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ABSTRACT: The wall-slip phenomenon during extrusion
of polymer fluids is an important characteristic of viscoelas-
ticity. The wall-slip behavior and the factors affecting it for
natural rubber (NR)/cis-polybutadiene rubber (BR) filled
with carbon black compound were investigated by using a
Monsanto processability tester in a temperature range of
90–130°C and at shear rates that varied from 50 to 103 s�1.
Under simplified supposition conditions, a mathematical
model for description of the relationship between pressure
variation, polymeric properties, and extrusion operation pa-
rameters when wall-slip phenomenon occurs was estab-

lished by using a tensor analysis method. On the basis of this
model, an equation for estimation of critical slip distance (or
position) was derived. The results showed that the mea-
sured critical pressure drop, when wall-slip begins to occur,
was consistent with the theoretical predictions. The wall-slip
phenomenon of the sample happened near the exit of the
die. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 91: 3239–3243,
2004
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INTRODUCTION

When a viscoelastic fluid flows through a duct, the
flow may be accompanied by slip-stick motion at the
channel wall at particular conditions (e.g., the flow
rate exceeds certain limit), in addition to extensional
flow and shear flow. In this case, the extrudate ap-
pears to have an irregular shape, and pressure fluctu-
ation will be produced. This is designated the wall-
slip phenomenon. Wall-slip is an important elasticity
characteristic of polymer fluids. It influences not only
the outward appearance and quality of the extrudate
to some extent, but also the melt flow stability in die
extrusion of polymers. Consequently, it has received
much interest in the past three decades.1–14 Recently,
the quantification of the wall-slip phenomena, the
shear thinning effect15 and the stick-slip phenome-
non16 during die flow of linear polyethylene melts,
have been extensively studied. It is generally believed
that the wall-slip phenomenon occurs when the wall
shear stress exceeds a critical value during extrusion
of polymer fluids. Cohen and Metzner3 investigated
the wall-slip phenomenon and its influence on extru-
sion during small duct flow of viscoelastic solutions.
The results showed that the effective slip velocity
increased with the wall shear stress. For polyethylene

melts, the critical shear stress is about 0.1–0.4 MPa,
and the critical shear stress is relatively insensitive to
molecular characteristics (molecular weight and chain
branching).4

Slip velocity is an important characteristic of wall-
slip behavior of viscoelastic fluids, which is usually
determined by using the classical Mooney method.
Mourniac et al.11 found that the Mooney method was
impossible to apply to their experiments on styrene–
butadiene–rubber compounds. They developed a new
characterization method for both capillary and slit die
experiments. The dependency of slip velocity on shear
stress can be described by using the power law during
capillary extrusion of filled rubber compounds.13 Usu-
ally, the wall-slip phenomenon occurs at the duct exit
in extrusion of viscoelastic fluids, and the adhesion
between the fluid and channel wall is an important
factor affecting wall-slip behavior. Hatzikiriakos14

pointed out that both it and slip promoters eliminated
surface defects by decreasing the stretching rate of
polymer melt at the exit region of the die. In previous
work, the author17 investigated the influences of ex-
trusion conditions on the flow instability of a carbon
black–filled rubber compound.

It is very important, for polymer rheology and poly-
mer processing engineering, that the critical condi-
tions and the position of the onset of the wall-slip
phenomenon are predicted in channel flow of polymer
fluids. Uhland2 proposed some mathematical models
for description of the wall-slip in die flow of viscous
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fluids in 1976. The objective in this article was to
investigate the effects of temperature and die diameter
on the pressure fluctuation behavior and the critical
conditions and the position of the onset of the wall-
slip phenomenon during capillary extrusion of carbon
black–filled rubber compounds.

THEORY

In this article, a cylindrical coordinate system was
used to analyze rubber compound flow in capillary
extrusion. This analysis was based on the following
hypotheses: (i) the fluid was incompressible; (ii) the
flow was steady laminar and had axial symmetry flow
at constant temperature; and (iii) the influence of sur-
face tension, gravity, and inertia on the flow can be
neglected. In this case, the velocity component during
capillary flow of the fluid is given by

V�0, 0, VZ� (1)

where Z stands for the flow direction and r stands for
the longitudinal direction. Thus, the deformation rate
tensor D can be expressed as

D � � 0 0
dVZ

dt
0 0 0

dVZ

dt
0 0 � (2)

and the stress tensor S is given by

S � � �rr 0 �rz

0 ��� 0
�zr 0 �zz

� (3)

By substituting eqs. (1)–(3) into the motion equation,
one obtains

�rz �
r
2

�P
�Z (4)

According to the force balance in the Z direction (see
Fig. 1), we have

�P
�Z �

2�P
R (5)

By integrating eq. (5), one obtains

�PZ � �PLexp��
2�

R �L � Z�� (6)

where �PL is the total pressure drop of the die, �PZ is
the pressure drop at distance Z, and � is the friction
coefficient between channel and fluid. If the wall-slip
motion of the fluid occurs at Z1, then the critical pres-
sure drop �PZ1

can be estimated by the following
equation:

�PZ1 � �PLexp��
2�

R �L � Z1�� (7)

and the critical wall-slip distance (or position) Z1 can
be expressed according to eqs. (4)–(6) (see Fig. 2):

Z1 � L �
R

2�
ln� �RZ

��PL
� (8)

where �RZ is the shear stress at the wall.

Figure 1 Mechanical analysis of the melt element in extru-
sion.

Figure 2 Diagram of the extrusion flow when wall-slip occurs.
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EXPERIMENTAL

Sample material

The sample material used in this work was an indus-
trial rubber compound. It was a masterbatch rubber
by blending natural rubber (NR) with cis-polybuta-
diene rubber (BR) filled with 30% weight fraction of
carbon black and other additives. The blending ratio
of NR/BR was 70/30.

Methodology

The experiments were conducted by using a Mon-
santo processability tester. A set of capillary dies with
different diameters and lengths was selected. The
rheological properties of the samples were measured
under test conditions: temperature range of 90–130°C
and shear rates varied from 50 to 103 s�1, parameters
that were close to those of practical extrusion technol-
ogy. In these tests, the pressure change was recorded
and the outward appearance of the extrudate was
observed.

RESULTS AND DISCUSSION

Effects of wall-slip on extrusion flow

During die extrusion flow of polymeric materials, the
melt at the channel wall will be subjected to the effects
of the shear force and the wall friction force (adhesion
force) attributed to the pressure difference back and
forth in the channel and the velocity difference be-
tween melt layers during extrusion. A dynamic bal-
ance relationship among them will be formed under
given conditions (see Fig. 1). With the increase of
extrusion rates, the melt will slip forward as a whole
(small section channel) or slip at the side of the wall at
some moment (large section channel) when the shear
force subjected to the melt exceeds the adhesive force
between the melt and the wall. In this case, the pres-
sure decreases suddenly and the stress relaxes. Con-
sequently, the melt sticks on the channel wall again,
whereas the outer layer of melt still moves in the
direction of shear flow to a new balance state. With the
shear stress increasing gradually, the pressure in-
creases proportionately, and the melt may produce a
wall-slip phenomenon.

It is known from eq. (4) that shear stress is propor-
tional to the pressure gradient. Therefore, the pressure
will vary cyclically as long as the melt undergoes the
slip-stick motion, called pressure oscillation. In this
case, it will influence the flow pattern of the fluid in
the duct and the extrudate will appear to have a
“sharkskin-like” surface. When the situation becomes
critical, it will induce unsteady flow and result in
cyclic distortion, giving a bamboo-like joint shape to
the extrudate.

Analysis of factors affecting wall-slip

In general, the shear force and friction force or adhe-
sive force supported by polymer melts are a function
of pressure, shear rate, temperature, and materials or
composition. Hence, the generation of the wall-slip
phenomenon during extrusion of polymer melts is
also affected by the above factors. Figure 3 shows the
dependency of pressure change on the wall shear rates
(�̇w) and temperature (T) for the sample in extrusion. It
can be seen that the lower temperature is, the lower is
the critical shear rate, resulting in pressure fluctuation
at a lower extrusion rate. In other words, the wall-slip
phenomenon easily occurs at a lower flow rate. Here,
�̇w is given by

�̇w �
3n � 1

4n �̇a (9)

and the apparent shear rate is defined as

�̇a �
32Q

	D� 3 (10)

where n is the flow behavior index and Q is the
volumetric flow rate.

For a given extrusion die, pressure fluctuation is
mainly a function of the friction coefficient (�) be-
tween the melt and the channel wall [see eq. (7)],
whereas � depends on temperature, wall roughness,
and composition, for example. Thus, development of
the wall-slip phenomenon is intimately related to the
change of temperature under given conditions. Figure
4 demonstrates the dependency of the friction coeffi-
cients between several types of rubber materials and
metal surface on temperature.18 It can be seen that �
increases with an increase of temperature (T). Grego-
ry19 measured the friction coefficients between several

Figure 3 Plot of the dependency of pressure drop on shear
rates.
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types of polymer materials and metal surface under
different temperature conditions. The results showed
that � increases or decreases with an increase of T, and
achieved a maximum at some temperature. For exam-
ple, the value of � for LDPE (low-density polyethyl-
ene) was the highest when metal temperature was
110°C. For high-density polyethylene (HDPE), � had
higher values in a temperature range of 149–220°C.
For ABS, the situation was similar to HDPE. Under
given operation conditions (e.g., extrusion rate or flow
rate), the flow properties of polymer materials are
improved and the elasticity effect is weakened with an
increase of temperature, leading to an obvious reduc-
tion of pressure and a corresponding increase of the
critical extrusion rate (see Fig. 3). Furthermore, when a
lubricant is added into polymer fluids, the extrusion
pressure can be effectively decreased, resulting in a
pronounced increase in the critical shear rates at
which wall-slip occurs.

For given polymer materials and extrusion opera-
tion conditions, the critical pressure drop will de-
crease exponentially with an increase of the channel
radius (R) [see eq. (7)]. Table I lists the values of critical
extrusion rates (Vc) and critical pressure drop (�PLc)
when wall-slip occurs during extrusion of the sample.
It may be observed that, at the same test temperature,

Vc increases, whereas �PLc decreases with increasing
die diameter (D). The major reasons for the onset of
the above phenomenon are as follows: (1) The flow
resistance reduces with increasing D, and energy
losses correspondingly decrease, leading to a reduc-
tion of the critical pressure drop. (2) The diameter
ratio (DR/D) of the reservoir to the die decreases with
increasing D, the entry converging degree is weak-
ened, and the melt elastic effect is also weakened. In
this case, the elastic energy stored in the melt is re-
duced, whereas the flow stability is increased. (3) The
value of Z1 decreases with the increase of D, resulting
in an increase of the value of (L � Z1) [see eqs. (7) and
(8)].

It is generally believed that the wall-slip phenome-
non often occurs at the exit of the duct during extru-
sion flow of viscoelastic fluids (see Fig. 2). For a die
with constant diameter, the value of (L � Z1) can be
increased by increasing its length, but the �PL also
correspondingly increases. Therefore, the influence of
L on the critical pressure drop is not significant like
that of D.

Preliminary verification

Equation (7) describes the relationship among the pro-
cessing parameters, die geometry, melt properties,
and pressure drop during extrusion of polymer melts
when wall-slip occurs. As stated above, the factors
affecting the friction coefficient are numerous and
complicated, thus making determination of the fric-
tion coefficient of polymer blends difficult. Combining
the results reported in Gregory19 and Leblane,20 and
according to these test conditions, we chose a � value
ranging between 0.5 and 0.9. By substituting the
known conditions and measured data into eq. (8), the
critical wall-slip distance Z1 can be calculated. We
then substituted it into eq. (7) to estimate the relevant
pressure drop �PZ1

, the results of which are listed in
Table II, where D � 2 mm, L/D � 16, and �PZ1m

and
�PZ1p

represent the measured and predicted critical
pressure drop, respectively.

It can be seen in Table II that the values of Z1 are
close to L, indicating that the wall-slip phenomenon of
the sample occurs around the exit of the die, and the
distance Z1 is �1 mm. This is consistent with the

Figure 4 Relationship between friction coefficient and tem-
peratures for rubber materials.

TABLE I
Critical Extrusion Conditions for the

Sample (L � 30 mm)

T (°C) D (mm) Vc (mm/s) �Lc (MPa)

90 1.00 0.028 0.412
1.50 0.093 0.300
2.00 0.138 0.243

120 1.00 0.173 0.572
1.50 0.350 0.348
2.00 0.440 0.234

TABLE II
Comparison Between Measured and Predicted �PZ1

T
(�C) �̇a (s�1) �PZ1p (kPa) �PZ1m (kPa) Z1 (mm)

90 200 3688.8 3571.4 31.66
105 400 3654.4 3614.4 31.54
120 600 3585.4 3243.2 31.47
135 800 3516.4 3157.9 31.46
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results reported in most of the literature. In addition,
good agreement is shown between the measured �PZ1

and the predictions by using eq. (7), and the maximal
relative error is 10.2%. The factors relating to these
errors are numerous. Among them, the main factor
should be the determination of �. This is because
accurate measurement of � for polymeric materials is
very difficult under practical extrusion conditions.
Second, the accurate measurement of the pressure
drop at Z1 is also difficult during capillary extrusion of
viscoelastic fluids. In this article, considering that the
wall-slip phenomenon of the sample occurs at the die
exit, �PZ1

is taken to be approximately �PLc.

CONCLUSIONS

Wall-slip behavior is an important characteristic of
viscoelastic properties in extrusion flow of polymeric
materials. In this study, the presence of pressure fluc-
tuation and surface roughness (e.g., sharkskin) of the
extrudate were considered. From the perspective of
macrorheology, the main factors affecting the wall-slip
behavior are temperature, flow rate, channel geometry
and surface roughness of the wall, and the composi-
tion of the materials processed. It was found, from the
experiments on rubber compound filled with carbon
black, that the critical pressure drop for onset of the
wall-slip phenomenon for the sample decreased,
whereas the critical shear rate (or extrusion rate) in-
creased with an increase of temperature. When the
temperature was fixed, the critical extrusion rate in-
creased, whereas the critical pressure drop decreased
with increasing die diameter. Furthermore, the wall-
slip phenomenon of the sample occurred around the
duct exit.

In general, development of the wall-slip phenome-
non for polymer melts can be controlled effectively by
modification of extrusion conditions, such as appro-
priately increasing operation temperature, improving
surface smoothness of the channel, optimizing the
channel geometry as much as possible, and adding
lubricant. In such cases, the extrusion rate and flow
stability will be increased. Furthermore, the position
for onset of the wall-slip phenomenon during die ex-
trusion flow of polymer melts can be estimated by
using eq. (8).
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