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Synopsis 
An experimental and theoretical study of two-phase flow of molten polymers has been 

carried out. The theoretical analyses apply the theory of nonlinear viscoelastic fluids to 
consider stress and velocity profiles and interface shape in stratified flow between parallel 
plates and in a tube. The second normal stress difference is predicted to influence inter- 
face shape. Experimental studies have been made of stratified two-phase flow of a low 
viscosity but elastic low-density polyethylene and a high-viscosity polystyrene in a cap- 
illary rheometer. In the stratified flow experiment, velocity fields and interface shape in 
the reservoir approaching capillary die and the emerging extrudate were investigated, 
the former being observed through visual experiments. The emerging extrudates pos- 
sessed convex polystyrene surfaces a t  the interface. A strong tendency toward the col- 
lection of bubbles near the capillary entry was found. We have made an experimental 
study of the extrusion of disperse mixtures of polystyrene and different polyolehs. The 
morphology of the disperse two-phase emerging extrudates has been investigated. 

INTRODUCTION 

Investigations of mechanically mixed two-phase blends of molten 
polymers date at least forty years back to the period when polystyrene, 
butadiene-styrene, and butadiene-acrylonitrile copolymers were first 
becoming commercial materials and their blends with natural rubber and 
gutta percha were studied.’ These investigations even seem to go back to 
Farbenfabriken Bayer’s pioneering pre-World War I synthetic rubber 
program.2 It is well known that blends (indeed even ternary and quater- 
nary systems) maintain a key role in the elastomer i n d ~ s t r y . ~  Probably 
the first two-phase polymer systems to play an important role in the plastics 
industry were the ABS resins and the high-impact polystyrenes which are 
created during their polymerization as opposed to mechanical mixing.’ 
However, while these two-phase polymer systems hold their own, mechan- 
ically mixed composites play an increasing role in today’s plastics indu~t ry .~  
The mechanical mixing of two polymer phases to obtain improved fiber 
properties seems to have long been under consideration, but attention was 
first focused on such materials by Allied Chemical’s development of a 
biconstituent fiber from blending polyester and polyamide.6 
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There is a second type of two-phase polymer system of importance, one 
involving two stratified continuous phases as opposed to one phase die 
persed in a second. This is of special significance to  the fiber industry, for 
the cooling of two different semicylindrical polymer phases along the length 
of the fiber leads to  a buckling of the filament to  form a so-called crimped 
fiber. As shown by Horio and Kondo? this sort of two-phase structure 
exists in wool and leads to  its crimping characteristics. The first man- 
made fiber based on these principles, developed about 1950 by American 
Viscose, was described in a paper by Sisson and M ~ r e h e a d . ~  This work, 
which led to a generic patent, involved creating what are now called 
bicomponent fibers from two different viscose solutions which flow from 
adjacent chambers in a spinneret reservoir into the same capillary. The 
first truly synthetic bicomponent fiber was a two-phase acrylic fiber 
devised by du Y ~ n t . ~ - l l  This company later marketed a bicomponent 
nylon fiber based upon the same principles.10-12 Several companies now 
manufacture bicomponent fibers. 

Little work of a fundamental nature seems to  have been done on the 
flow characteristics of two-phase polymer melt systems. There has been 
considerable effort given to the understanding of stratified13-19 and an- 
nular of two Newtonian liquids. The disperse two-phase flow of 
dilute suspensions of Newtonian liquid drops in a Newtonian liquid matrix 
has similarly received consideration.20J1 In these studies laminar velocity 
profiles and pressure drops were derived in the stratified and annular flow 
problems and increase in emulsion viscosity and drop distortion in the d i s  
persed flow problem. 

As mentioned, there has been little direct effort to  understand (as op- 
posed to  developing new products and processes) two-phase flow of molten 
polymer systems. No study of the characteristics of stratified flow has 
appeared, though SlatteryZ2 several years ago did publish an analysis of 
annular two-phase viscoelastic flow. LiZ3oz4 has published a pair of papers 
regarding hydrodynamic interfacial instabilities in two-phase stratified 
viscoelastic flow. Recently, Professor C. D. Han communicated to  the 
author that he was engaged in experimental studies of pressure distribution 
in stratified two-phase flow through a slit die. One of the earliest studies of 
disperse two-phase flow of molten polymers was published by Spencer and 
WileyZ5 and later extended by Mohr and his colleagues,26 who envisaged 
mixing occurring through the deformation and increase in interfacial surface 
caused by the shearing action in the melt. In  recent years, one of us 
(J.L.W.) has described the mechanics of development of the morphology of 
rubber blends during processing. Hayashida, Takahashi, and MatsuiZ8 
and Maxwell and his c ~ l l e a g u e s ~ ~ - ~ ~  have undertaken fundamental studies 
of the structure of disperse two-phase molten plastic systems. More re- 
cently, further work in this area has been carried out by Van Oene32 and 
by Han,33 the former being concerned with the mechanism leading to ob- 
served morphologies and the latter, with the rheological properties. 
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In  this paper we present an experimental and theoretical study of two- 
phase flow of molten polymers. An especially extensive study of stratified 
two-phase flow has been attempted. Stress and velocity fields and the 
nature of interface shape have been considered. Visual observations of 
flow patterns have been made. In  a sense, these researches represent an 
extension of our experimental studies of flow patterns in homogeneous 
one-phase polymer m e l t ~ . ~ ~ - 3 ~  

STRATIFIED SYSTEMS 

Theoretical 

General 

In  this section, we will consider the stress and velocity fields arising in 
continuous two-phase flow of polymer melts. We basically presume that 
the melts behave as isotropic viscoelastic fluids, i.e., the stress is a hereditary 
function of the deformation history of an initially isotropic material. Re- 
cent l i t e r a t ~ r e ~ - ~ ~  has emphasized utilization of single integral theories of 
the form 

where d is the stress tensor, p is the pressure, I is the unit tensor, 7 is the 
extra-stress, e is a Finger strain tensor measured from time t to past time 
s, and al(t) rind a2(t) are relaxation functions dependent upon the variants 
of e or the   ate of deformation tensor. The work of Chen and B0g~e39 is 
most important here, for it shows the quantitative applicability of nonlinear 
viscoelasticity to polymer melts. For smooth flows, the strain tensor may 
be expressed in a Taylor series about the instantaneous state38v40-42 and 
the stress tensor may be ~ r i t t e n ~ ' . ~ ~  

d = - p I + x M ,  (2) 
i 

where the M, are polynomials of order j in the acceleration tensors 

B1 = VV + (VV)T 

B,+, = DBn ~ - VV B, - B, VV 
Dt 

(3) 

where V is the velocity vector. 
become  constant^.^^.^^ For rectilinear flows, 

For long-duration flows, the coefficients 

equation (2) reduces to  
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a11cl2c13 P o o 
a12c2zazs = - 0 P o 
cia a2a aa3 0 0 P 

p1(r22 + r32) Pr2 Pr3 

rra pzrzr3 pzr3z 
+ Prz w z 2  p2r2r3 (6) 

Stratified Flow Between Parallel Plates (Fig. 1 )  

Let us first restrict ourselves for heuristic purposes to one-dimensional 
motion in a Cartesian coordinate frame and consider the parallel flow of two 
different viscoelastic fluids between two parallel plates separated by a 
distance H .  We set the coordinate system in the surface of the lower of the 
two plates containing the fluids. Let B be the lower layer of fluid of thick- 
ness A and A be the upper layer of fluid of thickness H - A. The stress in 
each of the fluids may immediately be fouxid from eq. (6) by setting 

r2 = r r3 = 0. (7) 
The equations of motion take the form 

where different values of /z and & will exist for each phase. 
face we must have 

At the inter- 

Let us first investigate the implications of the xz component. As eq. 
(8b) also means that 4 2 2  will be constant throughout each of the phases, it 
follows that the wall pressures or negative stresses (-azz) which will be 
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(b) 
Fig. 1. Two-phase flow systems considered: (a) flow between parallel plates (Cartesian 

coordinates); (b) flow in a tube (Cartesian and cylindrical coordinates). 

read by, say, flush-mounted transducers are the same on both plates at  
the same axial position. However, the pressures p ,  and p ,  will vary with 
x2 in such a way as to maintain this constancy while allowing for changes 
in the rheological extra stress with shear rate. 

The velocity field and flow rate pressure drop relationship may be ob- 
tained by solving eqs. @a) and (9a). Generally, the non-Newtonian 
viscosity of the melts will make eq. (8a) nonlinear and will necessitate ob- 
taining numerical solutions. Indeed, this is the case even for a power law 
fluid. An analytical solution may be obtained if we presume that the 
viscosities p A  and pe are constants, say ?)A and I],. No slip boundary con- 
ditions at the plate surfaces and interface are presumed. The velocit,y 
profiles in the two phases are (compare Russell and Charles") 
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where P is the pressure gradient --bpA/dxl or --dpB/dxl, and T~ is the 
interfacial stress. The interfacial shear stress and velocity are 

Stratified Flow in a Tube (Fig. 1 )  

This problem could be formulated in either Cartesian or cylindrical co- 
ordinates. Choosing Cartesian coordinates and accepting again what would 
seem to be the reasonable hypothesis of rectilinear flow, eq. (4), the shear 
stress tensor takes the form of eq. (6). Here, 1 represents the direction of 
the flow, 2 and 3 represent the directions perpendicular to flow. There are 
three components of the equations of motion: 

When we considered flow between parallel plates, symmetry considerations 
dictated that there would be only two independent components of the 
equations of motion. The component in the direction of flow would be 
solved to  give thc velocity field and that in the direction parallel to  flow, to  
give the pressure distribution across the cross section. However, no such 
simplification is valid here, and three independent components are in gen- 
eral obtained. Equations ( l lb )  and (llc) may be combined to give 

Equations ( l la )  and (12) represent two simultaneous equations for the 
velocity profile. These may only be satisfied if (1) certain severe require- 
ments are placed on the rheological properties, in particular that p2 be zero 
or proportional to  p, or (2) certain symmetry conditions exist, in particular 
either all derivatives in one direction, say 2 3 ,  are zero, or derivatives in the 
x2 and 2 3  directions are equal, including r2 = I'8.44.45 These geometric 
restrictions are equivalent to flow between parallel plates or a symmetric 
velocity profile in a tube. The latter of these cases may be simulated by 
two-phase flow in a tube if the viscosities of the two phases pA and p B  are 
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equal. An angularly symmetric velocity profile will then exist, and eq. (12) 
will be satisfied. A second case is of interest. If one phase is much more 
viscous than the second, angular symmetry will be approached in the more 
viscous phase, for the flow in this phase will resemble flow through a trough 
where a half-parabola velocity profile has been shown to  e ~ i s t . ~ ~ . ‘ ~  I n  the 
cases where eq. (12) cannot be satisfied, secondary circulating flows super- 
posed on the rectilinear flow pattern will probably exist. Secondary circu- 
lating flows superposed on rectilinear flow have been predicted theoret- 
i ~ a l l y ~ ~ - ~  and observed e ~ p e r i m e n t a l l y ~ ~ . ~ ~  in the flow of polymer solutions 
through noncircular ducts where eqs. (11) and (12) also arise. The super- 
posed secondary flows in the two-phase problem should exist in each of the 
four quadrants of the tube cross section with the diameter perpendicular to  
the interface and bisecting each phase acting as a line of symmetry. These 
secondary flows would not arise until the fourth-order approximation, i.e., 
a fourth-order fluid (compare Langlois and R i ~ l i n ~ ~ ) ,  and their intensity 
would be a complex function of the difference in viscosity functions of the 
two phases. Pressure variations around the perimeter of the tube should 
also exist in a manner similar t o  what is found for noncirculating con- 
d u i t ~ . ~ ~ , ~ ~  

The circulating secondary flows described in the above paragraph will 
certainly be small in magnitude, and the total amount of angular movement 
will be small in a normal die. Indeed, H d 4  has not observed these flows 
in studies of polymer melts in rectangular dies of moderate length. Cer- 
tainly, the simultaneous solution of eq. ( l l a )  for the fluids on both sides of 
the interface will be an excellent approximation. If one chooses a suitable 
Ellis-like non-Newtonian viscosity function,” eq. (1 la)  becomes 

with boundary conditions of equal interfacial stresses and velocities and 
no slip at the wall. Even if we presume a flat interface, computation of the 
velocity profile can be seen to be a most difficult numerical problem to 
solve. 

As a starting point, 
let us presume that we do have a flat interface and let us try to  compute the 
forces which will tend to  make the interface curve. If we proceed now in 
cylindrical coordinates, the net stress difference a t  an arbitrary interface 
position pushing phase A into phase B will be 

We now come to the problem of interface shape. 

[uBB(~l ,~ ,e  = 0011 = [TB8(x1,~,o0) - P ( Z ~ , T , O ~ ) I  (144 
where the bold-face brackets refer to  a jump across the interfacelb5 in par- 
ticular 

[A]  = A B  - A A .  (14b) 
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Let us now consider the pressure and stress distribution in one of the 
phases. The radial variation of pressure in cylindrical coordinates (zl,r,e) 
is given by 

where we have neglected derivatives of o in the x1 direction. 
of eq. (15) and substitution into eq. (14a) yields 

~88(Z1,~ ,e  = 0") = (788  - 7rr)  

Integration 

Now, if fluids of the same viscosity characteristics exist on both sides of the 
interface, laminar shearing motion will exist throughout. Equation (6) 
may be applied with ra set equal to zero and the (xl,r,e) directions equated 
to (1,2,3). It follows that 

n r  

tJ88(x1,r,00) = -brs - J ' &r2 d In r + C. (17) 
0 

At r = 0, r will be zero so that C will be oBB(zl,O,Oo) and 
nr 

As the second normal stress difference is found by most investigators to be 
n e g a t i ~ e , ' ~ . ~ . ~ ~  we shall take & to be negative. It follows then that 

where p is 
small r.  

and there will be a tendency for the interface to protrude at 
(Remember that this tendency would be due to negative a@.) 

Let us now consider the force balance across the interface: 

If we take to be greater in magnitude than IBzal, then the bracketed 
term on the left hand of eq. (20) will be less than zero. Equating p across 
the interface at  some radius r ,  yields 

[p(~l,o,e = oO)i > 0 ,  (21) 

and the fluid with the greater absolute second normal stress difference will 
tend to protrude into the other fluid. The convex fluid will be the one with 
the larger [&I, and the fluid on the concave side of the interface will be the 
possessor of the smaller I&]. 
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It should also be mentioned that surface tension is not included in the 
above analysis.* Our arguments should be valid when 

surface tension 
radius of curvature << BPI. 

This interpretation is similar to that given by Tanner4? for the shape of the 
interface of a viscoelastic fluid moving down a trough. 

The analysis of the above paragraphs suggests a qualitative form of the 
interface but it does not yield a quantitative steady-state shape. Certainly 
this shape may be derived using the methods of Wineman and Pipkin. 
This type of analysis is being studied by our group. However, one must be 
wary of the meaning of such a result, for the residence time of stratified 
flow of two melts in a spinneret is small, and certainly this steady-state 
shape is not able to develop in a typical short die. 

For the case where the fluid viscosities are different, the problem is 
more complex and laminar shear flow no longer exists. The velocity field 
even in Newtonian fluids becomes complicated. In  experimental studies 
of Newtonian fluids moving down a trough, flat interfaces have been ob- 
served." Interfaces in two-phase stratified flow of oil and water in con- 
duits have been found to possess little stability and to be readily disturbed 
to give waves.19 Generally, the oil interface has been found to be convex 
and the water interface concave with the relative convexity of the oil 
interface increasing with flow rate.19 The water tends to coat a greater 
portion of the conduit circumference than the oil. The mechanism for 
this would seem to involve both surface tension and viscosity differences. 
One would also suspect that there is in many cases no unique solution of the 
two-phase stratified flow problem in Newtonian fluids. What we mean is 
that the Navier-Stokes equations may be simultaneously satisfied in both 
phases and interfacial stress conditions, satisfied with more than one type 
of interface shape. Our intuition is 
that we may have a stability problem with the two-phase system tending 
toward a low dissipation configuration, one in which the water encapsulates 
the oil. Yih58 has given an analysis of viscosity stratification instabilities 
in Newtonian fluids. With polymer melts, one must consider also normal 
stress differences and other viscoelastic manifestations. Indeed, one must 
retreat from eqs. (5)  and (6) to eq. (1) to compute the stress field. If two 
chemically similar melts of differing molecular weight are considered, both 
the viscosity difference and normal stress differences would tend to make 
the lower molecular weight melt encapsulate the other. The Yih instability 
problem has been studied for viscoelastic fluids by Li,23924 but its applica- 
tions are not immediately apparent. 

It is not difficult to calculate the shape of the interface be- 
tween two liquids in a horizontal tube as caused by surface tension. This has been 
done by one of us (JLW) with B.-L. Lee using the methods of Collins and Cook 
(Trans. Faraday Soc., 55,1602 (1959)) and Buff (Handbuch der Physik, Vol X, Springer 
Verlag, Berlin, 1960). 

This would lead to an instability. 

* Note added in proof: 
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Experimental 

Procedure 

We carried out an experimental study and made color motion pictures of 
flow patterns in stratified tubular flow. Copies of the film are available 
by writing to one of us (J.L.W.). The basic experimental procedure was 
similar to  that used in our studies of die entry flow of single polymer sys- 
t e m ~ . ~ ~  A heater-surrounded glass extension possessed a window through 
which the interior of the capillary could be observed. Extruded polymer 
rod was purchased from Cadillac Plastics. The rods were machined down 
to the size of the inside diameter of the Instron rheometer barrel. They 
were then cut approximately in half, and one half was ground almost ex- 
actly to  be a right half-cylinder. Small holes were drilled every inch along 
the length of each rod and were filled with colored extruded filament of the 
same polymer. Two half-cylinder rods of different polymers were placed 
together to make a full cylinder which was then inserted into the Instron 
barrel. The system was then heated to  the operating temperature of 
interest and extrusion was begun. Flow patterns were observed through 
the window. 

Materials 
Our experiments were limited to one binary polymer system, namely low- 

density polyethylene and atactic polystyrene a t  180°C. The non-New- 
tonian viscosity of these melts was measured in the Instron capillary rhe- 
ometer. It is plotted as a function of shear rate as shown in Figure 2. The 
ratio of entrance pressure drop to shear stress, which is a sort of Weissen- 
berg measuring relative melt elasticity, is also plotted in Figure 
2. The rheological measurements were made by T. F. Rallenger in con- 
junction with an earlier research project. 

Observations and Discussion 
The general observations were of a two-phase flow from a cylindrical 

reservoir into a capillary die and are summarized in Figure 3. Still photos 
from the films are given in Figure 4. In  the undisturbed pattern generally 
observed at low flow rates, two-phase velocity fields are found in the upper 
portion of the reservoir, which resemble those of eq. (10) for flow in slits 
and the calculations of various authors mentioned above for Newtonian 
fluids in The velocity profile, in the low-viscosity polyethylene, 
as expected, exhibited a maximum, and the gradients in the polystyrene 
were less steep. I n  the lower part of the reservoir near the die entrance, 
we observed stable circulating secondary flows of the type found by Bagley 
and B i r k ~ , ~ ~  our own group,34j35836 and others in single-phase systems. The 
observation of two different circulating regions on opposite sides of the 
interface is a striking sight. 

Attempts were made to visually observe the shape of the polyethylene 
polystyrene interface in the reservoir. Runs with and without added 
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colored filaments were utilized. The interface seemed flat at low ex- 
trusion rates; at intermediate rates the polyethylene appeared convex, but 
this is uncertain. Some capillary extrudates were oross-sectioned. These 
indicate convex polystyrene surfaces. The polyethylene and polystyrene 
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drop) of the stratified two-phase polymer melt system. 

-Interface 

L Low Density Polystyrene L, 
Polyethylene 

Fig. 3. Sketch summarizing visual observations in stratified two-phase flow experiment. 
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Fig. 4. Flow patterns in the stratified two-phase flow of low-viscosity, lowdensity 
polyethylene (left) and high-viscosity polystyrene (right). The velocity profile exhibits 
a parabolic form including a maximum and two decreasing velocity regions in the lower- 
viscosity polyethylene. This gives it a higher average velocity than the higher-viscosity 
polystyrene, which exhibits no maximum. The velocity is the same at the interface. 
Circulating regions may be seen in the corner of the reservoir for each melt. In Figure 
3a, the interface is shown a t  an oblique angle to the viewer, and the interception of the 
markers in the polystyrene with the interface may be readily seen. Figure 3b shows an 
interface parallel with the viewer’s line of sight. There also is a large air bubble at the 
bottom of the reservoir. Figure 3c shows the final phases of the experiment at high 
extrusion rates. Two melt flow 
instabilities are occurring simultaneously. There is an oscillating flow at the entrance, 
the type which leads to extrudate distortion. Secondly, there is a fingering into the 
polyethylene by the polystyrene. The polyethylene has been largely depleted from the 
reservoir because of its lower viscosity snd higher flow rate. The original color film more 
clearly shows the flow patterns because of the color contrast and motion. 

A bubble is sitting a t  the bottom of the reservoir. 
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are an interesting pair of polymers to study. On the basis of viscosity 
differences, an analogy with the oil-water system would suggest that poly- 
styrene is convex. If the second normal stress differences follow the first 
in value, one would expect on the basis of the arguments of the previous 
section that the polyethylene is convex. 

The extrudate emerging from the spinneret behaves as might be ex- 
pected for bicomponent fibers. Not far below the spinneret phenomenon 
surface, it buckles and sometimes contacts and sticks to this steel surface. 
This is apparently due to both stresses in the filament caused by the differ- 
ential change in mechanical properties and density with cooling and to the 
difference in flow rates of the two phases. 

First, 
bubbles collect near the capillary inlet. The source of the bubbles is per- 
haps small air pockets between the initial polyethylene and polystyrene 
half-cylinders. The bubble collection near the capillary entrance is ap- 
parently the Uebler effect.60 At higher rates, the types of instabilities 
that lead to extrudate distortion are observed. The interface was observed 
to oscillate back and forth just above the capillary, and the alternating 
surging of the polyethylene was most visible. At high extrusion rates, 
another striking occurrence is the breaking of the interface in the upper 
parts of the reservoir, apparently induced by the depletion of the more 
rapidly flowing polyethylene. I n  any case, polystpene fingering into the 
polyethylene phase is observed. The depletion effect made the polystyrene 
interface convex. 

At higher extrusion rates, a number of new pheuomena arise. 

DISPERSED SYSTEMS 

Rationale 

Most of the industrial polymer blends are not of the simple stratified 
nature discussed in the earlier portions of this paper. Rather, they derive 
melted blends of pellets and powders or sheared-together bales of elastomers. 
The morphology of the structures produced seems very complicated. How- 
ever, one might visualize with Spencer and  wile^*^ the thinning out of 
polymer sheets and filaments during thinning. Eventually, some sort of 
instability may take place which breaks up the filament or sheet into smaller 
fragments or droplets. The observations of one of the authors2’ on fill 
blending of elastomers suggests some sort of tearing action. For lower- 
viscosity polymer melts, the phenomenon might be more akin to hydro- 
dynamic instabilities. Certainly melt elasticity and viscosity will be im- 
portant, and Weissenberg numbers are involved in the appropriate solu- 
tions. Van Oene32 has presented arguments for instability mechanisms in 
this problem based upon energetic considerations. Here, we will briefly 
give a progress report on some of the experiments carried out in our lab- 
oratories. Similar experiments have been carried out by Starita and Max- 
wellzg.m and by Van Oene.32 



1326 WHITE ET AL. 

Experimental 

Procedure 

Our intent has been to carry out a study of the morphology of extrudates 
produced in extrusion of dispersed two-phase polymer systems. As in the 
previous experiments of this paper, our basic piece of apparatus was the 
Instron capillary rheometer. Pellets of two polymers of interest were fed 
a t  equal rates (or proportional to the final desired composition) into the 
Instron barrel at room temperature. The system was heated to  the operat- 
ing temperature and extrusion was carried out through a series of dies with 
LID ratios of 14.7, 29.0, and 48.3 and with a diameter of 0.0315 in. Each 
system was studied a t  a series of different blend compositions (listed below) 
and at two capillary-wall shear rates (45 sec-' and 225 sec-'). 

Following extrusion, the cooled extrudates were placed in bottles of 
solvents known to selectively dissolve and thus leach out one of the poly- 
meric constituents. The 
structure of the remaining polymer fragment was then analyzed by eye 
and with an optical microscope. 

Periods of leaching were up to two weeks. 

Malerials 

Several binary systems, each having atactic polystyrene (Dow Styron 
666) as one of the components, were studied. The other polymers were (1) 
low-density polyethylene (Eastman Tenite SOO), (2) high-density poly- 
ethylene (Eastman Tenite 3340), and (3) isotactic polypropylene (Hercules 
Profax 6523). Figure 5 contains viscosity-shear rate and shear stress- 
reduced normal stress (m - m ) / m  data for these materials at 180°C. 
The rheological data were obtained by I. J. Chen and J. W. Crowder. In  
each of the polyolefins-polystyrene systems, 50/50, 25/75, and 10/90 
ratios were studied at 180°C; 90/10,75/25,50/50,25/75, and 10/90 ratios 
for the high-density polyethylenepolystyrene and 50/50 ratio for high- 
density polyethylene and polypropylene-polystyrene were studied at 230°C. 
Benzene was used to  extract polystyrene from the extrudates. 

Observations 

Qualitative observations were made (especially with the 230°C extru- 
dlttes) of the surface features and mechanical properties of the two-phase 
(polystyrene-polyolefin) filaments. For polyolefin/polystyrene mass 
ratios ranging down to 25/75, the filaments superficially appeared to  be 
entirely polyolefin. However, closer inspection indicated that the mor- 
phology was much closer to  a polyolefin sheath surrounding a polystyrene 
core. The 90% polystyrene filaments seemed superficially to consist 
entirely of transparent polystyrene. If the various filaments studied were 
bent, it became apparent that there were two continuous phases of the dif- 
ferent materials. Bending would readily fracture the more brittle glassy 
polystyrene while not affecting the integrity of the polyolefin. Pulling 
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Fig. 5.  Rheological properties (non-Newtonian viscosity p and normal stress ratio, 
(T, I  - T Z ? / T ~ ~ )  for polymer melts in disperse two-phase flow experiments. 

apart those filaments with broken polystyrene phases led to further ob- 
servations of interest. Generally, necking would develop in a stretched 
filament and would lead to a break. For the 90/10 low-density poly- 
ethylene-polystyrene filament at 230°C, a sausage-like structure evolved 
on stretching with large-diameter portions being connected by necked-down 
segments. The large-diameter portions could be seen by closer observa- 
tion to contain polystyrene fragments. I n  the case of the bent 90% poly- 
styrene filament, pulling i t  apart yielded a continuous polyethylene fila- 
ment located in the center of the internal cross section. The polyethylene 
filaments could be removed from the polystyrene continuum leaving cy- 
lindrical holes. 

Measurements were made of the weight loss in benzene as a function of 
initial weight per cent polystyrene. The averaged values of weight loss, 
evaluated over several samples of the same apparent initial composition, 
were an increasing function of the initial polystyrene content. There was 
considerable scatter in the weight loss data. A careful study of the results 
suggests a less even composition distribution in the extrudate for the poly- 
propylene and low-density polyethylene than in the high-density poly- 
ethylene. This was because the extracts from the former two polymers were 
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Fig. 6. The above photograph shows the remnant of a 50:50 high-density polyethyl- 
ene-polystyrene extruded from a 0.0315in. diameter die (LID = 29) at 45 sec-1 after 
extraction with benzene. The original filament was cut across its cross section with a 
razor and the inner annuli pushed out. 

frequently greater than the superficial polystyrene weight per cent added 
in the reservoir. An explanation for the low-density polyethylene may be 
found in that this material is showing the beginnings of extrudate distortion 
and melt flow instability at this shear 

The benzene-extracted filaments were always found to remain as fila- 
ments. From visual observations (carried out most extensively at 180°C), 
the extracted highdensity polyethylene filaments remained more regular 
than the other polyolefins. Indeed in most cases they were found to con- 
sist of telescoping layers of polyethylene originally sandwiched with poly- 
styrene. This structure was observed by cutting the remaining filament 
with a razor blade and pushing out the inner fragment with tweezers. 
Continuous cylindrical polyethylene filaments were observed within the 
original filament (Fig. 6 ) .  The benzene-extracted low-density polyethylene 
and polypropylene filaments have similar but less regular structures. The 
inner telescoping layers are connected to the external layer, and it is im- 
possible to push them out as waa done with the high-density polyethylene. 

CONCLUSIONS 
1. A theoretical analysis of the stress and velocity fields and interface 

shape has been given for stratified and annular two-phase flow. The veloc- 
ity field is largely determined by the viscosity of the two phases. In- 
terface shape appears to be influenced by the second normal stress dif- 
ference coefficient & and differences in melt viscosity and perhaps surface 
tension. 

2. An experimental technique is developed for studying stratified two- 
phase flow through a cylindrical reservoir and into a capillary die. Experi- 
ments were carried out using rheologically characterized lowdensity poly- 
ethylene and polystyrene. Velocity patterns and interface shape were 
studied. Circulating flow patterns, characteristic of each of the melts 
were observed on the opposing sides of the interface. 

3. Studies of disperse two-phase flow of blends of polystyrene pellets 
with different polyolefins were carried out in an Instron capillary rheometer. 
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The extrudate morphologies were determined by benzene extraction. 
These generally consisted of approximately concentric sandwiched annuli of 
polyolefin and polystyrene. 

A number of scientists and engineers with different polymer companies provided not 
only continuing encouragement during the course of this research, hut pointed out to the 
authors several patents and papers of interest in the literature as well as indicating cer- 
tain aspects of this problem worthy of special attention. Here we could like to thank 
Messrs. R. L. Ballman and J. Southern of Monsanto; H. van Oene of Ford; M. E. 
Morrison and G. E. Hagler of American Enka; and R. M. Schulken of Tennessee East- 
man. Bryce Maxwell introduced us to the study of the disperse two phase flow of poly- 
mer melts. The authors had useful discussions and communications on related viscoelas- 
tic flow problems with R. I. Tanner and A. C. Pipkin. The rheological characterization 
studies were carried out in part by T. F. Ballenger, I. J. Chen, and J. W. Crowder. Part@ 
support of this project came from the National Science Foundation under Grant GK 
18897. 
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