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Introduction. The phenomenon of wall slip occurring
during extrusion of certain polymer melts has been
extensively investigated for several decades. The history
of research on wall slip and the physical mechanisms
of slip have been recently reviewed by Wang.1 It is
generally accepted that for walls of high adhesive energy
slip occurs by sudden disentanglement of bulk chains
from the adsorbed chains at a critical stress,2,3 while
for walls of low adhesive energy slip occurs by sudden
debonding of the adsorbed chains.4 We have recently
proposed a unified model for wall slip that combines the
two mechanisms of slip into one mathematical frame-
work.5 Thus, although a lot is now known about the
mechanisms of the interfacial slip, it is still not clear
as to how the subtleties of molecular architecture
influence the slip behavior. Thus, the effects of molec-
ular structural parameters such as molecular weight,
molecular weight distribution, tacticity, short- and long-
chain branching, and the branching distribution are still
not completely understood. In this work we show for the
first time that the tacticity of polymer chains can
significantly influence the slip behavior. We show that
syndiotactic polypropylene shows sharkskin distortions
on the extrudate surface, which is an indication of wall
slip, while an isotactic polypropylene of similar molec-
ular weight and molecular weight distribution does not
show any wall slip.

Experimental Section. Four grades of metallocene
catalyzed syndiotactic polypropylene (m-sPP) and two
grades of metallocene catalyzed isotactic polypropylene
(m-iPP) were supplied by the FINA Oil and Chemical
Co., USA. One grade of conventional Zeiglar-Natta
catalyzed isotactic polypropylene was obtained from
Indian Petrochemicals Company Ltd., India. The rel-
evant characteristics of the polypropylene grades used
in this work are reported in Table 1.

All extrusion experiments were done on a CEAST
Rheovis 2100 rate controlled capillary rheometer. Iso-
tactic polypropylene grades were extruded at 190°, while
syndiotactic polypropylene grades were extruded at
temperatures of 190 and 140 °C. The PP samples were
extruded through case hardened steel dies of 1.0 mm
diameter and L/D of 20 and 30. The dies had an entry
angle of 60°. Some experiments were also done using
flat entry dies. In some other experiments the internal
surface of the dies were modified by coating them with
a fluoroelastomer (SUMMIT, Sumitomo Corp., Japan).
Coating was done following the procedure recommended
by Wang and Drda.6 A 5% solution of the fluoroelas-
tomer in acetone was made to flow through the capillary

for several times followed by drying the capillary at 220
°C for 12 h.

Results and Discussion. Figure 1 shows the photo-
micrograph of the extrudate surfaces of m-sPP-1 and
m-iPP-2 extruded at shear rates of 50, 600, and 2000
s-1. All samples were extruded at 190 °C using a die of
60° conical entry angle unless otherwise mentioned. The
extrudate of m-sPP-1 at 50 s-1 shows a smooth surface,
while that at 600 s-1 shows a typical sharkskin surface
similar to that seen in LLDPE. Gross melt fracture was
seen at the shear rate of 2000 s-1. All the four grades
of m-sPP showed sharkskin above a critical shear stress.
Interestingly, none of the grades showed a distinct
stick-slip phenomenon or flow oscillations. Importantly,
Figure 1 shows that isotactic polypropylene (m-iPP-2)
of the same molecular weight as m-sPP-1 and of similar
molecular weight distribution does not show sharkskin
distortions on the extrudate surfaces. In fact, none of
the iPP grades of high or low molecular weights and of
broad or narrow molecular weight distributions showed
sharkskin extrudates over the entire range of shear
rates studied.

Figure 2 shows the flow curves for all the four grades
of m-sPP. It can be seen that the shear rate at which
the sharkskin was first seen increases as the molecular
weight decreases from m-sPP-1 to m-sPP-4. However,
sharkskin was seen at the same shear stress of about
0.2 MPa for the three high molecular weight resins
m-sPP-1 to m-sPP-3. For the m-sPP-4, weak sharkskin
distortion was seen at much higher shear stresses and
was not as predominant as for the higher molecular
weight grades. Extrusion of high molecular weight
m-sPP at a lower temperature of 140 °C showed that
the sharkskin appeared again at a shear stress of
around 0.2 MPa (and consequently at lower shear rates).

None of the shear rate-shear stress plots showed any
nonmonotonic behavior such as that seen typically in
the case of a strong stick-slip transition. At higher
shear stresses the extrudate surface of the syndiotactic
as well as the isotactic polypropylene samples showed
gross spiral distortions as seen in Figure 1. We believe
that this distortion is due to entry flow instabilities at
high flow rates. When the syndiotactic polypropylene
samples were extruded through a fluoroelastomer coated
die under identical conditions, it was found that while
the sharkskin disappeared and the extruded surface
became smooth, the spiral gross distortion continued to
occur at higher pressure drop. This confirms that the
gross distortions are entry instabilities, while the
sharkskin defects are indeed interfacial phenomena at
the die wall. Also, when a flat entry die was used during
extrusion, the gross distortions occurred at a shear rate
lower than that for a conical entry die.
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Table 1. Molecular Parameters of Syndiotactic and
Isotactic Polypropylenes

material Mw Mw/Mn

power law
index13

m-sPP-1 160 000 4.5 0.32
m-sPP-2 120 000 4.1 0.34
m-sPP-3 115 000 3.6 0.35
m-sPP-4 87 000 3.4 0.44
m-iPP-1 203 000 2.5 0.36
m-iPP-2 160 000 2.8 0.41
ZN-iPP-1 >10 0.36
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It has been proposed that the sharkskin distortions
occur as a result of local interfacial molecular instability
(IMI) at the die lip where the stresses build up due to
changes in the velocity profile as the extrudate emerges
out from the die.7 As a result, polymer chains adsorbed
on the die wall undergo a coil to stretch transition at a
critical shear stress and disentangle from the bulk
chains. Consequently, a reduction of the local stress at
the die lip allows the chains to recoil and re-entangle
with the bulk chains. This reversible transition results
in a sharkskin distortion on the extrudate surface. The
coil-to-stretch transition of chains and the associated
flow instabilities at the die wall can be better understood
using the Doi-Edwards tube model as extended by
McLeash and Ball.8 However, the McLeash and Ball
model considered the flow instabilities for the bulk,
whereas slip is an interfacial phenomenon. We propose
that the McLeash and Ball model can be applied for
tethered chains by using the modified reptation time
as suggested by Grassley.9 Figure 3 shows schematic
of the nonmonotonic flow curve predicted by the McLeash

and Ball model. At the point of maximum stress in the
nonmonotonic region the adsorbed chains undergo a coil-
to-stretch transition resulting in slip. The model predicts
that nonmonotonic nature of the flow curve depends on
the parameter R, which is the ratio of the reptation time
to the Rouse relaxation time of the chains. Thus,

where G0
N is the plateau modulus, M is the molecular

weight, and Me is the entanglement molecular weight.8,10

The greater the value of R, the greater is the nonmono-
tonic nature of the flow curve. This implies that the
materials with the higher plateau modulus or with the
lower entanglement molecular weight will have a ten-
dency to slip during extrusion. Syndiotactic polypropyl-
ene has a significantly higher plateau modulus of 1.35
MPa than that of isotactic polypropylene which is

Figure 1. Scanning electron micrographs of extrudates of m-sPP-1 (Mw ) 160 000) and m-iPP-2 (Mw ) 160 000) at 190 °C. The
m-sPP-1 extrudate shows sharkskin, which is absent in m-iPP-2 of similar molecular weight extruded.

Figure 2. Shear rate-shear stress flow curves of four
metallocene sPP’s extruded at 190 °C, L/D ) 20, D ) 1.0 mm
with die entry angle 60° (open, smooth extrudates; shaded,
sharkskin extrudates; filled, gross fracture).

Figure 3. Schematic of the nonmonotonic flow curve predicted
by the extended Doi-Edwards theory. It can be seen that as
R (∼G0

N) increases, the tendency of nonmonotonicity in-
creases.

R )
τd

τr
∼ M

Me
∼ G0

N
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around 0.42 MPa. Equivalently, Me for sPP is ∼1700-
2200 g/mol, which is smaller than that of iPP, ∼5500-
7000 g/mol.11,12 Thus, sPP has a greater entanglement
density than iPP and hence would be more susceptible
to a coil-to-stretch transition compared to the case of
iPP. Indeed our experiments show that sPP shows wall
slip, while iPP does not slip.

It is clear from the above discussion that the adsorbed
syndiotactic polypropylene molecules can undergo a coil-
to-stretch transition at the die lip. However, it is not
clear as to why the sPP does not show a global stick-
slip transition. There can be two probable reasons. It is
possible that, before reaching the critical stress level
at which a global stick-slip transition would occur, the
entry flow instabilities set in, and hence stick-slip is
not seen experimentally. The other possibility is that
since sPP is not as highly entangled as linear polyeth-
ylenes (G0

N ∼ 3 MPa),12 a coil-to-stretch transition
would occur only under the influence of the small
elongational velocity component that exists at the die
lip. The pure shear flow field existing inside the capil-
lary may not be sufficient to stretch the adsorbed sPP
chains. Further work is required to understand the
effects of inherent chain rigidity and entanglement
density on the stick-slip transition.

Our results clearly show the effect of one of the
important molecular structural parameters, namely
tacticity, on the wall slip behavior of melts. These
results are also important from the point of view of
processing of commercial sPP grades for films and fiber
applications.
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