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ABSTRACT: This article reports on a systematic study
that was conducted to investigate the effects of die geome-
try (i.e., pressure and pressure drop rate) on the cell
nucleation and growth behaviors of noncrosslinked high-
melt-strength (HMS) polypropylene (PP) foams blown
with supercritical CO2. The experimental results showed
that the cellular morphologies of PP foams were sensitive
to the die geometry. Furthermore, the initial expansion
behavior of the foam extrudate at the die exit was

recorded using a high-speed CCD camera. This enabled
us to achieve a more thorough understanding of the effect
of die geometry on both the initial expansion behavior
and the final cellular morphology of HMS PP foams. The
effect of die temperature on cell morphology was also
studied. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 109:
3122–3132, 2008

Key words: branched; foam extrusion; poly(propylene) PP

INTRODUCTION

Thermoplastic foams exhibit a two-phase cellular
structure (i.e., a solid polymer matrix and a gaseous
phase) created by the expansion of a blowing agent.
This cellular structure provides unique properties,
such as light weight and low thermal conductivity,
which enable foamed plastics to be used effectively
for various industrial applications.1 Because of the
outstanding functional characteristics and relatively
low material costs, PP foams have been considered
to be one of the most promising candidates among
thermoplastic foams for industrial applications. PP is
resistant to chemicals and abrasion, and has a num-
ber of advantages over polystyrene and polyethyl-
ene2: PP materials have a higher rigidity compared
with other polyolefins; they offer better strength
than polyethylene and better impact strength than
polystyrene; and they provide higher service temper-
ature and good temperature stability. Only limited
research has been conducted, however, on the pro-
duction of PP foams; their weak melt strength means

that they are more difficult to manufacture com-
pared with the other plastics.3

Most polyolefin foams are produced by the free
expansion process, which is based on the theory
that the gaseous phase, which is dispersed through-
out the polymer melt, expands at the die exit. The
gaseous phase may be generated by the separation
of a dissolved gas, the vaporization of a volatile liq-
uid, or the release of gas from a chemical reaction.
Regardless of the type of blowing agent, the expan-
sion process comprises three major steps: (i) nuclea-
tion; (ii) bubble growth; and (iii) stabilization. The
nucleation phase (i.e., the formation of expandable
bubbles) begins in a polymer melt that has been
supersaturated with a blowing agent. Once a bub-
ble reaches a critical size, it continues to grow as
the blowing agent rapidly diffuses into it. This
growth continues until the bubble stabilizes or
ruptures.4

When cell nucleation takes place in the extrusion
foaming die, the cells grow and the foam density
decreases (i.e., the void fraction increases) as the
available blowing agent molecules diffuse into the
cells. In general, cell growth is affected primarily by:
the time allocated for them to grow; the temperature
of the system; the state of supersaturation; the
hydrostatic pressure or stress applied to the polymer
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matrix; and the viscoelastic properties of the poly-
mer/gas solution.5–7

Since foam products made from linear PPs usually
have limited expansion capabilities due to their
weak melt strength, material modifications and new
resin developments have been actively researched to
improve their foamability. Earlier efforts have
included crosslinking PP resins, which significantly
improved volume expandability, cell uniformity, and
thermoformability.8–11 Other researches has entailed
promoting long-chain branching12–16 to improve the
melt strength of PP materials. Significantly improved
foamability and thermoformability were observed
from long-chain branched high-melt-strength (HMS)
PP resins.3,12,13,17,18 Various other grades of HMS PP
polymers have also been produced and studied.19–21

Recently, the automotive industry has demon-
strated significantly increased interest in the manu-
facture of recyclable noncrosslinked PP foams to
replace the existing crosslinked PP foams currently
used in many applications. Furthermore, using envi-
ronmentally benign and inexpensive CO2 as a blow-
ing agent in PP foaming has become preferable to
using long-chain blowing agents such as HCFCs,
HFCs, pentane, and butane. Up until now, these
long-chain, physical blowing agents have been
employed in low-density foam processing because of
their low diffusivity and high solubility.4 This low
diffusivity offers a tremendous advantage as it
allows for controlled cell growth in which a very
high expansion ratio (up to 90-fold) can be
achieved;22,23 it is easy to regulate cell growth in
these cases because the growth rate is slow and gas
escape can be prevented easily. CFCs and HCFCs,
however, are known to be environmentally hazard-
ous, and their use has been prohibited from foaming
industries. The use of pentane and butane has also
been limited due to their high flammability. As a
result, gaseous blowing agents, such as CO2 and N2,
have recently been heralded as alternatives to long-
chain blowing agents in plastic foam processing.
These gaseous blowing agents were used to manu-
facture relatively high-density foams with volume
expansion ratios in the range of 1.2- to 15-fold
(although mainly less than 10-fold).24–32 Many pat-
ents describe well-known methods of inert gas-based
foam processing for the manufacture of relatively
high-density foams.26–32 Since the inert gas blowing
agents have higher volatility (and thereby higher dif-
fusivity) than the long-chain blowing agents, gaseous
blowing agents can escape easily during expan-
sion.33,34 Therefore, it is very challenging to obtain
low-density foams with an expansion ratio of over
15-fold using an inert gas as the blowing agent.
They have been effectively used, however, to pro-
duce fine-celled or microcellular foams because of
their high volatilities.5,35–37

The foaming behaviors of various PP resins have
been investigated. The cell nucleating behavior and
the final cell density of extruded PP foams with vari-
ous nucleating and blowing agents have also been
studied extensively for fine-celled PP foam applica-
tions,3,38–43 as have the volume expansion behavior
and the final foam density in the context of low-
density PP foam applications.44–50 The fundamental
expansion mechanisms of gas loss and melt stiffen-
ing for PP foam processing have been identified.7,51

Despite all the research that has been conducted on
the cell nucleation and cell growth of PP materials,
to the best of our knowledge there has been no sys-
tematic investigation carried out on the effect of die
geometry (i.e., pressure and pressure-drop rate) on
the cell nucleation and cell growth behaviors of PP
foams with CO2.

This article reports on an experimental study that
was conducted to investigate the fundamental cell
growth mechanisms of extruded HMS PP foams
with CO2 as a blowing agent. In particular, this
research focuses on the effects of the die geometry
on the volume-expansion behaviors of PP foams.
The die geometry and CO2 contents were varied and
the foam extrudate at the die exit was visualized at
the early stage using a CCD camera to observe the
initial expansion behavior of the extrudate.

BACKGROUND ON THE GOVERNING
MECHANISMS OF VOLUME EXPANSION

OF PP FOAMS

Naguib et al.7,51 have claimed that the final volume
expansion ratio of the extruded PP foams blown
with n-butane was governed by two main mecha-
nisms: (i) the loss of the blowing agent through the
foam skin at high temperatures, and (ii) the crystalli-
zation of the polymer matrix at low temperatures.

The gas loss phenomenon is a dominant factor
that constrains the maximum volume expansion
when the melt temperature is high. The diffusivity
of blowing agents at elevated temperatures is gen-
erally very high. Therefore, if the processing tem-
perature is too high, the gas can easily escape from
the extruded foam because of its higher diffusivity
at elevated temperatures. Furthermore, as the foam
expands, the cell wall thickness decreases and the
resulting rate of gas diffusion between cells
increases even more. Consequently, the rate of gas
escape from the foam to the environment in-
creases significantly. Gas escape through the thin
cell walls decreases the amount of gas available for
cell growth, which results in lower final expansion.
Moreover, if the cells do not freeze quickly
enough, they tend to shrink due to severe gas loss
through the foam skin, which causes overall foam
contraction.
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The crystallization of PP foams at low tempera-
tures is another critical factor that affects the maxi-
mum expansion ratio. For semicrystalline polymers
such as PP, the polymer melt solidifies at the
moment of crystallization during cooling. Ulti-
mately, then, the PP foam structure ‘‘freezes’’ at the
crystallization temperature during the foaming pro-
cess. If the crystallization occurs in the primitive
foaming stage (i.e., before the dissolved blowing
agent has fully diffused out of the plastic matrix
and into the nucleated cells), then the foam cannot
be fully expanded. Furthermore, the cell walls
become too stiff for the gas to expand. Therefore, to
achieve the maximum volume expansion ratio from
the PP foam, crystallization should be prevented
from occurring before all the dissolved gas diffuses
out into the nucleated cells and the foam expands
to its maximum capacity. Upon exiting the die, the
temperature of the melt decreases as a result of the
external cooling that takes place outside the die
and the cooling effect that transpires due to the
isentropic expansion of the blowing gases. Thus,
the processing temperature at the die determines
the time after which the polymer melt solidifies. As
such, to allow enough time for the gas to diffuse
into the polymer matrix, the processing tempera-
ture should be maintained at an appropriately tem-
perature.

This suggests that there is an optimum processing
temperature for achieving maximum expansion. If
the melt temperature (i.e., the processing tempera-
ture) is too high, then the maximum volume expan-
sion ratio is governed by gas loss, and the volume
expansion ratio will increase as the processing tem-
perature decreases. If the processing temperature is
too low, then the volume expansion ratio is gov-
erned by the crystallization of PP; the volume expan-
sion ratio will thus increase as the temperature
increases. Consequently, it is expected that the vol-
ume expansion mechanisms that characterize PP
foams with blown with n-butane should be applica-
ble to the foam processing HMS PP blown with CO2.

DIE DESIGN AND CALIBRATION

The purpose of effective die design is to be able to
actively control the geometries of the filamentary
dies (i.e., the die diameter and the die length) so that
they will present the effects of different die pres-
sures and different pressure drop rates on the final
foam structures. Modeled on Xu et al.,52 who
designed three interchangeable groups of nine dies
with the same pressure or the same pressure drop
rate, we designed similar sets of dies in this study.
Xu et al. assumed that a ‘‘power law’’ model could
describe the polymer melt, and that the theoretical

die pressures and pressure drop rates could be cal-
culated using eq. (1) through (3):53

Pdie ¼ �2m
L

R3nþ1
3þ 1

n

� �
Q

p

� �n
(1)

tresidence � L

vavg
¼ L

Q=pR2
¼ pR2L

Q
(2)

dp

dt
� Pdie

tresidence
¼ �2m 3þ 1

n

� �n Q

pR2

� �nþ1

(3)

Equation (1) expresses the pressure drop along the
capillary die land with a constant cross section; eq.
(2) expresses the average residence time inside the
capillary; and eq. (3), obtained by dividing eq. (1)
over eq. (2), expresses the pressure drop rate.

Since the material used in this study is different
from that of Xu et al.,52 the geometrical parameters
of the dies have to be recalculated. We specified
three different die pressure levels: 6.9 MPa (1000
psi), 13.8 MPa (2000 psi), 20.7 MPa (3000 psi). At the
same time, three different pressure drop rates were
chosen at 155 MPa/s, 48 MPa/s, and 7.2 MPa/s.
Compared with the Xu et al.,52 the chosen pressures
and pressure drop rates were lower such that the
possibility of achieving a high expansion ratio at a
lower cell density could be studied.

The power law parameters that describe the shear-
thinning behavior of PP without CO2 were deter-
mined to be m 5 2100 N s0.51/m2 and n 5 0.51.
These parameters were measured on a capillary rhe-
ometer at 1908C. Data was then fitted in a least
square method over a shear rate range of 20 s21 to
2000 s21. A flow rate of 13 g/min was chosen; the
latter is a typical flow rate value for extrusion stud-
ies. The calculated geometries of the eight filamen-
tary dies are summarized in Table I and illustrated
in Figure 1.

The initially designed dies had to be calibrated for
our experiments for two main reasons. First, the
polymer would undergo a very different processing
trajectory in our tandem system compared to that in
a capillary rheometer. Because of the long residence
time and path length inside the extruder and the
gear pump, the extruded polymer may have a differ-
ent viscosity from that of the virgin polymer.54 Sec-
ond, the entrance pressure drop from the upstream
reservoir into the capillary die land was not consid-
ered in this set of experiments.55 The calibration pro-
cess involves running pure polymer through dies of
the same group (e.g., Die 1, 2, and 3) at exactly the
same processing condition and compare die pres-
sure. After removing excessive capillary length using
a lathe, dies of the same group should have linearly
increased capillary lengths and linearly increased die
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pressures. In fact, following capillary rheometry, the
pressure difference between dies of the same group
were converted to melt viscosity using standard for-
mulas,53 and these viscosities were similar to those
measured on capillary rheometer at the same tem-
perature. The calibrated die geometries are shown in
Table II.

ANALYSIS OF PREMATURE CELL GROWTH
AND ITS INFLUENCE ON FOAM STRUCTURES

The expansion ratio that can be achieved during
extrusion is determined chiefly by the flow rate, the
die temperature, the die pressure, and the pressure
drop rate. One approach to studying these parame-
ters is to calculate the amount of premature cell
growth that occurs during foaming. As the polymer
melt is squeezed through the die land, its pressure
drops linearly due to the constant die cross section.
At a certain moment, the melt pressure falls below
the solubility pressure, which is the minimum pres-
sure level required to prevent any phase separation;
at this point, cell nucleation and growth begin to
take place. The amount of gas that has diffused out
of the polymer melt before it emerges from the die
exit is very detrimental to the final expansion ratio
because the diffused gas will rapidly escape from

the extrudates’ surface before it has solidified.7,56

Moreover, premature cell growth gives rise to
unwanted cell coalescence and mars the surface of
the final extrudate as a result of high gas diffusivity
and weak polymer strength at high temperatures.

Xu and Park used a series of filamentary dies to ana-
lyze the amount of premature cell growth that may
occur during PS extrusion.57 Using a similar approach,
we assumed that the amount of gas that diffuses into a
cell is limited to a hypothetical sphere called the
‘‘depleted region,’’ whose radius was determined by
the gas diffusion distance during premature cell
growth. The diffusion distance is defined as:

l �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DðTÞ 3 tpremature

q
(4)

where D(T) is the temperature-dependent mutual dif-
fusivity coefficient of the PP/CO2 system, and tpremature

is the premature cell growth time i.e., the time between
cell nucleation and the emergence of the extrudate
from the die exit.36 The premature cell growth time can
be calculated if we assume that the PP/CO2 mixture
pressure drops linearly along the die land (i.e., by
ignoring the viscosity change during phase separation):

tpremature ¼
PsolubilityðCs;TÞ

Pdie
3 tresidence ¼

PsolubilityðCs;TÞ
dp=dt

(5)

TABLE I
Calculated Geometry, Residence Time, and Pressure Drop Rate of the Dies for HMS PP

Die group Die no.
Pressure drop
level, MPa (psi)

Die diameter,
mm (inch)

Die length,
mm (inch)

Average residence
time (ms)

Pressure drop
rate (MPa/s)

Group 1 Die 1 6.9 (1000) 0.940 (0.037) 12.79 (0.50) 4.44E 1 1 1.55E 1 2
Die 2 13.8 (2000) 0.940 (0.037) 25.70 (1.01) 8.92E 1 1 1.55E 1 2
Die 3 20.7 (3000) 0.940 (0.037) 38.61 (1.52) 1.34E 1 2 1.55E 1 2

Group 2 Die 4 6.9 (1000) 1.219 (0.048) 24.73 (0.97) 1.44E 1 2 4.80E 1 1
Die 5 13.8 (2000) 1.219 (0.048) 49.70 (1.96) 2.90E 1 2 4.80E 1 1
Die 6 20.7 (3000) 1.219 (0.048) 74.68 (2.94) 4.35E 1 2 4.80E 1 1

Group 3 Die 7 6.9 (1000) 1.854 (0.073) 71.30 (2.81) 9.62E 1 2 7.2
Die 8 13.8 (2000) 1.854 (0.073) 143.3 (5.64) 1.93E 1 3 7.2

Figure 1 Targeted pressure drop and pressure drop rate
for the 8 filamentary dies for HMS PP.

TABLE II
Calibrated Geometry of the Dies for HMS PP

Die group Die no.
Die diameter,
mm (inch)

Die length,
mm (inch)

Group 1 Die 1 0.940 (0.037) 7.50 (0.295)
Die 2 0.940 (0.037) 17.03 (0.670)
Die 3 0.940 (0.037) 26.1 (1.028)

Group 2 Die 4 1.219 (0.048) 14.64 (0.576)
Die 5 1.219 (0.048) 29.36 (1.156)
Die 6 1.219 (0.048) 44.55 (1.754)

Group 3 Die 7 1.854 (0.073) 48.21 (1.898)
Die 8 1.854 (0.073) 121.07 (4.767)
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where the solubility pressure, Psolubility(Cs, T), is a
function of gas concentration and temperature. Other
parameters have been explained in the previous
section.

Finally, the amount of premature cell growth is
calculated as:

Mpremature ¼ Nmp þ Mp0 ¼ N 3 Cs 3
4

3
pl3 þ Mp0

¼ N 3 Cs 3
4

3
p

DðTÞ3PsolubilityðCs;TÞ
dp=dt

� �3=2

þ Mp0

ð6Þ

where N is the average cell density during prema-
ture cell growth; mp is the amount of gas diffused
into a single cell; and Mp0 is the amount of undis-
solved gas (due to low die pressure or poor mixing
in the extrusion system). Since eq. (6) ignores the gas
concentration gradient at the cell/polymer interface,
it tends to slightly overpredict the amount of prema-
ture cell growth.

In eq. (6), N is readily obtained from the cell den-
sity measured from the extrudates (see Fig. 5). To
calculate diffusivity, the normalized sorption curves
from solubility experiments were employed.58 The
values for D(T) of the PP/CO2 system were calcu-
lated at 453, 473, and 493 K were extrapolated to the
optimal processing temperatures (usually 423 K)
using an exponential function (i.e., D(T) 5 D(T0) 3
exp(2A/T), where T0 is a reference temperature,
and A is a fitting parameter).59 The diffusivity at 423
K was determined to be 6 3 1029 m2/s.

The solubility pressures were estimated based on
the work of Li et al.58 Their reported equilibrium
pressures at low CO2 concentrations can be fitted to
a linear function:

Psolubility ¼ �469:117þ 2:75413T þ 172:5393C (7)

where T is the temperature and C is the equilibrium
CO2 concentration in PP.

To calculate dp/dt, we used the residence time
calculated from eq. (2) and the actual die pressure
readings during experiments. Figure 2 shows the cal-
culated amount of premature cell growth (as a per-
centage of the total gas content) as a function of the
pressure drop rate. In general, the amount of prema-
ture cell growth decreases as the pressure drop rate
increases. This is attributed to the shorter residence
time in higher dp/dt dies with smaller cross sections.
The amount of premature cell growth is also influ-
enced by the total gas content, since higher gas con-
tent implies a higher solubility pressure.

It was observed that the solubility pressure for 5
wt % of CO2 at the optimal processing temperature,
measured in a static magnetic suspension balance,

was � 800 psi. However, we suspect that the actual
pressure threshold to keep all CO2 dissolved should
be higher than 800 psi due to two reasons: First, the
estimated volume swelling due to CO2 dissolution,
used in the calculation of solubility pressure, is not
supported by experimental results; Second, solubility
pressure in shear flow is different from that in a
static condition (i.e., shear induced nucleation6).
Research on this topic is very immature now and
will not be elaborated here. As such, we surmised
that the low-pressure dies (dies 1, 4, and 7) would
incorporate a certain amount of undissolved CO2.
We believed that undissolved CO2 existed in the
form of tiny bubbles, and replaced heterogeneous
nucleation sites (i.e., talc) when die pressures
decreased. As a result, oversaturated CO2 will dif-
fuse into existing gas bubbles instead of forming
new bubbles through heterogeneous nucleation. This
low cell density promotes cell coalescence and col-
lapse, and contributed significantly to the collapse of
the expansion ratios. For experiments with 1 and 3
wt % of CO2, it was estimated that all the gas was
dissolved, and that premature cell growth played a
negligible role in determining the cell morphology.

The above calculations, although informative,
involved several approximations. First, the cell den-
sity of the extrudates did not reflect the average cell
density inside the die. It was believed that this cell
density was much lower than the initial cell nuclea-
tion density, and that the cells would coalesce and
collapse before they stabilized and achieved a final
cell structure. Second, the entrance pressure drops
were ignored in our calculations. In reality, this usu-
ally equals the pressure drop over a die land length
of 5–10 times the capillary diameter.55 These two
factors reflect an underestimation of the amount of

Figure 2 Premature cell growth amount obtained at the
optimal processing temperature as a function of the pres-
sure drop rate. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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premature cell growth, and are believed to dominate
over other factors in determining the accuracy of the
above model.

EXPERIMENTAL

Experimental materials

The plastic material used in this study was HMS PP
(WB135HMS, MFI 5 2.3 g/10 min) and was sup-
plied by Borealis Gmbh. The foaming additive was
talc, which also doubled as a cell nucleating agent.
Talc with a top-cut of 7 lm was used in a master
batch of 20 wt % concentration and was provided by
Borealis Gmbh. The CO2, supplied by BOC Gas (The
Linde Group), was utilized as a blowing agent. The
CO2 was a commercial grade with minimum 99.5%
purity, where the sum of trace N2, O2, and CH4 was
less than 0.5%.

Experimental setup

Figure 3 shows a schematic of the tandem extrusion
system used in this study. It consists of the following
components: a 5 hp extruder driver with a speed
control gearbox (Brabender: prep center); one 3=4’’
extruder (Brabender: 05-25-000) with a mixing screw;
one 1½’’ extruder with a built-in 15 hp variable
speed drive unit (Killion: KN-150); a positive dis-
placement pump for injecting the blowing agent into
the polymer melt; a gear pump (Zenith PEP-II 1.2
cm3/rev); a heat exchanger for cooling the polymer
melt, which contains homogenizing static mixers; a
filament die with various length/diameter (L/D)
ratios (summarized in Table II); and a cooling sleeve
to achieve precise control of the die temperature.
The first extruder is used for plasticating the poly-

mer resin. The second extruder mixes the polymer
melt and subsequently subjects it to an initial cooling
period. The gear pump controls the polymer melt
flow rate, independent of temperature and pressure
changes. The heat exchanger provides further cool-
ing for the polymer melt to suppress cell coales-
cence. Finally, shaping and foaming occur in the fila-
ment die. In our experiment, an on-line progressive
scan imaging system was mounted at the die exit.
Using a frame grabber and image processing soft-
ware, we succeeded in capturing images of the
extrudate as it came out of the die. The progressive
scan imaging system consists of a CCD camera (CV-
M10), which has a very high shutter speed (up to 1/
800,000 s), with a magnifying lens (Navitar), a frame
grabber (PC vision), and image processing software
(Sherlock).

Experimental procedure

The PP pellets, mixed with a fixed amount of talc
(i.e., 0.8 wt %), were first fed into the barrel through
the hopper and were completely melted by the
motion of the screw. A designated amount of CO2

(i.e., 1, 3, or 5 wt %) was then injected into the extru-
sion barrel by a positive displacement pump, mixed
with the polymer melt stream in the barrel, and
eventually dissolved in the melt. When the gas was
injected into the extrusion barrel, the remaining sec-
tion of the first screw and the second screw gener-
ated shear fields that completely dissolved the gas in
the polymer melt via convective diffusion. The
single-phase polymer/gas solution went through the
gear pump and was fed into the heat exchanger
where it was cooled to the desired temperature. The
cooled polymer/gas solution entered the die and

Figure 3 Schematic of the experimental system setup.
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foaming occurred as the pressure decreased at the
die exit. To obtain a constant 12 g/min gas/polymer
mixture flow rate, we maintained fixed amounts of
the materials and controlled the processing parame-
ters, such as the screw speeds (i.e., 18 RPM for the
first screw and 3.5 RPM for the second screw); the
gear pump speed (i.e., 13 RPM); the blowing agent
content (i.e., 1, 3, or 5 wt %); and the barrel tempera-
tures (i.e., 180, 210, and 2058C for the first screw,
and 1808C for the entire length of the second screw).
The synchronized melt and die temperatures were
lowered step by step, and samples were randomly
collected at each set temperature only after the sys-
tem reached the equilibrium state. The images of the
extruded foam profiles were captured with the CCD
camera as the temperature was varied.

The solidified foam samples were randomly cho-
sen from each processing condition and character-
ized using an optical microscope (Wild Heerburgg)
and/or a scanning electron microscope (SEM, Hita-
chi 510). The foam samples were dipped in liquid
nitrogen and then fractured to expose the cellular
morphology before the foam structure was character-
ized. Moreover, the volume expansion ratio and the
cell population density were measured. The expan-
sion ratio of foam was determined by measuring the
weight and volume of the sample. The volume

expansion ratio of each sample was calculated as the
ratio of the bulk density of pure PP to the bulk
density of the foam sample.

RESULTS AND DISCUSSION

The nucleation and volume expansion behaviors of
HMS branched PP were investigated for various
CO2 contents (i.e., 1, 3, and 5 wt %) and die geome-
tries (i.e., three die groups) at a fixed talc content
(i.e., 0.8 wt %). The obtained results were then plot-
ted for various die geometry and processing parame-
ter combinations. Figures 4 and 5 illustrate the vol-
ume expansion ratios and cell densities as a function
of the die temperature for all eight dies. The cell
structures, observed under SEM, show typical
closed-cells with cell walls stretched to thin film at
high expansion ratios. The SEM images are similar
to previous foaming studies using PP22,23 and are
thus omitted in this paper.

As a case example, the die pressure changes ver-
sus the temperature were depicted for 3 wt % CO2

experiments for all the dies (see Fig. 6). It should be
noted that some variations in die pressures were
observed among dies that were assigned the same
pressure: dies 1, 4, and 7 (i.e., 6.9 MPa), dies 2, 5,

Figure 4 Expansion ratios versus die pressures at: (a) 1 wt % of CO2, (b) 3 wt % of CO2, (c) 5 wt % of CO2. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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and 8 (i.e., 13.8 MPa), and dies 3 and 6 (i.e., 20.7
MPa); It was expected that the dies in each die
group (e.g., dies 1, 2, and 3) would have the same
pressure drop rate because they each exhibited the
same diameter.52 The CCD images were also col-
lected to investigate the initial expansion behaviors
of the PP-CO2 extrudates; the images are shown in
Figure 7.

Effect of die temperature

Volume expansion ratio

Similar to the curve patterns that typically character-
ize PP and n-butane foaming experiments, the
expansion ratios of PP foams blown with CO2 also
exhibited mountain-shaped curves [see Fig. 4(b,c)],
indicating that the optimum temperature range for
reaching maximum expansion was achieved. The
expansion ratio was constrained by two major mech-
anisms: the severe loss of CO2 through the foam
skin at high temperatures, and the crystallization of
the polymer matrix at low temperatures, as
described earlier. The typical mountain-shaped
expansion curves were not observed, however, for
the 1 wt % CO2 experiments [see Fig. 4(a)] due to
the lack of gas in the polymer matrix available for

foam expansion. Consequently, the maximum expan-
sion ratios were only about sevenfold. It should be
noted that the expansion ratios from the lower pres-
sure die experiments (dies 1, 4, and 7) with 5 wt %
CO2 were significantly lower than those characteris-
tic of the higher pressure die experiments. As dis-
cussed previously, this was due to a large number of

Figure 5 Cell densities versus die pressures at: (a) 1 wt % of CO2, (b) 3 wt % of CO2, (c) 5 wt % of CO2. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 6 Die pressure profiles at 3 wt % of CO2. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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undissolved gas pockets in the die land (i.e., Pdie <
Psolubility).

Cell-population density

The cell population densities were insensitive to the
die temperatures as previously observed for other
polymer and blowing agent combinations.

Initial expansion behavior

The CCD images of the extruded PP foams taken at
various temperatures were analyzed to explore and
elucidate their initial expansion behaviors [Figs. 7
(a–c)]. At higher temperatures, the initial expansion
rate was significantly high; however, due to high gas
diffusivity at this high temperature, the final diame-
ter of the extruded foam was small. As the tempera-
ture decreased, the initial expansion rate decreased
because of lowered gas diffusivity, whereas the final
diameter of the extruded foams increased due to a
smaller amount of gas loss. The optimum tempera-
ture required to achieve the maximum diameter of
the extrudate was determined; it appeared to corre-
spond to the final maximum expansion ratio of the
PP foam. When the temperature was decreased fur-
ther, the diameter of the foam extrudate decreased

again due to the crystallization or ‘‘freezing’’ of the
foam’s skin.

Effect of die pressure

Xu and Park60 have claimed that pressure does not
affect the premature cell growth time when the die
radius (i.e., the pressure drop rate) is the same.
Moreover, they also determined that the degree of
premature cell growth is not a function of pressure
since the cell population density would be insensi-
tive to the pressure. This means that within the
same die groups (i.e., same pressure drop rate), the
nucleation and expansion behaviors should be
almost similar as long as the die pressures are above
the solubility pressure of CO2 at given conditions.
The results featured in Figures 4 and 5 demonstrate
that the cell population densities and expansion
ratios within the same die group showed little differ-
ences, which supports arguments in the background
section of this paper. The only exceptions were
observed in the low die pressure experiments (Dies
1, 4, and 7) for the same reason discussed above.
The CCD images of die Group 2 (Die 4, 5, and 6)
with 3 wt % CO2 experiments showed almost no dif-
ference in the initial expansion behaviors among the
same pressure drop rate dies [Fig. 7(d–f)].

Figure 7 CCD images of extrudates at different CO2 contents and temperatures: (a) Die 5, 3 wt % CO2, high T; (b) Die 5,
3 wt % CO2, medium T; (c) Die 5, 3 wt % CO2, low T; (d) Die 4, 3 wt % CO2, 1508C; (e) Die 5, 3 wt % CO2, 1508C; (f) Die
6, 3 wt % CO2, 1508C; (g) Die 2, 3 wt % CO2, 1508C; (h) Die 5, 3 wt % CO2, 1508C; (i) Die 8, 3 wt % CO2, 1508C.
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Effect of die pressure drop rate

Volume expansion ratio

Figure 4(b,c) showed that a high pressure drop rate
is favorable to obtain a large expansion ratio for the
PP-CO2 system. As the pressure drop rate decreased
from 155 to 7.2 MPa/s (i.e., from die Group 1 to die
Group 3), the expansion ratio decreased. The effect
of the pressure drop rate became more dramatic as
the CO2 content was increased. Figure 4(c) demon-
strates the expansion ratios for three distinctive
groups (i.e., each corresponding die group); expan-
sion ratios were observed for all dies, but were
exceptionally small in the low-pressure ones (i.e.,
Dies 1 and 4). The low expansion ratios characteristic
of the experiments with Dies 1 and 4 were due to
undissolved gas pockets in the die land, as men-
tioned in the previous section of calculating the
amount of premature cell growth.

Two major factors appeared to contribute to the
final expansion ratio with respect to the pressure
drop rate: (i) the amount of premature cell growth,
and (ii) the number of cell layers in the cross section
of the extrudate. According to Xu and Park,60 the
amount of premature cell growth in dies that have
the highest pressure drop rate are the smallest due
to the decreased premature cell growth time. They
demonstrated that the maximum expansion ratio
obtained from each die decreased as the premature
cell growth amount increased. The other factor that
may have affected the final expansion ratio was the
number of cell layers in the cross section of the
extrudate. As the cell population density increased
with a higher pressure drop rate, the number of cell
layers in the extrudate also increased. Lee and
Ramesh61 have observed an increase in the expan-
sion ratio of extruded LDPE foams with a high cell
density due to the localized gas loss in the foam sur-
face area. The same explanation may be applicable
to these PP-CO2 experiments.

Cell-population density

As shown in Figure 5, the cell population density
was a very sensitive function of the die pressure
drop rate at all CO2 contents. As the CO2 content
increased from 1 to 5 wt %, the overall cell popula-
tion densities steadily increased for all eight dies.

Initial expansion behavior

The CCD images of the PP-CO2 extrudates were col-
lected and analyzed to examine the effect of the die
pressure drop rate on the initial expansion behav-
iors. Figure 7(g–i) illustrate how the initial expansion
rate of the extrudate became lower as the pressure

drop rate increased. In the experiment with the low-
est pressure drop rate (i.e., 7.2 MPa/s for Die 8 [see
Fig. 7(i)], an initial hump was observed due to the
excessive amount of premature cell growth that
occurred in the die. In turn, instant foam expansion
transpired immediately after the extrudate exited
from the die (represented pictorially by the initial
hump); contraction ensued, which led to a low final
expansion ratio [see Fig. 4(b)].

SUMMARY AND CONCLUSIONS

In this study, the effects of die geometry on the foam-
ing behavior of PP foams blown with CO2 in extru-
sion were investigated. The experiments conducted in
this study led to the following conclusions:

1. The curve of the final expansion ratio of PP
foam versus temperature showed a typical
mountain shape for 3 and 5 wt % CO2 experi-
ments, indicating that gas loss and melt stiffen-
ing were the two governing mechanisms of
expansion. The expansion ratios characteristic
of 1 wt % CO2 experiments were only four- to
seven-fold over the whole processing tempera-
ture range.

2. The effect of die pressure (within the same die
group) on nucleation and expansion behavior
seemed to be negligible as long as the die pres-
sure remained above the solubility pressure of
CO2.

3. Both the cell population density and the volume
expansion ratio increased as the die pressure
drop rate increased. The nucleation and expan-
sion behaviors showed little difference within
the same die group.

4. The CCD images were utilized to analyze the
initial expanding behavior of PP-CO2 mixture
effectively. The trends that emerged from image
analysis corresponded strongly with the final
foam morphologies.
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