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ABSTRACT: Coextrusion technologies are commonly used to produce multilayered composite sheets or
films for a large range of applications from food packaging to optics. The contrast of rheological properties
between layers can lead to interfacial instabilities during flow. Important theoretical and experimental
advances regarding the stability of compatible and incompatible polymers have, during the last decades, been
made using a mechanical approach. However, few research efforts have been dedicated to the
physicochemical affinity between the neighboring layers. The present study deals with the influence of this
affinity on interfacial instabilities for functionalized incompatible polymers. Polyamide (PA6)/polyethylene
grafted with glycidyl methacrylate (PE-GMA) was used as a reactive system and PE/PA6 as a non reactive
one. Two grades of polyamide (PA6) were used in order to change the viscosity and elasticity ratios between
PE (or PE-GMA) and PAG6. It was experimentally confirmed, in this case, that weak disturbance can be
predicted by considering an interphase of non-zero thickness (corresponding to an interdiffusion/reaction
zone) instead of a purely geometrical interface between the two reactive layers. According to rheological
investigations from previous work, an experimental strategy was here formulated to optimize the process by
listing the parameters that controlled the stability of the reactive multilayer flows. Plastic films with two
layers were coextruded in symmetrical and asymmetrical configurations in which PA6 was the middle layer.
Indeed, for reactive multilayered systems, the interfacial flow instability could be reduced or eliminated, for
instance, by (i) increasing the residence time or temperature in the coextrusion bloc (for T above the reaction
temperature T=240°C), and (ii) reducing the total extrusion flow rate. The reaction rate/compatibilization
played a major role that must be taken into account. Furthermore, the role of the viscosity ratio, elasticity
ratio, and layer ratio of the stability of the interface were also investigated coupling to the physicochemical
affinity. The results show that it is necessary to obtain links between the classic factors that are introduced in
the evaluation of the theoretical, given by linear stability analysis/longwave asymptotic investigations, and its
corresponding experimental stability charts. Hence, based on this analysis, guide-lines for a stable coextrusion
of reactive functionalized polymers can be provided.
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1 INTRODUCTION Yih [2] first studied the stability of Poiseuille flows
of two Newtonian fluids submitted to very long
waves. By using a linear stability theory, he was able
to demonstrate that a difference in viscosity could
lead to instabilities, even for materials with low
Reynolds numbers. His analysis was extended by

Coextrusion is an industrial process used to form
multilayered sheets or films that are suitable for
various products ranging from food packaging
materials to reflective polarizers. The main problem

is to simultaneously process polymers of different
rheological properties. It is well known that under
certain operating conditions, wavy interfaces can be
observed inside the die, and this interfacial
instability affects the quality of the final product.
Important theoretical and experimental advances
with regard to the stability of compatible and
incompatible polymers have, during the last decades,
been achieved using a mechanical approach [El
Kissi et al. [1]].

numerous authors to other shearing flows. Although
the subject is old in principle, we shall quickly list
some investigations of close relevance to the present
paper, for instance, the asymptotic methods
developed by Hooper [3], Hooper and Boyd [4] or
Yiantsios and Higgins [5]. Numerical solutions have
been proposed by Anturkar et al. [6-7], and a global
overview of theoretical results is given by Joseph
and Renardy [8]. Several authors have carried out
stability experiments mainly on polymeric liquids,



including Han [9], Khan and Han [10], Karagiannis
[11], and White et al. [12]. All these investigations
have shown that the interfacial stability of multilayer
flows can be determined by a number of factors
including thickness, viscosity, density, elasticity
ratios and interfacial tensions. The studies also
demonstrated that the interfacial stability of
multilayer flows was determined by a number of
factors that were either essential (e.g., thickness,
viscosity and elasticity ratios) or rather uninfluential
(e.g., density ratios and interfacial tensions). Very
comprehensive experiments have been carried out
by Wilson and Khomami on both miscible and
immiscible fluids [13-14]. Their facilities introducie
temporally regular disturbances with controllable
amplitudes and frequencies. The authors first
investigated flows of immiscible fluids, and found
that theoretically predicted growth rates agreed with
their experimental data. Subsequently, they
considered a plane Poiseuille flow of a compatible
polymer system. In such a system, there is no
interfacial tension and polymer chains are able to
diffuse across the original interface, forming a
diffuse interface (i.e. an interphase). In this case,
growth rates were found to be much lower than
those obtained for incompatible systems or for
classic theoretical studies.

Valette et al. [15,16] have investigated the interface
stability (convective nature of interfacial instability)
of a coextruded PE/PS flow. The experiments were
performed under both industrial and laboratory
conditions in order to point out the general behavior
of such stable/unstable transitions. The transitions
were observed by increasing the polyethylene flow
rates or by decreasing the temperature.

Despite the interesting nature of this kind of
research, it is of no help in understanding either the
generation of instabilities or its connection with the
physicochemical affinity and the resulting final
properties of multilayer polymers. To the best of our
knowledge, little work has, with regard to
fundamental and experimental aspects, been
dedicated to the physicochemical affinity between
the neighboring layers and the
interdiffusion/reaction present at the
polymer/polymer interface.

In a previous study [17], we demonstrated that
rheology coupled to morphological investigations
could be a useful tool for (i) monitoring the
competition between interdiffusion and reaction at
polymer/polymer interfaces in bilayer sandwich
structures and (ii) for modeling the interphase
triggered between the neighboring layers [18].

The purpose of this communication, in accordance
with these previous works, is to present theoretical

and experimental studies dealing with the
quantification of the influence of the physico-
chemical affinity/interphase on interfacial
instabilities  for  functionalized incompatible
polymers. The parameters that control the stability
of the reactive multilayer flows are investigated and
their relative importance is demonstrated in order to
elaborate theoretical/experimental charts for a plane
die in symmetrical and asymmetrical configurations.

2 EXPERIMENTAL SECTION AND MAIN
RESULTS

2.1.  Base materials and methods

Table 1 presents the main characteristics of the

materials used in this study.
Table 1. The characteristics of the used materials.

Sample code  Trademark/Supplier/ Reactive groups

PE Lacqtene/ARKEMA/ Non-reactive

PE-GMA LotaderAX8840/ARKEMA/ Epoxy Glycidyl
functions

PAG6 1) PA6 (1): Capron/BASF &

2) PA6 (2): Ultramid/BASF/
Primary amino and carboxylic chain-ends

Polyamide (PA6)/polyethylene-grafted with glycidyl
methacrylate (PE-GMA) was used as the reactive
system and PE/PA6 as the non-reactive one. Two
grades of polyamide (i.e., PA6 (1) and PA6 (2))
were employed in order to be able to vary the
viscosity and elasticity ratios between PE (or PE-
GMA) and PA6. For the sake of clarity, the
rheological properties (in both dynamic and
capillary modes) of these materials are reported in
detail elsewhere [17a,b; 21]. Relaxation times and
viscosities of the present materials were fitted nicely
by the White—Metzner models (which will be used
in the theoretical approach to investigate the
interfacial instabilities).

2.2.  Coextrusion process

Multilayer were produced on a laboratory
coextrusion line in the form of 360 mm wide films.
Initially, the polymers were brought together in a
feed block that distributed them into multiple
alternating layers. Further details concerning this
specific setup are described elsewhere [21].

An experimental strategy was organized to optimize
the coextrusion process consisting in listing the
various parameters governing the flow stability of
reactive multilayer systems. Bilayer films were
prepared, and configurations were obtained for the
coextrusion of three to five layers. All
configurations (bi-, tri- and five-layers) were
realized at 240 °C and 260°C, in order to be



positioned at the interfacial reaction zone and
allowing as to control the secondary reactions that
can occur at high temperature (above 260°C) during
the coextrusion of reactive systems [17, 18, 21].

2.3.  Experimental stability charts of reactive and
non-reactive multilayer systems
Figure 1 summarizes the experimental results

obtained for the various bilayer systems where the
empty and small hachured rectangles indicate the
stability and instability zones, respectively: bilayer
films of PA6(1)/PE and PA6(1)/PE-GMA were
compared. Under these conditions, the resulting
films were consistently unstable independntly of the
process parameters (viscosity ratio (variable by
changing the temperature), die gap, contact time in
the feed block/die, etc.).
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Fig. 1. A comparison of the stability/instability observed
experimentally at 240°C with various viscosity and layer
thickness ratios (evolution of the PA/Polyolefin viscosity ratio
(my) vs their corresponding thickness ratio) for several bilayer
systems : PA6(1)/PE; PA6(1)/PE-GMA; PA6(2)/PE;
PA6(2)/PEGMA, PA6(2)/PE+20% PE-GMA.

PA6 (1)/(PE or PE-GMA) bilayer systems: In this
case where the viscosity ratio is lower than 1, a
greater thickness was observed at the edge of the
bilayer films thus demonstrating the contribution of
the fluidity of PA6(1) in the encapsulation
phenomenon. Moreover, a thinner PA6(1) layer was
found to lower the rate of instabilities, especially in
the case of PE-GMA/PAG6(1). The principle of the
thin layer was therefore valid in the present case
which the use of thin layer of the less viscous
material us PA6 (1) can improve the final quality of
films. Nevertheless, these films remained unstable
presenting somewhat chaotic interfacial defects.

PA6 (2)/PE or PE-GMA bilayer: In this case, PA6
(2)/PE structure, which the viscosity ratio (mp=1), is
more stable especially for slow PA6 (2) flow rate
(i.e. hpa/hpg <1). Indeed, PE is more clastic than PA
(2) and the use of thin layer of PA was found to

N

lower the rate of elastic instabilities. Moreover, the
PE-GMA/PAG6 (2) structure presented a much higher
stability at the temperature of 240°C compared to
the PE/PA6 (2) bilayer system. Such measurements
were performed on two stable PE-GMA/PA6 (2)
bilayer systems that had been prepared with a
contact time of ~150 s. Independently of the flow
rate ratio, this configuration was found to be very
stable: the longer the contact time in the feed
block/die (>150s), the better was the resulting
stability. The interfacial chemical reaction that
occurs after very short contact times, as in the case
of coextrusion, could be evidenced by spectroscopic
measurements. Despite the short contact time during
the process, the compatibilization reaction took
place at high temperature and under a high shear
rate. Depending on the chosen processing
parameters, this phenomenon required numerous
investigations.

PA6 (2)/PE+ x% PE-GMA: bilayer blends of PE
containing 5% and 20% of PE-GMA were co-
extruded with PA6(2) in order to probe the influence
of the amount of PE-GMA on the stability of the
flow. Thus, the final behavior of these systems was
found to be somewhat intermediate between that of a
non-reactive bilayer system (PE/PA) and that of a
reactive system PE-GMA/PA6 (2). As a result, a
larger amount of compatibilizer induced an
enhanced quality of the film. In the future, it would
be interesting to optimize the cost of using PE-GMA
as a binding layer of multilayered systems.

Consequently, the interfacial instabilities that arise
in the case of non reactive systems are reduced by
the creation of a copolymer at the interface. In the
case of the PE/PA6 structures, the copolymer that is
created at the interface could be formed by adding a
given percentage of PE-GMA to the PE matrix. The
PE-GMA would thus react with the NH2/COOH
groups at the end of the PA6 chains [17a, 17b]. The
contact time of various layers thus determines the
time available for the reactions leading to the
formation of the copolymers involved in the creation
of the interphase. This phenomenon was a key
parameter for the creation of the interphase, since it
was found to depend strongly on parameters such as
time and temperature. It could thereby be assumed
that the increase in contact time through the decrease
in the flow rate would allow us to optimize the
creation of the interphase between the various layers
(~40 nm)[17b]. Thus, a temperature of 240°C
associated with a contact time longer than 2 min
would be enough to provide a higher stability in the
reactive multilayer. However, the tendency observed



experimentally concerning the influence of the
physico-chemical affinity at the polymer/polymer
interface on the stability of this system was limited
at higher temperatures (above 260°C). The
crosslinking reaction of the PE-GMA drastically
altered the stability. These crosslinking reactions
resulted in a higher elasticity in the PE-GMA layer,
which could give rise to a much more pronounced
difference between the rheological properties of the
phases.

2.4.  Longwave asymptotic investigations: First
confrontations with experiments.

In this section, and according to the work of Valette
et al. [15, 16], we have investigated the interfacial
stability of a reactive and non-reactive system and
tested the capability of theory to forecast the onset of
wavy interface defects in comparison with
experiment. Figure 2 shows an example of the
stability curve obtained by the White-Metzner law at
240°C for PE-GMA/PAG6 (2). It can be noticed that
the theory predicted a much more significant zone of
stability for the PE-GMA/PAG6 (2) system according
to experiment. Nevertheless, it was experimentally
found that the stable films (Q PA/QPE-GMA=5 for
example) were also situated in the unstable zones of
the theoretical curve.
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Fig.2. A comparison of the stability charts from the asymptotic
study at 240°C with the experimental results of a PA6 (2)/PE-
GMA bilayer flow.

Consequently, it is necessary to obtain links between
the classic factors that are introduced in the
evaluation of the theoretical (given by linear stability
analysis/longwave asymptotic investigations) and
experimental stability charts taking into account the
physicochemical affinity and the interphase
triggered at the polymer/polymer interface.
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