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This paper investigates the effect of varying the geometry of the die on the cell
nucleation behavior of extruded PS foams blown with CO,. Three interchangeable
groups of carefully calibrated filamentary dies have been used in the experimental
study. The dies were deliberately designed to have either different pressure drop
rates while having identical die pressures and flow rates, or different die pressures
while having identical pressure drop rates and flow rates. The experimental results
revealed that the geometry of the die governs the cell density of extruded PS foams,
especially because of its significant effect on the pressure drop rate across the die.
However, the effect of the die back pressure on the cell density was found to be
marginal, whereas its effect on the cell morphology was found to be predominant.
In addition, regardless of die geometry, the CO, content proved to be a very sensi-
tive parameter with respect to the cell nucleation behavior of extruded PS foams.
On the other hand, the cell density was slightly improved by an increase of the talc
content, especially at reduced concentrations of CO,.

INTRODUCTION

Foamed polymer products possess many unique
characteristics compared to their solid counter-
parts, such as higher specific tensile strength, higher
toughness, and better thermal and sound insulation
properties. Generally, in plastic foams, the cell den-
sity, volume expansion ratio, and cell size determine
the internal structure, and hence the final properties
of foams. However, only two of these parameters are
independent. For example, for a fixed expansion ratio,
the cell size becomes smaller as the cell density in-
creases, Since plastic foams having a smaller cell size
and a more uniform cell size distribution exhibit bet-
ter properties (1—8), substantial research efforts have
been made to decrease the cell size by increasing the
cell density. In this context, the cell-nucleating behav-
iors during foaming have been studied extensively for
the purpose of increasing the cell density, especially
for microcellular plastics processing (9—22).
Microcellular plastics are characterized by cell sizes
less than 10 pm, and cell densities higher than 10°
cells/cm?. The initial concept for microcellular plastics
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was conceived in response to an industrial need for
reducing the material cost for certain polymer prod-
ucts without compromising the mechanical properties
(23). Typically, microcellular plastics exhibit higher
impact strength, higher toughness, higher stiffness-
to-weight ratio, longer fatigue life, higher thermal sta-
bility, lower dielectric constant, lower thermal conduc-
tivity, and better light reflectability (1-8). In recent
years, as a result of intensive research and develop-
ment and because of their unique characteristics,
these products have been commercialized and applied
in broader fields (24—26).

BACKGROUND

The first-generation continuous-microcellular extru-
sion based process was developed by Park et al.
(9—12). In this process, a polymer is melted in an
extrusion barrel, and a metered amount of gas is de-
livered to the polymer melt stream under a high pres-
sure. The injected gas diffuses into the polymer ma-
trix at a fast rate because of the convective diffusion
caused by the high shear rate in the extrusion barrel
and the increased diffusivity at an elevated tempera-
ture. This leads to the formation of a single-phase
polymer/gas solution (9, 10). The polymer/gas solution
is then subjected to a thermodynamic instability to
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nucleate microcells. This is usually achieved by rap-
idly dropping the solubility of gas in the polymer melt
by controlling the temperature and/or pressure at the
nucleation die {9 11). Briefly, three major steps have
been involved in producing microcellutar foams: 1)
polymer/gas solution formation, 2) cell nucleation,
3) cell growth, stabilization, and shaping. The cell
nucleation process can occur homogeneously through-
out the material or heterogenecusly at high energy re-
gions such as phase boundaries {27—31). In an ideal
case, nucleation could occur instantaneously. The cell
growth process is controlled primarily by the time al-
lowed for the cells to grow, the temperature of the sys-
tem, the state of supersaturation, the hydrostatic pres-
sure or stress applied to the polymer matrix, and the
viscoelastic properties of the polymer/gas solution
(32). The final foam structure is determined by the
conditions under which the three steps of the process
are performed.

Formation of a homogeneous solution from the two-
phase polymer/gas mixture is essential in continuous
microcellular foam processing (10), because both the
number and uniformity of bubbles nucleated are
strongly dependent on the quality of the solution.
Therefore, it must be first ensured that a correct
amount of blowing agent is injected into the barrel to
mix with and dissolve into the polymer. Since excess
gas will form large voids, it would be important to de-
termine the amount of blowing agent that can be ab-
sorbed and dissolved into the polymer (i.e., the solu-
bility limit) at processing conditions. For the PS/CO,
system, the solubility of CO, is estimated to be 9 wt%
for 27.6 MPa (4000 psi) at 200°C (33).

The nucleation of numerous cells is critically impor-
tant in microcellular processing because a microcellu-
lar structure would not be formed otherwise. Typi-
cally, a thermodynamic instability induced by a rapid
drop in the gas solubility has been utilized in extru-
sion microcellular processing (9—11). Recently, there
have been some efforts to utilize a shear strain to fur-
ther increase the cell density by decreasing the activa-
tion energy for cell nucleation in a continuous micro-
cellular processing (15, 17). It has been reported that
a high shear could create a large cell density because
of the high shear energy generated (30, 31). The influ-
ence of nucleating agent on cell nucleation was also
investigated (14, 16, 29, 34). It has been observed that
adding the nucleating agent is a favorable factor for
cell nucleation even in the CO,-based processing and
that the effectiveness of the nucleating agent depends
on the type and amount of blowing agent and on the
polymer matrix.

In a previous study (10), Park et al. demonstrated
the effect of the pressure-drop rate on cell nucleation
in foam processing of HIPS with CO, while using three
dies that had the same die pressure but different
pressure-drop rates. They verified that the pressure-
drop rate has a significant effect on cell nucleation
through the induced thermodynamic instability. Differ-
ent pressure-drop rates would induce different levels

POLYMER ENGINEERING AND SCIENCE, JULY 2003, Vol. 43, No. 7

of thermodynamic instability, and thereby different
cell densities. The highest thermodynamic instability
would occur when the pressure dropped most rapidly,
which was exactly when the highest cell density was
obtained. However, this study failed to show the com-
prehensive strategies on die design because the diam-
eter and length of the dies were varied in such a way
that the pressure was maintained to be constant while
the pressure-drop rate was changed. Furthermore, ex-
periments were conducted only at a fixed content of
the blowing agent (i.e.., CO,), and consequently, the
effect of CO, content on cell nucleation at various
pressures and pressure-drop rates was not studied.
Also, no nucleating agent was used, and therefore, the
sensitivity of the cell density to the content of the nu-
cleating agent at various die parameters was not in-
vestigated in the said study.

In order to study the effects of these well-known
material and die-geometry parameters on the cell-mu-
cleating behavior of extruded foams, a systematic re-
search has been conducted by employing a set of dies
with differing geometry in a foaming extruder while
separately varying the contents of nucleating agent
and blowing agent. For a given die geometry, the die
pressure and pressure-drop rate are uniquely deter-
mined at each flow rate of polymer melt. Conversely, a
unique die geometry can be determined for each set of
the die pressure and pressure-drop rate at a given
flow rate. With this rationale, three distinct groups of
filamentary dies were designed and implemented in
this study to investigate the effects of the die geometry
on cell nucleation. Although a simple straight-fila-
mentary die is chosen in this study. the developed
concept can be extended to the design of converging-
filamentary dies, straight-sheet dies, and converging-
sheet dies.

DESIGN OF DIES

Assuming that the viscosity of the polymer/gas so-
lution is shear-rate dependent and could be described
by the “power law™ in the flow through a tube (35, 36,
the pressure drop, Ap, over the length of a nozzle for a
non-Newtonian fluid in a fully developed flow can be
expressed as (37):

Capern k(s )] o

R3n+1 n o

In order to derive the pressure-drop rate of the die,
the residence time should be determined. The average
residence time, At, of the flowing polymer/gas solu-
tion in the nozzle can be expressed as:

L L wRZL
Vg @Q/nR Q
Therefore, the pressure-drop rate can be estimated as
follows:
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Equations 1 and 3 can be rewritten to express the
pressure and the pressure-drop rate as a function of
the die-geometry parameters and the melt flow rate.

L
AP:A Qﬂ, (R3n+l> (4)
Ap . 1
PO T X

where A and B are constants determined by the power-
law characteristics of polymer melt:

A=—-2T~(3+-1«> (6)
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From Eq 4, it is noted that in order to keep the
same pressure drop at the same flow rate, the die
lengths should be varied according to the different die
diameters. More interestingly, Eq 5 shows that in a fil-
ament flow case, the pressure-drop rate is the func-
tion of only @ and R provided that m and n values are
constant over the shear-rate range of the flow. This il-
lustrates that for the same melt flow, as long as the
die diameter is kept the same, the pressure-drop rate
would be constant in spite of different pressure drops
and die lengths. Therefore. if we fix the melt flow rate
and change the die diameter, different levels of pres-
sure-drop rates can be specifically achieved.

Equations 4 and 5 can be rewritten for Rand Las a

Ap
function of Ap, Ar and Q-

1
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[S1E

gn + '1; % Ap>__§m-: é

— -1, n+3, . = n

L=A"'-B Q°-Ap ( At 9
Equations 8 and 9 show that for a desired set of the

pressure and the pressure-drop rate, the die parame-

ters are uniquely determined at a given flow rate. Based

on this rationale, three groups of dies, 9 in total and 3
in each group, were designed in this study such that
each die has a different pressure drop and different
pressure-drop rate. The die diameter was kept un-
changed within each die group, and thereby the pres-
sure-drop rate was kept constant, while the die length
was varied to produce three different levels of die
pressures.

This study specifically considers foaming of polysty-
rene as a case example. The characteristic constants
of PS, m = 15,490 N-s®333/m? and n = 0.333, which
were determined from the rheological data within the
shear rate ranging between 10! and 104 s™! at 210°C,
were used in the calculation.

The detailed design procedure is described as fol-
lows. First, the volumetric flow rate was set to 1.68E-
7 m3/s, which is a typical value for the specific extru-
sion system used in this study. Second, three levels of
pressure drops of 13.8 MPa (2000 psi), 20.7 MPa
(3000 psi), and 27.6 MPa (4000 psi), were selected.
Then, three levels of pressure-drop rates of 0.082
GPa/s, 0.416 GPa/s, and 4.16 GPa/s were also se-
lected. Within the same die group, the die diameters
(i.e., the pressure-drop rates} were kept the same
while the die lengths were varied to produce the afore-
mentioned 3 levels of pressure drop. For different die
groups, the die diameter was varied to have different
pressure-drop rates. The geometric dimensions of the
three groups of designed dies are summarized in
Table 1. The relevant information about pressure drop
and pressure-drop rate for each die could be observed
in Fig. 1. Considering the three designed die groups,
as shown in Fig. 1, Dies 1, 2, and 3, i.e,, the dies in
Group 1. have the same slope in the plot of pressure
vs, time, meaning that they have the same pressure-
drop rate {4.16 GPa/s}; on the other hand, the die
pressure drop occurs at three different levels (13.8
MPa, 20.7 MPa, and 27.6 MPa) as the die length is
varied. Similarly, Dies 3. 4, and 5 in Group 2 and Dies
6, 7, and 8 in Group 3 have the same pressure-drop
rates within each group at three die pressure levels.
It should also be noted that Dies 1, 4, and 7 have
the same die pressure level (27.6 MPa), Dies 2, 5, and
8 have the same die pressure level (20.7 MPa), and

Table 1. Calculated Geometry, Residence Time, and Pressure Drop Rate of the Dies for PS
Having a Pressure Drop of 27.6 MPa, 20.7 MPa, and 13.8 MPa, Respectively.

Required Average Pressure
Die Die Pressure Drop, Die Diameter, Die Length, Residence Drop
Group No. MPa (psi) mm (inches) mm (inches) Time, s Rate, GPa/s

Group 1 Die 1 27.6 Mpa (4000 psi) 0.4572 mm (0.018 in) 6.79 mm (0.27 in) 0.0033 4.160
Die 2 20.7 Mpa (3000 psi) 0.4572 mm (0.018 in) 5.09 mm (0.20 in) 0.0050 4160

Die 3 13.8 Mpa (2000 psi) 0.4572 mm (0.018 in) 3.39 mm (0.13in) 0.0066 4,160

Group 2 Die 4 27.6 Mpa (4000 psi) 0.8128 mm (0.032 in) 21.46 mm (0.84 in) 0.0331 0.416
Die 5 20.7 Mpa (3000 psi) 0.8128 mm (0.032 in) 16.10 mm (0.63 in) 0.0497 0.416

Die 6 13.8 Mpa (2000 psi) 0.8128 mm (0.032 in) 10.73 mm (0.42 in) 0.0663 0.416

Group 3 Die 7 27.6 Mpa (4000 psi) 1.2192 mm (0.048 in) 48.29 mm (1.90 in) 0.1677 0.082
Die 8 20.7 Mpa (3000 psi) 1.2192 mm (0.048 in) 36.22 mm (1.43in) 0.2516 0.082

Die 9 13.8 Mpa (2000 psi) 1.2192 mm (0.048 in) 24.15 mm (0.95 in) 0.3354 0.082
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Fig. 1. Design of a series of 9 dies and the comparison of the pressure drop rate pertaining to different dies.

Dies 3, 6, and 9 have the same die pressure level (13.8
MPa). Using this combination of die designs, the effects
of die geometry on cell nucleation can be systemati-
cally investigated.

CHARACTERIZATION OF FOAMS

The cell density, Ny, is defined as the number of
cells per cubic centimeter relative to the non-foamed
material, and it is calculated by Eq 10 and 11 (6):

s
Vei=1-—-— 10
/' : (10)
NM2 3/2 1
(]

Since the cell density is a quantitative parameter that
directly reflects cell nucleation, it will be considered as
the principal parameter to describe the nucleating be-
haviors of extruded PS foam in this study.

There are two different ways of counting the cell
density: The first is to count the number of cells per
unit volume with respect to foamed polymer, and the
second is with respect to non-foamed polymer. Both
are useful for different purposes. The first way is tra-
ditional and easier to understand and to characterize
the foam itself in real life (38). In fact, most scholars
working in the structure or property characterization
field want to use the cell density with respect to the
foamed volume because this is a more realistic and
easier parameter to describe the structure and prop-
erty. But the second way is defined to better describe
the processing-to-structure relationships. Since the
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foam processing consists of cell nucleation and cell
growth, there has been a strong desire to describe the
final cell morphology in terms of cell nucleation and
growth behaviors. In other words, by defining the cell
density as the cell-nuclei density (without any consid-
eration of the expansion in this stage), the cell density
can be used to indicate how well cell nucleation was
conducted. So to speak, the cell density is meant to be
the cell-nuclei density indicating the number of cells
nucleated in the polymer matrix in the stage of cell
nucleation. Since this is a paper on plastic foaming,
the cell density calculated with respect to the non-
foamed polymer was used to characterize the foam
structure.

EXPERIMENTAL
Materials

The plastic material used in this study was PS 101
from Nova Chemicals. The MFI of this material is 2.2
g/10 min. The blowing agent used in the experiments
was CO, (Matheson, 99.5%}. Talc was used as a nu-
cleating agent. The talc size ranged from 3 to 5 pm.

Experimental Setup

A schematic of the experimental extrusion setup
used in this study is shown in Fig. 2. The setup
consists of a 7.5 hp variable speed drive (Brabender
Plasticorder EPL-V7752), a 3/4" extruder (Brabender
05-25-000) with a mixing screw of 30:1 L/D ratio
(Brabender, 05-00-144) for plasticating the polymer
pellets and dispersing the injected blowing gas
throughout the melt, a positive displacement pump
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Fig. 2. Schematic of the experimental system setup. (1) blowing agent supply valve; (2) positive displacement pump; (3] gear box; (4}
variable speed DC motor: (5) hopper; (6) extruder; (7) thermocouples; (8) heater; (9) mixing device; (10) pressure transducers; (11) gear
pump: (12) control panel: (13) heat exchanger; (14) melt temperature; (15) nozzle temperature; (16) to control panel; (17) nucleation die.

for injecting the blowing gas, a six-element static
mixer of diameter 6.8 mm (Omega FMX-84441-S) for
enhancing the polymer/gas solution formation, a gear
pump (Zenith, PEP-II 1.2 cc/rev) for controlling the
melt flow rate, a heat exchanger containing homoge-
nizing static mixers (Labcore, Model H-04669-12) for
homogenizing the melt temperature, a gas injection
port for injecting the blowing gas, six band heaters,
four pressure transducers (Dynisco PT462B-10M-
6/18) for detecting the pressures at various important
locations, and six temperature controllers and six
thermocouples for controlling the temperatures of the
extrusion barrel, the mixer, the heat exchanger, the
gear pump, and the die.

Calibration of the Dies

Since the actual relationship between the flow rate
and the pressure drop in a die would be different from
the theoretically predicted one most likely because of
the ignored entrance pressure drop and the undevel-
oped flow in the entrance region, it was necessary to
conduct a calibration experiment for each die to ob-
tain the desired flow conditions {11). In the calibra-
tions, Die 1 with the diameter of 0.457 mm (0.018")
and the length of 6.79 mm {0.270") in the first group
was selected as the reference. With this die mounted,
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the polymer flow rate was measured to be 2.35E-7
m3/s, 1.4 folds the predicted value, when the die
pressure was adjusted to 27.6 MPa (4000 psi) at
210°C. This actual value was used in all the calibra-
tions of other dies.

First, calibration was conducted on Dies 4 and 7 so
that they can have the same flow rate and die pres-
sure as Die 1. The lengths of Dies 4 and 7 were origi-
nally made very long but cut in stages until the die
pressures read 27.6 MPa (4000 psi) at the fixed flow
rate of 2.35E-7 m3/s. Then using these 3 dies, cali-
bration was conducted for all the other dies within
each die group. In Group 1, the lengths of Dies 2 and
3 were cut in stages until the die pressures read the
desired values of 13.8 MPa and 20.7 MPa, respectively
at the fixed flow rate of 2.35E-7 m3/s. Similarly, cali-
bration of die Group 2 (Dies 4—6) and Group 3 {Dies
7-9) was also conducted. Table 2 summarizes the
calibrated die geometry.

The calibration of 9 dies at a fixed temperature
(210°C), at a fixed die pressure {27.6 MPa), and at a
fixed gas content (0%) is justified based on the as-
sumption that the power-law index (n) would be
maintained as the temperature, pressure, and gas
content are varied. In other words, once dies are cali-
brated to have the same resistance at a temperature,
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Table 2. Calibrated Geometry of the Dies for PS Having a Pressure Drop of 27.6 MPa, 20.7 MPa, and 13.8 MPa, Respectively.

Die Group Die No. Die Diameter, mm (inches) Die Length, mm (inches)

Group 1 Die 1 0.4572 mm (0.018 in) 6.79 mm (0.27 in)

Die 2 0.4572 mm (0.018 in) 5.59 mm (0.22 in)

Die 3 0.4572 mm (0.018 in) 3.81 mm (0.15 in)
Group 2 Die 4 0.8128 mm (0.032 in}) 35.56 mm (1.4 in)

Die 5 0.8128 mm (0.032 in) 21.59 mm (0.85 in)

Die 6 0.8128 mm (0.032 in) 14.22 mm (0.56 in)
Group 3 Die 7 1.2192 mm (0.048 in) 68.58 mm (2.7 in)

Die 8 1.2192 mm (0.048 in) 50.80 mm (2.0 in)

Die 9 1.2192 mm (0.048 in) 34.04 mm (1.34 in)

pressure, and gas content, then the resistance of the
dies will be almost the same with respect to each
other, although the temperature, pressure, and gas
concentration changed as long as the power-law index
is the same as shown below.

Consider Dies 1 and 4 at two different conditions “i”
and “f”. Equation 1 can be used to describe the pres-
sure-drop rate and melt flow relationships for all
these cases.

L 1 n; Q n;
—Ap,;=2m, —P?"l‘:—]‘ (3 + ;) (—Tr_]_i) (12)

L 1\ [ Qar\™
- Ap4i=2m,~Wn4’+;<3+;l~i> <._4_’> {13)

k)
Ll 1\ Qlf iy
_ Ap1f= 2mf ————R?nl+1 (3 + ';]) (? (14)
L 1\ /[ Qaf\ ™
__Ap4f=2mf—}:\)—:13n—777(3+;f> (7> (15)

By dividing Eqs 12 and 14 using Eqs 13 and 15, re-
spectively, one can have:

A py A /L L
D :<_Q_L) < ( IH) ( 34+1> (16)
A pa; Qui R3™ R;™

APy _ (92)”] ( L ) ( Ls ) (17)
A p4f Q4f R?[;n,+l R:inﬁl
If the calibration is conducted at “i” condition to have

the same @ and Ap for Dies 1 and 4, then Eq 16 be-
comes

L, - _E__ (18)

R’jln(+1 Rgn,+1

and L, is calculated from this equation. With this L,
value, Eq 17 becomes now,

Aplf: (_Q_l_f)ﬂy. (&)3@.—11;) (19
Apsy \Gay Ry

In order for Ap,; and Ap,to be the same for the same
Ohyand Q4. should be equal to n;. Therefore, as long
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as the power-law index remains the same, the calibra-
tion of dies will be effective even though the tempera-
ture, pressure, and/or gas content are changed.

It is known that the power-law index “n” for a given
range of shear rate tends to increase as the viscosity
drops by increasing the temperature, by decreasing
the pressure, and/or by increasing the gas content
{39). Since the actual foaming temperature range is
below the calibration temperature and the actual gas
content is higher than the calibration gas content, the
power-law index in the actual foaming conditions is
not expected to deviate much from that of calibration.
It should also be noted that the entrance pressure
drop (40), which has not been considered in this
analysis, may cause some errors in the calibration,
and a further study is required to clarify this issue.

Experimental Procedure

The PS resins were processed using the foaming ex-
perimental setup (Fig. 2), and a metered amount of
CO, was injected into the PS mell. Using the 9 dies,
experiments were carried out at various levels of CO,
content, talc content, and die temperature.

The die temperature was carefully varied from
170°C to 120°C with a decrement of 5°C. The pres-
sure changes with the decrease of temperature were
recorded at the steady state of each processing condi-
tion. The CO, contents were 2 wt%, 5 wt%, and 10
wi%, and the talc contents were O wt%, 1 wt%, and 2
wt%. The foam samples were randomly selected at
each processing condition and were characterized in
terms of the cell density defined in Egs 10 and 11.

RESULTS AND DISCUSSION

Extensive experiments were conducted by exposing
each of the three specially designed groups of cali-
brated dies (shown in Table 2) to various processing
conditions. The obtained experimental results were
then plotted for various material and processing pa-
rameter combinations. For example, Fig. 3 shows the
cell densities obtained at various temperatures using
different dies with and 1% talc and 5% CO, contents.
In order to clearly demonstrate the effects of the pres-
sure-drop rate, die pressure, CO, content, and talc
content on the cell density, the experimental results are
plotted as a function of these parameters in Figs. 4-8
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Fig. 3. Cell densities obtained at various die temperatures using a variety of dies with 1% talc and 5% CO, contents.
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Fig. 5. Cell densities obtained at various die pressure drop rates with 2% CQ,.

for detailed analysis. All the data points shown in
Figs. 4~5 and 7- 8 are the average of all the cell den-
sities obtained at various die temperatures for each
die or for each group. These experimental results re-
vealed that the cell density was not significantly af-
fected by the processing temperature.

Effect of the Die Geometry on Cell Nucleation
Through Its Influence on Pressure-Drop Rate

Figure 4 shows the cell densities obtained at 1% talc
content as a function of the pressure drop rate while
varying the CO, content. Figure 5 shows the cell den-
sities obtained at 2% CO, content while the talc con-
tent was varied. The results indicate that regardless of
the amounts of nucleation agent and blowing agent,
the cell density was significantly improved by applying
a die with a high pressure-drop-rate geometry. This
indicated that a large thermodynamic instability in-
duced by a large pressure-drop rate is a critical factor
affecting cell nucleation (11). Since the geometry of a
die determines the pressure-drop rate when a polymer
melt flows through the die, a properly designed die
that generates a high pressure-drop rate is required to
achieve a high cell density. Equation 5 shows that the
smaller the nozzle diameter, the higher the pressure-
drop rate for the same flow rate. However, there is a
limit to the reduction of the nozzle diameter because
of the manufacturability of the hole.
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Furthermore, the diameter of a filamentary die may
have to be determined most likely by the geometric re-
quirements of the produced foams (although the de-
termination of the die dimension for the required size
of the produced foams is not an easy task because of
the die swell and foam expansion). In this case, there
is no room for varying the die geometry to enhance
the cell density. Instead, the nucleating agent and
blowing agent contents have to be increased to maxi-
mize the achievable cell density. On the other hand,
the cell density can also be increased by increasing
the flow rate (see Eq 5), which can be accomplished
by increasing the speed of plasticating screw or the
speed of gear pump. The increase of the flow rate may
indicate that the extruder size should be upgraded.

Anocther way of increasing the cell density is to have
a separate stage of cell nucleation before shaping in
the die (41). In this case, the geometric dimension of
the nucleation section can be independently deter-
mined to achieve the required pressure-drop rate
while the geometric dimension of the shaping section
can be independently determined to meet the size re-
quirement of foam products. However, this approach
may lead to a poor cell density of the final product be-
cause of cell coalescence that may occur as a result of
the shear in the shaping section (42). If the pressure
in the shaping section is low enough, the nucleated
bubbles will quickly grow, and these grown cells may
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interact with each other to cause coalescence of cells.
Since this cell coalescence strongly depends on the
relative size of the bubbles with respect to the dis-
tance of nuclei, the pressure in the shaping section
will be the critical factor that governs the degree of cell
coalescence. The pressure in the shaping section is
determined by its resistance (i.e., the size of shaping
section). Although lowering the temperature for the
purpose of decreasing the gas diffusivity and increas-
ing the melt strength would be helpful for decreasing
the degree of cell coalescence, the size of the shaping
section may not be increased much because the pres-
sure in the shaping section may decrease much. If a
large-sized extruder is used to cause a high flow rate,
the pressure will increase, and therefore, the size of
the shaping section may be increased without having
a significant degree of cell coalescence. A further
study is required to address the possibility of using a
two-stage die for a thick cross-section product.

Effect of Shear Rate on Cell Nucleation

Although the majority of melt flowing in the core re-
gion in the filamentary die experiences a high pres-
sure-drop rate due to the “plug flow” characteristics of
shear-thinning, non-Newtonian melt (37), the melt
flowing near the wall of die does not have a high pres-
sure-drop rate because of the slow flow rate caused by
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shear action from the die wall. However, most of the
samples showed small variations in the cell density
close to the surface because of the enhanced cell nu-
cleation by the shear (30, 31). In fact, the cell densi-
ties close to the surface were observed to be slightly
higher (up to 30%) than those of the core area in most
cases as reported by Chen et al. {15, 17). The experi-
mental results clearly indicate that the fast-flowing
core region is nucleated by the high pressure-drop
rate, whereas the slowly flowing surface region is nu-
cleated by the shear action.

Effect of the Die Geometry on Cell Nucleation
Through Its Influence on Die Pressure

The die pressure is a function of multiple variables,
such as the speed of the plasticating screw (or the
speed of gear pump), the kind and amount of blowing
agent, the kind and amount of nucleating agent, the
melt temperature (and its uniformity), the die temper-
ature, and the die geometry. This complexity makes it
difficult to study the effects of the die pressure on cell
nucleation. In this context, the experimental study of
the effects of the die pressure on the cell nucleation
focused on two important aspects: the effects of die
pressure change from varying the die temperature,
and the effects of die pressure change from varying
the die geometry.
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Fig. 7. Cell densities obtained at various CO, contents with Group 1 dies.

Overall, it appeared that the die pressure variations
either by the die-temperature change or by the die-re-
sistance change did not affect the cell density signifi-
cantly. First of all, it was noted that as the tempera-
ture decreased, the die pressure increased because of
the increased viscosity. However, the cell density of
the foams produced from each die was observed to be
almost constant irrespective of the die temperature as
discussed before; i.e., it was mainly indifferent tc the
changes of the die pressure caused by the changes of
the die temperature. Furthermore, the pressure change
by varying the die geometry did not seem to affect the
cell density, either. Figure 6 shows the cell density as
a function of the die pressure for the 9 dies obtained
with zero talc content and 5% CO, contents. Similar
trends were observed for other talc and CO, contents.
It turned out that each die group that has the same
pressure-drop rate but a different die pressure showed
almost the same cell density. In other words, when
the die length was increased within the same die
group, the pressure increased because of the in-
creased resistance, but the experimentally observed
cell density was not changed. Only the dies in Group
3 (Dies 7, 8, and 9) for the case of a high CO, content
in the low pressure range, the cell density increased
slightly as the die pressure increased. However, when

POLYMER ENGINEERING AND SCIENCE, JULY 2003, Vol, 43, No. 7

talc was added, all these dies in Group 3 showed ex-
actly the same trends, and therefore, the pressure
change due to the die-resistance change while fixing
the diameter (i.e., within the same group) was not the
main reason for this increase in the cell density. It is
believed that this change was due to the characteris-
tic of homogeneous cell nucleation, which is more
sensitive to the pressure drop below the solubility
pressure (11). On the other hand, the heterogeneously
nucleated cell densities obtained with talc did not
show any variations with respect to the die pressure.
It is interesting to note that the cell densities did not
decrease significantly as the pressure decreased even
below the solubility pressure at each CO, content,
which is estimated to be 6.2 MPa {900 psi), 15.2 MPa
(2200 psi), and 30.3 MPa (4400 psi) for 2%, 5%, and
10% CO, contents at 200°C, respectively (33).
However, big bubbles were often observed in the ex-
truded foams when the pressure was lower than the
solubility pressure. This implied that below the solu-
bility pressure, a portion of the gas was separated
from the polymer matrix to create a second phase in a
form of big gas pockets. But as the pressure was in-
creased by lowering the temperature, those big gas
pockets disappeared while the cell density was not
significantly changed. The cell density would not be
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Fig. 8. Cell densities obtained at various talc contents while varying the fixed CO, content: (a) 2% CO, (b) 10% CO,.
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affected much with the presence of these big pockets
unless the cell nuclei closely located to the big bubbles
are deteriorated significantly. Although the (nucleated)
smaller cells in the vicinity of a big bubble tend to de-
crease their sizes because of cell coarsening (or cell
ripening) (43}, the deterioration of cell density due to
cell coarsening is not expected to be severe in extrusion
because the residence time of the nuclei in the die after
cell nucleation is not very long (44). It should be noted
that the cell density would be decreased proportionally
to the volume fraction of big bubbles. But when the vol-
ume fraction of those big bubbles is not high, the cell-
nuclei density would not be changed much with the
non-dissolved gas pockets. This indicates again that
the die pressure had almost no effect on the cell den-
sity, but greatly affected the cell morphology of the ob-
tained foams, especially at low pressures.

Effect of CO, on Cell Nucleation

Figure 7 shows that for Group 1 dies, as the CO,
content was increased, the cell density was increased
accordingly, regardless of the talc content used in the
experiments. Similar trends were also observed for
other groups of dies. These results were expected be-
cause a greater degree of thermodynamic instability
would be induced with a larger CO, content, and
thereby, a larger cell density would be induced (10,
14). However, it was observed that the effect of CO, on
the cell density was more pronounced when a die with
a low pressure-drop-rate geometry was used at low
talc contents. The cell density of PS foams blown with
CO, did not seem to be increased significantly as the
CO, content was increased from 5% to 10%.

Effect of Talc on Cell Nucleation

Figure 8 shows the effects of talc on the cell density
obtained from the 9 dies. Although there was a trend
of increasing the cell density at a high talc content,
the results were not sirikingly different. This means
that for a PS-CO, system, the effect of talc is not dom-
inant in the ranges of CO, contents and pressure-
drop rates used in this study, although talc has proven
to be an effective cell-nucleating agent for many com-
binations of plastic and blowing agent. It was ob-
served that talc played a slightly stronger role at lower
CO, concentrations in comparison with respective sit-
uations occurring at higher CO, concentrations. Al-
though the sensitivity of cell density with respect to
the talc content was not high, CO, and talc overall
functioned complementarily in improving the cell nu-
cleation for a given geometry of die.

SUMMARY AND CONCLUSIONS

This paper focuses on the effects of the die geometry
on the nucleating behaviors of extruded PS foams re-
sulting from its effects on the pressure-drop rate and
the die pressure; meanwhile, the effects of CO, con-
tent and tale content through different dies were also
investigated. The experimental study was conducted
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using 3 groups of dies, 9 in total and 3 in each group,
intended to have 3 different levels of pressures and
pressure-drop rates.

The research presenied in this paper confirmed that
a proper die design plays a crucial role in improving
the quality of extruded foams blown with CO,. It was
shown that regardless of the concentration of CO, or
talc in the molten polymer, the die geometry deter-
mines the pressure-drop rate and the die pressure,
thereby dominantly affecting both the cell density and
the cell morphology. The pressure-drop rate was found
to be the most significant factor to create a high cell
density. When a high pressure-drop rate was created
by applying a proper die geometry. a high microcellular
cell density was achieved because a large thermody-
namic instability was instigated. In contrast, the die
pressure has insignificant effects on cell nucleation, al-
though a high die pressure would be definitely favor-
able to completely dissolve the injected gas, and
thereby to avoid the formation of big bubbles created
by the undissolved gas pockets in the foam. It was ob-
served that talc is a marginally favorable factor for nu-
cleating cells in the PS-CO, system. Moreover, the CO,
content, talc content, and die pressure-drop rate were
observed to be complementary to each other in en-
hancing the cell density, but no synergistic effects were
observed. When one of these parameters reached a
very high value at low values of the other two, the cell
density was solely governed by this parameter.

NOMENCLATURE

A = Dimensionless constant determined by the
power-law characteristics of the polymer
melt.

a = Area of a micrograph, m?.

B = Dimensionless constant determined by the
power-law characteristics of the polymer
melt.

dp/dt = Pressure drop rate across the nozzle, Pa/s.
= Length of the nozzle, m.
= Dimensionless magnification factor of a
micrograph.

m = Characteristic constant pertaining to a
non-Newtonian fluid over a temperature
range, N-s"/m?2.

N = Number of bubbles in a micrograph.

n = Dimensionless characteristic constant
pertaining to a non-Newtonian fluid over
a temperature range.

@ = Volume flow rate of the polymer/gas
solution, m3/s.

R = Radius of the nozzle, m

Vy = Void fraction of the extruded foam, %.

Ap = Pressure difference between a die’s inlet and
outlet, Pa.

At = Average residence time of the polymer/gas
solution in the nozzle, s.

p; = Density of the extruded foam, kg/m?.

p = Density of pure polymer, kg/m3.
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