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An experimental apparatus has been developed for observing interfacial stability
and deformation of multilayer pressure driven channel flows. The interface 
instability of a co-extrusion flow of polyethylene and polypropylene is studied

experimentally in a slit geometry. This is performed by introducing disturbances of 
controlled wavelength and amplitude on three-layer symmetric (A-B-A) polymer melts
and followed by a series of extrudate mechanical testing. In this study variations of
mechanical properties as well as wave interlocking have been related to the con-
formation of the interfacial waves. By investigating the growth of interfacial waves and
tensile stress of extrudate samples, a relationship between interfacial instability and
mechanical properties of polypropylene (PP) and high density polyethylene (HDPE)
systems has been established. It is shown that instabilities are associated with 
interfacial waves, and it turns out that its amplitude is known as a mechanism for 
controlling the strength of three-layer polymer products. It is also demonstrated that the
mechanism of interfacial strength is related to interfacial instabilities as well as the 
interfacial wave interlocking. By considering that the instability is controlled by modal
wave it may be possible to forecast the quality of final products in the co-extrusion
process.

INTRODUCTION

The experimental interfacial 
instability of a co-extrusion flow of
HDPE and PP is designed and
observed in a slit geometry.
Interfacial instability that manifests
itself in the form of travelling
waves at the interface is the 
limiting factor in production of
multilayer plastic structures [1-3].
In the manufacture of multilayer
products, it is a well known fact
that the multilayer extrusion
process is more economical than
the conventional laminating

process. The experimental studies
have shown that interfacial 
instability has an important role in
the polymer processing operation
[4,5]. The interfacial waves result
in a significant deterioration of the
final  properties of products such as
barrier, mechanical, optical, etc.
These irregularities are due to the
different rheological properties of
the materials used and can 
significantly deteriorate the
mechanical or optical properties of
the product [6]. The main driving
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force for developing constitutive equations is the
need for solving the polymer processing problems
[7,8]. During the past decade, the multilayer flow of
viscoelastic fluids has been of interest in many poly-
mer processing applications, such as the co-extrusion
of films, fibres, coating and multilayer co-extrusion
technology [6,9,10]. The interfacial stability in the 
multilayer flow of polymeric fluids has been 
examined by a number of investigations [11]. An
unstable interface will possess interfacial waves 
similar in nature to surface waves in water [12,13].
There have been many investigations dealing with
polymer-polymer instability concerning parameters
such as shear stress, layer thickness, viscosity, 
elasticity, interfacial pressure, interfacial wave, 
die geometry, molecular weight (MW) and 
molecular weight distribution (MWD) [14-16]. 
In co-extrusion of four types of HDPE, the 
broad-MWD materials have shown to have a 
great tendency to have instability due to layer depth
ratio. In contrast, interfacial instability in narrow
MWD materials is related to the stress at the 
interface [16-18]. In general, these waves can 
occur at extremely low Reynolds numbers and are
due to the combined effects of viscosity and 
elasticity differences in the respective layer, 
the relative thickness of the layers, wavenumber and
geometry of the flow [19-21]. Other factors 
such as density differences and interfacial tension 
can also play a role.

It is said that the large deviations between 
theoretical and experimental interfacial growth rates
which cause instability for PP/HDPE systems are due
to the interfacial mixing [14]. It has been found that 
orientation of the polymer chain near the interface
will influence the rate of diffusion and consequently
the thickness of interfacial diffusion layer. In contrast
to the relatively large number of theoretical investiga-
tions, very few experimental studies have addressed
the problem of interfacial stability and interfacial
strength of multilayer polymer products. The 
experimental investigations of PP/HDPE have proven
that interfacial instability is related to interfacial
strength [1]. It has been pointed out that interfacial
waves play a considerable role in determining the
mechanical properties of the final product. In our 
previous study [1], the mechanism of the interfacial

instability phenomenon for two-layer polymer 
systems was established. However, a complete 
understanding of the mechanism of interfacial 
instability in multilayer systems (i.e., 3 or more 
layers) has not yet been established.

Therefore, detailed and fundamental studies are
required to investigate the effect of multiple 
interfaces and their potential interactions on the 
stability and deformation of multilayer viscoelastic
flows. There is not any experimental research work or
paper available for the interfacial instabilities in
three-layer PP/HDPE/PP polymer melts and its 
relationship to mechanical properties. Hence, the
interfacial stability of multilayer flows and their
mechanical properties remain an open question.
There has been an aggressive demand in polymer 
processing industry to use adhesive material between
multilayer products to improve their mechanical
interfacial strength.

Since large interfacial waves provide a 
mechanism for wave interlocking, it is believed that if
a controlled interfacial instability introduced in the
co-extrusion process, it would improve the tensile
toughness of the final products. The aim of this work
is to investigate the interfacial instability and its 
relation to strength of a three-layer (PP/HDPE/PP)
polymer extrudate considering parameters such as
wavenumber (frequency) and layer thickness ratio
(LTR). The experiments targeted flow configuration,
namely A-B-A symmetric flows (PP/HDPE/PP).
Figure 1 depicts a schematic symmetric channel flow.
As this figure indicates d1 is thickness of PP layer and
d2 is thickness of HDPE layer. It should be pointed
out here that the flow is symmetric because thickness
of top and bottom layers (PP) is the same during this
experimental study. 

Figure 1. A schematic of multilayer flow channel.
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Multilayer Polymer Melts and the Interfacial
Instability
If a disturbance is introduced into an otherwise 
undisturbed flow (basic flow), the disturbance could
die out, persist at similar magnitude or grow until the
basic flow changes all together. When the disturbance
dies out the flow is considered "stable" and when it
persists it is "neutrally stable" and when it grows it is
referred to as "unstable". From theoretical point of
view, the introduced disturbance can be either related
to linear instability or non-linear instability. Linear
stability analysis predicts the initial growth rate of
infinitesimal disturbances. However, when the 
disturbance amplitude becomes large its growth is
slowed substantially by non-linear effects. The 
non-linear theory accounts for disturbances of any
magnitude while the linear theory deals only with 
disturbances that are infinitesimal. In linear theory the
analysis ignores all powers greater than one for 
quantities that characterize the disturbance. Most of
the reported study is based on the linear stability
analysis. There have been few publications on 
non-linear stability analysis. The problem of 
interfacial stability in plane Poiseuille flow was first
addressed using the longwave asymptotic method
[22]. It was found that viscosity stratification alone
was enough for "instability" case. Previous 
experimental investigations in interfacial instability of
a multilayer flow are limited to three different studies.
The first is an experimental study of a two-layer 
co-current flow consisting of oil and water in a 
rectangular channel. The second is a more detailed
study on interfacial instability that is related to both
experimental and theoretical examinations of 
interface instability in two-layer of plane Poiseuille
flow. The third, experimental studies of two-layer
polymer melts (PP/HDPE) in a slit geometry indicate
that, the higher viscosity layer will tend to push into
the less viscous layer or the flow will rearrange itself
so as to maximize the mass flux. More recent 
experimental studies of two-layer polymer melts
PP/HDPE indicate that interfacial instability is related
to the strength of multilayer products. The previous
study of two-layer flow has shown that growing 
interfacial waves at the interface as well as wave
interlocking phenomenon are responsible for improv-
ing mechanical properties [1].

EXPERIMENTAL

Equipment
The apparatus used in all interfacial stability 
experiments consists of four main components: three
laboratory extruders; the test dies including 
associated fittings, adapters and optical windows; an
optical-video train including camera and digital image
processing equipment; and pressure input measure-
ment equipment.

The experimental set-up is shown schematically in
Figure 2. All extruders are 3/4", 25:1. All extruders
utilize a single flight, constant taper screw with
extruder 1 having a 2:1 compression ratio, extruder 2
having a 4:1 compression ratio and extruder 3 having
3:1 compression ratio. The optical train shown in
Figure 2 is typical of that used in previous 
experimental studies [1] and consists of a high 
intensity light source and fibre-optic cable guide, a
559.8 nm filter, an achromatic lens. The optical 
components and video camera are mounted on a 
standard cast iron bench, which is itself mounted on a

Figure 2. Experimental set-up, consisting of three 
extruders, co-extrusion die with optical windows, heating
elements, moveable light and camera. 
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motor driven stage. The images from either the image
board or the video camera recorder are displaced on a
high resolution monitor. Three melt pressure 
transducers are mounted flush with the wall in both
the upper and lower melt streams prior to the exit of
die blade. The pressure signals from these pressure
transducers are used to measure amplitude and 
frequency of the input  pressure disturbances. An
important part of the equipment is the experimental
co-extrusion die. The flow channel is formed in the
main block and has a channel depth of 2.5 mm and
width of 25 mm. This results in a channel aspect ratio
of 10:1 which meets the necessary requirements for
two dimensional flows in a slit. An aluminium mould
was designed to fabricate the required samples for
mechanical testing [1]. 

Material Properties
Two-polymer systems utilized in these experiments
were HDPE and PP. Both resins HDPE (LS556) and
PP (PD 4252) were from the Quantum Chemical
Company (USA) which were also used in our 
previous study [1]. These polymers were chosen
because of their use in industrial packaging films and
multistructure products. The viscosity and first 
normal stress difference as a function of shear rate at
204°C (i.e., the temperature at which all experiments
were conducted) for all three polymers are reported in
literature [14]. Table 1 contains the fit power-law
coefficients, m and n, for the given range of shear
rates along with literature values for the melt density
at 204°C. 

Procedure
Using the experimental apparatus described above,
the interface can be viewed directly at different die
positions (flow direction, windows 1 to 4) and by 

Table 1. The fit power-law coefficients, m and n, for the
given range of shear rates and the melt density at 204°C of
the HDPE and PP. 

using the digital image processing capabilities, 
interfacial images can be enhanced and clarified. The
detailed procedure is already described [1]. The
experiments are performed by introducing a regular
(periodic) disturbance with a known frequency and
amplitude to study the stability of the interface. The
controlled disturbances are introduced by forcing the
screw to move forward by a prescribed length during
each screw revolution. 

This will create a regular pressure pulse of the
form P = A.sinωt where the amplitude A is 
determined by screw displacement and the frequency
is identical to the screw rotation rate. In order to vary
the disturbance frequency while maintaining a 
constant layer thickness ratio (LTR), a bleed valve
(damper, Figure 2) is installed at the path where the
flow is directed from the extruder to the inlet die.
This set-up allows one to vary the wavenumber of
disturbances (frequency) while maintaining a 
constant LTR at the channel die. All stability 
experiments are carried out at equal melt 
temperature. This is accomplished through proper
adjustment of each extruder's barrel temperature 
profile. The die and all other devices are then 
controlled at the measured melt temperature which is
204°C (400°F). During the experiment one is able to
simultaneously magnify and observe the interfacial
waves while generating composite images, as well as
their frequency changes. The combination of the 
on-line monitoring of the output information (i.e.,
interfacial wave amplitude, frequency and creations
of images) along with careful input monitoring of the
pressure disturbances enables one to set all variables
to the desired level. At the end of the co-extrusion die
where the melt stream reaches the exit point of the die
another small die is attached [1]. Therefore, the melt 

Figure 3. Geometry of samples for mechanical testing
(dimensions in centimeters).
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Polymer
type

γ range
(s-1)

m
(poise)

n ρ melt
(g/cm3)

HDPE
PP

0.3 ≤ γ ≤ 9
0.1 ≤ γ ≤ 5

1.15 × 104

5.12 × 104

0.950
0.715

0.755
0.760

•

•

•



stream has been forced to pass through the same
cross-section as the melt stream cross-section of 
co-extrusion die. Thus, one is able to obtain an exact
geometry for samples as melt stream in the 
co-extrusion die. The sample geometry, as that of the
tensile test specimen is shown in Figure 3. 
The experiments are carried out with equal melt 
temperatures as measured at the exit of each 
extruder. 

RESULTS AND DISCUSSION

Entrance Basic Flow 
The entrance effects in three-layer flows are more 
pronounced than the two-layer flows. In fact, the 
distance from the tip of the blade (point A in Figure

4b, where flow enters the channel) to the point that the
flow has reached its fully developed profile is 
typically longer in three-layer flows. Figure 4 depicts
some typical flow rearrangements in the entrance
region. As clearly shown by this figure the entrance
length is a strong function of both the nature of the
flow as well as the operating condition (i.e., flow rates
and their layer thickness ratio). By carefully analyzing
the entrance flow regime, the region in which the flow
becomes that of fully developed superposed flow
between the two parallel plates can be determined. In
turn velocity profiles can be measured in the region.

Velocity Profile Measurements
The particle tracking has been used to measure the
velocity profile as well as interfacial wave speed [1].
The velocity profile measurements have been made
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Figure 4. Flow development in the entrance region of a three-layer, a and b symmetric flow, A is area of entrance flow,
B and C areas of fully developed flow, with: (a) d2/d1 = 0.35, (b) d2/d1 = 2.45, (c) and (d), asymmetric flow.



by maintaining a constant pressure for both PP layers
and varying HDPE channel pressure in order to obtain
different layers thickness ratio (i.e., d2/d1). Moreover,
the measured interfacial waves velocity has been used
for calculation of the dimensionless wavenumber.

Disturbance Experiments
For the three-layer symmetric system (layer one and
layer three have the same material properties and
depth), the two interfaces are identical. Two extruders
have been used where the output from one of the
extruders is split into two streams prior to the inlet die
or have directly connected 3 extruders to the die. Both
approaches have been considered reliable if one
method can produce the desired symmetric flow
structure more easily. When the splitting approach is
used PP is split in two layers. Comparing the two
methods, it becomes clear that the splitting method
produced a better quality symmetric flow. In addition,
it was observed that the introducing disturbances in
the middle layer gives rise to better quality and more
reproducible data. Hence, the data reported in this
study has been generated by using the splitting
method with disturbances introduced in the middle
layer. In fact, under various operating conditions, the
measured quantities of the 3 extruder methods have
been compared with the splitting method. In general,
the results are in good agreement but the 
splitting method produces much more reliable and 
reproducible data. In order to see how a known wave
(frequency) affects interface and instability of the
flow a known degree of disturbance was prescribed,
and then flow instabilities were investigated. The 
single frame images of the entrance flow at different
operating conditions for stable/unstable regions are
shown in Figures 4 and 5. In Figures 4a and 4b a 
symmetric flow is shown. Figures 4c and 4d are
asymmetric flow. Figure 5a shows a stable interfacial
wave and Figure 5b shows an unstable interfacial
wave. It can be seen that the flow at distances shorter
than 10 cm from the tip of the blades (i.e., x = 0 
corresponds to the blade tip, point A in Figure 4b) 
corresponds to that of superposed multilayer plane
Poiseuille flow. Further downstream the encapsula-
tion process rapidly destroys the layered structure. In
turn, these results have been used as a guideline in
defining the region of fully developed superposed 

Figure 5. Typical single frame images for three-layer flows:
(a) stable and (b) unstable.

channel flow. Specifically, this information is used to
delineate the region in which the stability contour and
growth/decay rates should be determined. Composite
images of a stable flow and an unstable flow are
shown in Figures 6 and 7, respectively. These 
composite images were generated from a 20-second
video at 10 cm from the blades tip. This position was
selected because the flow is in the fully developed
region and it is unaffected by the non-
linear phenomenon. It should be noted that in the
three-layer flows examined, the linear stability regime
is much smaller than two-layer flows since non-linear
effects come into play. By paying careful attention to
these facts, a stability contour for this flow has been 
established. Similar to two-layer experiments [1] 
stable/unstable flows were distinguished based on the 
values of the growth rates. The growth or decay of the  
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Figure 6. Typical composite images of a stable flow at d2/d1

= 0.55: (a) α = 0.35 and (b) α = 1.65. 

wave is calculated using the equation: dA/dX = 
A2-A1 / X2-X1 where Ai is the amplitude at position i
and Xi is downstream distance at position i. A point
was considered stable if a negative growth rate was
observed, unstable if a positive growth rate was
observed and indeterminate if the growth rate was too
small to make a precise determination (as low as
0.00015 cm/cm). Based on these investigations and
dimensionless wavenumber (α) as well as LTR, a 
stability/instability diagram has been established. The
dimensionless wavenumber was calculated with
knowledge of the interfacial wavelength using the 
following equation:

where α is the dimensionless wavenumber and d2 is
the HDPE thickness. Using the measured interfacial 

Figure 7. Typical composite images of an unstable flow at
d2/d1 = 2.35: (a) α = 0.45 and (b) α = 1.55.

wave velocity at position nearest to the blade and the 
disturbance frequencies, the wavelength is calculated
using ν =  λ × f, where ν is velocity, λ is wavelength
and f is frequency of the interfacial wave. The 
stability contour graph is shown in Figure 8. As this
figure indicates, it appears that a critical ratio 
(dcrit = 0.85) exists below which the flow is stable and
above which is unstable. Specifically, when d2/d1 is
less than the critical value the flow is stable to all 
intermediate and shortwave disturbances (i.e.,
because of the combination of entrance effects and
very small growth or decay rate of long wave distur-
bances), while at d2/d1 greater than the critical LTR
the unstable region strongly depends on the 
disturbances wavenumber. If one makes the three-
layer system even slightly asymmetric (Figures 4c
and 4d) interactions between the interfacial wave and
interfaces could be significant. If such asymmetry is
present, there exists phase lead or phase lags between 
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Figure 8. Experimentally determined stability diagram for
PP/HDPE/PP. 

the interfaces such that interfacial wave does not
decay rapidly.

Interfacial Interlocking
The interfacial diffusion and mixing are observed
with a small scale due to the wave bending 
phenomenon. Figure 9 shows creation of wave 
bending at the interface. As Figure 9 indicates, the 
material in the middle layer (HDPE) moves to the
upper layer (PP) similar to the two-layer flow [1].
Normally, extruded samples are easily delaminated
since the incompatibility of polymers (PP/HDPE)
results in poor interfacial adhesion. However, with
large amplitude, highly bent waves are completely
interlocked in the solid state which dramatically
improves adhesion at the interface. It was 
observed that small growing interfacial waves did not
undergo interfacial bending and there was no 
mechanical coupling at the interface (stable 
flow). In contrast, the samples with large 
interfacial bending (unstable flow) were given a high
degree of interlocking at the interface. The 
overall mechanical properties of these samples
improved since the stress in each layer coupled at 
the interface. 

Figure 9. Wave interlocking at the interface.  

Mechanical Strength 
Based on the interfacial interlocking described above
and tensile test results, a relationship between 
interfacial waves and interfacial strength has been
found. The results are shown in Figure 10. The figure
clearly shows the effects of the stable/unstable 
interface on the mechanical properties of extrudate
products. As this figure shows when the flow is stable
(d2/d1 < 0.85) due to the small interfacial waves and
its bending absence there was no mechanical coupling
at the interfaces. For this range of layer thickness ratio
mechanical strength of the interfaces does not change
for all attainable wavenumbers. In contrast, when the
flow is unstable (d2/d1 > 0.85) due to the presence of
interfacial wave interlocking, tensile stress values and
in turn interfacial strength change at different
wavenumbers. As Figure 10 indicates, when the flow
is unstable for all layer thickness ratios, a maximum 
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Figure 10. Tensile stress versus dimensionless wavenum-
ber at different layer depth ratios.

interfacial strength exists at wavenumbers close to
unity. These results show that maximum rate of 
instabilities corresponds to maximum interfacial
strength. As it is shown, mechanical strength of 
interface increases when flow is unstable. The 
unstable range of dimensionless wavenumbers 
happens to be related to maximum tensile stress.
Therefore, it is believed that unstable interfaces as
well as presence of the interfacial wave interlocking
phenomenon are responsible for maximum tensile
stress.

CONCLUSION

The stability contour for the PP/HDPE/PP (symmet-
ric) polymer system indicates that a critical layer
thickness ratio of 0.85 separates the stable and 
unstable region. The flow below critical layer 
thickness ratio is stable and above layer thickness
ratio, is unstable. Furthermore, these results clearly
show that the maximum rate of instabilities for all

layer depth ratios is around dimensionless wavenum-
bers of unity which are consistent with previous 
theoretical and experimental studies for two-layer
flows [1,4]. It has been shown that interfacial wave
amplitude is known as a mechanism for controlling
the strength of the interface of multilayer polymer
products. For a known degree of disturbances, the
region of stable and unstable flow was determined.
The mechanical testing results have been correlated to
stability/instability of this polymer system. These
experimental results show that when the flow is 
stable, there are no changes in interfacial strength.
That is, the tensile stress remains almost constant for
all wavenumbers. It is shown that maximum 
interfacial strength of the extrudate polymers occurs
in the unstable region when the wavenumber
approaches unity. It is experimentally shown that the
mechanism of interfacial strength is related to 
interfacial instabilities as well as the interfacial
wavenumber. 
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