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SYNOPSIS

Two LLDPE resins were used in this work to determine the critical conditions for the
occurrence of wall slip and melt fracture in capillary extrusion. It was found that the
polymer-metal interface fails at a critical value of the wall shear stress of about 0.1 MPa
and, as a result, slip occurs. At values of wall shear stress of about 0.18 MPa the extrudate
surface appears to be matte, while small amplitude periodic distortions (sharkskin) appear
on the surface of extrudates at wall shear stresses above 0.25 MPa. Using a special slit die,
the polymer-wall interface was coated with Teflon®™ in order to examine the effect of this
coating on the processability of polyethylenes. It was found that use of Teflon™ promotes
slip, thus reducing the power requirement in extrusion and, most importantly, eliminates
sharkskin at high extrusion rates. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

It is known that during polymer melt extrusion ir-
regularities /defects appear on the surface of extru-
dates whenever the wall shear stress exceeds a crit-
ical value. This phenomenon, known in general as
melt fracture, is been investigated for the past 45
years but it remains one of the most interesting and
challenging problems in polymer processing from
both the academic and industrial points of view.™

The appearance of surface defects is a limiting
factor for production rates in many industrial op-
erations such as blown film extrusion of polyethyl-
ene. Thus, research programs in industry are focused
on modifying the molecular architecture of polyeth-
ylenes in order to produce resins with good pro-
cessing characteristics, or resins more resistant to
melt fracture. The relationship between molecular
architecture and melt fracture is not well under-
stood, and new resins are developed rather on a trial
and error basis.

It has also been observed that the matte appear-
ance of the extrudate is accompanied by wall slip
and failure of adhesion at the polymer-metal inter-
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face in the die land.>* Thus, when the wall shear
stress exceeds a critical value, the no-slip boundary
condition ceases to be a valid assumption. From the
academic point of view, the importance of studying
wall slip velocity is twofold. First, it is necessary to
have a slip velocity expression to use in the simu-
lation of polymer processes, and second, to under-
stand and explain the origin of extrudate distortion.
The relationship between wall slip and extrudate
distortion is not well understood.®®

In general, there is some agreement on the causes
of the sharkskin phenomenon. The polymer extru-
date fractures at the die exit due to an abrupt change
in boundary conditions that lead to high stretching
rates exceeding the melt strength.!***° Kurtz® has
also pointed out that prior to the critical stretching,
a critical shear stress must be exceeded. In support
of this view, a more specific explanation of the poly-
mer fracture has been recently proposed by Trem-
blay,” based on a numerical analysis of the flow at
the die exit. His calculations have shown that a large
negative pressure (hydrostatic tension) exists at the
die exit that cavitates the polymer melt close to the
die lip, thus leading to interface failure. Recently,
Hatzikiriakos® performed some calculations for the
steady capillary flow of molten polymers by imposing
a slip boundary condition. He found that a large
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extensional rate exists at the capillary exit. Based
on his calculations, he explained the effects of a
number of parameters on extrudate distortion, in-
cluding length-to-diameter ratio, pressure, diameter,
and presence of low surface energy coatings (Vi-
tons™ and Teflons™) at the polymer-wall interface.
The extensional rate is a result of a pressure-de-
pendent slip velocity, with the slip velocity being a
decreasing function of pressure. Thus, as the poly-
mer approaches the exit of the die, the slip velocity
increases and, as a result, the polymer is being ac-
celerated. This acceleration gives rise to the exten-
sional rate.

In this article we study the rheological behavior
of two linear low-density polyethylenes (LLDPEs)
to identify the critical conditions for the onset of
wall slip and melt fracture in capillary extrusion.
The slip velocity is calculated as a function of both
the wall shear stress and pressure, and the method
to perform such calculations is discussed in detail.
The relationship between molecular architecture
and wall slip is also examined. Finally, the effects
of some new low surface energy coatings ( Teflon™)
on extrudate distortions are also examined.

EXPERIMENTAL

Two linear low-density polyethylenes (LLDPE)
were examined in this work. These are Dowlex™
2049 and HP-LLDPE of Dow Chemicals. The latter
is a more viscous resin, but due to the fact that it
has a broader molecular weight distribution, exhibits
more shear thinning behavior. Some molecular pa-
rameters are listed in Table I. The experiments were
run at 200°C. Previously reported data on the wall
slip of other LLDPEs"*® will be compared with
those obtained in the present study. The molecular
parameters of these resins are also listed in Table 1.

Table I Molecular Characteristics of
Resins Used

Melt P
Resin Index M, 1 (g/cm®)

Dowlex® 2049 1.0 119,600 3.82 0.926

HP-LLDPE 0.5 161,000 5.20 0.926
Dowlex™ 2045 1.0 118,000 3.93 —
GRSN/7047 1.0 114,000 3.90 —

I is the polydispersity index defined as I = M,/M,,, where
M, is the number-average molecular weight and M,, is the weight-
average molecular weight.

Table II Dimensions of Capillary Dies Used

Diameter Length-to-Diameter Ratio
0.02” 0, 40, 100
0.03" 0, 10, 20, 40, 70, 100
0.05” 0, 40, 70

The experiments were carried out on an IN-
STRON model 1123 constant-speed piston-driven
capillary rheometer. Circular dies of various diam-
eters, D, and length-to-diameter ratios (L /D) were
used in order to determine the Bagley correction
and slip velocity ( Table II). The Bagley correction
is essentially determined by making use of orifice
dies. To calculate the slip velocity, at least three
dies having a constant L/D ratio and different di-
ameter are needed. In this way, one keeps constant
the effect of pressure on the slip velocity. Finally,
to calculate the slip velocity as a function of pressure,
a series of dies of constant diameter and various
L /D ratios are required. More details are discussed
below.

Slit dies were also used in order to examine the
effect of Teflon®™ coating on extrudate distortion.
The slits were constructed from two pieces so that
the interior surfaces could be exposed. It was, thus,
possible to apply the Teflon™ solution to the walls
of the slit at 160°C. Consequently, enough time was
allowed for the solvent to evaporate. More details
are given below.

THE BAGLEY CORRECTION

To determine the pressure drop associated with
changes in the velocity distribution in the entrance
and exit regions, a technique outlined by Bagley*
was employed. However, when the effect of pres-
sure on viscosity is significant, the Bagley plot
curves up. In such cases a quadratic interpolation
is recommended *® in order to extrapolate to zero L/
D ratio. Another technique to determine the Bagley
correction is to make use of orifice capillaries dies
(L/D = 0). It was found in this study that both
methods gave similar results.

Figure 1 is a plot of the Bagley correction for the
two LLDPE resins determined by making use of the
orifice capillaries dies (three dies in total having dif-
ferent diameters and 90° entrance angle). It can be
seen that the Bagley correction determined by using
three orifice dies having a different diameter super-
poses very well for both resins. Also, it can be seen
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Figure 1l The Bagley correction for Dowlex® 2049 and
HP-LLDPE at 200°C.

that the Bagley correction function is the same for
both resins due to the similar rheological charac-
teristics of the two resins. The resin HP-LLDPE is
more viscous at low values of shear stress, but due
to the fact that it has a broader molecular weight,
it is more shear thinning resin than Dowlex™ 2049.

It can also be observed from Figure 1 that there
is a change of slope of the Bagley correction function
at about 0.1 MPa, which is the critical shear stress
for the onset of slip. Also, there is an apparent dis-
continuity in the Bagley correction function for wall
shear stresses greater than about 0.35 MPa, which
is the critical stress for the onset of oscillating melt
fracture. Similar observations were reported by
Lupton and Regester.!® However, at this point it is
not known if these observations are simply a coin-
cidence. More data are needed to support or disprove
these observations.

A METHOD TO DETERMINE THE
SLIP VELOCITY

Wall slip phenomena in linear polyethylenes have
been studied in the past by many research
groups.®>*1¢18 However, only recently was it observed
by Hill et al.!® that the slip velocity of a linear low-
density polyethylene reported by Kalika and Denn?
was a weak function of the L /D ratio of the capillary
for long capillaries (L./D > 33), thus indicating that
the slip velocity is a weak function of pressure at
high pressures. This was also confirmed for a series
of high-density polyethylenes by Hatzikiriakos and
Dealy.!® They reported that the slip velocity was a
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strong function of the L./D ratio for short dies and
a weak function of L. /D for long dies.

The viscosity of linear low-density polyethylenes
is a function of pressure.>? The traditional Mooney
analysis to determine the slip velocity requires that
both the viscosity and the slip velocity are not func-
tions of pressure. Thus, this technique cannot be
applied to determine the slip velocity as a function
of both pressure and wall shear stress. A modified
Mooney technique for calculating the slip velocity
as a function of both wall shear stress and pressure
was recently developed.!® This technique will also
be used here with the addition that the pressure de-
pendency of the viscosity of the melt should be taken
into account.

Kalika and Denn,? in their slip velocity calcula-
tions for a LLDPE, took into account the pressure
dependency of viscosity. They have demonstrated
their method with data obtained from relatively long
capillaries. In such capillaries the slip velocity is only
a weak function of pressure. The calculated slip ve-
locity based on the total pressure drop is about equal
to the length-averaged slip velocity. However, this
is not the case in short capillaries where a slip ve-
locity based on the total pressure drop is not equal
to the length-averaged slip velocity.

The two techniques proposed by Kalika and
Denn?® and Hatzikiriakos and Dealy!® can be com-
bined to develop a method that can be used to cal-
culate the slip velocity as a function of wall shear
stress and L /D ratio for polymer melts with a pres-
sure-dependent viscosity. Note that since the slip
velocity is a function of pressure, neither the wall
shear stress nor the slip velocity are constants along
the capillary, as normally assumed in the traditional
Mooney analysis. These quantities are functions of
the axial distance. In this case, from the pressure
drop along the capillary one may only calculate the
wall shear stress and the corresponding slip velocity
at some axial distance.'?

If the viscosity of the melt is a function of pres-
sure, it can be represented by the following equation:

n=Kexp (BP)y (1)

where 7 is the viscosity, K is the consistency index,
n is the power-law index and 3 is the pressure coef-
ficient of viscosity. The exponential dependence of
the viscosity on pressure 1 o exp(SP) is usually
valid to first order for relatively small values of
pressure. Unfortunately, the validity of this relation
can only be checked at low and moderate pressures
(see below), due to the fact that at higher values of
pressure slip occurs and, thus, the effect of pressure
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on viscosity cannot be distinguished with certainty
from the effect of pressure on slip velocity. Thus,
the analysis of our data presented below assumes
that Eq. (1) is also valid for high pressures.

To calculate the slip velocity, one may use
Eq. (2):

8us(zo) . 4n Uwp(zo) n
- - = —_ = 7 2
D " 3m+1 ( K (2)

where ¥4 is the apparent shear rate defined as 32Q /
#D?, where Q is the volumetric flow rate and D is
the diameter of the capillary, u, is the slip velocity,
and o,, is the pressure-corrected wall shear stress
defined below. The value z; is some axial distance
in the capillary, where the wall shear stress is equal
to(Py;— P.,)/(4L /D), P, being the driving pressure
(plunger force over the reservoir cross-sectional
area), and P,, being the entrance pressure loss
(Bagley correction). The pressure at this point can
be approximated as to be equal to (P — P,,,) /2. More
details regarding the modified Mooney technique can
be found elsewhere°,

The pressure-corrected wall shear stress can be
calculated from the following equations:

3n+1 . |°
aw=Kexp[6P<zo)1[i4n—n] (3)

Ow

" explBP ()] W

where the pressure coefficient of viscosity was found
to be about 4 X 107° Pa™! for both resins studied in
this work. Equation (2) is valid only if the rheology
of the melt in the slip region can be described by
Eq. (3). Otherwise, one has to use the Modified
Mooney technique,® that is:

. . 8u,(zy)
Ya = Yas T TO (5)

where v 4, is the apparent shear rate corrected for
slip which is a function of the wall shear stress at
the axial position z,. Use of Eq. (5) requires the
determination of the apparent flow curve for at least
three capillaries having different diameter and con-
stant length-to-diameter ratio. The latter is neces-
sary in order to keep constant the effect of pressure
on both viscosity and slip velocity.

THE SLIP VELOCITY

The slip velocity calculations will be demonstrated
for the first resin in Table I (Dowlex® 2049),
whereas only the final results will be presented for
the other resins. Figure 2 shows the apparent flow
curve of the LLDPE (Dowlex™ 2049) for three
capillaries of the same length-to-diameter ratio
(L/D = 40) and different diameters. Note that a
semi-log plot is used to show clearly the critical shear
stress for the onset of slip. As may be seen from
Figure 2, the critical shear stress, o¢, can be deter-
mined from the point at which the three apparent
flow curves diverge; that is, about 0.10 MPa. This
value is consistent with other values reported in the
literature for LLDPEs of comparable molecular
weight and distribution.*?' A value of 0.1 MPa was
also found for resin HP-LLDPE. These critical val-
ues as well as other constants for the resins are listed
in Table III. The continuous curve represents Eq.
(3) with pressure corresponding to a capillary having
a length-to-diameter ratio of 40.

Once the critical shear stress has been deter-
mined, one may use the data in the no-slip region
(0, < 0.1 MPa) to obtain the pressure-dependency
coefficient of viscosity. Figure 3 plots the pressure-
corrected flow curves for Dowlex® 2049 and com-
pares those with data obtained from the sliding plate
rheometer (ambient pressure). One may see that
the degree of superposition of data obtained from
two different rheometers is reasonable. The contin-
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Figure 2 Apparent flow curves of Dowlex@® 2049 at
200°C determined with capillaries having a constant

length-to-diameter ratio (L/D = 40) and various diam-
eters.
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Table III Critical Stresses and Rheological Parameters of Resins in Table I.

K 8 g,
Resin T (°C) (MPa-s") n (MPa™?) (MPa)
Dowlex™ 2049 200 0.0081 0.674 0.0040 0.10
HP-LLDPE 200 0.0149 0.540 0.0040 0.10
Dowlex™ 2045 215 0.0085 0.618 0.0035 0.10
GRSN/7047 200 0.0108 0.603 — 0.10

The Results for Dowlex™ 2045 were reported in Ref. 13 and those for GRSN/7047 in Ref. 11.

uous line represents Eq. (3) with P = 0. Finally,
apparent flow curves obtained from dies having the
same diameter but different L /D ratios are plotted
in Figure 4. Note that these apparent flow curves
have not been corrected for the effect of pressure on
the polymer viscosity.

Using Egs. (2), (3), and (4), and the data of
Figure 2, the slip velocity can be calculated as a
function of the wall shear stress for each die sepa-
rately. If Eq. (5) is valid in the slip region, then a
reasonable superposition of the slip data is expected.
Equation 5 (modified Mooney technique) was also
used to determine the slip velocity. Figure 5 is a
Mooney plot. The slip velocity can be inferred from
the slopes of straight lines fitted to the data. It can
be seen that the data do not fall on a straight line.
This may be due to the viscous heating effect that
is more significant for capillaries having a larger di-
ameter provided that the length-to-diameter ratio
is kept constant.?! The effects of viscous heating
were also discussed by Shidara and Denn,?? who
have pointed out that a numerical solution of the
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Figure 3 Pressure-corrected flow curves of Dowlex™
2049 at 200°C in the no-slip region.

full field incorporating pressure and temperature ef-
fects is needed. In our case, the effect of viscous
heating appears to be small, and a straight line can
still be fitted to data.

Figure 6 plots the slip velocity data calculated for
each capillary diameter by making use of Eq. (2)
and the slip velocity data by using the modified
Mooney technique [Eq. (5) ]. The good superposition
of the slip velocity data indicates that Eq. (3) is
valid, and the rheology of the polymer can be de-
scribed by using a power-law expression with a pres-
sure-dependent viscosity. The same was also found
for the other resin HP-LLDPE. The constants for
the power-law expression for all resins are listed in
Table III.

Using Egs. (2), (3), and (4), and the data of
Figure 4, the slip velocity is calculated as a function
of both wall shear stress and pressure. It is plotted
in Figure 7. It may be seen that the slip velocity
increases with wall shear stress, but decreases with
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Figure 4 Apparent flow curves of Dowlex™® 2049 at

200°C determined with capillaries having a constant di-
ameter and various length-to-diameter ratios.
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Figure 5 Slip velocity calculations for Dowlex™ 2049
at 200°C using a modified Mooney technique.

increase of the L /D ratio and, thus, pressure. These
observations are in agreement with experimental
findings reported previously.'*!>!° Finally, it can be
observed from Figure 7 that each curve for a given
L/D ratio can be approximately represented by a
power law expression (u, oc o).

A slip velocity model was recently developed by
Hatzikiriakos and Dealy,!® which incorporates the
effects of wall shear stress, wall normal stress (or
pressure), temperature, and molecular character-
istics of polymers. This can be written as follows:
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Figure 6 The slip velocity of Dowlex™ 2049 as a func-
tion of the wall shear stress at 200°C using capillaries
having a length-to-diameter ratio of 40.
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Figure 7 The slip velocity of Dowlex@ 2049 as a func-
tion of the wall shear stress and L /D ratio at 200°C. Note
that the slip velocity decreases with L /D ratio.

1h:=£of(73(1._cﬂmnh<E-+03P/aw)( G )m

RT ot
(6)

where &, ¢,, ¢3, and E are constants, f (T ) is a func-
tion that incorporates most of the temperature de-
pendence of the slip velocity, and I is the polydis-
persity of the material. Using Eq. (6), the slip ve-
locities of Figure 5 can be corrected for the effect of
pressure in order to refer all of them to ambient
pressure. This can be done by using Eq. (7)

1 — cotanh[(E/RT)
1 — cptanh(E + ¢3P/06,)/RT]

Us p=0 = u,(P)
(7

where u, p-¢ is the slip velocity at ambient pressure
and u,(P) is the slip velocity at pressure P, which
is being corrected to refer to ambient pressure. Fig-
ure 8 shows the pressure-corrected slip velocities,
u, p—g of Figure 7 and those for the other three resins.
Note that all these slip velocities now refer to am-
bient pressure. To take into account molecular ar-
chitecture effects, the data are plotted vs. the nor-
malized wall shear stress, ¢,/0.I1*/*. The values of
the parameters used were the ones calculated by
Hatzikiriakos and Dealy!® for a series of HDPEs (¢,
= 0.987, ¢3 = 31, and E = 1367 cal/g-mol). In gen-
eral, the data superposes to a reasonable degree. A
better superposition could have been obtained by
reevaluating the constant cg, c¢3, and E. The data
for Dowlex® 2045 was obtained from Ref. 13 and
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those for GRSN /7407 from Ref. 11. Note that the
data for GRSN /7407 were obtained by using a slid-
ing plate rheometer and, thus, the use of Eq. (7)
was not necessary.

The molecular weight and distribution is the same
for three of the resins and, thus, there is no question
why these three sets of data agree. The resin HP-
LLDPE has a considerably higher molecular weight
than the others and, thus, one expects its slip ve-
locity to be higher due to the fact that the shear
stress for the onset of slip decreases with increase
of the molecular weight.!> However, its molecular
weight distribution is broader, which decreases the
slip velocity according to Eq. (6). Thus, the com-
bined effect of molecular weight and its distribution
superposed the data. Finally, it is noted that for a
given polydispersity the slip velocity increases with
molecular weight, while for a given molecular weight
the slip velocity decreases with increase of polydis-
persity.!®

MELT FRACTURE

" Clean Surface

Although the onset of slip occurs at a critical shear
stress of about 0.1 MPa, the extrudates appear to
be matte at much higher values of shear stresses
(0.18 MPa). Small amplitude periodic distortions
appear on the extrudate surface at even higher values
of shear stress, essentially above 0.25 MPa for all
resins. Oscillating melt fracture was also observed
for both resins studied here at a critical shear stress
in the range of 0.35-0.4 MPa, this depending on the
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L /D ratio and the capillary diameter. The oscillating
flow regime of polyethylenes was previously
analyzed® to a great extent and, thus, it will no
longer be discussed here.

In general, it was found that at a given apparent
shear rate the extrudate distortion increases in se-
verity with length-to-diameter ratio. This is due to
the fact that for a given apparent shear rate, higher
shear stresses are obtained in longer dies due to the
pressure dependency of viscosity. Numerous pho-
tographs have been reported previously 3% for all
types of melt fracture in polyethylene extrusion with
clean surfaces and, therefore, it was decided not to
present any here.

Teflon®-Coated Surface

To study the effect of Teflon™® coatings on melt
fracture, three special slit dies were used. These were
constructed from two pieces so that the interior sur-
face could be exposed. It was, thus, possible to apply
the coating to the walls.?* Dimensions and design
characteristics of the slit dies used can be found
elsewhere.?* The coating used to modify the poly-
mer-wall interface was Teflon™, which was pro-
vided by DuPont, Wilmington DE, in the form of
solution. The solution was applied to the walls and
then the solvent was allowed to evaporate at about
160°C.

Photographs of the extrudates were taken to show
the effects of the Teflon™ coating on the extrudate
appearance. It was found that the presence of this
coating suppresses completely extrudate distortion
at all shear rates attained in this study (up to about
1,500 s1). It is noted that with clean plates shark-
skin melt fracture appears at an apparent shear rate
of about 250 7!, Figure 9 shows extrudates ( Dowlex™®
2049) at two different apparent shear rates for clean
and Teflon™-coated surfaces. It can clearly be seen
that the periodic extrudate distortions are com-
pletely suppressed. It is noted that there is also a
decrease in the extrudate swell with Teflon®™-coated
surface that is due to the presence of wall slip.

The suppression of extrudate distortion is ac-
companied by a reduction in the applied load with
Teflon®-coated surfaces. Extruding an amount of
resin equivalent to the volume of the rheometer res-
ervoir, the load is decreased by about 20%, as com-
pared to that obtained during extrusion using the
slit die with clean surfaces. A further load reduction
is obtained if the rheometer is reloaded and extrusion
continues. This indicates that the Teflon® coating
smooths out with time and provides a better surface
for polymer slippage. Thus, it is expected that Tef-
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Figure 9 The effect of Teflon™ on the extrudate distortion of Dowlex® 2049 at two
apparent shear rates. The widths of the samples are in the range 0.6-0.8 cm.

lon™ as a coating or as an additive to polymer resins
will be a very efficient processing aid to suppress
extrudate distortion and to reduce power consump-
tion.

CONCLUSIONS

In this work, the slip velocity of two new polyeth-
ylene resins was calculated as a function of both
wall shear stress and pressure. It was found that the
slip velocity increases with shear stress and de-
creases with pressure. The calculated slip velocities
were compared with others reported previously in
the literature for LLDPEs and found to be consis-
tent with the molecular characteristics of resins. A
model previously proposed in the literature for the
slip velocity of high density polyethylenes was found
to be capable of describing the slip velocity of linear
low density polyethylenes as well. Thus, once slip
data were corrected for the effects of pressure by
using this model, they superposed very well.

A new Teflon® coating was used to coat the side
walls of a special slit die in order to study its effect
on wall slip and extrudate appearance. First, it was
found that the presence of this coating at the inter-
face increases slip, thus reducing power requirement
for extrusion. Second, but most importantly, it was
found to suppress completely extrudate distortion
up to apparent shear rates of 1,500 s™! (maximum
attainable shear rate with the slit dies used) while

extrudate distortion first appears with clean surfaces
at a rate of 250 s 7!,
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