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ABSTRACT

, The existence of interfacial instability at the interface of multilayer polymeric
fluid is well known. The experimental studies have shown that interfacial
instability of two-layer polymer melts plays an important role in polymer

processing operation. This work is designed mainly to provide guidelines for the
development of experimentaltechniques for the improvement of the two-layer polymer
products in the polymer processing industry. This is done by performing a series
of tensile tests on extruded two-layer polymer melts in order to get insight into the
relation between interfacial instabilities and mechanical properties of polypropylene
(PP) over high density polyethylene (HDPE) systems. Observed variations of the
mechanical properties have been related to the conformation of the interfacial wave.
Thus, a relationship is established between the interface morphology corresponding

J to extrusion instabilities and the mechanical characteristics of the interfacial strength

, of the extruded PP/HDPE.
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The main driving force for

. developing constitutive equations

I is the needfor solvingthepolymer

I

processing problems [1-3]. During
the past decade, the multilayer flow
of viscoelastic fluids has been of

j interest in many polymer
.
.

I
~

processing applications, such as the
co-extrusion of films, fibers,
coatings and multilayer co
extrusion technology [4,5]. Since
the co-extrusion process is
associated with combining
materials with specific properties
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into a single structure and due to the fact that the
co-extrusion process is more economical than the
conventional laminating process, the interfacial
stability in the multilayer flow of polymeric fluids
has been examined by a number of investigations.

An unstable interface will possess interfacial
waves similar in nature to surface waves in bodies

of water [6]. There are so many investigations dealing
with polymer-polymer instability in which interfacial
instabilities parameters such as shear stress, layer
thickness, viscosity, elasticity, interfacial pressure,
interfacial wave, die geometry, molecular weight
(MW) and molecular weight distribution (MWD) have
been investigated.

In co-extrusion of four types of HDPE, the
broad-MWD materials have shown a great tendency
to ward instability due to layer depth ratio. In contrast,
interfacial instabilities in narrow-MWD materials are

related to the stress at the interface [7].
In general, these interfacial waves can occur at

an extremely low Reynolds number and are due to
the combined affects of viscosity and elasticity
differencesin the respective layer,the relativethickness
of the layers, wave number, and geometry of the flow
[1,8,9]. Other factors such as density differences and
interfacial tension can also play role [1,3,10]. It is
said that the large deviations between theoretical and
experimental interfacial growth rates which cause
instability for PPIHDPE are due to the interfacial
mixing [11]. 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 [12].

Since the orientation angle of polymer chain is
related to local state of stress, to a certain extend the

, -interfacial diffusion is related to the position of the
interface (layer thickness). In contrast to the relatively
large number of theoretical investigations, very few
experimental studies have addressed the problem of
interfacial stability and interfacial strength of two
layer PPIHDPE polymer products. The experimental
investigations [5] of PPIHDPE have proven that
interfacial instabilities exist. It has been pointed out
that interfacial waves play a considerable role in
determining the mechanical properties of the final
product [3,9]. There has been an aggressive demand
in the polymer processing industry to use adhesive

material between multilayer products to improve their
mechanical interfacial strength.

Since the large interfacial waves provide a
mechanism for wave interlocking, if a controlled
amount of interfacial instability is presented in the'
co-extrusion process, it would improve the tensile
toughness of the final extrudate products. It has been
shown that instabilities are associated with interfacial

waves, and it turns out that interfacial wave amplitude
is known as a mechanism for controlling the strength
of the interface of multilayer polymer products.

The aim of this work is to investigate the
interfacial strength of two layer PPIHDPE polymer
extruded. In this investigation, polymer parameters
such as wave number (wave length) and layer thickness
ratio (LTR) were considered.

Mechanism of Interfacial Instability
If one introduces a disturbance into an otherwise

undisturbed flow (basic flow), the disturbance could

die out, persist at similar magnitude or grow until
the basic flow had changed all together. When the
disturbance dies out the flow is termed stable, when
it persists it is neutrally stable and when it grows it
is referred to as unstable. From a theoretical view

point, the introduced disturbance can be either related
to linear instability theory or nonlinear instability
theory.

Experimental Apparatus
The main part of experimental setup is shown in
Figure 1. The assembly includes three components:

- Two laboratory extruders
- Co-extrusion die, assorted fittings, adapters, and

optical system
- Optical windows, camera and digital image

processing equipment
Extruder No. 1 is a 3/4 inch, 25:1 extruder controlled
and powered by HBI system 90. Extruder No. 2 is
3/4 inch 25:1extruder (Brabender Inc.). Both extruders
are single-flight, constant-taper screw. The optical
components and video camera are mounted on a
standard optical bench. Two melt pressure transducers
are mounted flush with the wall in both the upper
and lower melt streams prior to the end of die blade.
The pressure signals from these pressure transducers
are used to measure amplitude and frequency of the
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Figure 1. Experimental set-up.

input pressure disturbances, and are recorded by data
acquisition system. The temperature in each part of
the die is individually controlle9 by digital temperature
control loops within the PC system. An important
part of the equipment is the experimental co-extrusion
die.

A schematic of the die is shown in Figure 2.
The die has three separate sections. The feed block
connects both extruders and servers to secure the die
blade in the main block. The flow channel is formed

in the main block and has a channel depth of 2.5 mm
and width of 25 mm that results in a channel aspect
ratio of 10:1 which meets those of requirements for

Video Camera

Composite
Image

PC and Video Digitizing

two dimensional flows in a slit. An aluminum mould

was designed to fabricate required samples for
mechanical testing. Figure 3 shows the over-all sketch
of aluminumdie which is attachedto stainlesssteal
co-extrusion die.

Material Properties
Two polymer systems utilized in these experiments
are HDPE and PP. Both resins (HDPE (LS556) and

PP (PD 4252» are from Quantum Chemical Company
(U.S.A.). These polymers were chosen because of
their use in industrial packaging, films, and
multi structure products. Table (1) contains the fit
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Figure 2. Two layer parralel channel experimental
co-extrusions die (dimensions in centimeter).

power-law coefficients, m and n, for the given range
of shear rates along with literature values [11] for
the melt density at 204°C.

Procedure

Using the experimental apparatus described above,
the interface can be viewed directly at different die

I{)
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Figure 3. Schematic of the aluminum mould for
mechanical testing (dimensions in centimeter).

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.

HOPE 0.3 ~ y~ 9

0.1 ~ Y ~ 5 0.715 0.760

1.15x104

5.12x104

0.950 0.755

PP

positions (windows 1 to 4) and by using the digital
image processing capabilities interfacial images can
be enhanced and clarified. The input channel pressure
measurements and the interfacial data are used in

order to evaluate the frequency content of the interfacial

wave. The experiments are performed either by relying
on the background (random) disturbances or by

introducing a regular (periodic) disturbance with a
known frequency and amplitude to study the stability
of the interface.

U sing digital image processing, the interfacial
wave variation is detected. The digital image

processing setup consists of a digital image board
installed in a personal computer. The most important
use of the imager involves the compression of several
seconds of video into a single composite image. Using

composite image of the moving interface one is able
to easily measure both the amplitude and frequency
of the evolving interfacial wave. The controlled
disturbances are introduced by forcing the screw to
move forward by a prescribed amount once every
screw revolution. This will create a regular pressure

pulse of the form P = A Sinrot where the amplitude
A is determined by screw displacement and the

frequency is identical to the screw rotation rate (RPM).

12.5 0.25

~
N

Figure 4. Geometry of samples for mechanical testing
(dimensions in centimeter).
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In order to vary the disturbance frequency while
maintaining a constant layer depth ratio, a bleed valve
(damper, Figure 1) is installed at the path where the
flow is directed from the extruder to the inlet die.

This set-up allows to vary the wave number of
disturbances (frequency) while maintaining a constant
LTR at the channel die. All stability experiments are
carried out with 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). Sufficient
equilibration time must be given to the extruders
before the process of the data collection began. For
each wave number (frequency) and layer thickness,
30 to 60 seconds of moving flow is recorded on the
VCR. During the experiment, the operator is able to
observe simultaneously the interfacial wave on the
monitor while generating composite images, as well
as frequency content plots on the PC monitor. The
combination of the on-line monitoring of the Qutput
information (i.e., interfacial wave amplitude,

dpp=d2

Window No. 1

Window No. 3

frequency contents, and creations of images) along
with careful input monitoring of the pressure
disturbances enables one to set all variables to the
desired level. As melt stream reaches the end of the

die it has been forced to pass through the same cross
section as the melt stream cross section of co-extrusion

die. In this way~ one is able to get an exact geometry
for samples as melt stream in the co-extrusion die.
The sample geometry of the tensile test specimen is
shown in Figure 4. The experiments are carried out
with equal melt temperatures as measured at the end -'
point of each extruder.

The process of the collection of samples is as
follows:

- Closing two parts of the mould together with
heaters clamped in both sides of the mould.

- Attaching the aluminum mould to co-extrusion
die and connecting the heating elements.

- Heating both the die and extruders up to certain

temperatures required for extrusion.
- Turning on both extruders with a gradually

increasing flow rate up to a certain pressure for

Window No. 2

Window No. 4

Figure 5. Typical composite images of windows 1-4 (random disturbance).
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Figure6. Typicalcompositeimagesof longand intermediatewavedisturbanceat windowNO.2.

both layers and remainingat a knownLTR
- Giving a sufficient time (45 min.) to reach a

steady state which is required before sample
collection for mechanical testing.

- At set layer ratio, collecting the sample by
removing aluminum mould from co-extrusion
die when two extruders are operating.

- Cooling the aluminum mould with extrudate
sample to room temperature and removing the

sample from the mould.
- Repeat step six and seven for five different

frequencies and collect one sample at each
frequency and amplitude.

RESULT AND DISCUSSION

Random Disturbance Experiment

'"T-,
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An incompatible polymer system consisting of HDPE
and pp was utilized in this experiment. Using

experimental set-up and procedure, typical composite
images of random disturbance experiments are taken
and shown in Figure 5. LTR is defined as d2/dl

(dpp/dHDPE)' In this figure, (windows 1 and 2) due
to the background disturbances there are waves at
the interface.

At the end of the die one can see (windows 3

and 4) that there is no wave at the interface which
is indicating stable flow~ This pattern was observed
for all layer depth ratio and input pressure disturbances.
As the image clearly shows, the interfacial wave

arising from the spectrum of disturbances (pressure
perturbations with a wide range of frequencies) within
the apparatus gives rise to a similar spectrum of
interfacial disturbances with a variety of wavelengths

and amplitudes. It will provide relatively little insight
into the behaviour of interfacial wave above and

below the dominant value.

Thus, it is not possible to examine mechanical

strength of the interface for a known wave (prescribed
disturbance) related to different layer ratio. It is for
this reason that a controlled, temporary, regular
disturbance was introduced.

Prescribed Disturbance Experiments

In order to see how a known wave (frequency) affects
interface and instability of the flow a known amount

of disturbance was prescribed, and then flow
instabilities were investigated. For each LTR,

frequency of the interface from 0.20 to 1.20 Hz has
been varied by extruder No. 2 and bleed valve

(Figure 1).
A typical composite image for long intermediate

and short wave disturbances are shown in Figure 6.

The images (a, b, c, d, e, and f) in this figure are
taken from window 2 at different LTR. Images a and

b are long wave disturbances with LTR of 1 and 3,

respectively. Images c and d are intermediate
disturbances with LTR of 0.3 and 0.8, respectively.

Images e and f are short wave disturbances with LTR
0.35 and 2.5, respectively. The growth or decay of
the wave is calculated using the equation:

dA A2 -AI

dX X2-XI

Where, Ai and Xi are the amplitude and the
downstream distance at the position i, respectively.

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 crn/cm).

Based on these investigations and dimensionless
wave number (a) as well as LTR stability/instability

diagram has been established. The dimensionless wave
number was calculated with knowledge of.' the
interfacial wavelength using the following equation:

2xrrxd2a=-
A

Where, a and d2 are the dimensionless wave
number and the thickness of the more viscous or

elastic fluid (PP), respectively. The interfacial wave
velocity is measured in a region where instability has
affected the flow substantially. Using the measured
interfacial wave velocity at position nearest to the
blade and the disturbance frequencies, the wavelength

is calculated using
v=Axf

Where, v, A, and f are velocity, wavelength, and
frequency of the interfacial wave, respectively. The
experimentally determined stability diagram is shown
in Figure 7.

Interfacial Diffusion and Interlocking
The interfacial diffusion and mixing are observed
with small scale due to the wavebending phenomenon.
Since, the growing interfacial wave obtains energy
from the material imbalances at. the interface, when

mixing occurs at the interface, some energy will be
lost to the mixing process which will result in less
energy being available for the growing wave.

Figure 8 shows the creation of wave bending at
the interface. As Figure 8 indicates the material at
the lower layer (HDPE) moves to the upper layer
(PP) and clearly signifies an oscillatory current at the
interface. This current acts to transport material to
and from the interface thereby,enhancing the diffusion
process.

Normally, co-extruded samples are easily
delaminated since the incompatibility of polymers
(PP/HDPE) results in poor interfacial adhesion.

-
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Figure7. Experimentalydetermined stability diagram
for PP/HDPE.

However, large amplitude and highly bent waves are
completely interlocked in the solid state which
dramatically improves adhesion at the interface. It
was observed that small interfacial waves had not

undergone interfacial bending and there was no
mechanical coupling at the interface.

On the other hand, the samples with large
interfacial bending were given high degree of
interlocking at the interface. The overall mechanical
property of these samples improves since the stress
in each layer will be coupled at the interface.

Figure8. Waveinterlocking.

19000
0 2 3 4

Dimensionless wave number

Figure 9. Tensile stress vs. dimentions wave number
at diffrent layer depht ratios.

Mechanical Strength
Among all the collected samples those selected for
testing possessed uniform cross sections. The tensile
tests have been performed.

Based on the interfacial interlocking as described
above and tensile test results, a relationship between
interfacial wave and interfacial strength has been
found. The results are shown in Figure 9, This figure
clearly shows effects of the stable/unstable interface
on the mechanical properties of extrudate products.
As this figure shows when the flow is stable (d2/dl
< 0.5) due to the small interfacial waves and absence
of interfacial wave bending there was no mechanical
coupling at the interface. For this range of LTR
mechanical strength, the interface does not change
for all attainable wave numbers. In contrast, when

the flow is unstable (d2/dl>0.5) due to the presence
of interfacial wave interlocking, tensile stress values
and in turn interfacial strength variations at different
wave numbers occur.

A typical sample_withgrowing interfacial wave
is shown in Figure 8. As this figure indicates wave
bending and interlocking was observed. Same pattern
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was_observed at the range of dimensionless wave
numbers from 0.8 to 1.1. It was determined

experimentally that variation of the wave number is
related to variation of the interfacial strength.

As Figure 9 indicates, when the flow is unstable
for all LTR a maximum interfacial strength exists at
wave numbers of close to unity. These results show
that the maximum rate of instabilities is corresponded
to maximum interfacial strength. As it is shown,

mechanical strength of interface increases when flow
is unstable. The unstable range of dimensionless wave

numbers happens to be related to maximum tensile
stress. Thus, it is believed that unstable interface as

well as presence of the interfacial wave interlocking

phenomenon is responsible for maximum tensile stress.

CONCLUSION

Interfacial strength of the PP/HOPE has been
investigated experimentally in two layer slit die

geometry. It has been shown that instabilities are
associated with interfacial waves, and it turns out that

interfacial wave amplitude is known as a mechanism
for controlling the strength of the interface of multilayer

polymer products. An experimental apparatus device
as a mould has been designed and fabricated in order

to collect proper extruded samples for mechanical

testing.
It has been shown that for random disturbance

experiments there is no relation between interfacial
random frequency content and interfacial tensile stress.
For a known amount 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 wave numbers. It is shown that

maximum interfacial strength of the extruded polymers
occurs in the unstable region when the wave number

approaches unity. It is shown experimentally that the
mechanism of interfacial strength is related to
interfacial instabilities as well as interfacial wave
numbers. The results show that the maximum

interlocking; phenomenon is controlling the over-all

maximum strength of the two layer extruded products
in these polymeric systems.
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