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Polymer Processing Extrusion Instabilities and
Methods for their Elimination or Minimisation

This paper presents and reviews findings in relation to three
key areas where polymer processing instabilities occur. The pa-
per also describes methods that can be utilised to reduce, or
eiminate, the particular instability. Using previously pub-
lished results in each of the three areas and work presented in
the paper, physical insight into the three mechanisms is re-
viewed and compared. Extrusion instabilities develop with in-
creasing extrusion rate and the onset of extrusion instability is
often a key limitation to the maximum output of an extrusion
line. The sharkskin instability is an exit effect instability that
can be modified by changing exit geometries and eliminated
using certain additives. The stick-spurt instability isintimately
related to wall boundary conditions which can be influenced
by certain wall and polymer formulations. Finally volume in-
stabilities occur in the entry region of a die and result in a
highly distorted product. The instabilities are related to visco-
elastic effects within the die and can be minimised by appropri-
ate die and polymer modification. The paper provides sufficient
experimental background to identify the key physical aspects
associated with each of the instabilities and this in turn pro-
vides insight into the different way each instability occurs and
how they can be minimised.

1 Background

This paper is concerned with a range of instabilities that can
occur during the extrusion processing of thermoplastics. The
issueis of both academic and commercial interest and because
of thisthereisalready a substantial literature on the subject, see
for example general reviews on polymer instabilities by Petrie
and Denn [1], Denn [2], Larson [3]. In places however the lit-
erature from specific papers on polymer processing instabil-
itiesis difficult to follow as there has not been a universal ac-
ceptance of classification and naming. In addition there has
often not been a consensusin relation to experimental observa-
tions, interpretation of results and associated proposed me-
chanisms. This paper provides a balanced overview of the posi-
tion together with recent new results. In addition practical ways
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are described in which some of the instabilities can be elimi-
nated or minimised.

Theword “melt fracture” presents difficulties because in the
past, different authors have assigned different meanings to the
word. The classification of instabilities here has therefore been
divided into three broad categories avoiding the use of melt
fracture and the general features of the instabilities can beiden-
tified from examination of two previously published flow
curvesasillustrated in Figs. 1 and 2.

Fig. 1 shows a range of instabilities observed for a linear
polyethylene as a function of increasing flow rate. At low flow
rate the extrudate is initially smooth and considered to be de-
fect free. Astheflow rateincreases, aninitially small scale sur-
face defect occurs and thisis now universally accepted as being
called a“sharkskin defect”. This defect formsthe first class of
defects that are considered. If the flow rate isincreased further,
the magnitude of the sharkskin defect increases and for some
polymers a discontinuity in the flow curve occurs and pressure
oscillations develop. When this happens a “ stick-spurt” in-
stability occurs and this is the second class of defect consid-
ered. With a further increase in flow, a so called “superflow”
regime may exist where again the extrudate is smooth and de-
fect free. Finally at very high flow rates a“ gross melt fracture”
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Fig. 1. Examples of different forms of extrusion instabilities seen for
linear polyethylene (For details see Merten et al. [21])
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region may develop. In this paper gross melt fracture is not ex-
amined in detail as the lower flow rate instabilities will limit
maximum commercia production rates.

The situation for branched polymers and some other linear
polymers can be different to that shownin Fig. 1 and an extrusion
sequence for a polystyrene is shown in Fig. 2. For this case the
initially smooth extrusion develops a range of periodic instabil-
ities with increasing flow rate, that differ in appearance to both
sharkskin and stick-spurt instabilities. These instabilities have in
the past been called upstream, volume, reservoir or helical in-
stabilities. In this paper these instabilities have collectively been
classified “volume instabilities’. References relevant to each
class of instability will be given in each appropriate section.

The experimental component of this paper draws on an EU
consortium project concerned with polymer extrusion instabil-
ities (Postpone Polymer Processing Instabilities 6 S5RD-CT-
2000-00238). This paper reviews some of the new results ob-
tained within this project and combines this information with
existing work in order to reach an overview on each of thethree
instabilities. The classification into three separate classes of in-
stabilities is by no means exhaustive; however the three sepa-
rate classes of defect studied here do represent the main in-
stabilities that limit most commercial production of extruded
products.

LLDPE

Fig. 2. Examples of upstream instabilities and
associated flow curve (For details see Com-
beaud et al. [72])

2 Selected Polymers and Experimental Techniques

A series of polymers were carefully chosen in order to demon-
strate each particular instability with its greatest clarity and de-
tails on the selection of the polymers used is summarised in Ta-
ble 1. In the case of the sharkskin instability, a production
linear low density polyethylene (LLDPE) was chosen as com-
mercially thismaterial shows sharkskin and its occurrence lim-
its manufacturing rates. A Repsol, metallocene polymerised

Type of Polymer Mn My, Comment
instability kag/kmol
Sharkskin | Dowlex LLDPE | 54800, 113000 | Commercial grade
Repsol mPE | 53400, 122,900 | Development grade
Stick-Spurt | Dowlex LLDPE | 59800, 113000 | Commercial grade
Repsol mPE | 53400, 123900 | Development grade
AtofinaHDPE | 12000, 200000 | Commercial grade
Volume PS 136000, 296000| Commercia grade
Table 1.
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Fig. 3. Examples of sharkskin SEM and sur-
face roughness profiles for LLDPE and mPE

(For details see Arda and Mackley [ 7])
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development grade polyethylene (MPE) was a so chosen asthis
material showed very strong sharkskin effects. For the stick-
spurt instability al the polymers chosen exhibited strong stick
dlip regions and had similar zero shear rate viscosities. In the
case of the volume instability a polystyrene grade was chosen
as this particular polymer exhibited volume instabilities but
not sharkskin or stick-spurt.

Experiments were carried out using arange of apparatus and
references are provided that give detailed explanations of each
system. In the past it has been generally standard to use pres-
sure drop versus flow rate measurements when examining ex-
trusion instabilities and this technique has been used here and
also extended to cover simultaneous pressure readings at differ-
ent positions within the die. Laser Doppler Velocimetry (LDV)
is a powerful probe to measure local velocity measurements
and by using test cells with optical windows it has been possi-
ble to explore velocity profiles both within and immediately
outside the die. The optical transparency of pure polymer melt
enables flow induced birefringence (FIB) techniquesto be used
and this technique has also proved to be powerful for both
steady and unsteady flow optical observations. In this case the
optical birefringence patterns can be directly coupled with the
stressfield by use of the linear stress optical law [4].

3 Sharkskin Extrusion | nstabilities

Sharkskin extrusion instabilities develop at certain flow rates

for certain polymers and the instability develops asaroughness

on the surface of the extrudate [5, 6]. Fig. 3 shows scanning mi-

crographs and matching surface roughness measurements for

two polyethylenes illustrating the form of the instability. The
surface roughness of the linear low density polyethylene

(LLDPE) is mild, but of sufficient magnitude to affect optical

properties; the metallocene polyethylene mPE shows a much

more severe surface roughness.

It iswidely believed that the sharkskin extrusion instability
arises from a localized stress concentration at the die exit and
in Fig. 4 numerical simulation and experimental flow birefrin-
gence photographs show examples of contour plots of principal
stress difference within the melt for the LLDPE [7]. Both ex-
periment and simulation indicate that stress concentration oc-
curs at the die exit. Experimentally it is not possible to resolve
with absolute confidence the level of stress at the separation
point and also the numerical simulation is not accurate at the
separation point as it has been established that a mathematical
singularity in the stress prediction exists at the point of separa-
tion[8, 9].

The detailed mechanism by which the stress concentration at
the exit causes sharkskin to occur is still a subject of debate,
however the subject can be classified into two main schools of
thought.

— Loca fracture of polymer at die exit: Cogswell [10] pro-
posed that the polymer extrudate fractures at the die exit
due to an abrupt change in the flow boundary conditions
where the surface layer of the melt accelerates from rest to
the average extrusion velocity. The acceleration causes a
stretching flow, producing tensile stresses higher than ten-
sile strength that the material can withstand, giving rise to
cracking of the surface at the exit, which in turn leads to a
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Fig. 4. Example of A) numerical simulation and B) experimental bire-
fringence for LLDPE, illustrating stress concentration at exit of die
(For details see Arda and Mackley [7])

momentary relaxation of flow conditions near the edge.
This continues in a cyclic manner, giving rise to the shark-
skin phenomena. This explanation is consistent with the vi-
sual observations made just at the die exit by El Kissi and
Piau [11], who reported the appearance of cracks perpendi-
cular to the flow direction. In addition, Rutgers and Mack-
ley [12] proposed that a rupture mechanism could explain
the correlation between sharkskin and melt strength. Venet
and Vergnes[13] correlate the occurrence of sharkskin with
stress levels along loca streamlines close to the extrudate
surface. The mechanism is further supported by numerous
authorsand Allal et a. [14] have recently proposed a mole-
cular model to describe the periodic fracture effect of poly-
mer downstream of the die exit using this type of con-
cept.

— Local stick dlip mechanisms at die exit: Wang et al. [15 to
17] explained sharkskin distortions in terms of melt/wall
interfacial interactions a a molecular level. Their pro-
posed mechanism states that sharkskin occurs because of
a local conformational transition at the die wall exit,
where the adsorbed chains become stretched and disentan-
gle with the bulk chains. This layer oscillates between en-
tanglement and disentanglement states due to a reversible
coil-stretch transition. The corresponding oscillation of
the exit wall boundary condition leads to cycles of loca
stress relaxation and growth, and to periodic perturbation
of the extrudate swell in the form of sharkskin-like surface
roughening on the extrudate. Molenaar et a. [18] pro-
posed a local mechanism of stick-slip based on a relaxa
tion oscillation model in a thin peripheral layer near the
die exit, similar to the stick spurt instability observed at
higher stresses. They modelled melt flow instabilities in
terms of cyclic relaxation oscillations, during which po-
tential 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-dip oscillations develop within a localised area at
the die exit.
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Fig. 5. Schematic diagram of optical dlit geometry used inthe“ Erlan-
gen” experiments. Thedlit z= 0 mm position was taken at the entrance
of the dlit and the exit of the dit wasat z= 30 mm
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Fig. 6. V, velocity profiles for mPE flowing within and outside a slit
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Fig. 7. Horizontal V, velocity profiles for mPE flowing within and out-
side a dit die (For details see Merten [20])
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3.1 Recent Experimental Observations

Further insight into the mechanism of sharkskin has been ob-
tained from careful laser-Doppler velocimetry measurements
[19] and recent results obtained from the University of Erlan-
gen are reported here [20]. Velocity profiles within a dit die
containing optically transparent windows were obtained for a
flow geometry shownin Fig. 5.

Experimental observation of the mPE in the flow regime
where sharkskin is observed shows no detectable pressure fluc-
tuations within the die and also steady birefringence patterns
and velocity contours within the dlit die. Fig. 6 shows a series
of velocity profiles for mPE at different positions within and
just outside the dlit die. From within the dlit at z=20mm, a
classic “power law” plot can be seen with a near zero velocity
at the wall. As soon as the polymer exits the die, for values of
z higher than 30 mm, extrudate swell occurs and the polymer
velocities increase a ong streamlines near the outer free surface
and decrease in the central part of the extrudate. Thisresultsin
asharp extensional acceleration for the polymer leaving the die
exit. An alternative presentation of thiseffect isshownin Fig. 7
where the x-component of velocity is plotted downstream of
the die exit. A schematic diagram of the situation is shown in
Fig. 8, where within the dlit, the velocity profile changes at the
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Fig. 8. Schematic diagram of velocity profile rearrangement at the exit
of adlitdie
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Fig. 9. V, velocity profiles for LLDPE flowing at z= 20 mmwithin the
dlit die (For details see Merten [20])

Intern. Polymer Processing XXI (2006) 3



J-F. Agassant et al.: Polymer Processing Extrusion Instabilities

40 -
bar
35 A

30 4

Pressure drop
[\N]
[=]

0 T

_.+ |‘—550 um

SEM Scale

1.5E-04 2.0E-04

Mass flow rate

5.0E-05 1.0E-04

exit into anear plug flow downstream of the exit. The region of
high extensional acceleration originating from the separation
stagnation singularity at the corner of the die is where the
sharkskin instability originates. It is both the localisation and
absolute magnitude of the acceleration that combine to give a
condition of high stretch and rupture of the material.

Partial wall slip of the polymer will reduce the magnitude of
the singularity at the corner, however partial slip may not ne-
cessarily eliminate sharkskin. This can be shown for example
in Fig. 9 with the LLDPE material where the velocity profile
within the dlit clearly indicates partial slip. The presence of slip
will reduce the stress singularity but, as shown in Fig. 10, the
sharkskin instability still occurs, athough with less intensity
for the same pressure drop than the mPE.

3.2 Methods of Sharkskin Minimisation

The minimisation or elimination of sharkskin is a challenging
problem and a number of different approaches have been
adopted [22 to 27]. In this paper three different methods are re-
viewed.

3.2.1 Madification of Die Surface

A number of papers have considered the effect of die surface on
sharkskin instabilities and there is general agreement that coat-
ings such as PTFE enhance dlip at the wall and thereby reduce
or eliminate sharkskin [23, 28]. It has also been found that a
coating of the die near the exit is only necessary, again support-
ing the overwhelming evidence that sharkskin is a die exit ef-
fect. Unfortunately PTFE is not sufficiently mechanically
stable at polyethylene melt processing temperatures to provide
a commercial solution for sharkskin extrusion elimination as
within afew hours of operation a PTFE or PTFE coated diewill
have distorted or have surface damage. As yet, no aternative
thermally stable materia has been discovered. Arda and Mack-
ley [29] attempted to introduce gas at the boundary interface of
the die in order to develop dlip; however they discovered that
the separation singularity simply moved upstream to thegasin-
let position and sharkskin was not eliminated.

Intern. Polymer Processing XXI (2006) 3
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Fig. 10. SEM Photograhs for LLDPE and
mPE showing that the magnitude of the in-
! stability is greater for mPE than LLDPE at
kgls 2.5€-04 the same extrusion pressure drop (For details

see Arda and Mackley [7])
3.2.2 Exit Curvature

A possible way to decrease the stress concentration at the exit
of adieis to introduce curvature at the exit [7, 22]. This has
been tested and Fig. 11 shows examples of flow birefringence
for both a sharp edged exit and a rounded exit profile. In the
case of the round edge profile, the point of detachment can oc-
cur at different positions along the curved surface and experi-
mentally the detachment point was seen to move downstream
from the parallél section of thedie. If thissituation is simulated
for aviscoelastic flow, values of the principal stress difference
along a streamline 50 um from the dlit wall and free surface
can be generated and these contours are also shown in Fig. 11
below their respective flow geometry. These simulations show
that the high stress concentration at the sharp edge exit is
greatly reduced if surface curvature is introduced. Experimen-
tally it was found that the introduction of surface curvature
did reduce the magnitude of sharkskin but was unable to pre-
vent its appearance. Even when surface curvature is present
therewill still be astrong extensional acceleration present from
the zero velocity separation point as the material accelerates
away from the solid surface. The common factor in both cases
is the tensile acceleration of the polymer away from the point
of separation and it is believed by the authors of this paper that
thisisthe key element for the occurrence of sharkskin.

3.2.3 Effect of Additives

There has been considerable past and recent activity in relation
to the elimination of sharkskin by means of polymer additives
and at present thisis the most effective way to achieve surface
defect free extrusions for certain polymers. Most current addi-
tivesinvolve the addition of afluoropolymer additive [28], but
more recently Boron Nitride additives [27] and other rubbery
polymers [26] have been found to be effective.

An example of the effectiveness of a fluoropolymer additive
isshown in Fig. 12. Here surface SEMs and roughness profiles
are shown for the mPE at the same extrusion conditions with
and without additive. In this case, the results are striking, show-
ing essentially the complete elimination of severe sharkskin.
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Fig. 11. Effect of die exit curvature on the ob-
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There is near universal agreement that processing aids de-
velop a coating at the surface of the die. In a number of cases
there can be a time dependence to this coating process and it
may take for example an hour for a full coating to develop; in
practice this can be achieved more quickly by using an initially
high concentration of additive and then reducing the concentra-
tion once extrusion conditions have stabilised. In the stable ex-
trusion condition thereis compelling evidence to show that par-
tial dlip is occurring. Fig. 13 shows the observed extrusion
pressures for conditions with and without additive and for the
same flow rate the reduced extrusion pressure indicates wall
dlip. LDV velocity profiles shownin Fig. 14 provide direct evi-

244
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details see Arda and Mackley [ 7])

dence that slip is occurring when the fluoropolymer additiveis
present. The experimental evidence suggests that additives can
be effective in providing partial slip and thereby reducing both
the magnitude and localisation of velocity and stress concen-
tration in the exit region.

Whilst extrusion additives have been shown to be effective
in suppressing sharkskin they have disadvantages in relation
to additional cost and also remaining present within the ex-
truded product. Thereis clearly further scope to develop poly-
mer grades and engineering surfaces that eliminate this type
of instability.
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4 Stick-spurt Extrusion Instabilities

Asdescribed in the introduction and shown in Fig. 1, the stick-
spurt defect appears particularly for linear polyethylene as a
succession of periodic smooth and rough surfaces at an inter-
mediate flow rate range for both high density and linear low
density polyethylenes. The rough part of the extrudate surface
appearance is similar to the sharkskin defect observed at lower
rates and the smooth part of the extrudate is equivalent to that
observed in the so called “superflow extrusion conditions” at
high rates.

Fig. 15 shows characteristic flow curves for mPE in a capil-
lary rheometer for different L/D ratios. With an orifice die,
(L/D = 0), the flow curve is continuous and no pressure oscil-
lation or stick-spurt is detected at any flow rate. However for a
non-zero length capillary die, there are two branches to the
flow curve; afirst branch (branch 1) at low flow rates and a sec-
ond branch (branch 2) at high rates. Between the two branches,
“stick-spurt” pressure and exit flow rate fluctuations occur; if
the L/D ratio of the die isincreased, the magnitude of the pres-
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Fig. 16. Flow curvesfor mPE for different capillary diameters (For de-
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sure fluctuation increases. This fact, and the disappearance of
the pressure oscillation of the orifice die support the assump-
tion of wall dlip along the die land as the origin of spurt. The
general phenomenon has been extensively studied for constant
pressure and constant flow rate upstream boundary conditions
and in each case limit cycle oscillations are seen [16, 17, 30 to
35].

Fig. 16 showsthe characteristic flow curvesfor different die
diameters. Along branch 1, the flow curveis only dightly de-
pendent on die diameter and indicates no slip or only weak slip
at the wall. Along branch 2 there is a strong die diameter de-
pendence which indicates the existence of wall dip. The de-
tailed shape of the pressure trace fluctuations and the coupled
behaviour of the exit flow have been studied by amongst
others, Wang et a. [15], Hatzikiriakos and Dealy [34] and
Durand et al. [35]. When the pressure increases in the reser-
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voir, the die exit velocity is small and the extrudate is rough.
When the pressure reaches a critical value, there is a sudden
velocity jump followed by a sharp pressure decrease and the
extrudate is smooth. Then the pressure starts to increase again
and anew cycleisinitiated. Both the pressure and exit flow rate
fluctuations depend on the upstream volume of the reservoir
[35, 36]. All these results are now well established and docu-
mented and a number of publications include the application
of macroscopic relaxation oscillation modelsto describe the re-
sults. A recent development however has been the direct meas-
urement of coupled pressure, stress and velocity fluctuations
within the flow domain and results of this type are reported in
the following section.

4.1 Flow Field Investigation within a Sit Die

By using a dlit die with optical windows of the type described
in section 2, Fig. 5, it was possible to obtain correlated pres-
sure, stress and velocity data for flow within the stick-spurt re-
gime and experimental data, including LDV from CEMEF, So-
phia Antipolis, and LSP Erlangen isincluded in this section.
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Fig. 18. Pressure and velocity fluctuations for mPE at z= 20 mm (For
details see Merten et al. [21])
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Fig. 17 shows that pressure fluctuations measured at var-
ious positions along the dit (z=-12, 4 and 20 shown in
Fig. 5), are in phase for the whole flow domain including both
the entry and dlit region, athough the shapes of the pressure
transients are different in the different positions. These results
demonstrate that the instability does not propagate as wave
within the die, as the response is everywhere in phase.
Fig. 18 shows a more detailed pressure trace within the die
land (z = 20) together with the superimposed centre line velo-
city as afunction of time. In this figure it can be seen that the
spurt velocity period occurs immediately after the pressure
maximum occurs.

A transparent dlit die allows point wise LDV velocity meas-
urements to be made [37] and, by traversing the LDV across a
dlit, velocity profiles can be obtained. Robert et al. [38 to 40]
carried out a number of velocity profile measurements and ex-
amples of their data are shown in Figs. 19 to 21. The figures
show experimental velocity profiles and in some cases, match-
ing numerical simulation for three different flow regimes,
namely flow in branch 1, 2 and the intermediate stick-spurt re-
gime. The figures show the velocity profiles across a dit gap
for different positions along the dlit width. Asthe flow is sym-
metrical, only one half of the dlit section is shown. Fig. 19
shows the experimental velocity profile and matching numeri-
cal simulation for branch 1 of the flow curve and the data show
a number of important features. It can be seen that the flow is
not two dimensional. This results in different flow profiles
throughout the width of the dlit and this makes analysis of the
flow more difficult than say in acircular capillary. The smula-
tion assumes a no dlip boundary condition and for this branch
of the flow the assumption is correct. Fig. 20 shows the veloc-
ity profile in branch 2 of the flow curve. Here velocities are
greater and the velocity profile is much flatter. The match be-
tween experiment and simulation is poor, as the simulation still
assumes a zero slip boundary condition which is clearly now
not correct. Fig. 21 shows the extrema of the velocity profiles
in the stick-spurt regime and here the profiles oscillate from
the lower, no dip profile, to the higher velocity dlip profile.
These profiles provide direct evidence that the stick-spurt ef-
fect is associated with wall dlip at, or very near to thewall sur-
face.

Flow Induced Birefringence (FIB) has been extended to the
study of unsteady flows in the stick-spurt regime [39]. Fig. 22
shows a flow birefringence stress field within a dlit where the
different fringes correspond to different levels of stress at any
one instant in time. In the stick-spurt regime these fringes are
observed to change with time and this effect is shown in
Fig. 23 where contours of stress levels are plotted as afunction
of time. In Fig. 18 it was seen that the pressure build up to a
maximum before the spurt velocity period occurred. Fig. 23
shows that the birefringence peaks after the pressure maximum
indicating, initially surprisingly, that pressure and birefrin-
gence are not in phase. The reason for this feature relates to
the importance of compressibility in the stick-spurt instability.
In the pressure build-up phase of the cycle there is little flow
and the pressure contribution isrelated to an increase in hydro-
static pressure within the die. When dlip occurs, there is then
both a pressure drop and a birefringence contribution due to
the flow. Thusin the case of stick-spurt flow pressure and bire-
fringence are not in phase with each other.
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Fig. 23. Reservoir pressure and centre line birefringence variation as
a function of time during stick-spurt. The fringe numbersincrease from
3 to 14 from upstream of the die entry towards the contraction (For de-
tails see Robert et al. [39])

4.2 Key Factors and Mechanisms Controlling the Stick-spurt
Instability

From the shape of the pressure trace and the variable mass flow
output, it is clear that compressibility must be included in any
model that describes stick-spurt. In addition the wall slip and
LDV data indicate that variable wall boundary conditions oc-
cur during stick-spurt. Both these elements are common to all
of the current relaxation oscillation models used to describe
stick-spurt although the way the components are introduced is

24

not universal. Most authors introduce compressibility only in
the reservoir region of the die[34, 36, 41, 42] and the stick-dlip
transition may be discontinuous [34, 35] or mild (hon monoto-
nous slip law), based on phenomenological equations [43], mo-
lecular dynamic [44, 45] or on stochastic desorption mechan-
isms [46].

Theresulting relaxation oscillation modelsinvolve solving a
compressibility equation in the reservoir coupled with asimple
or sophisticated stick-dlip transition equation in the die land
(see for example den Doelder et a. [36]). Asshown in Fig. 24
these types of models are able to capture the pressure trace as
afunction of time at successive shear rates within the spurt re-
gime. Nevertheless, this model is unable to predict the critical
shear stress values which initiate the spurt area on the flow
curve. In addition these models are only suitable for acapillary
rheometer. As pointed out in Figs. 20 and 21, the slip velocity
is not necessarily uniform throughout the width of the dlit. Fi-
nally, these types of model are not able to explain why some
polymers exhibit stick-spurt defect and others do not.

As polymer compressibility is usually of the same order of
magnitude for different polymer species, the key factor is the
wall dlip condition where the competition between macromole-
cule adhesion at the wall and entanglement/disentanglement
mechanisms between tethered chains and the untethered bulk
polymer chains is crucia. Polystyrene (PS) does not show
stick-spurt, but HDPE does. In the case of PS the molecular
weight between entanglements is high and for PE it is low. It
is unlikely however that thisis the only factor that needs to be
considered because, for example, different types of polyethy-
lene behave in a different way. Different polymers will aso
have different tethered chain densities and the chemical nature
of the die surface as well asits roughness will influence beha-
viour. This is an area of modelling that is currently receiving
detailed numerical simulation [44, 47].

4.3 The Minimisation of Sick-spurt Defects

The development of understanding relating to the origin of the
stick-spurt instability has enabled a number of methods to be
introduced to minimise this instability. If no discontinuity in
the flow curve exists no stick-spurt will be seen and thisfor ex-
ample is the case with PS, some LLDPEs and also LDPE. The
stick-spurt instability is sensitive to both L/D ratio and up-
stream reservoir volume and if both of these parameters are
minimised the stick-spurt effect will also be reduced.
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details see Robert [38])

. e =
20 s 30

Intern. Polymer Processing XXI (2006) 3



J-F. Agassant et al.: Polymer Processing Extrusion Instabilities

It has been reported that the upstream introduction of a
packed bed filter is effective in suppressing pressure oscilla-
tions [48 to 50], and Fig. 25 shows that the introduction of the
filter has eliminated the discontinuity in the flow curve [38].
Elimination of the flow curve discontinuity has eliminated
the instability; however the introduction of the filter has re-
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Fig. 25. Effect of filter introduction on flow curve (For details see Ro-
bert [38])
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Fig. 27. Effect of surface coating on flow curves (For details see
Robert [38])
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sulted in a significant increase in the overall pressure drop for
the system.

Because the stick-spurt instability is directly related to wall
slip boundary conditions it should be possible to modify both
the physical and or chemica nature of the surface and elimi-
nate the instability. Fig. 26 shows that the physical nature of
the surface can influence the flow curve and hence the exis-
tence of the instability. If the steel surface was smooth the flow
discontinuity occurred at a certain apparent shear rate. By
roughening the surface the flow curve was modified and the
discontinuity was delayed to a higher shear rate. Roughening
of the surface influenced the onset of the instability but did
not prevent it [17].

There are conflicting reportsin the literature on the effect of
the chemical nature of the material on stick-spurt. Ramamurthy
[51] reported differences in stick-spurt behaviour using brass
dies and Ghanta et al. [25] reported that the effect was very
sensitive to both processing and surface treatment protocol.
Robert [38] however saw no difference between dlit dies made
from polished steel and brass. Fig. 27 shows flow curves for a
steel and a PTFE coated die where the coating has the effect
of reducing the flow discontinuity and also the stick spurt effect
as also reported by Wang and Drda [17] and Koran and Dealy
[52].

5 Volume Extrusion Instabilities

The development of periodic bulk instabilities affecting extru-
dates are observed classically for branched polymers (low den-
sity polyethylene), and in some cases also for elastic linear
polymers with high normal stresses and long relaxation times
(polystyrene, polypropylene). When emerging from a circular
die above a critical condition, the extrudate devel ops a perfect
helical shape, as described in the introduction and shown in
Fig. 2. Astheflow rate increases further, the extrudate progres-
sively loses its periodicity, until it presents gross melt fracture
[53]. For similar process conditions, extrudates emerging from
a dit die do not exhibit periodic helical distortions, but do
exhibit periodic volume distortions. Asaresult of this, whatever
the flow geometry studied, the term “periodic volume instabil-
ity” will be used. Volume instabilities are instabilities that in-
volve the whole volume of the extrudate, as opposed for exam-
ple to sharkskin instabilities which are a surface related
distortion. Volume instabilities, including gross melt fracture,
are instabilities that originate in the upstream region of the ex-
trusion reservoir.

In 1956, Tordella [54] explained that the onset of volumein-
stabilities was characterized by a change in the slope of the
flow curve for polymers that show a single continuous flow
curve. The effect was particularly pronounced for short capil-
lary lengths [55, 56]. Critical parameters usually used to quan-
tify the onset of the upstream instability are the shear flow
parameters, such as apparent wall shear rate or wall shear stress
[57]. Various experimental techniques have been applied to the
study of volume instabilities, including flow birefringence [50,
58], particle tracers [59 to 61], laser-Doppler velocimetry
(LDV) [61, 62] and Particle Image Velocimetry (PIV) [63].
All these experimental observations have shown that the up-
stream contraction region of the flow was the site of the in-
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stability initiation. The capillary inlet is a region where the
fluid is submitted to high elongational deformations and this
extensional flow plays an important role in upstream instabil-
ities. Generally previous studies have indicated that both entry
recirculation and viscoelastic fluid properties coupled to the
flow geometry are responsible for the occurrence of volumein-
stabilities; however for certain polymers Kim and Dealy [64,
65] have recently proposed acritical tensile stressasacriterion
for the onset of volume instabilities involving gross melt frac-
ture. They argue that gross melt fracture would involve the true
fracture (rupture) of the melt, specifying that it may be the re-
sult of chain scission or sudden disentanglement and chain
pull-out.

5.1 Capillary Rheometer Results

Insight into the helical volume instability can be obtained from
correlation of the nature of the extrudate and the materials flow
curve. Fig. 2 shows an apparent flow curve for Polystyrene ob-
tained at a temperature of 200 °C with a capillary diameter of
1.39 mm. The flow curve (pressure as a function of the appar-
ent shear rate) was continuous and showed different zones,
with various extrudate regions (separated by dashed lines on
the graph). At low shear rates (in the range 100 to 150 s™%),
the extrudate was perfectly smooth (photograph 2a). Above a
critical shear rate, a helical extrudate developed (photograph
2b). When flow rate increased further, the helix became more
and more pronounced (photographs 2c—f), affecting all the ex-
trudate volume (helical pitch and diameter increase with flow
rate). For apparent shear rates higher than 400 s1, a degrada-
tion of the helix was observed (with a loss of perfect periodi-
city, photograph 2g), followed by the progressive transition to-
wards a chaotic instabilitiy (photographs 2h—i). As described
in the literature [56, 66, 67], the onset of the helical defect is
characterized by a change in the slope of the flow curve which
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L/D on volume instabilities for polystyrene
(For details see Combeaud et al. [53])

iswell pronounced as in the case of small L/D ratios shown in
Fig. 2.

Fig. 28 shows a series of photographs and data where the ef-
fect of apparent shear rate and L/D ratio of the die was investi-
gated for a capillary die. The periodic volume instability has a
characteristic frequency [53, 68] and the frequency is not very
sensitive to the apparent shear rate as shown in the figure. For
a fixed geometry, the instability develops with a constant fre-
guency and with growing helical volume distortions. If the
length of the capillary isconsidered, it has also been shown that
the frequency increases as the capillary length decreases [53]
and thisin turn means that the pitch of the instability increases
with increasing L/D also as shown in the figure. This general
qualitative feature wasfirst reported by Bergem [69] and subse-
quently by others[70, 71]. If the volume/cycle of the instability
istaken into account, for a given flow rate, the volume in cycle
will increase with increasing L/D ratio.

5.2 Flow Birefringence and Velocity Fields within the Entry
of a Sit Die

Whilst it is convenient to study the systematic downstream
evolution of helical instabilitiesin a cylindrical die, it is diffi-
cult to study the exact upstream behaviour of the material with-
in the entrance region of the die. Slit dies however provide an
excellent opportunity to observe upstream behaviour using
both flow birefringence (FIB) and laser-Doppler velocimetry
(LDV), although the systematic downstream evolutions of the
instabilities areless clearly presented. In terms of visualisation,
Fig. 29 shows the apparent flow curve for polystyrene at atem-
perature of 180°C and the associated upstream flow induced
birefringence (FIB) patterns for the case of an abrupt dlit con-
traction [72].

The isochromatic fringes corresponding to Fig. 29A are sta-
tionary: with time; however as the apparent wall shear rate
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reaches acritical value of 87 s™* (Fig. 29B), the fringes start to
oscillate regularly, perpendicularly to the flow direction. The
timest; and t, in Fig. 29 correspond to the two extreme fringe
positions in the reservoir. In this situation, the melt flow com-
ing from the reservair enters the contraction asymmetrically.
This phenomenon clearly shows the volume instability as a
consequence of the flow destabilization at the die inlet, and
not as a destabilization of the flow inside the channel. More-
over, asthe volume instability develops further with increasing
flow rate, the fringe oscillation amplitude also increases, as can
be seen by comparing fringe positions from Figs. 29B and 29C.
The onset of volume instability is shown on the flow curve in
Fig. 29 and, as in the case of capillary experiments, onset oc-
cursat position where thereisachange in the slope of the curve
which isin agreement with other reportsin the literature.

For the critical apparent wall shear rate of 87 s7%, (volume
instability onset), the fringes movement is regularly periodic
(around 0.4 Hz). When the flow rateisincreased further the os-
cillation frequency remains essentially independent of the im-
posed flow rate. For larger flow rates, the frequency increases
(around 0.59 Hz), but the movement loses its periodicity and
the frequency fluctuates with time. For even larger flow rates
(328 s71), there is an amplification of the phenomenon. The
fringe displacements become more rapid and more complex
and several additional modes of oscillation occur superim-
posed on the primary one.

By using an axisymmetric channel connected to a parallele-
piped dlit reservoir, Combeaud [68] showed that helical distor-
tions observed at the die exit can be directly correlated with
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Fig. 29. Apparent flow curve and associated
FIB patterns (a): 30s7%, (b): 87s7% (o):
263s™' (abrupt contraction, T= 180°C,
L=25mm, H=1mm) (For details see Com-
beaud et al. [72])

the appearance of a periodicity in the upstream FIB pattern
and the instability frequency at the die exit was the same asthat
for the FIB oscillations. The frequency was not damped down
during the flow aong the die channel.

In order to quantitatively follow upstream velocity fluctua-
tions laser-Doppler velocimetry (LDV) can be used to follow
velocity changes along the symmetry axis of the slit geometry
in the entry region. By choosing a position 10 mm upstream
of the dlit entrance as shown in Fig. 30 it was possible to moni-
tor the time dependence of the velocity components as a devia-
tion angle a from the symmetry axis. When periodic oscilla-
tions of the FIB were observed, a matching periodic
oscillation of the angle a was also measured as shown in
Fig. 30 [73]. For stable flow conditions, the angle a is ob-
viously equal to zero. Thedashed linein Fig. 30isaninterpola-
tion of the calculated values: a(t) using a cubic spline in order
to estimate the periodicity of the oscillations. Due to the noise
of the velocity signals and the fluctuations of the melt supply,
the shape of the interpolation is not perfectly sinusoidal. The
results show that the period of oscillation for the birefringence
and the velocity fluctuations are the same and clearly the in-
stability can be correlated with the periodic upstream non axial
velocity fluctuation.

The geometry of upstream extrusion die also has a signifi-
cant effect on stress levels within the upstream reservoir and
thisis illustrated with FIB photographs in Fig. 31 for a suffi-
ciently low flow condition where steady flow occurs. For the
same flow rate it can be seen that there are many more fringes
visible in Fig. 31A which is the 90 degree entrance angle. As
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the entrance angle is reduced so too are the number of fringes
and the way in which the entry extensional stressin the central
region of the die develops. The effect is shown quantitatively in
Fig. 32 where the centre line stress build-up and relaxation is
plotted as a function of position. In the case of the 90 degree
entrance angle, the stress build-up israpid and large. Asthe en-
try angleisreduced the magnitude of the maximum stressisre-
duced and also the stress builds up more gradually. Both these
effects are believed to influence the onset of instabilities and
experimentally it is found that the onset of upstream instabil-
itiesis delayed by reducing the entry angle of the upstream re-
gion (see Fig. 33B).

5.3 Interpretation of Volume Instabilities

Theresults presented in this paper support the evidence that the
periodic volume instabilities areinitiated at the die entry. There
are a number of published explanations as to the origin of the
instabilities. Den Otter [66], Spencer and Dillon [74] and Agas-
sant et a. [71] proposed that some bulk instabilities are related
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Fig. 30. Oscillation of the velocity signal at
z= —10 mm (For details see Combeaud et al.
[73])

Fig. 31. FIB patterns for polystyrenein stable
flow conditions for the different entrance geo-
metries (For details see Combeaud et al. [72])

to unstable upstream vortices. Whilst thisis true for some sys-
tems, laser-Doppler velocimetry (LDV) experiments by Com-
beaud et al. [72] showed for polystyrene that recirculation vor-
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Fig. 32. Centre line principal stress difference measurements for dif-
ferent entrance geometries (For details see Combeaud et al. [72])
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tices disappeared at entry angles of 30 or 45 degrees, but the
flow still showed upstream unsteadiness.

The elongational stresses and deformations developing in
the convergent have often been associated with the onset of
the upstream instability [64, 65, 74]. The estimation of a criti-
cal elongational stressis difficult in the case of the slit geome-
try; however an estimate can be made by considering the FIB
patterns obtained in stable flow conditions at a low apparent
shear rate (20 s™7), for the four geometries shown in Fig. 31.
For all the geometries shown, along the centerline, the stresses
increase in the reservoir, reach a maximum at the dlit entry
and then decrease along the dlit. For the smooth convergent,
the stress level is undoubtedly lower, compared to the other
geometries. Thisis shown in Fig. 32 where the principal stress
difference (PSD) was plotted asafunction of the position along
the centerline. The PSD is a maximum for the flat 90 degree
entry (0.63 MPa), followed by the angles of 45° (0.54 MPa),
30° (0.36 MPa) and finaly the smooth convergent
(0.26 MPa). Consequently, it is seen that the shape of the con-
vergent die playsamajor rolein the establishment of the exten-
sional stressfield, and that elongational stresses are largely re-
duced with a smooth convergent entry. This could explain the
effect observed on the onset of volume instability where the
condition for the onset of the upstream instability is linked to
acritical extensional stress level.

Finally volume instabilities may be induced when stress lev-
els exceed that of the melt strength as proposed by Kim and
Dealy [64, 65]. At present there are therefore three plausible
mechanisms for volume instabilities: instability associated
with upstream recirculation, instability associated with a criti-
cal viscoelastic stress level in the entry region and finaly in-
stability associated with the mechanical rupture of the polymer
in the entry region.

5.4 The Minimisation of Volume Instabilities
5.4.1 Influence of Temperature on Viscoelastic Properties

By carrying out experiments at different temperatures it has
been established that the apparent shear rate at which periodic
volume instabilities occurred, increased with increasing tem-
perature [72]. The onset of the periodic instabilities in a parti-
cular dlit die correlated with critical extrusion pressure as also
observed for a cylindrical die [53]. Thus by increasing tem-
perature for a particular flow rate it is possible to move out of
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the flow instability regime and by using simple time-tempera-
ture superposition techniques it is possible to predict the
required temperature for defect free extrusion. Upstream recir-
culation is often associated with branched polymers and conse-
quently areduction in branching of the polymer may decrease
the onset of instabilities. Branched polymers are often asso-
ciated with long relaxation times and so the dominant effect
of branching may be to increase viscoelastic stresses at any
flow rate through the presence of long relaxation modes within
the material.

5.4.2 Influence of the Die Converging Angle

The onset of volume instabilities is strongly influenced by the
geometry of the die and data in Fig. 33 shows how the entry
half angle can influence onset. The data show that the instabil-
ity is not just a matter of extrusion pressure, as the pressure
shear rate curve shows that onset for different geometries oc-
curs at different entry angles. The angle itself has a profound
effect with narrow angled entrance geometries showing signif-
icantly higher flow rate onset values. The observations reported
here are consistent with those found already in the literature
[57, 66, 75]. For the smooth convergent, the flow behaviour is
different: even at the maximum flow conditions allowed by
the experimental set-up (390 s™%), no instability is detected.
The isochromatic fringes remain completely stable even for
very high pressures reached in the entry region. Such a profile
then allows multiplying by at least a factor of four the critical
apparent shear rate relative to the instability occurrence. It is
clear therefore that there is useful scope in die design for mini-
mising upstream instabilities.

5.4.3 Other Possibilities for Minimisation of Volume
Instability

An dternative technique for instability minimisation is presented
in the literature, [49, 50] and consists of introducing filters at the
transition region between reservoir and die land. Again, asin the
case of stick-spurt, this minimisation is created at the cost of a
higher overall pressure drop. From what has been described the
onset of volumeinstability is coupled to both geometry and poly-
mer rheology. Maodification of both molecular weight and mole-
cular weight distribution offer considerable scope for the at-
tenuation of viscoelasticty within the material and an associated
attenuation of volume instability behaviour.
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6 Discussion and Conclusions

In most cases of industrial extrusion processing the onset of ex-
trusion instabilities controls the maximum throughput of the
process and consequently the efficiency and viability of the
technology. Many inter related factors influence the onset of
extrusion instabilities including polymer type, polymer rheol-
ogy, die geometry, surface conditions, flow rate and tempera-
ture. The key factors that control the three main extrusion in-
stabilities have been outlined, but at present a universal
engineering design protocol to predict and control extrusion in-
stabilities still does not exist.

In some cases, especialy for complex industrial flow geo-
metries, the identification of the type of instability can be diffi-
cult as certain characteristics of sharkskin, stick-spurt and up-
stream instabilities can overlap; however by using specifically
chosen geometries and polymers it has been possible to reveal
the key features of each of the three instabilities and identify
the different origin for each instability.

The sharkskin instability is a surface related instability that
originates from the exit of the die and there is strong evidence
to show that the instability develops as a conseguence of the
changing boundary conditions near the exit of the die. Within
the die, polymer at the wall is either stationary or moving with
alow velocity. When the polymer exits from the die, free sur-
face boundary conditions apply and the polymer near the sur-
face of the emerging extrudate accelerates. Thislocal accelera-
tion causes high extensional stresses which, if in excess of the
materials melts tensile stress, can cause local fracture and the
sharkskin instability.

The stick-spurt instability is also asurface related effect, but
in this case the instability islinked to the stick-dlip characteris-
tics of polymer near the surface of the wall within the die. In
the stick-spurt regime the polymer oscillates from conditions
where wall dlip does and does not occur. When slip does not
happen there is an accumulation of mass and pressure within
the die which is released when dlip does occur. As mass flow
rates vary during extrusion it is inevitable that the polymer
compressibility and volume become relevant to this particular
instability.

Volume instabilities have a range of mechanisms for their
origin. In the most extreme case, stress levels can exceed the
melt strength of the polymer and melt fracture can occur within
the die. In addition the onset of recirculation zones in the up-
stream section of the die can promote periodic instabilities;
however upstream recirculation is not essential to see instabil-
ities and the viscoelastic behaviour of the polymer aone in
the upstream region can be sufficient to initiate an unstable
flow that propagates to the exit of the die and causes periodic
or non periodic volume instabilities.

The paper hasindicated ways in which different instabilities
can be minimised and in some cases removed. In the case of the
sharkskin instability it has been well known for some time that
the introduction of additives has been found to be the most ro-
bust method of elimination. Detailed attention needs to be giv-
en to the exit of the region of the die and the upstream region
of the die for this defect is in fact irrelevant. In the case of
stick-spurt in some cases it is possible to increase temperature
in order to move outside the onset regime; however in this case
the key issueisthe behaviour of the polymer at the near wall re-
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gion of the die and both modification of the polymer itself or
the wall can affect onset. Finaly the volume instability can in
some case be eliminated by suitable die geometry control.
What is clear from these observations is that different factors
affect the three different instabilities.

From what has been described, it is apparent that further in-
sight is still required and the area remains a challenging one
in terms of describing events at molecular, meso and macro-
scopic length scales. The basic elements of instability mecha-
nisms have however now been established and with the advent
of advanced numerical techniques it should be possible in the
future to solve complex multi-variable physical problems that
can quantitatively model and simulate all of the instabilities
that have been described.
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