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An extrusion system that can create a polymer/gas solution rapidly for continuous 
processing of microcellular plastics is presented. Microcellular plastics are charac
terized by cell densities greater than 109 cells/cm3 and fully grown cells smaller than 
10 fim. Previously these microcellular structures have been produced in a batch 
process by saturating a polymeric material with an inert gas under high pressure 
followed by inducing a rapid drop in the gas solubility. The diffusion phenomena 
encountered in this batch processing is typically slow, resulting in long cycle times. 

In order to produce microcellular plastics at industrial production rates, a means 
for the rapid solution formation is developed. The processing time required for 
completing the solution formation in the system was estimated from experimental 
data and the dispersive mixing theory based on an order-of-magnitude analysis. A 
means for promoting high bubble nucleation rates in the gas-saturated polymer 
via rapid heating is also discussed. The feasibility of the continuous production of 
microcellular plastics by the rapid polymer/gas solution formation and rapid heating 
was demonstrated through experiments. The paper includes not only a brief treatment 
of the basic science of the polymer/gas systems, but also the development of an 
industrially viable technology that fully utilizes the unique properties of microcellular 
plastics. 

1 Introduction 

Microcellular plastics are foamed plastics characterized by 
cell densities larger than 109 cells per cubic centimeter of un-
foamed material and fully grown cells smaller than 10 fim in 
size. Microcellular plastics are created on the idea that the cre
ation of a large number of bubbles, smaller than the pre-existing 
flaws in a polymer, can reduce the material cost without major 
compromises to mechanical properties [1]. Microcellular plas
tics have been shown to possess superior impact strength [2, 
3] , toughness [4] , and fatigue life [5] compared with solid 
polymers. Because of these unique properties, one can imagine 
a large number of innovative applications of microcellular plas
tics. These include light-weight and high-strength parts, such 
as food containers, safety helmets, sporting equipment, struc
tural parts in aircraft, and automotive components. 

Batch processing of microcellular plastics was developed by 
Martini et al. [6, 7] and further improved by Cha et al. [8] . 
However, continuous processes have not been developed exten
sively. Kumar and Suh [9] developed a semicontinuous manu
facturing process using a modified therrnoforming process. The 
purpose of this paper is to present a prototype of a continuous 
manufacturing process for microcellular plastics with a particu
lar emphasis on the formation of a polymer/gas solution. 

2 Background on Processing of Microcellular Plas
tics 

A typical batch process for producing microcellular plastics 
is as follows. First, a polymer is saturated with a high pressure 
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gas, such as carbon dioxide or nitrogen, in a high pressure 
chamber. Then, the gas-saturated polymer is subjected to a rapid 
pressure drop and a rapid temperature increase, resulting in the 
nucleation and growth of billions of gas nuclei [6] . The rapid 
decompression and rapid heating induce a sudden drop of gas 
solubility in the polymer because this solubility decreases as 
the pressure decreases and as the temperature increases [10-
13]. The sudden drop in the gas solubility (or the supersatura-
tion) creates a thermodynamic instability in the polymer/gas 
solution, which is the main driving force for nucleation of mi
cro voids. 

Figure 1 shows the morphology change of polymer and gas 
systems in the batch process. Initially, the gas and polymer 
were separate systems and through diffusion they become a 
single-phase solution. Then, a thermodynamic instability is in
duced by creating a supersaturation condition in the polymer/ 
gas solution to promote microcell nucleation. The formation of 
polymer/gas solution and microcell nucleation are critical steps 
of microcellular processing. In order to make use of a thermody
namic instability in a continuous process, these two central steps 
should be integrated into a single process. As a case study, this 
paper considers a single-screw extrusion process. 

The diffusion phenomena encountered in microcellular pro
cessing is typically slow, resulting in long cycle times. Thus a 
critical step in continuous microcellular plastics processing is 
the creation of polymer/gas solutions at industrial production 
rates. The basic approach taken in this study to develop a rapid 
solution formation system is to utilize a convective diffusion 
for enhancing the gas diffusion rate in the polymer matrix. 

3 Design of an Overall Microcellular Extrusion Pro
cess 

The axiomatic approach to design [14] is used for the design 
of an overall microcellular extrusion process. Axiomatic design 
is a design guide that relies on the use of design axioms to 
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Fig. 1 Morphology change of gas and polymer systems in overall micro-
cellular foaming process 

guarantee a good design. The functional requirements consid
ered in this paper for developing a continuous microcellular 
process are threefold. The first is to plasticate the polymer. The 
second is to create a polymer/gas solution at a rate appropriate 
for industrial production. The third is to promote a high rate 
of bubble nucleation in the polymer/gas solution. The design 
parameters for satisfying these functional requirements are as 
follows: a device for polymer plastication; a device for enhanc
ing the mass transfer of gas through diffusion; and a means of 
rapidly inducing a thermodynamic instability. 

The design can be conveniently represented using a vector/ 
matrix equation presented by Suh [14]. The design equation 
for the overall process is given by 

Plastication 
Solution formation 

Microcell nucleation 

X 0 0 
X X 0 
X 0 X 

plasticating screw motion 
mass transfer by diffusion 
thermodynamic instability 

(1) 

where X in the matrix means that there is a strong relationship 
between the respective functional requirement and design pa
rameter, and 0 means that there is a weak or no relationship. 
For example, the gas diffusion device and the thermodynamic 
instability do not affect the plastication because the polymer is 
completely plasticated by the screw motion before the plas-
ticated polymer melt gets to the diffusion device and the nucle
ation device. It should be noted that the gas is delivered to the 
polymer only after the polymer is completely plasticated. The 
plasticating screw in the extruder affects the solution formation 
because the screw motion generates a shear field and the mass 
transfer of gas through diffusion in the polymer melt is enhanced 
by the convective flow. However, the solution formation is 
not affected by the thermodynamic instability. The plasticating 
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Fig. 2 Schematic of an extrusion system for continuous microcellular 
processing 

screw in the extruder affects the microcell nucleation because 
the screw speed affects the processing temperature [15] and 
the nucleation device in this work utilizes a rapid temperature 
increase (Section 5). The diffusion device does not affect the 
microcell nucleation when the polymer/gas solution is properly 
formed with no potential nucleation sites left in the form of 
voids. According to these observations, the design matrix in 
Eq. (1) is triangular, and therefore, the process is decoupled. 

An extrusion process based on the functional requirements 
and the chosen design parameters is shown in Fig. 2. First, the 
plastication of the polymer takes place in the extrusion barrel. 
Then, a metered amount of gas is delivered to the polymer 
melt stream. The polymer/gas mixture becomes a single-phase 
solution in the diffusion enhancing device. Finally, a microcel
lular structure with a large cell density is produced when the 
polymer/gas solution experiences a thermodynamic instability 
in a rapid-heating nucleation device. In this study, a simple 
filament die was chosen to simplify the shaping and cell growth 
stages. 

4 Formation of a Single-Phase Polymer/Gas Solu
tion 

One of the most critical steps in the continuous production 
of microcellular plastics is the formation of a polymer/gas solu
tion at industrial production rates. When a metered amount of 
gas is delivered to the polymer melt stream, a two-phase poly
mer/gas mixture is firstly formed. Then, the large injected gas 

N o m e n c l a t u r e 

A = interfacial area of gas bubbles and 
polymer melt matrix, m2 

b = screw channel depth, m 
D = diffusivity, cm2/s 

D0 = diffusivity constant, cm2/s 
db = unstretched diameter of disinte

grated bubbles, m 
<4iax = maximum length of elongated 

bubbles in the shear field, m 
ld = diffusion distance, m 
R = universal gas constant = 8.314 

J/mol-K 

rs = radius of the screw, m 
s = striation thickness, m 
T = temperature, K 
td = diffusion time, s 
u = linear speed of the tip of the 

screw flight, m/s 
V = total volume of polymer melt and 

gas bubbles, m3 

We = Weber number 
AED = activation energy for diffusion of 

gas in a polymer, J/mol 

$„ = volume fraction of gas in the mix
ture 

yg = mean stretching ratio of the gas bub
bles 

y = shear rate in mixer, s"1 

r/g = dynamic viscosity of gas, Pa-s 
r\p = dynamic viscosity of polymer ma

trix, Pa-s 
a = surface tension, N/m 
f2 = rotational speed of the screw, min - 1 
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Table 1 Estimated gas diffusivity in polymers at elevated temperatures 

polymer D of CO2 (cm /sec) D of N2 (cm2 /sec) 

at188°C * at200°C t atl88°C * at2Q0°C 

PS - 1.3 x l O 5 - 1.5 xlO"5 

PP 4.2 xlO"5 - 3.5 xlO"5 

PET - 2.6x10-6 . 8.8 xlO"7 

HDPE 5.7 x 10"5 2.4 x 10-5 6.0 x 10"5 2.5 x 10"5 

LDPE - 1.1 xlO"4 - 1.5 xlO"4 

PTFE - 7.0 x 10-6 - 8.3 x 10"6 

PVC - 3.8x10-5 - 4.3 xlO"5 

* Durril and Griskey [11] 
t VanKrevelen[12] 

bubbles are broken into smaller bubbles and stretched through 
shear mixing. Eventually, the gas diffuses into the polymer 
matrix, forming a single-phase solution. 

Diffusion of gas in a polymer is known to be very slow. For 
example, let us calculate the time required for a gas to diffuse 
to a depth of 1 mm. As an order of magnitude, the diffusion 
distance (/D) can be estimated as 

U « Jb~td (2) 

The diffusivity of C0 2 in most thermoplastics at room tempera
ture is approximately 5 X 10"8 cm2/sec [12]. Therefore, the 
diffusion time (td) is estimated as 

td « HID » 200,000 s = 55 h (3) 

This diffusion time is too long to be industrially applicable. In 
order to achieve industrial production rates for the solution 
formation, a technique for enhancing diffusion needs to be de
veloped. The basic strategies for fast solution formation are to 
raise the diffusivity by increasing the temperature and to reduce 
the diffusion distance through convective diffusion. 

4.1 Estimation of Gas Diffusivity in Polymers at Ele
vated Temperatures. In general, the diffusivity of gas in a 
polymer changes with temperature, pressure, and gas concentra
tion [10-12, 16] and can be approximated as 

D = D0exp(-AED/RT) (4) 

In this expression, the effect of the concentration dependence 
on the diffusivity is neglected. Since the diffusivity increases 
as temperature increases, the rate of gas diffusion is enhanced 
by processing the mixture at a high temperature. Therefore, 
compared to room temperature, the gas diffusion rate for the 
polymer mixture is increased in the heated extrusion barrel. 

Only limited data is available for gas diffusion in polymers 
at high temperatures [10-12]. The estimated diffusivities are 
summarized in Table 1. At 200°C, a typical diffusivity of C0 2 

and N2 in a thermoplastic is approximately 10~6 cm2/sec. 

4.2 Convective Diffusion: Mixing and Diffusion. In or
der to design a rapid solution formation device, the critical 
process parameters of solution formation needs to be identified. 
In this section, the physical phenomena behind a continuous 
solution formation process is qualitatively analyzed and a model 
for predicting the required processing time for the solution for
mation is developed. 

Mass transfer by molecular diffusion is analogous to heat 
transfer because the heat conduction and diffusion equations 
have the same form [17]. Just as the heat transfer rate is en
hanced by convection, the diffusion rate is also enhanced by 
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convection. Convection brings low gas concentration polymer 
into contact with high gas concentration bubbles. This convec
tive flow induces a high concentration gradient which promotes 
diffusion. 

The concentration profile in diffusion is similar to the temper
ature profile in heat transfer associated with a similar heat 
source. Therefore, when the diffusion source is stationary and 
exhibits a simple shape, such as a flat plate, the concentration 
profile may be expressed from known heat transfer solutions 
with an appropriate change in notation. When the diffusion 
source is also moving, the analysis of the problem becomes 
complicated. In investigating the local concentration profile, the 
first step is to trace the shape of the source boundary. Since the 
diffusion sources in this study are the gas bubbles which are 
moving along the polymer melt, the dynamic behavior of the 
gas bubbles and the polymer melt should be investigated first. 
The diffusion phenomena will then be analyzed based on the 
mixing behavior of the gas bubbles and the polymer melt. 

As the gas molecules diffuse into the polymer matrix, the 
total volume of the gaseous phase diminishes in size until the 
gas completely dissolves into the matrix. Since the size of one 
phase component is changing, the mixing behavior of the two-
phase mixture is far more complicated than simple mixing. It 
is very difficult to investigate the mixing behavior of the two-
phase mixture and the flow fields of each phase. Since the 
diffusion phenomenon strongly depends on mixing behavior, 
the analysis of the mass transfer phenomena of diffusion is also 
complicated. Therefore, the diffusion of gas into the polymer 
matrix may not be completely analyzed. 

Despite the complication of modeling the dynamic behavior 
of the mixture of the two fluids, the diffusion rate is greatly 
enhanced when the diffusion source is also moving. As the 
degree of mixing increases, more polymer melt is brought into 
contact with the source of the high gas concentration which 
increases the effect of convective diffusion. This convective 
diffusion effect is enhanced through an increase in the interfacial 
area per unit volume, a reduction of the diffusion distance, and 
a redistribution of the local gas concentration profile in the 
polymer matrix. In addition, since the diffusion rate strongly 
depends on the mixing behavior, the diffusion time can be con
trolled by varying the degree of mixing. 

The concept of convective diffusion can be effectively uti
lized to enhance the diffusion rate in an extrusion barrel. One 
technique for rapid solution formation using convective diffu
sion employs laminar mixing in the molten polymer shear field. 
Since the mixing accomplished by the simple screw motion is 
limited, efforts were also made to enhance the mixing effective
ness by introducing various mixing sections in the extruder [18, 
19]. The idea behind the mixing sections is that reorientation 
of the mixture during processing will enhance the effectiveness 
of shear mixing. Using the mixing sections, the diffusion time 
would decrease due to the enhanced degree of mixing. 

The shearing/wiping action of the extrusion screw draws gas 
streams/bubbles into the molten polymer shear field. The mix
ing action of the shear field slowly disperses the source of 
high gas concentration (i.e., the gas streams/bubbles) into the 
polymer matrix. The gas eventually diffuses into the polymer 
and a single-phase solution is formed. The convective diffusion 
effect in the shear field generated by the screw motion is well 
described for the devolitilization of polymer solution in a twin-
screw extruder [20, 21]. The deformation and movement of the 
concentration source and the diminishing of the total volume 
of the gaseous phase component causes the analyses of the 
mixing behavior of the two-phase mixture and the diffusion 
phenomena to be very difficult. However, we can still estimate 
the diffusion time for completing the solution formation based 
on the estimated striation thickness of the gas and polymer 
mixture. 
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rotating disk 

silicone fluid 

Fig. 3 Experimental apparatus for generating a simple shear field 

As an order of magnitude, the diffusion time can be estimated 
as the time at which the diffusion distance is of the same order 
as the striation thickness of the mixture (s) : 

2/D (5) 

For example, if the striation thickness is 100 fim, the diffusion 
time would be 100 seconds for a typical diffusivity of 10 "6 

cm2/s at 200°C. 
Because the diffusion rate strongly depends on the degree of 

mixing, the mixing behavior of the gas and polymer melt is 
investigated. The mixing theory of highly viscous fluids de
scribes the growth of interfacial areas in different types of shear 
flows. The interfacial area (A) per unit volume is a key measure 
of mixing [22]. Related to this interfacial area per unit volume 
is the striation thickness which is defined as the average distance 
between similar interfaces of the components in the mixture. 
These two parameters representing the degree of mixing are 
related by the expression [23]: 

j = 2V/A (6) 

where V is the total volume of the polymer melt matrix and gas 
bubbles. From Eq. (6) , the striation thickness as a function of 
stretching can be expressed as [24, 25] 

s w db/$vys (7) 

Therefore, the disintegrated bubble size (db), the volume frac
tion of gas (<&„), and the mean stretching ratio of bubbles (ys) 
should be estimated in order to estimate the striation thickness. 
For a typical solubility of 10% at 200°C and 27.6 MPa (4000 
psi) [11, 12], the volume fraction of C0 2 in the mixture is 
calculated to be 0.22 [26]. The disintegrated bubble size and the 
mean stretching ratio are estimated in the following paragraphs. 

The mixing behavior of a gas in a polymer melt follows the 
dispersive mixing theory [ 27, 28 ]. This theory states that the 
minor components, gas bubbles in the present case, are stretched 
by the shear forces and disintegration of the bubbles takes place 
when the stretching exceeds a critical value of the Weber num
ber [29-31]. The Weber number (We) is defined as 

We = 
ydbrjpf(r]§, r)p) _ shear forces 

2(7 surface forces 

where 

/(%> VP) = 
[19(Vs/Vp) + 16] 

[16(%/77P) + 16] 

(8) 

(9) 

It should be noted that the shear force to surface force ratio is 
also known as the capillary number [21, 32]. For typical values 
of rjp and r\e [33], the disintegrated bubble diameter can be 
estimated as follows: 

•qp = 2 X 102 Pa-s 

rts = 3 X 10"5 Pa-s 
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T]g/T]p = 1.5 X 10" 7 

f{rig, T)P) = 1 

(10) 

(11) 

The critical Weber number for the viscosity ratio of 1.5 X 10 ~7 

in a simple shear field is estimated as We » 300 [34]. 
The surface tension of polystyrene at 200°C is [35] 

a = 40.7 - 0.072 (J - 293) 

= 28 dyne/cm = 0.028 N/m (12) 

The shear strain rate in an extrusion barrel for the screw RPM 
(Cl) of 90 min'1 and the screw channel depth (b) of 0.8 mm 
is estimated as 

y « ulb = rs(2nCl/60)/b 

= 8.7 mm (2TT x 90/60) s_1/0.8 mm 100 s" (13) 

Finally, the disintegrated bubble size is determined as 

d„ = 2aWe/[yriPf(r]s, ??„)] = 8.4 X 10~4m « 1 mm (14) 

Therefore, when the gas is injected into the extrusion barrel, 
the large injected bubbles are stretched and disintegrated into 
1 mm diameter bubbles in the shear field generated by the 
screw. 

Now let us estimate the bubble stretching ratio. In order to 
estimate the bubble stretching ratio in the shear field of the 
extrusion barrel, an experimental apparatus which generates a 
simple shear field was used as shown in Fig. 3. The stretching 
behavior of a 1 mm diameter air bubble in silicone fluids (Dow 
Corning #200 Fluids) was investigated. The rotating disk and 
the container are transparent so that the stretching behavior of 
the air bubble can be observed. 

The bubble stretching ratio (yg) is defined as 

ys 
(15) 

where dmm is the maximum length of the elongated bubble in 
the shear field as shown in Fig. 4. The bubble stretching ratio 
was measured at various shear strain rates of the silicone fluid 
bath. The bubble was not stretched proportionally to the total 
shear strain/deformation of the silicone fluid bath. Instead, the 
bubble maintained a stretched shape at the steady state as the 
silicone matrix was being sheared at a certain rate. This implies 
that the mixing of gas and polymer does not follow the distribu
tive mixing theory. This theory states that the minor component 
follows the streamlines of the matrix fluid (major component) 
and that the distribution depends on the total deformation of 
the system [28, 36]. In fact, the mixing behavior of the poly
mer/gas system follows the dispersion mixing theory as dis
cussed above. 

The bubble stretching ratio was measured at various shear 
strain rates of the silicone matrix. According to the experimental 
results, the maximum length of the stretched bubble, i.e., the 
bubble stretching ratio, increased as the shear strain rate of the 
silicone matrix increased. The bubble stretching ratio was also 
affected by the viscosity of the silicone fluid. Two different 
viscosity fluids of 600 Pa-s and 10 Pa-s were used in the experi-

© 
Fig. 4 Stretching behavior of a gas bubble in a shear field 
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ments. Higher bubble stretching ratios were observed in the 
higher viscosity fluid for the same stretching rates. The mea
sured bubble stretching ratios at various shear strain rates for 
the two viscosity fluids are plotted in Fig. 5. For a typical 
polymer matrix viscosity of rjp = 200 Pa-s, the bubble stretching 
ratio is estimated to be about 100 for the equivalent shear rate 
of 100 s - 1 in the extrusion. 

From Eq. (7) , the striation thickness is estimated as 

J « db/$vyg « 1 mm/(0.22 X 100) = 45 ^m (16) 

It may be noted that the striation thickness of the gas and 
polymer in this system is two orders of magnitude larger than 
a typical striation thickness for similar polymers in a 30 mm 
single-screw extruder [37]. Based on this striation thickness, 
the required diffusion time is estimated to be 

td « s2ID « (45 X 10"4)2/1 X 10 ' 6 = 20 s (17) 

The order-of-magnitude analysis shown above predicts that 
the solution formation will be completed in 20 seconds when the 
polymer/gas system is fully mixed and the striation thickness is 
45 fxra. Therefore, the continuous solution formation can be 
achieved in extrusion systems without substantially decreasing 
the processing rates from normal industrial rates. 

It should be emphasized that the model described above to 
predict the required processing time for the continuous solution 
formation is developed based on an order-of-magnitude analy
sis. The stretching ratio of the gas bubbles in a polymer melt was 
estimated based on the stretching behavior of the air bubbles in 
silicone fluids. It is expected that a significant amount of error 
is involved in this estimation. In addition, due to the limited 
available gas diffusivity data for high concentration at elevated 
temperatures, the concentration-dependent nature of the diffu
sivity could not be accounted for in this order-of-magnitude 
analysis. In order to develop a better model of the continuous 
formation of a single-phase polymer/gas solution, fundamental 
research on the diffusivity of gas at elevated temperatures and 
pressures, and the polymer/gas mixing behavior in the mixing 
elements should be carried out. 

5 Design of Nucleation Device: Rapid Heating Ele
ment 

The next critical step in the continuous production of micro-
cellular plastics is to promote a high rate of bubble nucleation 
in the polymer/gas solution. The nucleation of bubbles is the 
transformation of small clusters of gas molecules into energeti
cally stable pockets of molecules with distinct cell walls. The 
microcellular process requires that the nucleation cell density 
be larger than 109 cells/cm3 corresponding to a fully grown 
cell size less than 10 //m. The key to producing the required 
cell density is achieving a very high rate of cell nucleation in 
the polymer /gas solution. 

High nucleation rates have been achieved in batch processes 
using the thermodynamic instability induced by creating a su-
persaturation condition in the polymer/gas system. In order to 
make use of a thermodynamic instability in a continuous pro
cess, a rapid drop in the gas solubility must be induced in the 
polymer/gas solution. Since the solubility of gas in a polymer 
changes with temperature and pressure, a thermodynamic insta
bility can be induced by rapidly varying the temperature or 
pressure. 

Since the solubility of a gas in a polymer decreases as the 
temperature increases, a high cell nucleation rate can result 
when the polymer/gas solution is heated rapidly. An effective 
heating element for polymers has been designed by Park and 
Suh [38]. The heating element, comprised of small tubes and 
a band heater as shown in Fig. 6, is designed to increase the 
temperature of the flowing polymer by 50°C/s. 

6 Experiments 

6.1 Experimental Set-up. Based on the proposed design, 
an experimental extrusion set-up was prepared (the schematic 
is shown in Fig. 2) . The extruder used is a Brabender Type 
2523-f inch extruder with a simple filament die. The barrel was 
tapped near the end of the plasticating screw and was connected 
to a high pressure gas cylinder of C0 2 and N2. A mixing screw 
(Brabender 05-00-051) and a six element static mixer of diame
ter 6.8 mm were used for enhancing the mixing of gas and 
polymer melt. 

Seven band heaters and temperature controllers were in
stalled: three for the extrusion barrel, two for the static mixers, 
one for the rapid heating device, and one for the die. Two 
thermocouples were installed: one located upstream and one 
downstream of the heating element, to measure the temperature 
rise in the polymer. Three pressure transducers were also in
stalled: one to measure the pressure of the extrusion barrel 
where the gas is injected, one at the end of the mixing/diffusion 
device to measure the pressure of the solution formation process 
and one downstream from the heating element to measure the 
pressure drop across the heating element. 

6.2 Experiments and Results. Several materials, includ
ing semicrystalline and amorphous polymers, were processed 
with C0 2 and N2. The polymers used in the experiment were 
Phillips 66 Marlex Polypropylene (PP), Monsanto 3350 High 
Impact Polystyrene (HIPS), and GE Cycolac Acrylonitrile Bu
tadiene Styrene (ABS). 

The temperature rise of most polymers induced by the heating 
element was about 40°C. The extruded samples were examined 
by a scanning electron microscope (SEM) to characterize the 
microstructures. Figures 7(a) and (b) show the SEM pictures 
of the extruded PP. When processed with N2 and C0 2 , the cell 
densities were 3 X 107/cm3 and 6 X 108 cells/cm3, respectively. 
Figures 8(a) and (b) show the SEM pictures of the extruded 
HIPS. The cell densities were 9 X 107 cells/cm3 and 8 X 109 

cells/cm3 for N2 and C0 2 injection, respectively. Figure 9 shows 

heating 
element 

. v v \ E « < K ^ r 

^ r > » l » ^ " ' 
band 

heater 

eyo°oS)l 75 $1.2mm holes 

2.43 mm 

Fig. 6 Rapid heating element for microcell nucleation 
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(a) N2 Injection 

(t>) C02 Injection 

Fig. 7 Scanning electron micrographs of extruded PP 

(a) N2 injection 

(b) C02 injection 

Fig. 8 Scanning electron micrographs of extruded HIPS 
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Fig. 9 Scanning electron micrograph of extruded ABS (C02 injection) 

the SEM picture of the extruded ABS. When C0 2 was pro
cessed, the cell density was 9 X 108/cm3. The results are sum
marized in Table 2. 

6.3 Discussion. The thermodynamic instability induced 
from the rapid formation of a polymer/gas solution and the 
rapid heating seemed sufficient since a large number of cells 
were nucleated. About 108-1010 nucleated cells per cubic cm 
of unfoamed material were found in the processed samples of 
PP, HIPS, and ABS when C0 2 was processed. However, when 
N2 was processed, 107-108 cells/cm3 were found in the PP and 
HIPS samples. The lower cell densities seem to be due to the 
lower solubility of N2 in the polymers [10-12]. The amount 
of gas dissolved in the polymer directly affects the cell density 
because a greater thermodynamic instability will be induced 
when the polymer has more dissolved gas. 

The degree of mixing of the gas and the polymer melt is also 
very important because it determines the diffusion time for the 
formation of the polymer/gas solution. When the gas and the 
polymer melt are not mixed well, the gas does not completely 
dissolve into the polymer matrix during the given processing 
time. The residual gas voids then affect the cell density because 
the existence of these voids prohibits the formation of potential 
nucleation sites [7] and results in nonuniform cell sizes. For 
example, when the plasticating screw speed fell below 35 RPM 
in the processing of HIPS with C0 2 , the cell density was about 
106 cells/cm3, and large cavities were observed in the samples. 

The critical parameters in the developed extrusion system for 
continuous formation of a single-phase solution are the dis
solved gas amount, the degree of mixing, the processing pres
sure, the processing temperature, and the processing time. In 
order to better understand the solution formation process in the 
extrusion system, fundamental study on the diffusivity of gas 
at high temperatures and pressures, and the polymer/gas mixing 
behavior in the mixing sections should be conducted as dis
cussed earlier. 

Since the processing of microcellular plastics does not use 
CFCs, but rather inert gases such as C0 2 and N2, the process 
of the polymer/gas solution formation and microcell nucleation 
described in this paper could be utilized for replacing CFCs in 

Table 2 Experimental results 

Polymer Cell Density 

CO? Injection N? Injection 

PP 6 x 108 cells /cm3 3 x 107 cells /cm3 

HIPS 8 x 109 cells /cm3 9 x 107 cells /cm3 

ABS 9 x 108 cells /cm3 
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conventional foaming processes. The process developed in this 
research can also be applied to other types of continuous pro
cesses such as sheet extrusion and injection molding. 

7 Concluding Remarks 
In this paper, a continuous process of microcellular plastics 

by rapid formation of a polymer/gas solution and rapid heating 
is presented. Previously microcellular structures have been pro
duced in batch processes by exposing a polymeric material to 
a high pressure gas for a long time to saturate the polymer with 
gas and by inducing a rapid drop in the gas solubility. However, 
the time required for the solution formation in batch processes 
is too long to be industrially applicable. In order to produce 
microcellular plastics at industrial production rates, a means for 
the rapid solution formation needs to be developed. The basic 
strategies for fast solution formation are to raise the diffusivity 
by increasing the temperature and to reduce the diffusion dis
tance through convective diffusion. 

An extrusion system that can create a polymer/gas solution 
without substantially decreasing the processing rates from nor
mal industrial rates was developed based on these strategies. 
First, polymer pellets are plasticated by the motion of the plas-
ticating screw in an extrusion barrel. Then, a metered amount 
of gas is injected into the polymer melt. The large gas bubbles 
entrained in the polymer flow are broken into smaller bubbles by 
the shearing action of the screw. Further mixing is accomplished 
through the irregular mixing blades on the screw as well as the 
static mixers. With the aids of convective diffusion promoted 
in the mixing sections, a single-phase polymer/gas solution can 
be formed rapidly. 

Research efforts were also directed toward understanding the 
major physics behind the developed solution formation system. 
The deformation and movement of the concentration source (i.e., 
gas bubbles) and the diminishing of the total volume of the gaseous 
phase component caused the analyses of the mixing behavior of 
the two-phase mixture and the diffusion phenomena to be very 
difficult. However, the processing time required for the solution 
formation could be estimated from experimental data and the dis
persive mixing theory based on an order-of-magnitude analysis. 
The diffusivities of C02 and N2 at elevated temperatures and pres
sures were estimated from the published data. 

A means for promoting high bubble nucleation rates in the 
gas-saturated polymer via rapid heating was also presented. 
The concept of polymer/gas solution formation and microcell 
nucleation by rapid heating was examined through experimental 
work. About 108-1010 cells/cm3 were nucleated when PP, 
HIPS, and ABS were processed with C0 2 . Relatively low cell 
densities of 107-108 cells/cm3 were found in the samples of 
PP and HIPS when N2 was injected into the polymer melt. 
These experiments demonstrated the feasibility of the continu
ous production of microcellular plastics by the rapid polymer/ 
gas solution formation and a rapid solubility drop. 
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