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Abstract

Bubble nucleation and growth are the key steps in polymer foam generation processes. The mechanical properties of
foam polymers are closely related to the size of the bubbles created inside the material, and most existing analysis
methods use a constant viscosity and surface tension to predict the size of the bubbles. Under actual situations, however,
when the polymer contains gases, changes occur in the viscosity and surface tension that cause discrepancies between
the estimated and observed bubble sizes. Therefore, we developed a theoretical framework to improve our bubble
growth rate and size predictions, and experimentally verified our theoretical results using an injection molding machine

modified to make microcellular foam products.
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1. Introduction

Polymers are limited resources, and considerable
effort has been directed toward developing methods
to reduce their consumption. One such method re-
duces the quantity of raw materials required to manu-
facture polymers by using polymer foam. Initially,
chemical blow agents were used to create the foam,
but because of the harmful effects of chemical sub-
stances on the environment, a microcellular foaming
process, which is environmentally friendly, has re-
cently been developed [1]. Compared to chemical
foaming, microcellular foaming has less effect on the
environment since it uses CO, and N,.

The most important consideration when producing
microcellular foam products is the resulting mechani-
cal properties. One of the goals of microcellular foam
is to maintain the mechanical properties of standard
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polymers while reducing the required quantity of raw
materials. One important factor that influences the
mechanical properties is the morphology of the cells
generated inside the products, such as the cell size,
shape, and density [2, 3].

When using an ultrafine foaming method in an in-
jector, it is necessary to manage the size and number
of bubbles in the inner body of the product to meet
the needs of the customer. Several studies on the me-
chanical properties of a product manufactured using
an ultrafine foaming method have focused mainly on
batch tests using high-pressure containers. Other stud-
ies of continuous processes, such as the press and
injection method, have been performed under specific
conditions, such as those of a capillary die, because
many parameters in the manufacturing process are
uncontrollable. Although many commercial analysis
simulation tools have been developed to predict the
size of the bubbles that grow in polymers inside the
molds, the analysis results typically do not match the
size of the bubbles observed in actual products. This
is because the amount of theoretical research on the
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growth of bubbles that considers the flow of the poly-
mer inside the mold is limited. We therefore propose
a bubble model that includes any gas growth inside
the mold using a theoretical approach that considers
the flow properties of the polymer and an estimation
technique developed to provide more accurate predic-
tions by comparing the results of existing analysis
tools with the actual size of bubbles observed on a
metal specimen.

2. Theory
2.1 Microcellular foaming technology

Conventional foaming technologies use physical
blowing agents with nucleating or chemical blowing
agents that induce heterogeneous nucleation in the
material at a fixed number of sites. The actual number
of cell sites is directly related to the quantity of the
nucleating agents added. Heterogeneous nucleation
produces a foam material characterized by large non-
uniform cells, and the lack of cell size uniformity is
due to the relatively slow nucleation rate. Typically,
conventional foams have cells ranging from 250 pm
to 1 mm in diameter [4].

Microcellular foams have uniform cell diameters
that are less than 100 um. This cell structure can only
be obtained through the simultaneous generation of a
high number of nucleation sites. The requirement for
very high nucleation rates and the resultant creation of
a large number of nucleation sites necessitate a fun-
damental change in the way in which the cells are
nucleated [5, 6]. Microcellular foam is produced
when the cell nucleation rate is both extremely high
(orders of magnitude greater than conventional foam-
ing processes) and much greater than the diffusion
rate of the blowing agent into the cells. Under these
conditions, an extremely large number of cells will be
created before any cell growth occurs. Consequently,
when the blowing agent diffusion begins to dominate
the foam creation process, all cell sites will begin to
grow at the same time and at approximately the same
rate, resulting in a material characterized by a large
number of evenly distributed, uniformly sized, micro-
scopic cells [7].

2.2 Bubble growth theory

The growth process of a critical nucleus is as fol-
lows:

POLYMER

+
GAS

Fig. 1. Schematic representation of a model for spherical
bubble growth in a supersaturated liquid.

(1) Gas is diffused from the polymer into bubbles

(2) The pressure inside the bubbles rises

(3) The bubbles expand by pushing the surrounding
liquid polymer outward.

Fig. 1 shows a bubble that is growing. A depleted
zone L surrounds the bubble, where the gas concen-
tration is lower than the initial supersaturated concen-
tration X; as a result of mass transfer. The spherical
diffusion boundary r, is an area where diffusion
across the boundary does not occur. To interpret the
growth of bubbles, we require the following assump-
tions:

(1) The resin into which gas is dissolved is incom-
pressible

(2) The size of the diffusion boundaries is determined
by the number of bubble nuclei

(3) The number of bubbles in a unit mass of polymer
resin remains constant during the growth

(4) Gas in the liquid is regarded as an ideal gas.

The equation that governs the transfer of mass can
be expressed using Fick’s second law for a spherical
coordinate system [8, 9],

oX 0°X 20X
— =D + — 1
ot (arl r 6r) M

where X is the gas concentration, ¢ is time, and D is
the constant of gas diffusivity in the melting polymer.

Let us assume that this relationship can be de-
scribed by Henry’s law,

X,=2 e)

where K is the Henry’s law constant. The initial and
boundary conditions are [10]
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where r,* is the critical nucleus radius, P,* is the
pressure in the critical nucleus, and r,* is the critical
nucleus diffusion boundary. Egs. (5) and (6) are trans-
fer boundary conditions, where X (t, 1) is variable
during the nucleus growth and r, is the bubble diffu-
sion boundary at an arbitrary time t.

The mass conservation equation for the gas in the
bubble is

4713

( X,)=4nr,

ﬁX%?Lm ™

where X, which is the gas concentration in the bubble,
assumed to be ideal, may be rewritten as

S ®

The continuity and motion equations for the liquid
phase in spherical coordinates, assuming a constant
density and spherical symmetry, are

ov ov
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where 77 is the viscosity and p is the density. Eq. (10)
can be rewritten as
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Substituting Egs. (12) and (13) into Eq. (9) gives
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The following equations can also be derived using
the overall integral continuity equation, Eq. (12):

vt =g >7,() (15)
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where P, is the external pressure of the bubble and P,
is the surface pressure in the bubble. Substituting Egs.
(15), (16), and (17) into Eq. (18) gives

B vt 19
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Substituting Egs. (17) and (20) into Eq. (19) gives

B, =P, +2—+p(rr +—

Ty

h)+4 (21)

- \s

In an actual foaming process, myriad bubbles grow
simultaneously in a limited space so that their growth
differs from that of bubbles in infinite space. Ignoring
coalescence resulting from the merging of a certain
number of bubbles in the limited space, the number of
bubbles per unit mass is constant and each bubble
grows independently [11].

3. Bubble growth in microcellular injection
molding processes

3.1 Viscosity change in a polymer/Gas mixture

When processing microcellular foam polymer
products, one of the most important factors is the
specific characteristic of the rheology, which is de-
pendent on the mixture ratio of the polymer and the
gas used as the blowing agent. In general extrusion or
injection molding processes, the change in viscosity
of the polymer determines the process conditions and
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the quality of the microcellular foam polymer. How-
ever, few studies have focused on the rheological
properties obtained when mixing gas and polymers
with a blowing agent. Instead, early research into
mixing polymers and a blowing agent concentrated
on the rheological properties of the gas produced
internally from mixing with a chemical blowing agent
rather than an inert gas [12]. Since a plunger viscome-
ter was used in this early research to examine a two-
phase condition, the pressure profile in the capillary
was nonlinear.

The formation of a cell using thermodynamic in-
stabilities in a single-phase gas and resin mixture is
the principle behind microcellular foaming. The vis-
cosity change of the polymer and gas mixture is im-
portant when designing dies or molds, and it affects
the quality of the microcellular foaming products. The
viscosity of a single-phase gas and polymer mixture
can be measured with a capillary rheometer, but this
measurement technique is less accurate than meas-
urements from actual extruders or injection molding
machines. Therefore, when researching and develop-
ing a microcellular foaming process, one should
measure the viscosity against the gas content of the
polymer under the various conditions found in an
actual process using an extruder or injection-molding
machine. Fig. 2 and 3 are experimental results by
using extruder capillary test machine.

The influence of a CO, blowing agent on resins
containing no talc or 20% wt talc is shown in Fig. 2.
The resin containing 20% wt talc and 1 or 3% wt gas
shows a greater decline in viscosity as the shear rate is
increased compared to the resin containing no talc.

Fig. 3 shows the effect of the CO, content on resins
with 20% talc at various temperatures. The viscosity
of the resin with 1% or 3% wt gas at 200°C is less
than that of the resin without gas at 210°C. Therefore,
using the former can help reduce the process cycle
time. In addition, the resin with 3% wt gas at 190°C
has a lower viscosity at higher shear rates than that
the resin with no gas at 210°C. Therefore, the process
temperatures can be set even lower when high shear
rates are required.

3.2 Surface tension change in a polymer/Gas mix-
ture

The interfacial properties of binary polymer/CO, or
polymer/N, systems have received considerable atten-
tion, especially in the field of polymer foaming in
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Fig. 2. Influence of the amount of injected gas on the viscos-
ity of each resin at 210°C.
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Fig. 3. Effect of CO, content on the viscosity change of a
resin containing 20% talc at various temperatures.

which CO, and/or N, are utilized. However, few stud-
ies have investigated the surface tension of poly-
mer/scCO, systems. Li et al. reported the surface
tension of polystyrene (PS) and polypropylene (PP) in
contact with scCO, at 200 to 230°C using the pendant
drop method [13]. They also predicted the surface
tension of polymers in contact with scCO, by apply-
ing the surface tension theory developed by Poser and
Sanchez [14] with a linear density profile assumption.

However, their predictions showed some discrep-
ancies in CO, pressure ranges of 0.1 to 10 MPa. In the
present study, the surface tensions of PP, PS, and
polylactic acid (PLA) were measured using a simple
pendant method with a high-pressure cell, and then
compared to the predictions of the Poser and Sanchez
[14] surface tension theory using a nonlinear density
profile.



Y. Moon et al. / Journal of Mechanical Science and Technology 23 (2009) 3349~3356 3353

The surface tension was calculated by fitting the
shape of an experimental drop in an equilibrium state
to a theoretical drop profile using Laplace’s equation
of capillarity,

1 1 2y
+ =L _A 22
7(R R) b P8z (22)

1 2

Where v is the surface tension, R; and R, are the prin-
cipal radii of curvature of the drop, b is the radius of
curvature of the drop at the origin, Ap is the differ-
ence in density between the two phases, z is the verti-
cal length from the origin, and g is the gravitational
acceleration constant. Fig. 4 indicates the experimen-
tal result data for three molten polymers in contact
with pressurized CO,. The surface tension of the mol-
ten polymer/CO, systems decreased as the CO, pres-
sure increased. The predictions were in good agree-
ment at pressures ranging from 5 to 15 MPa. The
surface tension theory combined with an equation of
state was used to predict the surface tension between
the molten polymer and CO,. The density gradient
model developed by Poser and Sanchez [14] was used
to correlate surface tension [15].

4. Experiments

The injection molding machine (WOOJIN, EX-120)
was especially adapted for the microcellular foaming
process and equipped with a pressure transducer
(Dynisco, PT462E-10M-6/18) to measure the pres-
sure at the barrel as well at the injection port through
which gas was injected into the barrel to monitor real-
time change in pressure with the gas injection (See
Fig. 5). The barrel length to diameter ratio was L/D =
28, which is larger than general injection molding
machines so that the gas and polymer would be thor-
oughly mixed. A high pressure gas supply system
was designed to compress N, at up to 800 MPa.
When the injection molding machine started feeding
and the screw started to move, the gas supply system
received a signal, set the delay and supply times, and
began to supply gas automatically at a fixed flow rate
into the injection port. The gas supply pressure was
fixed at 340 bar. It was possible to supply a fixed
quantity of gas by using a precise mass flowmeter
(Bronkhorst, EL-FLOW) by setting the gas supply
pressure at 10 to 20 MPa.

The pressure inside the barrel was measured with
an indicator (Dynisco, 1290-1-3) connected to the

W Experimetal result - Surface Tension 190°C PP

22 ® Experimetal result - Surface Tension 200°C PP

& Experimetal result - Surface Tension 210°C PP
—— Thoretical Surface Tension 200°C PP

Surface Tension (mN/m)

o 5 10 15 20 25 0
Pressure (MPa)

Fig. 4. Surface tension of a polymer/CO, mixture.

Screw and barrel

/’ (28:1 UD)

Air Caoled
heater bands

Gas injection

cortrol unit Gas supply system

Fig. 5. Schematic diagram of the injection molding machine.

pressure transducer.

A shutoff nozzle was fixed to the end of the barrel
to maintain a sufficiently high pressure at which gas
was dissolved inside the polymer so that the gas and
polymer were not separated into two phases. The
shutoff nozzle used a hydraulic pin that was closed
until the injection started, based on the interlocking
signals received from the injection molding machine.

All of the materials used for this work were com-
mercial products and used as received without any
further treatment. The polymer resin in the experi-
ment was PP, which is typically used in car interiors
such as the rear door side trim or switch panels.
Highly purified N, was used as the blowing agent. Fig.
6 shows the standard ASTM sample pieces used to
examine the bubble sizes.

5. Results and Discussion

3-D modeling was used to compare the actual size
of bubbles observed on the specimens with estimates
from the proposed model. Fig. 7 shows the 3-D simu-
lation results under actual injection conditions. The
applied gas saturation pressure was 15 or 20 MPa, the
injection temperature was 210°C, and the polymer
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Fig. 6. ASTM standard sample pieces used for the microcel-
lular injection process.
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Fig. 7. Simulated bubble growth in a mold using MPI 4.1.

contained 20% talc.

Fig. 8 compares the estimated results from the pro-
posed model with the bubbles observed on the speci-
men. The bubble growth was altered by the time that
polymer remained inside the mold, which depended
on the time required for the mold to be filled by the
injection nozzle.

Fig. 9 shows scanning electron microscope (SEM)
images at different positions in the same specimen.
The bubble size varied with the amount of time the
polymer spent in the mold. When the polymer was
initially injected, the difference between the satura-
tion pressure of the bubbles and the pressure experi-
enced by the polymer near the bubbles was large.
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Fig. 8. Comparison of results from CAE simulations and the
proposed variable property model.

Fig. 9. Bubble size according to the residence time in the
injection mold: (a) section closest to the gate, (b) middle
section between the gate and the end of the flow, and (c)
section at the end of the flow.
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Fig. 10. Relationship between the residence time in the mold
and the bubble growth rate at different saturation pressures.

Therefore, the bubble growth was large because the
pressure change that contributed to the bubble growth
was similar to that under normal atmospheric condi-
tions when the polymer grows freely. However, to-
ward the end of the polymer injection, the bubble
growth declined because the saturation pressure dif-
ference was small.

Fig. 10 shows the relationship between the resi-
dence time in the mold and the bubble growth rate
related to the saturation pressure. The higher satura-
tion pressure supplies more energy to create larger
bubbles in the mold at the same time. Therefore, the
bubble growth rate of 20 MPa saturation pressure
process condition is larger than that of 15 MPa satura-
tion pressure process condition.

6. Conclusions

A method for controlling the formation of bubbles
in a polymer injection mold is important because the
size of the bubbles inside a polymer product has great
influence on the resulting contraction and mechanical
strength. We therefore require a means of predicting
bubble characteristics that considers property changes
due to the flow of the polymer in the mold to set the
injection process parameters and design the mold.

Most existing analysis methods use a constant vis-
cosity and surface tension to predict the size of the
bubbles. Under actual situations, however, when the
polymer contains gases, changes occur in the viscos-
ity and surface tension that cause discrepancies be-
tween the estimated and observed bubble sizes.

We demonstrated that a model using variable bub-
ble properties predicted bubble sizes that were closer
to actual observations compared to results obtained

from standard analysis tools. Therefore, the collection
and application of basic property change data for
polymers during an injection molding process are
indispensable when estimating the size of the result-
ing bubbles to maximize the strength or to decrease
the contraction of a product.
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