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Abstract

In the film blowing process, LLDPE shows a variety of instabilities with increasing production rate. The
purpose of this study is directed at understanding the mechanism underlying the onset and development of the
first instability to occur with increasing flow rate. The onset and progress of the surface distortion is studied as a
function of process conditions, die geometry and polymer blend composition, using a Betol 20 mm extruder,
equipped with an abrupt entry slit die allowing rheo-optical measurements. We show the qualitative characteristics
of the surface distortion obtained via scanning electron microscopy and quantitative surface roughness data
obtained through stylus surface profile measurements. In a processing window of 160–200°C, the severity of the
instability for LLDPE increases with increasing exit stress level. Under these conditions pure low density
polyethylene (LDPE) does not show the instability, but blends of the two materials show significantly enhanced
extrudate distortions versus pure LLDPE. It is also shown that pure LDPE does exhibit the same unstable
behaviour at lower temperatures around 140°C. Using flow birefringence measurements the stress fields in the die
can be studied in detail, simultaneously to monitoring the extrudate appearance. Polyflow simulations allow
further in-depth investigation of the stress concentrations and local velocities of the fluid in the exit region. Large
velocity gradients, deformations and stresses are found near the exit, confined to the surface region. The experi-
mental and numerical evidence obtained from this work is evaluated in relation to a variety of likely mechanisms
and appears to particularly support a periodic melt rupture mechanism at the die exit. © 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

This paper is concerned with the development of fine scale surface instabilities that can occur
during the processing of linear low density polyethylene (LLDPE). These instabilities have been
reported in the literature and can limit production rate for film manufacture and also result in
poor optical clarity and mechanical properties of the polymer film (see for example [6]). A
typical example of the surface instability is shown in Fig. 1 which is a scanning electron
micrograph (SEM) of a blown film processed under conditions where the effect is present.

A large amount of research, which has been reviewed most recently by [7,8], has been
dedicated to the issue of melt instabilities in flowing polymers. However, to date the opinions on
possible mechanisms are divided between: (a) (periodic) transitions in the wall boundary
conditions (see for example [1,9]); (b) rheological effects near the wall [2,3]; and (c) surface melt
rupture [5]. Much experimental work, mainly carried out in capillary geometries, has shown that
the onset of the instability can be delayed and the severity reduced by additives or die surface
coatings that induce slip at the wall, see for example [5,10–12]. The interest of the resin
manufacturers however remains to understand the relationship with the rheology and structure
of the material in order to optimise the process behaviour of the resins without having to
prescribe die surface specifications or incorporate costly additives.

An attempt is made here to further clarify, qualitatively and quantitatively, the physical
appearance of the extrudate as a function of process parameters, such as flow rate and

Fig. 1. SEM of LL09 blown film. Apparent wall shear rate 277 s−1, temperature 205°C. Draw down ratio 3, blow
up ratio 2.5. Arrow indicates direction of flow; arrow length 1 mm.



M.R. Mackley et al. / J. Non-Newtonian Fluid Mech. 76 (1998) 281–297 283

temperature and material characteristics of some linear and branched polyethylenes and their
blends. We examine planar slit behaviour, which is representative of a section of an annular film
blowing die and allows simultaneous flow visualisation inside the die, to relate the extrudate
appearance to the local flow fields, obtained through stress birefringence and numerical
simulations. We compare the experimental global flow birefringence stress field with that
predicted by the Polyflow numerical simulation and then use the local stress and flow field
predictions of the simulation to determine near wall and surface behaviour.

2. Experimental

2.1. Materials

The materials studied were two C6 LLDPE grades, LL09 and LL05, with melt flow indices
(MI) of 0.9 and 0.5, respectively and a low density polyethylene LD1 of MI 1.0, supplied by BP
Chemicals. LL05 is commercially available with a fluoropolymer processing aid, but the samples
used did not contain the additive.

The rheological behaviour of the materials was modelled using a KBKZ integral constitutive
equation with a Wagner type irreversible damping factor [13,14], as given in Eq. (1):
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where t is the total extra stress, li and gi the partial relaxation times and elasticities, respectively
and n the damping factor. The stress is dependent on the current time t and the past time t %, with
s= t− t %. The strain is represented by the Finger tensor Ct

−1 and its invariant I (I1=I2 in planar
elongation and simple shear).

The required parameters for this model were determined experimentally using a Rheometrics
RDS II parallel plate dynamic rheometer and a Rosand 7.1 twin barrel capillary rheometer. The
small strain oscillatory linear rheological behaviour was translated into a relaxation spectrum of
eight relaxation times and the non-linear step-strain response yielded the damping factor. Details
of the method for parameter determination and examples of the applicability of the model in
predicting the behaviour of various materials is described by [15] and for polymer melt flow in
planar slit dies in particular by [16,17]. The parameters determined for the materials studied here
are given in Table 1. Good agreement with steady simple shear flow was obtained well into the
non linear domain.

2.2. Extrusion and flow 6isualisation

The extrusion set-up consisted of a 25 mm single screw extruder equipped with a melt pump
for direct flow rate control and a stainless steel die cell with quartz optical windows and
interchangeable inserts allowing flow visualisation in various planar slit geometries. Fig. 2
represents a schematic of the optical die cell and the coordinate system of the flow used
henceforth. The die inserts used in this work were 90° abrupt contraction slit dies of 8 mm long,
15 mm deep and 1 or 2.47 mm wide, with contraction ratios of 15 and 6, respectively. The
extrudate was drawn down at controllable haul off ratios ranging from 1 to 7.
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Table 1
Rheological parameters for the considered materials at 180°C

LL09 (gi (Pa)) LD1 (gi (Pa))li (s) LL05 (gi (Pa))

1.56E+5 2.30E+5 6.82E+42.00E−3
5.19E+49.38E−3 1.70E+5 2.48E+5

9.89E+44.40E−2 5.40E+4 2.77E+4
3.71 E+4 1.49E+41.92E+42.06E−1

72129.69E−1 3734 8608
15211602685.64.54

155.4 274.3 778.721.32
33.89 115.73100 91.10

0.241n (—) 0.245 0.202

The set up for optical birefringence measurements consisted of a Mercury lamp with a
monochromatic filter of wavelength 546 nm, a polariser and an analyser on either side of the
sample with quarter wave plates in between to obtain circular polarised light and a video or
photographic camera to detect the fringes representative for the stresses in the flow, according
to the stress optical law. The stress optical coefficient (C) of LL09 was determined experimen-
tally in a long slit die in fully developed simple shear flow, according to a method described by
[18] to be 1.95 10−9 Pa−1 at 180°C.

Fig. 2. Schematic of the optical die cell with interchangeable inserts.
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2.3. Extrudate surface characterisation

To obtain qualitative information regarding the physical appearance of the surface, scanning
electron micrographs were taken of the cold extrudate using a Leica SEM Stereoscan 430. A
thin layer of gold coating was applied by surface sputtering, in order to provide the extrudate
with a conducting surface. The digital SEM pictures in this work were taken at a 45° angle to
the electron beam.

Quantitative roughness analysis of the extrudate was carried out parallel to the flow direction,
using a Taylor Hobson Form Talisurf 120L stylus profilometer. Apart from raw (i.e. unfiltered)
profiles, a variety of roughness amplitude and spacing parameters and filtered profiles were
obtained, by eliminating waviness above wavelengths of order ten times the dominant wave-
length of interest. Dependent on the scale of surface roughness, filters (i.e. sampling lengths) of
0.8, 2.5 and 8 mm were applied. The parameters used in this work are the average maximum
peak-to-valley amplitude:

Ry=
1
k

%
i=k

i=1
(Yi), (2)

where k is the number of sampling lengths (of order 5–10) in the total specimen assessment
length and Y the maximum peak to valley height within the sampling length and the average
spacing between peaks:

Rsm=
1
k

%
i=k

i=1

1
n

%
i=n

i=1
Si, (3)

where S is the spacing between profile peaks, defined as the highest point between an upward
and downward crossing of the mean line and n is the number of peaks in each sampling length.

3. Numerical simulation

For the simulation of the steady flow behaviour a commercial finite element package [19] was
used in combination with the KBKZ-type integral equation with the Wagner irreversible
damping factor. A 425 element mesh with local refinement at the corners was used, with
quadratic interpolation for velocities and linear interpolation for pressure. The boundary
conditions assumed were fully developed flow 25 mm upstream of the slit entrance, no slip at the
wall, symmetry along the centre plane and an 80 mm long free surface at the outlet of which
zero force was assumed. All simulations shown in this work met the relative convergence
criterion of 10−3 for all flow variables (pressure, velocity and stress tensor components and
geometric variables of the free surface). The local velocity gradient along the streamlines o; and
resulting strain o were calculated near the wall according to Eqs. (4) and (5) respectively, from
the x and y components of the velocity along the streamline, 6x and 6y, that are given by
Polyflow as function of time t and distance l along the streamline.

o; =d6x
dl

+
d6y
dl

[ o; n=
6x,n−6x,n−1

ln− ln−1
+
6y,n−6y,n−1

ln,ln−1
, (4)
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Fig. 3. SEM of LL09 extruded tape which has been drawn down with ratio 6 after extrusion. Die length, 8 mm; gap
width, 1 mm; temperature, 178°C; apparent wall shear rate, 163 s−1. Arrow indicates flow direction; arrow length 300
mm.

o=
& t

ten

o; dt [ on=o; n(tn− tn−1)+on−1, (5)

where n indicates subsequent discrete datapoints obtained from Polyflow particle tracking. Here
the strain is arbitrarily set at zero at the entrance of the mesh.

4. Results and discussion

4.1. Qualitati6e characterisation of the instability

Fig. 3 shows a typical extrudate surface generated during extrusion in the unstable regime,
characterised by an irregular hairpin-like positive relief with the fronts of the waves in the
direction of the flow. As the typical distance between die exit and frost line (the position at
which the extrudate solidifies) is of order 400 mm, the extrudate has had full opportunity to
swell and subsequently stretch as function of the haul off ratio.

Fig. 4 shows a two dimensional (2D) approximation of the original shape of the surface
distortion at the die exit, obtained by deformation of the SEM picture of Fig. 3. The
deformations applied to the length L and the width w for a haul off factor of N, is a reverse
uni-axial extension:



M.R. Mackley et al. / J. Non-Newtonian Fluid Mech. 76 (1998) 281–297 287

Lex=
Lfl

N
(6a)

wex=wfl
N (6b)

where the subscripts ex and fl, stand for exit and frost line, respectively.
Although this 2D representation does not take into account the reduction in extrudate

thickness and therefore instability amplitude due to stretching and, possibly, relaxation, it gives
a good idea of the original spacing at the die exit. It can be seen that in this case the waves on
the extrudate are generally aligned to form ridges parallel to the die exit lip.

4.2. Instability de6elopment as function of flow rate and material characteristics

All results given in this paper were obtained at 180°C, unless otherwise stated. Temperature
dependence of the instability was also studied but is not discussed here. Typical surface profiles
in presence of instabilities are given in Fig. 5. At low flow rates (Fig. 5a) the surface shows a
very small scale irregular roughness, which to the eye appears as a matte surface. This roughness
increases in amplitude with increasing flow rate and becomes regular, as can be seen in Fig. 5b,
where the profile also shows the sharp wave fronts in the direction of the flow as found with
SEM.

Fig. 6 quantitatively shows the gradual increase in roughness amplitude (Ry) and wavelength
(Rsm), with increasing wall shear stress, determined directly from upstream pressure measure-
ments without corrections for entry pressure loss. This gradual instability growth without a
distinct point of instability onset is very much in line with findings of Beaufils et al. [20]. When
plotted against shear stress, the amplitude and wavelength curves obtained in dies with different
gap width coincide. This holds when investigating two rheologically quite different linear low
density polyethylenes: Where LL05, with the higher partial elasticities (see Table 1), shows far
more severe instabilities than LL09 at the same flow rates (Fig. 7a), this can be ascribed to the
higher wall shear stresses obtained for this material at these flow rates and the roughness
amplitude curves nearly coincide when set out against wall shear stress.

Typically LDPE does not show the instability at 180°C. However, as shown in Fig. 8, this
absence of instability could again be attributed to low shear stresses compared to those obtained
for LLDPE at the same flow rates. At these shear stress levels LLDPE also yields smooth
extrudates. It was further found that at lower temperatures, where the wall shear stresses
obtained for LDPE can become sufficiently high, the surface instabilities did occur (Fig. 9). At
a shear rate of 20s−1 and 140°C small amplitude hairpins are observed (9a), whereas at 180°C
the extrudate is perfectly smooth (9b).

Fig. 4. Deformed SEM of Fig. 3, representing the reverse of the uniaxial deformation to which the extrudate has been
subject from the exit of the die to the frost line. Haul off ratio 6. Arrow indicates flow direction; arrow length 300
mm.
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Fig. 5. Extrudate surface profile parallel to the direction of flow of LL05 at 180°C. (a) apparent wall shear rate: 14
s−1; (b) apparent wall shear rate: 92 s−1.

The shear stress dependence, independent of temperature, die gap width and polymer grade,
does not hold however for blends of linear and branched polymers. At all stress levels
significantly more severe extrudate distortions were found for 30 and 70% (see Fig. 8)
LDPE/LLDPE blends than for either the pure materials. This can therefore not be attributed to
the bulk rheology of the blend, which behaves according to the law of mixing, as confirmed by
flow birefringence: Fig. 10 shows the flow birefringence of both pure LD1 (10a) and LL09 (10c)
and the 70% LDPE blend (10b). The well known LDPEflow field features of recirculation zones
in the entry corners, strain hardening in the elongational flow field and slow relaxation in the
slit, are contrasted by the absence of recirculation in LLDPE and rapid relaxation of entry
stresses resulting in fully developed flow in most of the slit length. The flow field of the 70%
blend shows a dominant LDPE behaviour, but the recirculation zones are slightly smaller and
the relaxation is more rapid than that of the pure LDPE.

As rheology can therefore not explain the significant difference in behaviour of the blend,
other local effects in the flow may be the source for the onset of the instability. Fig. 11 shows
that the physical appearance of the blend surface distortion is somewhat different to that
observed thus far for LLDPE extrudate; detachment of the material on the crests of the hills
appears to occur.
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4.3. Steady flow characterisation

Using video optical stress birefringence with a resolution of order 20 mm, no global
instabilities of the flow field were observed at the wall or elsewhere inside the die in the range
of process conditions discussed here. At higher shear rates a wavy extrudate, fluctuation of the
birefringence in the slit and entry zone and asymmetrical fluctuations in the birefringence were
observed. As flow birefringence provides average information over the depth of the slit die, local
microscopic fluctuations of the flow field are below the resolution of this method. However, it
is our belief from this data, that the flow inside the die is essentially stable and that the steady
flow field data may yield relevant information on the local flow variables at the exit of the die,
which is the most likely location of the source of the surface instability.

The Polyflow finite element prediction of the complex flow in the planar slit die, as given in
Fig. 12, is in very good agreement with the experimental data, particularly considering that all
parameters used in the model, are obtained from simple shear data. Both qualitative and
quantitative aspects of the stress fields are accurately predicted without any parameter fitting.
Fig. 13 shows that the maximum centreline principal stress difference (PSD) is well predicted,
but that relaxation in the slit is slightly slower experimentally than in the Polyflow simulation.
The experimental die swell of 1.49 is also slightly larger than the predicted value, 1.37. Based on
this good prediction of the global stress field we assume that the numerical local stress and
velocity values, which are exceedingly difficult to obtain experimentally near the wall, will be
representative of the physical reality close to the slit wall and the free surface.

Fig. 6. Average instability amplitude (Ry, squares and continuous curve) and wavelength (Rsm, triangles and dotted
curve) of LL09 at 180°C as a function of wall shear stress. Open symbols, 2.47 mm die gap; closed symbols, 1 mm
die gap.
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Fig. 7. Average instability amplitude (Ry) of extrudates of LL09 (squares) and LL05 (circles) in 1 mm slit die at
180°C. (a) As function of apparent wall shear rate; (b) as function of wall shear stress.

Fig. 14 gives the numerically predicted velocity gradients (14a), the elongational strain (14b)
and the principal stress difference (14c) along four streamlines at 1, 10, 50 and 100 mm from the
wall. It can be seen that close to the wall (B50 mm) very high velocity gradients occur just after
the exit of the die, resulting in sudden strain jumps of order 3. These effects are rapidly
dissipated when moving further into the bulk (\50 mm from the wall). It is worth noting that
the order of magnitude of the highly strained material layer is similar to that of the amplitude
of the extrudate distortion. Sudden jumps are also observed in the PSD at the exit of the die.
The velocity gradients obtained using Eq. (4) are sensitive to some numerical error, as shown by
the noise in Fig. 14a. Mesh independence of the absolute magnitude of the local deformations
and stresses also needs to be confirmed. Obtaining quantitative absolute values will allow us to
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Fig. 8. Average instability amplitude (Ry) versus wall shear stress in 1 mm slit die, of LL09 (squares), LD1 (circles)
and a 30/70% blend of both (triangles). All three materials were extruded at 180°C and under identical flow rate
regimes.

investigate a potential connection with critical rupture stresses reported to be of order 1 MPa by
[21] for polyethylenes in elongational flow and critical elongation levels, reported by [22] to be
of order 4 for polystyrene solutions.

Fig. 9. SEM pictures of LDPE LD1 extruded in 1 mm slit die at an apparent wall shear rate of 20 s−1 and haul off
ratio 6. (a) 140°C; (b) 180°C. Arrow indicates flow direction; arrow length 100 mm.
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Fig. 10. Flow birefringence photographs in 1 mm slit die at 180°C and apparent wall shear rate of 35 s−1. (a) LD1;
(b) 70/30% wt. LD1/LL09 blend; (c) LL09.

4.4. E6aluation of experimental e6idence in relation to proposed mechanisms

To simplify the discussion, we classify the currently most favoured mechanisms as follows: (a)
stick-slip mechanisms; (b) core-annular wave instabilities; and (c) periodic crack formation at
exit. This is not a comprehensive list, but many current models can be brought under one or
more of these categories, although the role of slip alone (as opposed to a periodic stick-slip
boundary condition) has also been subject of much research, see for example [11,23,24].

4.4.1. Mechanism (a)
The periodic stick-slip mechanism proposed by [1] involves a local stress relief at the exit by

a temporary slip at the wall within the slit, followed by reinstatement of the stick condition

Fig. 11. SEM pictures of details of 70% LD1/30%LL09 blend extruded in 1 mm slit die at 160°C and 10.4 s−1.
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Fig. 12. Experimental and simulated stress field of LL09 in a 2.47 mm slit die at 180°C and 27 s−1. Each experimental
fringe or numerical contour line represents a step of 1.86×104 Pa in principal stress difference. Arrow indicates flow
direction.

when the stress is sufficiently reduced. This periodic slip causes a sudden stretch of material
resulting in cracks. It is not clearly defined what length of wall near the exit experiences slip. Our
experimental evidence (not presented here) does not show the change in slope in the flow curve
generally related to onset of slip, nor have oscillations in the stress field been observed. However
experimental resolution at the exit, where stress concentrations are high, may impair such
observations.

A variant of the stick-slip mechanism, proposed by [2], involves periodic coil-stretch transi-
tions of the chains grafted at the wall, resulting in periodic cohesive slip due to disentanglement
of the bulk material from the stretched layer at the wall. This mechanism would result in the
same experimental observations as the stick slip model proposed by [1], but also requires the
dynamics of the instability to be related to the characteristic chain relaxation times. Supporting
this mechanism are our preliminary results (not presented here) confirming a temperature
dependence of the periodicity of the instability similar to that of the chain relaxations, however
this relationship has not been confirmed across different materials.
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4.4.2. Mechanism (b)
Ref. [4] proposes that an unstable core-annular flow may exist that results in wave type

surface distortions at the interface. The soft material layer at the wall for example may be a low
molecular mass fraction of the polymer. Although we have not been able to see the presence of
such a layer or of unstable flow along the die land, the characteristics of the surface instability
observed do however confirm Joseph’s predictions of waves with sharp fronts in the direction of
the flow.

4.4.3. Mechanism (c)
Polymer melt failure as a result of high stress levels at the exit as proposed by [5] does not

require any unstable flow features inside the die. Oscillations of the stress levels as a result of this
mechanism only occur at, or slightly outside the exit, where the stresses are highest. Although
observations on cold, partially relaxed, extrudate do not allow us to conclude that material
rupture has occurred, no observations made in this work contradict this mechanism. It has also
been demonstrated numerically that the highest levels of velocity gradients, elongation and stress
are reached at the exit. It is currently being explored whether the critical values at onset of the
instability may coincide with critical extensional stresses and deformations for failure respec-
tively observed by [21,22].

Fig. 13. Centreline principal stress difference of LL09 in a 1 mm slit die at 180°C and 35 s−1. Symbols and dotted
line: experimental values from flow birefringence with stress optical coefficient C=1.95×10−9 Pa−1; continuous
line: Polyflow prediction.
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Fig. 14. Numerical predictions for LL05 in 1 mm slit die at 180°C and 92 s−1 of the (a) velocity gradient; (b)
elongational strain; (c) principal stress difference, along streamlines with various distances from the wall: (1) 1 mm;
(2) 10 mm; (3) 50 mm; (4) 100 mm.
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5. Conclusions

The surface instability occurring during planar slit die extrusion of linear low density
polyethylene appears as a hairpin positive relief on hauled off extruded tape and as chevron
shaped waves on blown film. The original shape of the extrudate distortion at the die exit is
expected to consist of hills with sharp fronts in the direction of flow, more or less organised in
ridges parallel to the die lip. The growth of both amplitude and wavelength of the instability is
mainly shear stress dependent and independent of temperature, die gap width and LLDPE
rheology.

This instability was observed for several LLDPEs, LDPE at low temperatures and blends of
LLDPE and LDPE. The severity of the instability is significantly more important for the blends
than for the individual polyethylenes.

For LLDPE the Wagner integral constitutive equation in combination with the Polyflow finite
element numerical package provided a powerful tool to investigate the local stresses and
deformations near the exit of the die. Large velocity gradients and deformations occur at the exit
region and are localised near the surface. Mesh independent absolute values of the critical levels
of stress and deformation at the onset of the instability have to be determined. It is currently
being investigated whether these critical levels coincide with those observed by [21,22], which
would confirm localised melt rupture at the exit, as proposed by [5] and supported by [25], to
be the likely source of this phenomenon.

The current challenge is particularly the explanation, through this mechanism, of the different
behaviour of LDPE, namely the occurrence of surface instability at low temperatures only and
the much more severe distortions of the LDPE/LLDPE blends. Finally an attempt must be
made to model the dynamics of the instability, such as to predict its dependence on material and
process conditions.
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