =0.17 MPa).Fig. 5 also shows sur-
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Fig. 2. Meshes used to simulate dies (a) mesh for die A (900 elements), (b) close-up of die A exit, (c) close-up of die B (918 elements) exit angh(af) close-u
die C (954 elements) exit.
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Fig. 3. A comparison of simulated and experimental extrusion pressure . . I
drops across a square entry die for different flow rates for Dowlex LLDPE through each die is shown ifig. 6. While it was ex-

at 190°C.

face profilometry for the samples that was carried out in
order to quantify the surface roughness results. Rq values
(the root mean square roughness) were calculated and are
also shown with the roughness profiles. The results show
that the scale of the roughness is relatively small (of the
order of 1um), and the pattern of roughness is very peri-
odic. A reduction in sharkskin magnitude of 13% is observed
from die A to B and a 45% reduction is observed from die A
to C.

4.1.3. Comparison of pressure drop
A comparison of the extrusion pressure drops obtained

pected that die A would have the highest pressure drop,
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Fig. 4. Flow birefringence images for the LLDPE extruded at 0.05 rpm and@%06rough dies (a) A, (b) B and (c) C.

the greatest pressure drop was actually found for die B. 4.1.4. Stability of the melt/wall separation point

However, the differences between pressure drops for the Extrudates from the curved exit dies appeared to emerge
three dies are small in comparison to the experimental er-in a waveform, swaying from side to side with a time period
ror of 10%, which appears to be high as it takes into ac- of the order of seconds. This effect appeared to be more en-
count the pressure drop variation that occurred with the un- hanced for the die with the most highly curved exit (die C)
steadiness of the extrusion temperature and also dependingnd was not observed for the die with the conventional 90
on whether the flow rates were being increased for the first exit (die A). An explanation for this effect could be the in-
time or after they had been increased and decreased a fevstability of the separation point between the melt and the die
times. wall at the exit. While for 90 exit dies, the melt separates

2 ‘

Rq=0.38 J

Surface Roughness, pm

Distance Along Extrudate, mm

2 Rq=0.33
5 e e
g1
2
w0
£ i 1 2 4
§ =
LR

Distance Along Extrudate, mm
2 Rq=0.21

Surface Roughness, pm
X =

Distance Along Extrudate, mm

Fig. 5. SEM images and surface profilometry profiles with Rq values for extrudate surfaces of the LLDPE extruded at 0.6 rpmiGtitrd9¢h dies (a) A,
(b) Band (c) C.
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at varying flow rates. s
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from the die at a sharp position (the corner of the die exit), < s10°h
with curved exit dies it is possible for the melt to separate at ‘;1 :—"
a wider range of positions. It is possible that this latter fea- g o410 < .,
ture promotes the extrudate to emerge in a wavy formation. )1 :
Furthermore, it could be conjectured that this also extends to LI
cases of smaller scale. If the stability of the melt/wall sep- 0 ke ol e R
aration point for 2mm radiused exit dies generates waves 004 002 0 0.02 0.04
. . (b) Position Along Streamline, m
with wavelengths of the order of centimetres (as was ob- L 10°
served experimentally), it is not inconceivable that a sharp
90 exit could generate sharkskin waves of the order of mi- 810’}
crons. This could be one of the factors, in addition to the i
: : : : £ 610}
stress concentration, that are involved in the mechanism be- = —1
hind the sharkskin instability, as proposed by Dhori et al. 2 410 .
. .
[26-28] . :
210 P
s S
4.1.5. Numerical simulation 0 S .
In order to investigate the stresses in the melt at the die 004 0.02 0 0.02 0.04
(c) Position Along Streamline, m

exit, simulations were carried out to observe the principal
s?ress differences values along ;treamlmearﬁOfrom the Fig. 7. PSD values along streamlinespa@ from the die wall simulated in
die wall. The results are shownig. 7. The plots show that  polyflow for the LLDPE at 190C through dies (a) A, (b) B and (c) C.

there is a PSD peak at the die exit due to the abrupt change in

boundary condition of the melt as it leaves the die. The results extrudate from die A. Die exit curvature was, thus shown to be
also show that with the delayed separation of the melt from a viable method of minimising sharkskin for both the LLDPE
the die exit, the PSD peak for die C is lower than that of die and the HDPE. A disadvantage of this method, however, is
B, which in turn is lower than that of die A. This corresponds that it would not be suitable for applications where precision
to the experimental result that the magnitude of sharkskin of the extrudate profile is of importance, since accuracy of
is lower for die C than die B, and lower for die B than die the extrusion profile is not as high as for a sharp die exit.

A. However, die exit curvature could be suitable for applica-
tions such as film production, where control of the extrusion
4.1.6. Polymer material profile could be compensated for by increased draw down.

The metallocene HDPE, which was found to exhibit sig-
nificantly severer sharkskin than the LLDPE, was also used 4.2. The effect of die surface roughness
in extrusion experiments through dies A and C. As with the
LLDPE, the HDPE birefringence stress field qualitatively 4.2.1. Stress field
showed a smaller stress concentration for die C as compared In this set of experiments the die geometry was held con-
to die A. The extrusion pressure drops through die C were stant and the surface roughness of the inside of the die wall
found to be at least 20% lower than through die A. SEM im- varied. All exits were radiused to a 0.8 mm curvatuig. 8
ages of the resulting HDPE extrudate surfaces showed thatshows the flow birefringence images captured for extrusion
while sharkskin was present for extrusion through both dies, of LLDPE through dies D (most rough surface), E and F
the sharkskin magnitude through die C appeared to be much(least rough surface) at 0.05rpm and 2@0 In the parallel
lower. This was quantified using surface profilometry mea- section of the die, the fringes and therefore the stresses are
surements, which showed that the surface roughness of theparallel to the die wall. Die F appears to have fewer fringes
extrudate from die C was reduced by 70% compared to thethan dies D and E indicating that the stresses are lower in
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Fig. 8. Flow birefringence images for the LLDPE extruded at 0.05 rpm and@%0rough dies (a) D, (b) E and (c) F.

the smoother dies. It can also be observed that the separatiod.2.2. Extrudate surface

point of the melt from the die appears to be delayed further =~ SEM images of the LLDPE extrudate surfaces extruded at
for die E as compared to die D and for die F as compared to 0.8 rpm are shown ifig. 9. This is a high flow rate, experi-

die E. This last result is unexpected, as it was anticipated thatmentally found to be within the sharkskin regime. Sharkskin
the rougher the die surface, the longer the melt would grip can be seen on the extrudate surfaces obtained from all three
to the die. Again the stress concentrations at the die exit aredies. The onset of the sharkskin instability, as observed visu-
difficult to resolve. ally by SEM occurred at 0.4 rpm for die B =0.16 MPa),

—
4 Rqg=0.73 |

Surface Roughness, pm

Distance Along Extrudate, mm

4 Rq=0.44

Surface Roughness, Lm
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Rq=0.39
. -

Surface Roughness, pm

Distance Along Extrudate, mm

(c)

Fig. 9. SEM images and surface profilometry profiles with Rq values for extrudate surfaces of the LLDPE extruded at 0.8 rpmiGtitrd9¢h dies (a) D,
(b)Eand (c) F.
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at 0.6 rpm for die E€y =0.18 MPa) and at 0.7 rpm for die F 4
(tw=0.19 MPa).

The surface roughness of these extrudate surfaces was
quantified using surface profilometry. The profiles obtained
for LLDPE extrudate surfaces at 0.8 rpm are also shown in
Fig. 9 together with the calculated Rq values. The results
show that the magnitude of the sharkskin defect is reduced

NN
N Nnwsew

from die D to die E and from die E to die F. However, the Wall
scale of the sharkskin for all three dies is relatively small. 20""?'?“3’
ondition

4.2.3. Comparison of pressure drop

A comparison of the pressure drops across dies D-F is M
shown inFig. 10 A decrease in the pressure drop was found S
from die D to die E and from die E to die F. This decrease in Af(rir;me”y
pressure drop corresponds with the reduction in stress from Partial Slip
die D to die F as observed in the birefringence images.

Decreasing die wall roughness was found to reduce shark- Die Exit v,
skin severity. A possible explanation for this is that there is
an increase in partial wall slip with decreasing dies surface
roughness. Slip at the wall will lower the wall stress, and gf.li?ace

thus also the extrusion pressure. Reduced extrusion pressure
drops are observed for both dies E and F in comparison with
die D. While the reduction in sharkskin severity could also be

attributed to the delayed separation of the melt from the die,
which appeared to occur for decreasing die surface rough-

ness, the reduction in pressure drop and decrease in birefrinv\,herefs is the friction at the wallps the velocity tangential
gence fringes would still suggest that a partial slip also occurs tg the wall andfsj, is the slip coefficient. The level of slip
along the die surface. along a boundary was, therefore, varied by choosing different
_ . . o values forfgjjp.
4.2.4. Numerical simulation of partial slip Fig. 12shows a plot of the PSD in the melt along a stream-
In order to investigate the effect of partial slip on stress |ine 50,,m from the die wall when there is no slip along the
concentrations at the die exit, numerical simulations were die wall. In this plot, a PSD peak is observed at the die entry
carried out with partial slip at a section of the die wall. The ¢grneranda larger one at the die eKity. 13shows the PSD
mesh used for this study is shownfiy. 11 Itwas a parallel  z1ong a streamline 50m from the die wall but this time with
slit die with 90 entry and exit angles and a larger gap width - the presence of a certain level of partial sfig{= 1.5x 107)
of 3.8 mm. The geometry is different to those described pre- gjong the die wall. The results show that with partial slip,
viously as this set of simulations were carried out for a related although a PSD peak is introduced at the slip initiation point,
program, further details of which can be found4s]. The both this peak and the die exit peak are smaller than for a die
parameters used were for Dowlex at T@D In order to sim-  exjt PSD peak without slip at the wall. A reduction in shark-
ulate partial slip the simplest law available in polyflow was  skin would, therefore be expected for certain levels of partial
used, defined as: slip. Further details and results of partial slip simulations are

Fig. 11. Mesh used for numerical simulations of partial slip (2180 elements).

iven in[45].
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Fig. 10. Pressure drops across dies D—F for extrusion of the LLDPE a€190

at varying flow rates.

Fig. 12. PSD values simulated in polyflow for the LLDPE melt at 160
with no slip along the die wall along a streamlines® from the die wall.
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Fig. 13. PSD7vaIues simulated in polyflow with a partial level of slip g 15 pjot of extrusion pressure drop vs. melt gear pump speed for extru-
(fsiip = 1.5x 107) along a streamline 50m from the die wall for LLDPE sion of the LLDPE and the HDPE through die A at 7@

at 190°C.

waves across the surface of the extrudate. The surface pro-
filometry results for the extrudates can also be se&ignl g
which shows that the surface roughness of the HDPE is over
80 times higher than that of the LLDPE.

4.3. Comparison between LLDPE and HDPE

4.3.1. Stress field

The flow birefringence images for the LLDPE and the
HDPE flowing through the conventional 98xit die (die A)
are shownirFig. 14 The images show that for both polymers,
the stresses in the die are parallel to the die wall and relax as |
the melt exits the die. The image for HDPE shows a larger
number of fringes indicating that at these flow conditions
stresses are higher in the die for the HDPE.

4.3.4. Numerical simulation
polyflow numerical simulations were carried out for the
DPE and HDPE assuming no slip for both cases. The re-
sults showed no difference between the magnitudes of the
exit stress concentrations for the two polymers. However,
the flow birefringence in Sectioh3.1clearly shows that the
stresses in the HDPE are higher than LLDPE for the same
4.3.2. Comparison of pressure drop volumetric flow rate. This suggests that the difference in the
The pressure drops for LLDPE and HDPE in die A are gtresses observed between the LLDPE and the HDPE cannot
shown inFig. 15 The HDPE pressure drops are significantly pe predicted by the parameters obtained from the rheological

higher than those for the LLDPE. characterisation of the material alone (i.e. the spectrum pa-
rameters and the non-linear damping factor). It also appears
4.3.3. Extrudate surface that they are not due to a difference in viscosity, as charac-

SEM images of the LLDPE and HDPE extrudate surfaces terisation results also show a similar apparent viscosity for
from die A, at the moderately high flow rate of 0.6 rpm, and the same shear rates. A possible explanation could be that
are shown irFig. 16 The images show that the sharkskin on the LLDPE exhibits partial slip along the die wall, whereas
the HDPE surface is significantly severer than on the LLDPE the HDPE does not. This has been shown by velocimetry
surface. Both the amplitude and wavelength of the sharkskin measurementgl6] and would account for the lower pres-
are much larger. The sharkskin appears as three-dimensionasure drop and fewer birefringence fringes for LLDPE even

Fig. 14. Flow birefringence images for (a) LLDPE and (b) HDPE extruded at 0.05 rpm aricCtBfough die A.
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Fig. 16. SEM images and surface profilometry profiles with Rq values for extrudate surfaces of (a) LLDPE and (b) HDPE extruded at 0.6 rppCand 190
through die A (note ordinate scale difference).

though simulations predict that these should be the same forimages show that sharkskin is completely eliminated from
both polymers. the surface of the HDPE with PPA. There appears to be mi-

While the HDPE shows a much higher extrusion pressure croscopically small scratch marks at the side of the extrudate
drop and a correspondingly higher number of birefringence tape of the HDPE with PPA. However, this only appears on
fringes for the same volumetric flow rate as the LLDPE, the one side of the tape suggesting it was due to a small protru-
LLDPE does not exhibit such severe sharkskin even for samesion on the die wall. This extrudate also visually shows what
pressure drop and number of birefringence fringes. Therelook like very small bubbles on the extrudate surface. There
must be something other than the pressure drop and flowis no explanation for these at present, but they appeared for
birefringence that accounts for the difference in the sharkskin all HDPE extrudates with the fluoropolymer as PPA. Surface
severity between the two polymers. The other possible factorsprofilometry results for the HDPE and the HDPE with PPA
that could be responsible are discussed in the conclusions textruded at 0.6 rpm and 19Q is also shown iifrig. 18 The

this paper. surface roughness of the HDPE extrudate is over 55 times
higher than the roughness of the HDPE with PPA. The PPA
4.4, The effect of a fluoropolymer additive completely eliminated sharkskin in the HDPE for all flow

rates studied in this paper.

In this section experiments that were carried out with the ~ The extrusion pressure drops suggest that the fluoropoly-
HDPE containing 1500 ppm of fluoropolymer as a polymer- merimparts a slip boundary condition along the die wall. The
processing additive are described. The preparation of the malevel of slipimparted cannot be obtained using flow velocime-
terial is detailed in Sectiof of this paper. Rheological char-  try techniques due to the opaque nature of the fluoropolymer
acterisation experiments showed that G’ andy” for the additive. However, Stewart and DedB5] reported that for
HDPE were not modified by addition of the fluoropolymer. It an optimised system, slip velocity is found to increase within-
was not possible to carry out flow birefringence for the HDPE

with PPA as the fluoropolymer was opaque, and therefore did 3

not allow penetration of light though the die. .
30 - o
4.4.1. Comparison of pressure drop i 25 ¢ .
The pressure drops for pure HDPE and HDPE with PPA § 0b ° o ©
through die A at 190C are shown irFig. 17. As expected, £ .«
the pressure drops for the pure HDPE are significantly higher A e
than those of the HDPE with PPA, indicating the presence of ST ° HDPE + PPA
partial slip with the addition of the fluoropolymer. sk ‘ ‘ , , ‘
0 0.2 0.4 0.6 0.8 1 1.2

4.4.2. Extrudate surface REM

SEMimages of th? pure HDPE and HDPE V\{i_th PPAextru- Fig. 17. Plot of extrusion pressure drop vs. melt gear pump speed for extru-
date surfaces from die A at 0.6 rpm are showRig 18 The sion of the pure HDPE and the HDPE with PPA through die A atI®0
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Fig. 18. SEM images and surface profilometry profiles with Rq values for extrudate surfaces of (a) HDPE and (b) HDPE + PPA extruded at 0.6 rp@ and 190
through die A (note ordinate scale difference).

creasing fluoropolymer concentration up to about 500 ppm, Reducing the roughness of the die surface has been ex-
while for higher fluoropolymer concentrations, the slip ve- perimentally found to reduce sharkskin. Using three progres-
locity remains practically constant. The fluoropolymer, thus sively smoother dies led to a progressive reduction in the
eliminates the local die exit stress concentrations, and sincemagnitude of sharkskin. This result is consistent with simu-
the additive coats all surfaces, there are no additional stresdations of partial slip along the die wall, which show reduced
concentrations elsewhere. Sharkskin is therefore completelystress concentrations for certain levels of slip. Partial slip is
eliminated. consistent with the reduced pressure drop and reduced num-
ber of birefringence fringes observed for the smoother dies.
It is therefore possible that decreasing die surface roughness
5. Conclusions reduces sharkskin by allowing partial slip of the melt along
the die wall, and thereby reducing the magnitude of the stress

Experimental results reported in this paper show that cur- concentration at the die exit.
vature of the die exit reduces sharkskin. Optical observations ~ Different polymers show different levels of sharkskin for
at the die exit show a delay in the separation point of the the same volumetric flow. The sharkskin on the metallocene
melt from the die. This delay in melt/wall separation for HDPE was found to be significantly severer than on the
curved exit dies is believed to allow the stresses at the die LLDPE. Atagiven flow rate, higher pressure drops and more
exit to relax, and hence reduce the exit melt stress concen-birefringence fringes were observed for the HDPE. However,
trations. Numerical simulations confirm that with the sepa- this does not completely explain the difference in sharkskin
rations points experimentally observed for curved exit dies, Severity between the two polymers, since for the same pres-
there is a reduction in the stress concentration at the die exit.sure drop and stress field, the sharkskin exhibited by Dowlex
Flow birefringence exit fringe concentrations are also quali- LLDPE is still significantly less pronounced. While itis clear
tatively observed to reduce with increasing die exit curvature. that stress concentrations are a crucial factor for the devel-
The number of fringes identified within the main die area, as opment of the sharkskin instability, they cannot be the only
well as the pressure drops, are not observed to change with didactor. Issues that may also be involved include melt strength
exit curvature. These results are consistent with those of Rut-[12], the level of wall slip[20], the stability of the partial
gers and Mackley47] who found a reduction in sharkskin  slip boundary conditiofi25] and the stability of the point of
for a 0.5mm radiused exit die. A further observation from separation of the melt from the die ek6-28]
curved exit dies is that with increased exit curvature, awavy A well-established way of reducing sharkskin is using a
extrudate was obtained, possibly originating from the fact fluoropolymer additive (see, for exampl20,22)) and ex-
that with die exit curvature, the melt/wall separation point Perimental results reported in this paper confirm this. A flu-
at the die exit is less well defined. It could be conjectured oropolymer additive was found to dramatically eliminate
that at a micron scale, this instability of the melt/wall separa- sharkskin as well as reduce the extrusion pressure drop. This

tion point can also promote the development of the sharkskin i consistent with simulations of partial slip, which predict
instability. a reduced pressure drop for extrusion with partial slip along
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the die wall. Since the additive is deposited along the whole

of the die surface, as well as the extruder screw and barrel

D.R. Arda, M.R. Mackley / J. Non-Newtonian Fluid Mech. 126 (2005) 47-61

[7] J.J. Benbow, P. Lamb, New aspects of melt fracture, S.P.E. Trans. 3
(1963) 7-17.

[35], a stress concentration arises 0n|y at the die exit. The [8] R.H. Moynihan, D.G. Baird, R. Ramanathan, Additional observations

magnitude of this stress concentration is lower than that for a

die with no slip, since the change in boundary condition from
stick to partial slip is not as abrupt as a change from stick to
full slip, as at the die exit. Additives are thus a very effective
method for eliminating sharkskin.

In summary, the results presented in this paper support

the model that sharkskin instabilities are a consequence o

local melt stress concentrations. Techniques that reduce the

on the surface melt fracture behaviour of LLDPE, J. Non-Newtonian
Fluid Mech. 36 (1990) 255-263.

[9] F.N. Cogswell, Stretching flow instabilities at the exits of extrusion
dies, J. Non-Newtonian Fluid Mech. 2 (1977) 37-47.

[10] P. Beaufils, B. Vergnes, J.F. Agassant, Characterization of the shark-
skin defect and its development with the flow conditions, Int. Polym.
Proc. 4 (2) (1989) 78-84.

11] N. El Kissi, J.M. Piau, Adhesion of linear low density polyethylene
for flow regimes with sharkskin, J. Rheol. 38 (5) (1994) 1447—
1463.

magnitude of the stress concentration, for example die exit[12] R.P.G. Rutgers, M.R. Mackley, The correlation of experimental

curvature (which allows the exit melt stresses to relax), de-
creasing die wall roughness (which is believed to allow a
partial wall slip) and introduction of a polymer-processing

additive (which also provides wall slip) have all been found to
reduce the severity of the sharkskin instability. However, the

surface extrusion instabilities with numerically predicted exit sur-
face stress concentrations and melt strength for linear low-density
polyethylene, J. Rheol. 44 (6) (2000) 1319-1334.

[13] N. Bergem, Visualization studies of polymer melt flow anomalies
in extruders, in: Proceeding of Seventh International Congress on
Rheology, Gothenberg, 1976, p. 50.

fact that the metallocene HDPE shows significantly severer [14] S.J. Kurtz, Die geometry solutions to sharkskin melt fracture in ad-

sharkskin than the LLDPE for the same extrusion pressure

vances in rheology, in: Nineth International Congress on Rheology,
Mexico, 1984, pp. 399-407.

drop and stress field, indicates that stress concentrations alonfis) y.w. inn, R.J. Fischer, M.T. Shaw, Visual observation of develop-

are not the only factor of importance, but other issues such as

melt strength, stability of the partial slip boundary condition
or the melt/wall separation point must also contribute. Fur-

ther work is required to determine the exact mechanism by
which stress concentrations cause sharkskin, whether it is by

melt rupture at or downstream of the die exit, whether it in-
volves the wall slip boundary or die exit stability, or whether
it involves another factor that has not yet been covered.
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