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ABSTRACT:

Inthis work, itis attempted to theoretically understand the phenomenon of wall slip through empirical and mol-
ecular models. Initially, we use the framework a transient network theory. We show that the severe disentan-
glement in the interfacial region can give rise to non-monotonic flow curve locally in that region. Further, we
generalize this model into a unified slip model, which predicts wall slip by either disentanglement or by debond-
ing mechanism, depending upon the adhesive energy of the wall-polymer pair. The model predictions of the
critical wall shear stress are in good agreement with experiments for various adhesive energies of the wall-poly-
mer pair. The model predicts that the temperature dependence of the critical wall shear stress for debonding is
different than that of disentanglement mechanism under certain experimental conditions. To validate the pre-
dictions of unified model, we measure the critical stress for sudden slip due to debonding for various tempera-
tures using cone and plate viscometer with fluoroelastomer-coated cone. The temperature dependence of the
critical stress for instability (slip) on a coated cone is found out to be inversely dependent on temperature, which
expected for the case of debonding. In the final part of this thesis, we develop a parameter-free tube model for
predicting the stick-slip phenomenon. The model, which is based on the contour variable model [Mead et al.,
1998, Macromolecules, 31, 7895], considers the dynamics of the tethered chains, which are grafted on a high-
energy wall and which are entangled with the bulk chains flowing past them. We show that the restricted relax-
ation modes of the tethered molecule give rise to discontinuous slip instability. More specifically, the slow relax-
ation of the tethered chain due to the restricted convective constraint release is unable to randomize its
flow-induced orientation above a critical shear rate or stress. This decreases the resistance to flow for the bulk

chains, which suddenly slip past the oriented tethered chains.

1 INTRODUCTION

Commercial plastic extrusion processes are
severely limited by the occurrence of instabilities
above a critical production rate, which is deter-
mined by the melt properties, the geometry of
the die and its material of construction. In the
case of polyethylene extrusion, at low flow rates,
the extrudate surface is smooth and the extru-
sion process is steady. Above a critical shear
stress, a surface distortion called ‘sharkskin’
appears on the extrudate though the flow rate
and pressure drop in the extrusion is steady. At a
still higher stress, the extrusion process becomes
unsteady with large fluctuations in flow rateand
pressure accompanied by alternating bands of
smooth and sharkskin extrudate surfaces. This
severe instability is called the ‘stick-slip’ instabil-
ity. At still higher flow rates, extrudate shows
gross fracture although the flow rate and pres-
sure might remain steady. In this work, we are
primarily concerned with the stick-slip instabili-
ty, which is believed to be caused by the slippage
of polymer chains near the wall.
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Wall slip in polymer solutions and melts in par-
ticular has been a subject of intense investiga-
tion for the past several decades and has been
recently reviewed by several authors [e.g. 1, 2].
Whenever an entangled polymeric liquid flows
over a smooth solid surface, the friction involved
is comparable to that in fluids of monomers.
However, generallythe chainsinthe flowing bulk
are adsorbed on the solid wall forming various
lengths of loops and tails. These tethered mole-
cules are entangled with the bulk and resists its
flow. The complex dynamics of the tethered
chains at higher stresses is the principal cause of
the stick-slip flow instability during the shear
flow of entangled polymers. Many mechanisms
have been proposed to explain this phenomenon
butthose that have received wideracceptancein
recent years are polymer chain disentanglement
[3] and the debonding [4] of the tethered chains
at the wall-polymer interface.

The physical manifestation of slip shows up
in terms of experimental observations of a criti-
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2.4 A TUBE MODEL
FOR WALL SLIP

In this subsection, we
develop a molecular
model for wall slip. In
particular, a tube
model is proposed for
predictingthewallslip
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on the transient network theory, in which the
activation processes of adsorption and desorp-
tion are considered to occur at the wall in paral-
lel to the stretching of the adsorbed chains. It is
shown that the stick-slip transition occurs due to
the local non-monotonic flow behavior near the
wall irrespective of the mechanism of slip. The
model predictions of the critical wall shear stress
are in good agreement with experimentally
observed values of the critical stress for various
adhesive energies of wall polymer pair. Another
important prediction of the model is that the
temperature dependence of the critical wall
shear stress for debonding is different from that
of disentanglement mechanism under certain
experimental conditions. We believe that this
may be useful for discerning the correct mecha-
nism of slip. The unified model encompasses dif-
ferent systems (viz. entangled solutions and
melts) and diverse mechanisms (viz. disentan-
glement and debonding) in a common mathe-
matical framework [7].

2.3 TEMPERATURE DEPENDENCE OF CRITICAL
STRESS FOR SLIP DUE TO DEBONDING

In this subsection, we experimentally probe the
instability at high shear stress in a controlled
stress cone and plate rheometer for a steel cone
andforafluoroelastomer-coated cone. We show
that for the steel cone, the instability is vis-
coelastic in nature probably driven by edge frac-
ture, while for the fluoroelastomer-coated cone
the instability is driven by slip. We measure the
temperature dependence of the critical stress for
instability (slip) on a coated cone and find it to be
inversely dependent on temperature. This is
expected for the case of debonding, which is
known to be an activation process. We also show
that the unified slip model successfully predicts
the observed temperature dependence quanti-
tatively [8].
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phenomenon driven
by the interfacial ‘dis-
entanglement’ mech-
anism. The model, which is based on the contour
variable model[9], considers the dynamics of the
tethered chains, which are grafted on a high-
energy wall and which are entangled with the
bulk chains flowing past them. We show that the
restricted relaxation modes of the tethered mol-
ecule give rise to discontinuous slip instability.
More specifically, the slow relaxation of the teth-
ered chains due to the subdued constraint
release by the convecting bulk chains (CCR) [10]
plays a crucial role in determining the nature of
the flow curve near the wall. The restricted CCR
experienced by a tethered chain is unable to ran-
domize its flow-induced orientation above a crit-
ical shear rate or stress. This decreases the resis-
tanceto flow for the bulk chains, which suddenly
slip past the oriented tethered chains. The model
correctly predicts the molecular weight depen-
dence of the slip length, critical slip velocity and
critical wall shear stress. It also quantitatively
predicts the slip length and the critical slip veloc-

ity for a PDMS melt (Fig. 2) [11].

1000

Figure 1: Comparison of
model prediction for
apparent shear rate vs. wall
shear stress with
polyethylene melt
experimental data [12]. Flow
curve for D = 1.04 mm is
fitted using model
parameters while the flow
curves for other diameters
are predictions. Points
represent experimental
data and line represents
model fit.

Figure 2: Comparison of
experimental data of slip
length vs. slip velocity with
model prediction. The
experimental data is by
Durliat et al. [13] and is for
PDMS melt. The upper curve
is corresponds to the lower
value of interfacial modulus
than that of the bulk
modulus. For both
interfacial and bulk
modulus equal to each
other the model predicts
the experimental data
quantitatively.
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We hope that the new molecular insights
proposed in this work will stimulate further the-
oretical and experimental work to understand
this phenomenon in complicated systems.
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