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ABSTRACT: A batchwise process for the production of microcellular plastics was studied
in the polystyrene–nitrogen system. The effects of saturation temperature, saturation
pressure, and late- and quick-heating on the microcellular structure were investigated
by considering the solubility of the gas in the polymer. It was found that the mean cell
diameter was reduced and the cell number density increased with increase in the gas
solubility. Variation in the saturation temperature showed that the cell number density
had a minimum and the mean cell diameter had a maximum at about 350 K, which was
related to the minimum solubility of nitrogen in polystyrene. The long heating time at
393 K of a solution saturated under 25 MPa increased the cell diameter, reduced the cell
number density, and gave a maximum volume expansion ratio at about 300 s. Further
heating caused the cell size and volume expansion ratio to be decreased, which might
be caused by diffusion of the gas out of the polymer sample. The effect of the saturation
temperature under high saturation pressure on the cell number density was qualita-
tively well predicted by the nucleation theory. © 2000 John Wiley & Sons, Inc. J Appl Polym
Sci 77: 2383–2395, 2000
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INTRODUCTION

Microcellular plastic is a newly invented poly-
meric foam material that has several superior
mechanical and thermal properties over conven-
tional foam plastics. The characteristics of this
material are the cell size over the range of 0.1 to
10 mm and the cell number density of 109 to 1015

cell/cm3.1 The cells are formed by bringing a sat-
urated polymer–gas solution into a thermody-
namically unstable state, where the solubility of

the gas is instantaneously reduced by a decom-
pression and/or a heating process. The use of en-
vironmentally benign gases such as carbon diox-
ide (CO2) or nitrogen (N2) instead of chlorofluoro-
carbons (CFC) or volatile organic compounds is a
proper choice and urgently needed in the indus-
trial production of foam plastics because of the
necessity to develop an environmentally clean
and safe production process.

Martini et al.2 studied the effect of process
conditions, such as initial gas concentration,
heating temperature, and heating time on a poly-
styrene–nitrogen (PS–N2) system. Cell sizes
ranging from 0.1 to 25 mm and void fractions up to
30% were obtained by varying the process condi-
tions. The cell size increased with increase in the
heating temperature and heating time. A theoret-
ical study on the nucleation of cells in a microcel-
lular plastic based on the classical nucleation the-
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ory was also undertaken. Colton and Suh3 ex-
tended the classical nucleation theory by
considering the free-volume effects due to addi-
tives and gases in a solution of the PS–N2 system.
They found that there were three regions of nu-
cleation: a homogeneous region below the solubil-
ity limit of the additive of zinc stearate in PS
(approximately 0.3%), a heterogeneous region
above the solubility limit, and a mixed-mode re-
gion around the solubility limit. Theoretical treat-
ment shows an overprediction at high pressure,
but underprediction at low pressure.

Kumar and Suh4 reported on experimental re-
sults of the nucleation of cells in the PS–N2 sys-
tem. The results demonstrated that cell density
increased with saturation pressure because of in-
creasing gas concentration. They investigated the
effect of external pressure on the nucleation pro-
cess. The results showed that the external pres-
sure did not affect the cell number density (it was
initially believed that the external pressure
would decrease the cell number density because
of a decreasing degree of supersaturation). The
decrease in the gas solubility in PS as the satu-
rated sample was heated above the Tg of the poly-
mer could compensate for an increasing supersat-
uration degree, which could act as a driving force
for the nucleation of cells.

Ramesh et al.5 presented experimental and
theoretical studies of the effect of various process
conditions on cell growth in a PS–N2 system.
They reported that the cell growth rate increased
with increase in the heating temperature because
of the decreasing solution viscosity and increasing
gas diffusivity. The cell size decreased with in-
crease in the saturation pressure. As was re-
ported by Kumar and Suh,4 the number of nucle-
ated cells increased exponentially with increase
in the saturation pressure. It caused the growing
cell to reach a smaller equilibrium cell size due to
the limiting of the gas concentration in the poly-
mer after the nucleation of the cells. They claimed
that the deviation between theoretical and exper-
imental results was caused by an interaction be-
tween the bubbles, which was not considered in
their model.

Collias and Baird6 investigated the deforma-
tion characteristics of PS by the presence of su-
persaturated nitrogen. They hypothesized that
the release of nitrogen pressure after saturation
created some tiny bubbles, but these vanished as
nitrogen diffused out of the samples. The results
demonstrated that the time scale of the change in
the craze flow stress and corresponding percent

elongation was equal to the diffusion time scale of
nitrogen in PS, that is, 3 days. They concluded
that the presence of nitrogen affected the defor-
mation of PS, although not too significantly. The
microcellular plastic, resulting in their experi-
ment under applied process conditions, had a
bubble size of 10 mm and a volume expansion of
25%.

In the previous studies on microcellular PS, the
saturation process was usually conducted around
room temperature, where the solubility of the
gases is relatively high, but it needs a long time to
reach saturation conditions. Variation in the sat-
uration pressures will only affect the saturation
concentration. Although increasing saturation
temperature can reduce saturation time, the sol-
ubility of gases will generally drop at a high tem-
perature. Based on the solubility data reported by
Sato et al.,7, 8 this phenomenon, however, is not
fully valid for the PS–N2 system. The solubility of
N2 decreases with increase in the temperature,
but increases above about 350 K, showing so-
called reverse solubility for various saturation
pressures. Since the temperature change affected
the gas concentration, it also affected cell nucle-
ation and the cell growth rate because of the
changing diffusion coefficient of the gas. Consid-
ering that the concentration of gas in the polymer
plays a predominant role in the nucleation of
cells, processing at various temperatures above
room temperature might have a significant effect
on the cell structure in the PS–N2 system. In
addition, increasing temperature will cause the
viscosity of the polymer to significantly decrease,
especially by the presence of gas swelling the
polymer. Therefore, in this work, the effects of
various saturation temperatures above room tem-
perature were studied under a constant satura-
tion pressure of 25 MPa. We propose a quick-
heating method to investigate the variation in
saturation pressure and heating time on the cell
structure; the saturation temperature was kept
constant at 393 K (above the Tg of PS). Quick-
heating is the heating of a polymer without a time
interval after decompression by the heat capacity
of the saturation vessel. The degree of supersat-
uration of the saturated solution by quick-heating
should be higher than that by late-heating, since
the heating process by quick-heating started at
the saturation concentration.9,10 The results were
compared with those of the usual late-heating
method used by previous authors, that is, that
which heats the saturated sample after an
elapsed time since decompression. A long heating
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time was studied to understand the microcellular
structure change due to cell nucleation, cell
growth, cell unification, and cell/foamed shrink-
age.

EXPERIMENTAL

PS (Idemitsu Petrochemicals (Ichihara, Japan),
HH30, Mw 5 276,000) was used with nitrogen as
a blowing agent (Iwatani Industrial Gases, Hiro-
shima, Japan, 99.9%). The gas was used as re-
ceived without further treatment. The polymer
was obtained as sheet samples with a thickness of
about 1.3 mm; they were cut into 15 3 15-mm
pieces. The sample pieces were annealed under
403 K in a vacuum oven for 12 h and cooled slowly
to room temperature.

A schematic diagram of the experimental ar-
rangement used in this work is sketched in Fig-
ure 1. First, the samples were placed in the sat-
uration vessel immersed in an air bath. The ves-
sel was evacuated and then charged with nitrogen
gas up to a desired saturation pressure at a sat-
uration temperature. When the period of satura-
tion time was reached, the pressure was quickly
released to atmospheric pressure. The present
work examined two heating methods, that is,
“late-heating” and “quick-heating.” A sketch of
the late-heating method and sample placement

inside the saturation vessel is indicated in Figure
2. The samples were placed on a wire rack; they
were thermally insulated from the wall of the
vessel by a Teflon insulator to prevent convective
heating after decompression. In the late-heating
method, the samples were immediately taken out
of the vessel (we needed at least 30 s to do it) after
decompression. After a time interval (3 min since
decompression), they were heated in a silicon oil
bath at a foaming temperature for a certain heat-
ing time, then immersed in an ice-water bath.

The schematic of the quick-heating setup of the
apparatus and polymer sample placement in the
saturation vessel is presented in Figure 3. In-
stead of using the Teflon insulator, the samples
were placed on brass trays. After decompression,
the samples were kept in the vessel for a desired
heating time to heat the samples by the heat
capacity of the trays and vessel. After the heating
process, cold water was delivered into the vessel
to terminate the heating process. After the micro-
cellular process, the samples were exposed to the
atmosphere for over 1 week prior to the density

Figure 1 Schematic diagram of the experimental ap-
paratus for producing microcellular foam plastic.

Figure 2 Setup of apparatus and sample placement
inside the pressure vessel for “late-heating” method.

Figure 3 Setup of apparatus and sample placement
inside the pressure vessel for “quick-heating” method.
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measurement to ensure that the weight and vol-
ume of the sample had become constant. A part of
the sample was then frozen and fractured in liq-
uid nitrogen for microstructure analysis with
SEM. The SEM image photographs were taken
into a computer to obtain the cell size and cell
distribution. The cell number density was evalu-
ated according to Kumar and Suh.4

The bulk density of the samples was measured
to determine the volume change of the samples
before and after the microcellular process. The
measurement was performed by the buoyancy
method at 303 K. The volume expansion ratio,
VE, is defined by the following equation:

VE 5
Vf 2 Vi

Vi
3 100% (1)

where Vi is the initial volume of the polymer
sample, and Vf, the volume of the foamed sample.
The data of the volume expansion ratio was com-
pared with the ideal volume expansion to esti-
mate the gas used to expand the sample. The
ideal value was estimated from the volume of the
amount of dissolved gas, which was taken from
the gas solubility data.7,8 The volume of gas was
calculated at the heating temperature and at 0.1
MPa with the assumption that all dissolved gases
were used for the expansion of the polymer. The
ideal volume expansion, VEideal, was calculated as

VEideal 5
RT
P

S
Mw

rpol (2)

where R is the gas constant (cm3 bar mol21 K21);
S, the solubility of gas in the polymer (g-gas/g-
polymer); Mw, the molecular weight of the gas;
and rpol, the density of the neat polymer sample
at room temperature (before foaming).

Figure 4 shows an example of a temperature
profile during and after the decompression pro-
cess of both heating methods. In decompression,
the temperature inside the vessel decreases sig-
nificantly because of the adiabatic expansion of
the gas, then increases due to the heat conduction
and radiation from the vessel. It is seen that the
temperature change in quick-heating returns to
almost the initial saturation temperature faster
than in the late-heating method. The degree of
supersaturation by quick-heating will be higher
than by late-heating, since the heating process
can be started while the gas concentration is still
high. The difference in the two temperature pro-

files as well as the gas concentration in the heat-
ing process will cause different microcellular
structures in the resulting samples.

RESULTS AND DISCUSSION

Effect of Saturation Temperature

First, we investigated the effect of high saturation
temperature on the microcellular cell structure
with the conventional late-heating method. Fig-
ure 5 shows the results of experiments at a satu-
ration pressure of 25 MPa, a heating temperature
of 393 K, and a heating time in the oil bath for
30 s. The cell number density has a minimum and
the mean cell diameter has a maximum around
350 K; the temperature of the minimum solubility
of nitrogen in PS is as reported by Sato et al.7, 8

The solubility of nitrogen in PS over a wide range
of temperature and pressure was predicted with
the Sanchez–Lacombe equation of state11,12 based
on the experimental results of Sato et al.7, 8 and is
shown in Figure 6. It is seen that above 350 K
nitrogen solubility increases with increase in the
temperature. The relationship of the solubility of
nitrogen or the number of dissolved gases in PS to
the cell structure exhibits good consistency up to
about 393 K, but above this temperature, it shows

Figure 4 Profile of temperature change along and
after decompression.
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a discrepancy. Increasing the amount of gas in-
creases the nucleation rate of cells; as a result,
the cell number density increases and the cell
diameter decreases because of the limiting
amount of gas for growing. Above 393 K, besides
increasing the dissolved gas in the polymer, the
solution and vessel temperature are too high.
Since the Tg of the polymer decreases with in-
crease in the gas concentration in the polymer,
when decompression is performed from a high
saturation temperature, cell nucleation, cell uni-
fication, and cell growth occur before removal
from the vessel. The heating process in silicon oil
just increases the length of heating time and
causes an increase in the unification and growth
of cells. As a result, the cell number density de-
creases and the mean cell diameter increases.

The above results agree with the classical nu-
cleation theory according to which the cell nucle-
ation rate is linearly related to the gas concentra-
tion in the polymer and is expressed as

Nhom 5 Zb*C0exp~2DG*hom/kT! (3)

where Nhom is the homogeneous nucleation rate;
Z, the Zeldovich factor; b* , the joint rate of mol-
ecules; C0, the concentration of gas molecules in
the polymer; DG*hom, the Gibbs free energy
changing for homogeneous nucleation; k, the Bolt-
zmann’s constant; and T, the absolute tempera-
ture.2,3,13 Discussion of this calculation method
can be found in the Appendix. The dissolved gas
in the polymer swells the polymer matrices so

that the polymer chains can freely move and in-
teract with each other. The viscosity and surface
tension of the polymer–gas solution reduces to
below the pure polymer at the same temperature.
Consequently, increasing gas concentration leads
to decreasing the critical radius and the Gibbs
energy of nucleation. An increasing cell nucle-
ation rate results in an increase in cell number
density and a decrease in the mean cell diameter.
A comparison of the experimental results with the
theoretical calculation results is shown in Figure
7. Both results show agreement except above 393
K, which indicates that classical nucleation the-
ory is applicable only under conditions where the
unification of the cell has not occurred. Below 350
K, the minimum temperature of the nitrogen sol-
ubility in PS and the dependence of the cell num-
ber density on the gas concentration can be seen
more clearly than above 350 K. This occurs be-
cause the amount of gas that escapes before heat-
ing is greater for samples processed above 350 K.
Therefore, the amount of dissolved gas used for
nucleation and growth might not be as much as
for samples processed below 350 K. However, we
can show a strong relationship between the gas
solubility of the PS–N2 system and the cell struc-
ture. It is possible to process microcellular plastic
from a PS–N2 system at higher temperature with-
out the confusion of the decreasing solubility of
gas. By carefully controlling the heating process,

Figure 6 Solubility of nitrogen in PS (predicted by
Sanchez–Lacombe EOS11,12 with experimental data
from Sato et al.7,8).

Figure 5 Effect of saturation temperature on cell
structure (late-heating).
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microcellular plastics with a high cell number
density and a small diameter can be produced.

The volume expansion ratio as a function of
saturation temperature is shown in Figure 8. The
broken line in this figure expresses an ideal value
of the volume expansion ratio assuming that all
the dissolved gas is used to expand the polymer as
previously explained. The measured volume ex-
pansion reveals the same tendency as that of the
gas solubility. This is reasonable if we consider
that a part of the dissolved gas is used to expand
the polymer and the rest of the gas diffuses out of
the polymer. However, at the highest tempera-
ture in the experiment, the sample expanded
about seven times as much as did the initial vol-
ume. This might be caused by an increase in the
cell growth rate due to the sudden reduction of
polymer viscosity above the glass transition tem-
perature. Visually, the microcellular structure
change by the saturation temperature change is
shown in Figure 9. The effects of saturation tem-
perature related to gas solubility are shown in
this figure. Because the gas solubility was higher
at 313 K (a) than around the minimum solubility
at 353 K (b), the cell size was smaller and the cell
number density was higher. Increasing the gas
solubility above 350 K caused an increase in cell
number density and a slight decrease in cell di-
ameter, which is shown in Figure 9(c). When the
saturation process was performed below 413 K,

cell growth and the unification of cells caused the
cell diameter to increase and the cell number
density to decrease, as shown in Figure 9(d).

From these results, we conclude that microcel-
lular PS, having many small cells and low den-
sity, can be produced at high temperature with
nitrogen as a blowing agent. This information is
valuable for industrial production of microcellular
plastics, because continuous processes are oper-
ated at high temperatures around the melting
temperature of polymers.

Effect of Saturation Pressure

The effect of the saturation pressure on the mi-
crocellular structure was investigated at a high
saturation temperature of 393 K with both the
late- and quick-heating methods. Heating tem-
perature and heating time were kept constant at
393 K and 30 s. For quick heating, the saturation
temperature is the same as the heating tempera-
ture; therefore, it is performed above the Tg of PS.
Figure 10 shows the solubility of nitrogen in PS at
393 K, which was predicted by the Sanchez–La-
combe equation of state11,12 with experimental
data from Sato et al.7,8 The solubility increases
linearly with pressure up to about 25 MPa.

Variation of the microcellular structure with
saturation pressure is presented in Figure 11
with SEM images in Figure 12. The cell number
density increases and the mean cell diameter de-

Figure 8 Effect of saturation temperature on volume
expansion ratio (late-heating).

Figure 7 Effect of saturation temperature on cell
structure; a comparison of theory and experimental
results (late-heating).
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creases with increase in the saturation pressure,
namely, with increase in the gas solubility in the
polymer. The reason for this solubility effect is the
same as that previously mentioned. These results
agree with those reported by Kumar and Suh.4

The cell number density of the sample processed
under the quick-heating method is slightly
higher, while the cell diameter is significantly
larger than in late-heating. This means that the
nucleation rate of both methods is relatively sim-
ilar. At the applied saturation temperature (393
K), the nucleation of the cells is almost completed
at decompression and/or at initial time before re-
moval from the vessel. This is reasonable since
393 K is above the Tg of PS. The difference in the
degree of supersaturation, contributed by faster
heating in the quick-heating method, led to a
slightly higher cell number density. The larger
mean cell diameter in quick-heating might be due
to the higher gas concentration available in the

polymer and the higher cell growth rate because
of the higher gas diffusion coefficient. The photo-
graphs of the sample processed by both heating
methods show that, for the same applied process
conditions, the mean cell diameter of the sample
processed under quick-heating is larger than in
late-heating. The quick-heating process only en-
hanced the growth rate of the cells, which is
clearly shown in Figure 12(a–c). By increasing
the saturation pressures, the mean cell diameter
of quick-heating was larger, while the cell num-
ber density was almost the same.

The difference in the cell growth rate in the two
heating processes was more clearly observed in
the volume expansion data shown in Figure 13.
The microcellular samples produced with the
quick-heating method expanded about three
times as much as those processed with the late-
heating method. A comparison of the ideal volume
expansion shown by the broken line with the ex-

Figure 9 SEM photographs show the effect of saturation temperature on cell struc-
ture.
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perimental values indicates that only about 10%
of the dissolved gas was used to expand the poly-
mer samples in the late-heating method. The re-
maining about 90% of the dissolved gas had dif-

fused out of the sample. However, in the case of
the quick-heating method, the amount of gas used
to expand the polymer is more than 30% of the
total dissolved gas. A simple calculation may tell
us that about 20% of the dissolved gas diffused
out of the polymer during the 3 min between the
end of the decompression process and the begin-
ning of the heating process in the oil bath. This
result proves that there is a higher gas concen-
tration in the quick-heating process than in the
late-heating process.

Effect of Heating Time

The dynamic change in cell structure as a func-
tion of the heating time in the two heating meth-
ods is presented in Figure 14. There are three
different stages: the first stage up to 30 s, the
second stage from 30 to about 300 s, and the final
stage over 300 s. In the first stage, the cell num-
ber density appears almost constant, and the
mean cell diameter increases due to cell growth,
that is, the diffusion of gas molecules from the
bulk polymer into the nuclei. Almost constant
values of the cell number density may denote that
a large part of the cells are nucleated during the
early stage of heating. The nucleation rate of the
cells becomes quite low, because of the decreasing

Figure 10 Solubility of nitrogen in PS at 393 K (pre-
dicted by Sanchez–Lacombe EOS with experimental
data from Sato et al.7,8).

Figure 11 Effect of saturation pressure on cell structure (a comparison of late- and
quick-heating).
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gas concentration in the polymer. The cell num-
ber density then decreases in the second stage
due to the unification of two or more cells. There-
fore, the mean cell diameter increases because of
the cell growth and the unification. Ramesh et al.6

reported that the mean cell diameter reached an
equilibrium value after a heating time of 120 s
(heating/foaming temperature was 388 K) and
was not changed up to 300 s, because of the de-
pleted gas concentration in the polymer. How-

Figure 12 SEM photographs show the effect of saturation pressure under late- and
quick-heating at 393 K and 30 s.
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ever, we obtained another result after the second
stage. In the final stage, the cells number density
decreased, and the mean cell diameter increased
slowly with time. The decrease in the cell number
density is caused by the unification of cells, while
increase in the mean cell diameter may indicate
the growth of cells. It is quite reasonable to con-
sider that the gas molecules in the cells tend to
diffuse out of the polymer after the depletion of
the gas pressure in the polymer, because of the

higher pressure in the cells and a higher gas
concentration in the sample than in the atmo-
sphere. The shrinkage of cells will be proved by
the change in the ample volume expansion ratio
as shown in Figure 15. The volume expansion
ratio increased during the first and second stages.
However, in the final stage, foamed polymer vol-
umes were drastically reduced.

In the quick-heating method, the change in cell
number density and mean cell diameter with
heating time was relatively small. Large cell
number densities may be influenced by the high
nucleation rate in the initial time of the first
stage, while the larger mean cell diameter is
caused by the higher growth rate. As previously
mentioned, quick-heating at high gas concentra-
tion enhanced the nucleation and growth rate of
the cells. In the second stage, the experimentally
obtained mean cell diameters were still larger
than those by the late-heating; however, over
150 s, the mean cell diameter was smaller, which
means that the cell growth rate had slowed.
These results, as well as the volume expansion
ratios shown in Figure 15, indicate an almost
constant volume expansion ratio over 150 s,
which reaches a maximum around 300 s. Since
the total number of gas molecules were primarily
used for the nucleation of cells, the mean cell
diameter in the final stage of the quick-heating
process was smaller than that of the late-heating
process, but the cell number density was higher.

Figure 13 Effect of saturation pressure on the vol-
ume expansion ratio (a comparison of late- and quick-
heating).

Figure 14 Dynamic change of cell structure by heat-
ing time (a comparison of late- and quick-heating).

Figure 15 Effect of heating time on the volume ex-
pansion ratio (a comparison of late- and quick-heating).
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The typical cell structure change with heating
time under both heating methods is visually
shown in Figure 16. It is clearly shown that, for
heating time up to 30 s under the quick-heating
process, the mean cell diameter is larger and the

cell number density is higher than in late-heating
[Fig. 16 (a)]. At 600 s (over 300 s, i.e., the maxi-
mum mean cell diameter), a reverse condition
appears: The mean cell diameter of the quick-
heating process is smaller, but the cell number

Figure 16 SEM photographs show the effect of heating time under late- and quick-
heating.
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density is higher [Fig. 16 (b)]. When the heating
process was continued up to 1200 s, the quick-
heating process reached a final cell size smaller
than in the late-heating process and higher mean
cell number density [Fig. 16 (c)]. These facts dem-
onstrate that the quick-heating process could in-
crease the degree of supersaturation of the poly-
mer solution.

CONCLUSIONS

The effects of saturation pressure, saturation
temperature, heating time, and heating method
on the cell structure were studied for PS micro-
cellular plastic production. The solubility of
gas, which is related to saturation pressure and
temperature, had a significant effect on the
structure of microcellular plastics. Increasing
gas solubility increased the cell number density
and reduced the cell size. The heating time
could be used as a controlling variable to obtain
a desired cell structure and volume expansion
ratio. Application of the quick-heating process
enhanced the degree of supersaturation of the
polymer– gas solution, resulting in a small equi-
librium cell size, high cell number density, and
volume expansion ratio.

The authors wish to thank the Hiroshima Industrial
Technology Organization and Japan Science and Tech-
nology Corp. for providing financial support.

APPENDIX

The interfacial tension of the polymer–gas solu-
tion, gmix, was calculated by an equation derived
by Goel and Beckman.13 By considering that the
surface tension of high-pressure gases is much
smaller than that of the polymer, that the satu-
ration process is performed above the glass tran-
sition temperature of the PS, and that nitrogen
gas is dissolved in the PS, the surface tension of
the mixture was treated as

gmix 5 gpFrmix

rp
G 4

~1 2 wg!
4 (A.1)

where gp and rp are the surface tension and den-
sity of the pure polymer, respectively; rmix, the
density of the gas–polymer mixture; and wg, the
weight fraction of the gas in the polymer.

The density of PS was estimated from the
equation by Ruud14:

Below the Tg:

rT 5 r298 2 2.65 3 1024~T 2 298.15! (A.2)

Above the Tg:

rT 5 r298 2 6.054 3 1024~T 2 298.15! (A.3)

where r is in the unit of g/cm3 and T in K. The
surface tension of pure PS at various tempera-
tures was calculated according to Van Krevelen15:

gT 5 g298~rT/r298!
4 (A.4)

The solubility data of nitrogen in PS by Sato et
al.7,8 was used to obtain wgas. The change in poly-
mer density due to the dissolved gas was calcu-
lated by the application of a simple mixing rule as

rmix 5
rprg

wprg 1 wgrp
(A.5)

Z in eq. (3) was as calculated according to Rus-
sel.16 b* was calculated based on Reis17 as

b* 5
3D

2l#
C0 (A.6)

where D is the diffusion coefficient of gas in the
polymer; l̄, the distance between the adjacent
molecules; and C0, the saturated concentration of
gas in the polymer.
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