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ABSTRACT: The effects of ultrasonic oscillation on die pressure, productivity of extru-
sion, melt viscosity, and melt oscillating flow of polystyrene (PS) as well as their
mechanism were studied in a special ultrasonic oscillations extrusion system developed
in our lab. The experimental results show that in the presence of ultrasonic oscillations,
the PS melt oscillating flow or surface distortion of PS extrudate is inhibited or
disappears. The surface appearance of PS extrudate gets greatly improved. The die
pressure, melt viscosity, flow activation energy, and consistency efficiency of PS de-
creased and the productivity of PS extrudate increased in the presence of ultrasonic
oscillation. The shear sensitivity of PS melt viscosity is decreased because of the
increase of its power law index in the presence of ultrasonic oscillation. Introduction of
ultrasonic oscillation into PS melt can greatly improve the processibility of PS. Their
possible mechanism is also proposed in this article. © 2002 Wiley Periodicals, Inc. J Appl

Polym Sci 84: 2451-2460, 2002
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INTRODUCTION

The rheological behavior of polymer is an impor-
tant parameter for polymer processing. The high
hydrodynamic resistance caused by the high vis-
cosity of polymer melt, elastic turbulence, or melt
fracture are major obstacles to increasing the pro-
ductivity of extrusion.! The traditional methods
for controlling the surface and mechanical prop-
erties of polymers are the addition of processing
aids or plasticizers and the adjustment of opera-
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tion parameters (such as temperature, pressure,
and rotation speed of extruder). However, these
methods are found in many cases to be insuffi-
cient and even inapplicable and to be limited by
polymer’s thermal stability. These methods
mainly rely on operators’ experience and improve-
ment of equipment, which means an increase in
production cost. Therefore, development of new
methods involving direct influence on the rheo-
logical characteristics of polymer melts, which
would make it possible to expedite extrusion, is
an urgent scientific and technological problem.
One new, attractive processing technique is the
utilization of melt vibration technology. In gen-
eral, there are three purposes for the application:

1. To homogenize and increase the density of
materials molded,;

2. To improve the processibility of polymer
and control the morphological structure of
polymer;
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3. To generate heat locally by internal friction
or decrease surface stress at the wall inter-
face between melt and die to increase
throughputs.

Mena et al.> * studied in detail the influence of
vibrations on Poiseuille flow of a non-Newtonian
fluid for the case of longitudinal vibrations, and
Kazakia and Rivlin® ® studied that in detail for
transverse vibrations. Superimposing oscillations
upon a constant pressure gradient flow of a vis-
coelastic liquid produces very large increases in
flow rate as compared with the stationary flow.
More recently, Casulli et al.” studied the effect of
superimposing longitudinal and transverse oscil-
lations on the die section at the exit of an ex-
truder. They found that the effect of the oscilla-
tions can increase the mechanical properties of
the extrudate as well as reduce die pressure, and
by the aid of vibrations, the flow rate through the
die is enhanced and the die swell is diminished.
Isayev et al.®® studied the effect of oscillations on
rheological and mechanical properties of some
polymers and found that the output could be in-
creased without increasing the power consump-
tion during extrusion for high extrusion rates.
Qu'®! invented a novel electromagnetic dy-
namic plasticizing extruder for polymers. In the
extruder, because of the harmonic vibration or
forced vibration of the rotator, the vibration field
caused by electromagnetic field is successfully ap-
plied to the entire process of the polymer extru-
sion. It was found that the mechanic properties of
HDPE and LDPE films get improved under vibra-
tion force field. The vibration force field can en-
hance the compatibility of polymer blends and
filled polymers.

High-intensity ultrasounds are high-fre-
quency and low-amplitude oscillations as com-
pared with sound oscillations and mechanical
vibrations. They are widely employed in biol-
ogy, welding of thermoplastics, machining,
cleaning, chemical reactions, and so on. The
major chemical effects of ultrasound are due to
cavitation.'? Cavitation in the ultrasonic field
implies nucleation, growth, and subsequent
claps of bubbles or cavities, resulting in violent
shock waves with a high temperature of ~ 5000
K and a high pressure of ~ 1000 bar. The deg-
radation of polymer in cavitation fields occurs
by the action of hydrodynamic forces of cavita-
tion. The macroradicals formed by scission of
polymer chains under ultrasonic irradiation can
initiate the polymerization of monomers and

the different kinds of macroradicals can recom-
bine to form graft/block copolymers. A great
deal of literature on degradation and copoly-
merization of polymers under ultrasonic irradi-
ation has been generated.'®2° A series of novel
copolymers were produced under ultrasonic ir-
radiation, some of which could not be synthe-
sized from their monomers. However, most re-
search focused on the degradation and copoly-
merization of polymers in solutions. In other
applications, Isayev et al.?'~22 reported a novel
ultrasonic technology for devulcanization of
vulcanized elastomer. The high-intensity ultra-
sonic waves in the presence of pressure and
heat can rapidly break up the three-dimen-
sional network in crosslinked rubber through
the scission of C—S, S—S, and C—C bonds. The
devulcanized rubber can be reprocessed, re-
shaped, and revulcanized in the same way as
virgin rubber. Although the viscosity of poly-
meric fluids was found to decrease and the flow
rate increased because of the superposition of
ultrasonic wave in extrusion, the application of
ultrasonic wave to polymer processing and its
mechanism have received little attention. In
our previous work,?*?* we introduced ultra-
sonic wave to polymer extrusion. It was found
that the appearance of high-density polyethyl-
ene (HDPE) and LLDPE (linear low-density
polyethylene) extrudates gets greatly improved
in the presence of ultrasonic wave. The ultra-
sonic irradiation can greatly improve the pro-
cessibility and mechanical properties of HDPE
and LLDPE. In this article, the effects of ultra-
sonic intensity on the die pressure, apparent
viscosity, melt fracture, and die swell of PS
extrudate and its mechanism were studied. The
variation of molecular weight and its distribu-
tion of polystyrene (PS) under ultrasonic wave
were also discussed.

Piezoeleciric transducer

Ulirasonic generator

Melt

Figurel Schematic diagram of ultrasonic irradiation
extrusion system.
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Figure 2 Die pressure of PS versus ultrasound intensity I.

EXPERIMENTAL

Materials and Equipment

Materials used were common-grade PS with a
number-average molecular weight of 7.34 X 10*
and polydispersity of 4.9, supplied by Nanjing
Plastic Factory, Nanjing, China. The experiments
were carried out in a special ultrasonic oscilla-
tions extrusion system developed in our lab, the
schematic diagram of which is shown in Figure 1.
It includes a die special horn capillary attached to

a single-screw extruder. A probe of ultrasonic os-
cillation with a maximum power output of 300 W
and a frequency of 20 kHz is inserted into the
polymer melt of the die and the oscillation is in
the direction parallel to the flow of polymer melt.
A pressure transducer and a thermal couple at
the die entry are installed to record continuously
the variation of die pressure and temperature
during extrusion. Flow rate through the die was
monitored by means of detecting the weight of the
extrudate emerging from the die.
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Figure 3 Absolute die pressure drop AP of PS versus ultrasound intensity 1.

Measurement and Calculation of Rheological
Parameters

A special ultrasonic oscillation extrusion system
developed in our lab was used to measure rheo-
logical properties of PS in the presence of ultra-
sonic oscillations. Measurements for die pressure
in the presence of ultrasonic oscillation were per-
formed at melt temperatures in die between 200
and 240°C by steps of 10°C and superimposed
ultrasonic intensities between 0 and 250 W by
steps of 50 W.

The apparent viscosity m,, shear rate ¥, and
shear stress, o,,,, are expressed as

nPR* 4Q PR

n(l = 8QL b yw = W’ O-sw = i

where P is the die pressure, L is the length of the
capillary, R is the radius of the capillary, and @ is
the volume flow rate. Viscous flow activation en-
ergy (AEn,) of melt obeys the Arrhenius equation:
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Figure 4 Absolute die pressure drop AP of PS versus melt temperature 7.

Na

lgm. = A5 303RT

Molecular weight and its distribution of PS were
measured by GPC-150C produced by Waters Asso-
ciates Co. The solvent used was tetrahydrofuran
(THF). Flow rate was 1.0 mL/min. The standard
sample used was PS. The mechanochemical degra-
dation of PS in the presence of ultrasonic wave was
investigated throughout the measurement.

RESULTS AND DISCUSSION

Effects of Ultrasonic Oscillations on Die
Pressure of PS

Die pressure changes with ultrasound intensity
were measured at melt temperatures in die: 200,
210, 220, 230, and 240°C, respectively. Figure 2
shows the dependence of die pressure at different
rotation speeds of extrusion on ultrasound inten-
sity. The die pressure decreases with the increase
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Figure 5 Die pressure P of PS versus volume flow
rate Q.

of ultrasound intensity and the decrease of rota-
tion speed of extrusion. The decrease of die pres-
sure in the presence of ultrasonic oscillations in-
dicates that by the aid of ultrasonic oscillations
the extrusion temperature could drop and the
processibility of PS improved. As shown in Figure
3, absolute die pressure drops, AP (AP = P, — P,
where P; and P, are the die pressures in the
absence of ultrasonic oscillation and in the pres-
ence of ultrasonic oscillations, respectively) goes
up, as the ultrasound intensity rises and the ro-

lgn,. Pa.S

26 1 } 1
1.2 1.5 1.8 21 2.4

igy,,s’

Figure 6 Apparent viscosity n, of PS versus shear
rate v,,.

tation speed of extrusion increases. Figure 4 in-
dicates that AP strongly depends on melt temper-
ature and rotation speed of extrusion. When the
rotation speed of extrusion is = 30 rpm, AP passes
through a maximum at melt temperature of
210°C. Then, AP drops with the rise of melt tem-
perature. If the rotation speed of extrusion is 40
rpm, AP passes through a maximum at a melt
temperature of 220°C. This is quite different from
that of our previous work on HDPE and LDPE
extrusion in the presence of ultrasonic oscilla-
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Figure 7 Power law index n of PS versus ultrasound intensity 1.
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Figure 8 Consistency coefficient £ of PS versus ultrasound intensity I.

tions.?* This complicated phenomenon is ascribed
to oscillating flow of PS melt in the extrusion
through capillary die.

In our experiments, we observed that when PS
extrudates showed visible oscillating flow, larger
pressure oscillations appeared as compared with
stable flow. At this moment, introduction of ultra-

sonic oscillations into PS melt could cause a re-
markable decrease of die pressure and the oscil-
lating flow can be inhibited or changed to stable
flow. The maximum of AP in the presence of ul-
trasonic oscillations corresponds to the transition
of oscillating flow to stable flow. The details will
be discussed later.
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Figure 9 Viscous flow activation energy AE, of PS versus ultrasound intensity I.
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Figure 10 Photos of PS extrudates at 200°C.

Effect of Ultrasonic Oscillations on
Productivity of Extrusion

Die pressure P versus volume flow rate @ at dif-
ferent temperatures were found highly affected
by ultrasound intensity (Fig. 5). The curves of 1g P
versus lg @ move to the right with the increase of
ultrasound intensity, indicating that volume flow
rate @ gets increased in the presence of ultrasonic
oscillations at the same P. It indicates that ultra-
sonic oscillations can increase the productivity of
extrusion. This is similar to the result predicted
by Kazakia and Rivlin and Leonov et al.®2%2¢ The
reason may be a decrease of surface stress at the
wall interface between melt and die in the pres-
ence of ultrasonic oscillations.

Effect of Ultrasonic Oscillations on Melt
Viscosity of PS

Figure 6 shows viscosity curves during extrusion
in the presence and absence of ultrasonic oscilla-
tions. It shows that 1g n, versus lg y,, has a linear
relation, indicating that at different tempera-
tures in the presence and absence of ultrasonic
oscillations the relationship between apparent
viscosity m, of PS and shear rate v, obeys the
following power law equation:

M. =kyl "

where £ is the consistency coefficient and n is the
power law index. As shown in Figure 7, n of PS
increases with the rise of ultrasound intensity
when ultrasonic oscillations are induced into PS

melt, indicating that the shear sensitivity of PS is
decreased in the presence of ultrasonic oscilla-
tions. The consistency coefficient of PS gets de-
creased with the rise of ultrasound intensity (Fig.
8), showing that melt viscosity of PS gets de-
creased in the presence of ultrasonic oscillations.
The viscous flow activation energy of PS versus
ultrasound intensity is shown in Figure 9. It is
observed from this figure that the viscous flow
activation energy of PS reduces with the rise of
ultrasound intensity.

Effect of Ultrasonic Oscillations on Unstable Flow
of PS Melt and Die Swell of PS Extrudate

In general, a shark-skinned surface of polymer
extrudates appears at a critical shear stress and
shear rate, and at an even higher shear stress,
polymer extrudates present an alternating sec-
tion of smooth and shark-skinned surfaces,
known as oscillating flow. Oscillating flow also
causes large pressure oscillation. This is the ma-
jor obstacle to increase the rate of production in
polymer processing operations such as extrusion
and film blowing. Therefore, increasing the criti-
cal shear rate and shear stress for elastic turbu-
lence flow of melt is the focused task to increase
productivity. As shown in Figure 10, the surface
of PS extrudate shows apparent distortion when
PS is extruded at 200°C and 20 rpm, and PS melt
oscillating flow becomes more serious with the
increase of rotation speed of screw. However, the
melt oscillating flow phenomena disappear when
PS is extruded at 200°C, 20 and 30 rpm with
superimposing 50 and 200 W ultrasonic oscilla-

a. 30rpm

b. 40rpm
Figure 11 Photos of PS extrudates at 210°C.
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Figure 12 Die swell of PS extrudates versus ultrasound intensity I.

tions, respectively. This indicates that ultrasonic
oscillations could increase critical shear rate for
PS melt oscillating flow. The productivity of PS
gets improved in the presence of ultrasonic oscil-
lations. Figure 11 shows a similar result with that
in Figure 10. Figure 12 shows that the die swell of
PS extrudates reduces with the increase of ultra-
sound intensity due to the decrease of viscosity.

Mechanism for Improvement of Rheological
Behavior of PS Melt

The reptation model is suitable for describing the
motion of a polymer chain. According to the
model, the motion of a polymer chain is carried
out through the wriggling motion of minor chain
segments in the polymer chain. High-frequency
and low-amplitude ultrasonic oscillation can acti-
vate the wriggling motion of minor chain seg-

ments because of their short relaxation time and
break through the entanglements of polymer
chains.?” It causes melt elasticity, and the inter-
action between polymer chains decreased. There-
fore, the apparent viscosity flow activation energy
of PS and elastic turbulence of PS during extru-
sion get decreased in the presence of ultrasonic
oscillation. Specific details will be studied further
in our future work.

The data listed in Table I show that ultrasonic
oscillations cause the number-average molecular
weight (M,,) of PS extrudate to decrease and its
molecular weight distribution to increase. M,, of
PS extrudate decreases and its distribution in-
creases with the increase of ultrasound intensity.
The low molecular weight PS formed by mechano-
chemical degradation under ultrasonic oscilla-
tions acts as a plasticizer for the high molecular

Table I Effect of Ultrasonic Oscillation on PS Molecular Weight

and Its Distribution

Extrusion Conditions M, x 107* M, x 107+ M,/M,
5 rpm, 220°C, 0 W 7.09 33.04 4.7
5 rpm, 220°C, 200 W 5.52 34.69 6.3
5 rpm, 220°C, 250 W 4.45 27.49 6.2
10 rpm, 220°C, 0 W 6.62 33.82 5.1
10 rpm, 220°C, 200 W 4.54 35.52 7.8
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weight of PS. The die pressure and melt viscosity
of PS get decreased.

CONCLUSION

The die pressure, apparent viscosity, flow activa-
tion energy, and die swell of PS during extrusion
get greatly decreased in the presence of ultrasonic
oscillations and decrease as the ultrasound inten-
sity increases. The productivity of PS extrusion
increases with the increase of ultrasound inten-
sity. The processibility of PS gets greatly im-
proved. Ultrasonic oscillations hold up PS melt
oscillating flow phenomenon. The appearance of
PS extrudate gets improved in the presence of
ultrasonic oscillations.
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