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SYNOPSIS

The mechanism of foaming a glassy polymer using sorbed carbon dioxide is studied in
detail. A glassy polymer supersaturated with nitrogen forms a microcellular foam, if the
polymer is quickly heated above its glass transition temperature. A glassy polymer super-
saturated with CO, forms this foam-like structure at much lower temperatures which in-
dicates the T,-depressing effect of CO,. Having this interpretation in mind, the overall
sample morphology, i.e., a porous foam enclosed by dense outer skins, can be completely
explained. The dense skins, however, are not homogeneous but show a nodular structure
when analyzed by SEM and AFM. Foaming experiments with samples having a different
thermal history suggest that the nucleation mechanism underlying the foaming process is
heterogeneous in nature. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Microcellular foams prepared from thermoplastic
materials were developed to reduce the amount of
polymer used in mass produced items.! To prepare
such foams, a glassy polymer is saturated with a
nonreactive gas at high pressures and at room tem-
perature. The pressure is released after gas uptake
has reached equilibrium. The specimen remains su-
persaturated with gas because the release of ab-
sorbed gas is slow. If the specimen is now heated
above its glass transition temperature, nucleation
of the gas phase occurs, and gas bubbles can grow
in the matrix due to the drastically increased chain
mobility in the rubbery state. A comprehensive, ex-
perimental study on nucleation and growth of gas
bubbles was carried out by Kumar? for the polycar-
bonate /CO, system.

In this article, we will describe how this particular
production process for porous glassy polymers can
be used as a model to investigate the influence of
the absorbed nonreactive gas on the polymer matrix
itself. First, we will present a detailed physical and
mathematical description of the mass and heat
transport phenomena occurring during the prepa-
ration process. Experiments and calculations are
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carried out with the polycarbonate/CQO, system.
Second, we will illustrate that this model provides
an easy-to-use method to determine the glass tran-
sition temperature depression by absorbed gaseous
penetrant molecules. In this case, the experiments
were carried out with an aromatic polyimide.

The glass transition temperature depression is of
special interest in the processing of thermoplastic
materials into foams. During the extrusion process,
the dissolved CQO, strongly influences the viscosity
of the polymer melt. The viscosity is related to the
difference between the processing temperature and
the glass transition temperature by the WLF-equa-
tion.? The glass transition temperature, however, is
not known for the polymer/CO; system because the
T, depression is unknown. The T, depression is also
of interest in membrane processes based on the so-
lution—diffusion transport mechanism. In this case,
the sorbed penetrant molecules alter the transport
properties of the polymer such that the polymer
shows reduced selective properties.*

In a third part, we will concentrate on the mech-
anism of the formation. From the literature,? it is
clear that the nucleation mechanism of the bubbles
is not completely understood. Therefore, a number
of experiments on the nucleation mechanism of
bubbles will be presented using polysulfone as a
polymer.

Rather than using the same polymer for all ex-
periments, different problems linked to the foaming
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process were addressed by experiments with differ-
ent polymers. This approach had the advantage of
demonstrating that the whole method of preparing
microcellular foams can be applied to any kind of
glassy polymer.

MASS AND HEAT TRANSPORT
PHENOMENA OCCURRING DURING THE
FOAMING PROCESS OF POLYCARBONATE

Experimental

In recent publications on the production of micro-
cellular glassy polymers, the analysis of the foamed
samples focus on the dependence of the number and
size of bubbles on preparation parameters such as
pressure, temperature, and foaming time. We re-
peated the experiments with the polycarbonate /CO,
system with the intention to develop a method de-
termining the glass transition depression of poly-
mer /penetrant system. The PC was kindly supplied
as 100 gum thick extruded sheets by DSM/The
Netherlands. PC has a glass transition temperature
of 150°C and a density of 1.2 g/cm?®.

In preliminary experiments, the PC-sample was
saturated at 40 bar CO, for 24 h at room tempera-
ture. Immediately after pressure release, the sample
was dipped into a 100°C glycerol bath for 10 s. Al-
though the bath temperature was well below the
glass transition temperature of the pure PC, the
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sample turned from transparent into nontranspar-
ent (opaque) due to the nucleation of bubbles. The
foamed samples were washed in a water / ethanol mix-
ture for 1 h, after which the samples were freeze frac-
tured in liquid nitrogen. A scanning electron micro-
graph of a typical structure is shown in Figure 1.

Remarkably, the specimen shows, besides the
bubbles described in the literature, a dense, non-
porous layer on the outside of the film and an abrupt
transition from the dense layer to the porous struc-
ture. This unfoamed skin has been mentioned pre-
viously;*® however, no physical explanation was
proposed for the appearance of this skin. The phys-
ical interpretation and the mathematical description
presented below explain the appearance of the dense
layer and even predict its thickness.

Discussion

As described above, the polymer specimen is satu-
rated in a pressurization step (Figure 2a) at a certain
pressure for a fixed time at ambient temperature.
During the pressure release step (2b), the polymer
sample is exposed to an environment in which the
partial pressure of CO, is close to zero. Hence, the
polymer is supersaturated, and mass transport of
CO, out of the film takes place. A concentration
profile of the penetrant in the film builds up as
shown in Figure 2b. The shape of the concentration
profile, which actually represents the total penetrant
concentration, depends on the length of time the

Figure 1 Microcellular polycarbonate foamed after supersaturation with carbon dioxide.
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Figure 2 Basic foaming principle showing the individual preparation steps.

sample is kept in this environment. Because any
kind of sorbed penetrant lowers the glass transition
temperature of a polymer to some extent,” a con-
centration profile in a polymer sample is automat-
ically accompanied by a glass transition temperature
profile (2c¢). Often, a simple emperical relation (1)
correlates the glass transition temperature of a
polymer/penetrant system with the weight fraction
of the penetrant:®

Ty=Tgy—A-c (1)

where T, is the actual glass transition temperature
of the polymer/penetrant system, T, is the glass
transition temperature of the polymer free of pen-
etrant, ¢ is the equilibrium concentration of pene-
trant in the polymer, and A is an empirical plasti-
cization parameter typical for this specific polymer/
penetrant system.

A more complex function derived from thermo-
dynamic considerations is also known.?® However,
eq. (1) is adequate to account for the effect of sorbed
penetrant molecules on the 7, of the polymer.'
Kumar? observed that foaming is not possible for a
polycarbonate sample containing 90 mg CO,/cm?
polymer at temperatures below 60°C. Below this
temperature, bubbles cannot be created because the
polymer is in its glassy state, and the energy barrier
for the activation of nucleation is too high. Kumar
concluded that this confirms the occurrence of “a

significant lowering of the glass transition temper-
ature due to CO, sorption.” The value of the glass
transition observed in this way correlates well with
the value of T, = 65°C, which can be calculated for
the same system by applying eq. (1) from Vrentas
et al®

The nucleation and growth of the bubbles in the
inner part of the specimen is relatively understood;
the reasons for the existence of the outer skins are
not. To elucidate the formation mechanism, exper-
iments were performed in which the desorption time
in the pressure release step is increased. An in-
creased desorption time will result in a lower con-
centration profile and a related (increased) glass
transition profile. If the sample with a certain con-
centration profile is dipped into the hot glycerol
bath, desorption of CO, will proceed, but, at the same
time, a temperature gradient will build up in the
film. On this basis, we hypothesize that exactly at
that position in the film where the sample temper-
ature is equal to the glass transition temperature,
the abrupt transition from a dense to a porous layer
can be observed. Pores can only be formed in that
part of the film where the T is lower than the local
film temperature. For increasing desorption times
in the pressure release step, the transition between
the dense and porous layer is expected to move to-
wards the middle of the film. Figure 3 shows four
polycarbonate samples foamed at the conditions
mentioned above. The SEM photos confirm that the
transition moves towards the middle of the film.
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Table I Variables and Parameters for the
Model Calculations

Property Value Reference
Pco, 40 bar
Ceo, (40 bar) 44.5 cm®(STP)/cm® 13
Ceo, (0 bar) 0 cm®(STP)cm?
T 150°C
Thath 100°C
D, 0.018 cm?/s 14
Ep/R 4.5 X 10°K 14
D 1.5 X 107%m?/s *
l 100 pum
A [in eq. (1)] 1.785 6

* Qur experiments; 7' = 25°C.

Mathematical Modeling of Mass and Heat
Transport Phenomena

Mathematically, mass and heat transport phenom-
ena occurring during the different preparation steps
of the foam can be described by partial differential
equations of the kind

ou/ot = 3/dx(Ddu/ox) (2)

where u may be the concentration or the tempera-
ture and D the penetrant diffusivity or the termal
diffusivity. The partial differential equations de-
scribe the evolution of temperature and concentra-
tion profiles. The first partial differential equation
describes the diffusive transport of the penetrant
out of the film during the pressure release step. Here,
a constant diffusion coefficient is assumed and the
concentration profiles at each time step during the
calculations are computed numerically by an FTCS
method.!° The polymer film was subdivided into 500
slices. Further input data for the calculations are
listed in Table I. It is assumed for further calcula-
tions, that during the heating step in the liquid bath
the concentration of CO, in the outer layers remains
zero and, hence, desorption proceeds. The sample
with a concentration profile obtained for a specific
desorption time in the pressure release step is now
exposed to boundary conditions that characterize
the heating step and the second partial differential
equation describing the heat transport must be
solved. Here, in a first numerical procedure, the heat
transport into the film at a fixed time step is cal-
culated. In a second procedure, a diffusion coefficient
is calculated as a function of the temperature in each
slice according to an Arrhenius relationship

D(T) = Doexp{ —E4/RT} (3)

where D (T') is the diffusion coefficient at the local
temperature T, D, is the diffusion coefficient at in-
finite temperature and E; the activation energy of
diffusion. A new concentration profile can be cal-
culated with these local diffusion coefficients in a
third procedure using the same numerical algorithm
as for the pressure release step.

Finally, the glass transition profile at this fixed
time step can be calculated from the newly calculated
concentration profile by using eq. (1). This T, profile
can be compared with the actual temperature profile
in the film as depicted in Figure 4. Because the mass
transport is very slow compared to heat transport,
the temperature profile (dashed line in Fig. 4) will
quickly move closer towards the glass transition
temperature profile. The transition layer (which we
want to determine) is defined as that slice in the
polymer film where the local sample temperature is
equal to the local glass transition temperature. This
can be evaluated numerically by controlling the sign
of the temperature difference between the glass
transition temperature and the sample temperature
of the specimen at a specific slice. The position of
the transition layer depends strongly on the desorp-
tion time in the pressure release step. Layer thick-
nesses are smaller for shorter desorption times Af; ge,
shown as position x; in Figure 4. For a longer de-
sorption time, the transition moves into the film
towards position x,. To compare the experimental
results with the mathematical description, average
skin layer thicknesses at both sides of the PC spec-
imen were determined from SEM photos and plotted
vs. the square root of time'? in Figure 5.

Because the shift of the transition layer into the
film appears to be mass transport limited, a linear
relation between the square root of desorption time
and the experimental layer thickness is be expected.
Indeed, the linear relation can be observed as shown
in Figure 5. Even the mathematical model fits the
experimental data well, confirming the physical and
mathematical picture above. For short desorption
times, the experimental data fit the model calcula-
tions very well. At longer desorption times, the layer
thicknesses for both sides of the film diverge. This
might be caused by different polymer chain packing
densities in the film, depending on the thermal his-
tory during the extrusion process. In fact, history
effects such as orientation and residual stress can
only be observed at the outer skin because the skin
is still in its glassy state. The transition from the
glassy state to the rubbery state, as occurred between
the skins, deletes such history effect.
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Figure 4 Temperature and glass transition temperature profiles as a function of the
desorption time: At1 for desorption in the pressure release step is smaller than Af2.

Nodular Structure

A closer look at the cross-section of the homoge-
neous, dense outer layers of the foamed specimen
reveals a peculiar structure. The layer is not dense
and homogeneous, as it was before the foaming ex-
periment. As can be seen in the SEM photos given
in Figure 6, the outer layer shows a nodular struc-
ture.

To investigate at which step in the process the
nodular structure occurs, the preparation procedure

was stopped at different stages, and the sample was
analyzed by SEM. No nodules can be observed be-
fore the saturated sample is exposed to the heating
step in the hot glycerol bath, which confirms that
the nodules are not artefacts introduced by the
preparation techniques for the SEM analysis.
Nevertheless, the influence of sample preparation
conditions for the SEM analysis was also investi-
gated. The samples are normally sputtered with gold
at an argon pressure of 0.1 torr for around 3 min at
a current of 15 mA with the specimen 55 mm un-
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Figure 5 Comparison of model calculation with experimental skin layer thicknesses.
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Figure 6 SEM photo of the nodular structure found in the cross-section of the skin layer

of a microcellular polycarbonate sample.

derneath the gold electrode. Sometimes, gold de-
position on a smooth inorganic glass surface results
in a nodular structure, but the nodule size then be-
comes zero upon extrapolation to zero sputter time.

The same PC sample was sputtered step wise for
different sputter times. Between two sputter steps,
the nodule size was measured on SEM photos, al-
ways at the same position of the fracture surface of
the specimen. With increasing sputter time the size

200 T

of the nodules in the cross-section of the nonporous
outer layer of the PC specimen increased, as shown
in Figure 7. From the slope of the curve, an average
deposition rate can be calculated, which actually
meets the specification of the apparatus well. Ex-
trapolation to zero sputter time results in the actual
nodule size of 40 nm.

Atomic force microscopy (AFM) was used to re-
confirm and to illustrate in more detail this peculiar
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Figure 7 Nodule size, depending on the sputter time.
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Figure 8 Atomic force microscopy photo of the nodular structure of the skin layer;
picture size represents a surface of (a) 3 um X 3 um and (b) 2 pm X 2 um.

structure. No such structure was found in untreated
samples. After foaming, a grainy nodular structure
was found in the cross-section of the dense outer
layer, as shown in Figure 8. Here, the nodule size is
in the range of 50-200 nm. The discrepancy between
the AFM and the SEM photos might be caused sim-
ply by the fact that the AFM-analyzed surfaces do
not represent the small part of the layer observed
in the SEM photo. In fact, with the AFM used, it
was hardly possible to focus on a specific surface
area of the specimen.

The physical reasons for the creation of these
nodules are not obvious. From Figure 6, it seems as
if the nodular structure is built out of ball-like en-
tities with voids in between. However, the creation
of such spherical surfaces would be very energy in-
tensive because of the disentanglement of the dense,
glassy polymer matrix. Sufficient energy might be
supplied by the high temperature of the heating step

and the extraordinarily high supersaturation. On the
other hand, nodules in amorphous dense polymer
films have been reported by Yeh'® and Geil.'® The
occurrence of these nodules in amorphous polymers
and the tendency of amorphous polymers to crys-
tallize upon heat treatment lead to the development
of the model of Yeh.!” This model describes local
ordering by the folded-chain, fringed micellar grain
model, which is actually a type of bundle model.!®
Bundle models generally assume small ordered re-
gions, showing strong, narrow distance correlations
with superimposed disordered regions, showing very
broad distance correlations.

The nodular structures reported by Geil are small
in size and generally have a diameter of around 304.
These nodules can aggregate into “super-nodules”
depending on the thermal history of the sample, be-
cause aggregation of nodules may minimize their in-
tergrain surface energy. Both heat treatment and
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Figure 9 Chemical structure and physical properties of the aromatic polyimide 6FDA-

3PDA.
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Figure 10 Microporous polyimide foamed by carbon dioxide at (&) peo, =
= 135°C and (b) pe,, = 20 bar and T = 220°C.

CO,-sorption have the potential to enhance ordering
phenomena, e.g., crystallization in amorphous
PET." It seems reasonable, therefore, that, during
the preparation of the microcellular foams, the

1l m

35 barand T

polymer sample experiences such extreme condi-
tions, i.e., high penetrant concentration and high
temperature, that the creation of such “super-nod-
ules” out of areas of enhanced local ordering in the
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Figure 11 Thickness of the dense layer depending on the desorption times in the pressure
release step at different foaming temperatures and a saturation pressure of p,,, = 50 bar.

sense of bundle models may be favorable. At this
stage, no definite decision on the validity of either
physical interpretation can be made. Future work,
such as permeation experiments, which would
give information on the density and eventually po-
rosity of the toplayer, are required to elucidate this
problem.

SORPTION-INDUCED GLASS TRANSITION
TEMPERATURE DEPRESSION OF A
POLYIMIDE

Polyimides are polymers with outstanding thermal,
mechanical, and chemical properties. A family of
polyimides based on the hexafluoro-dianhydride unit
6FDA [4,4'-(2,2,2-trifluoro methyl)ethylidene]-
bis [1,3-isobenzofuran-dione]) has attracted con-
siderable interest in the last 5 years in the field of
membrane technology. These polymers show high
permeabilities and high selectivities for gas mixtures.
However, highly sorbing penetrants such as CO,
swell the polymer significantly and reduce the se-
lective properties. Relaxation phenomena occur in
the form of time-dependent gas permeabilities and
swelling volumes.* These phenomena are generally
summarized in the term plasticization. Because
plasticization can be related to a depression of the
glass transition temperature, the extent to which
the T, of a polyimide, which might be used as a
membrane material, is depressed by the presence of
sorbed CO; is of general interest. Most of the meth-
ods determining the T, depression described in lit-
erature, however, are not very suitable or are even
impracticable for polymers with glass transition

temperatures higher than 200°C. The method de-
scribed in the first part of this article is very easy
to use and might be suitable for this purpose.

The polyimide used is 6FDA-3PDA; the chemical
structure, physical characteristics, i.e., density, mo-
lar mass, and glass transition temperature are shown
in Figure 9. Films of around 100 um thickness were
cast from a 20% weight DMAc solution. The solvent
was evaporated in a nitrogen-flushed glove box. The
films were then dried in a vacuum oven at 70°C for
at least 1 month to ensure the complete removal of
residual solvent. The foaming experiments were
carried out in the same way as those described above.

Not only was the desorption time in the pressure
release step varied, but also the bath temperature
and the applied pressure. Depending on the differ-
ence between the bath temperature and the actual
T,(p), different foam structures can be obtained, as
shown in Figure 10. In general, the average cell di-
ameter increases with increasing bath temperature
at a constant saturation pressure.? Figure 10a shows
a foam structure in which small spherical pores, 0.5
um in diameter, are embedded in a solid polymer
matrix. In the sample shown in Figure 10b, large
honeycomb-like pores, 10 um in size, are separated
by thin walls of polymer matrix.

In a new experimental series, the desorption time
was varied at different bath temperatures. The
thickness of the dense, outer layer was measured
and was plotted normalized for the initial film
thickness vs. the square root of the desorption time
in Figure 11. In this figure, the normalization of the
layer thickness was chosen, since a maximum value
of 0.5 for d/d, means that no foaming occurs in the
specimen.
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Figure 12 Polyimide microcellular foams showing bimodal bubble size distributions
foamed at p = 35 bar and different temperatures: (a) 7' = 169°C and (b) T = 175°C.

For bath temperatures of 137, 157, and 237°C, after desorption times of about 15 s. Hence, the T,
respectively, the samples always show a microcel- drops from initially 312°C to at least 114°C at a
lular structure for the desorption times investigated. saturation pressure of 50 bars. During the experi-
At 114°C, however, no foaming could be observed ments it was clearly seen that the samples that were
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foamed at 114°C with a saturation pressure of 50
bars did not turn opaque for desorption times larger
than 20 s. For these desorption times, the glass
transition temperature of the sample was always
larger than the bath temperature.

It is, therefore, possible to observe the glass tran-
sition temperature depression by systematically de-
creasing the bath temperature, even without using
a scanning electron microscope. The temperature at
which no foaming occurs (the sample does not un-
dergo a transparent/opaque transition) is then the
actual glass transition temperature of the polymer/
penetrant system.

The SEM analysis of the polyimide microcellular
foams revealed another phenomenon that has not
been mentioned previously in the literature. Under
certain preparation conditions, the foam will show
a bimodal bubble size distribution, as shown for two
different samples in Figure 12.

The striking characteristic is that the second se-
ries of smaller bubbles lies between larger bubbles
belonging to the first population. This phenomenon
is explained by the fact that the nucleation of bub-
bles starts at a time t = t,, while new nuclei are
formed and grow out to bubbles as time proceeds.
This can be described by eq. (4):%°

F(t) =F0exp(——Tt-) (4)

in which 7 is a measure of the transient time nec-
essary to reach the equilibrium nucleation frequency,
Fy, and F(t) is the time-dependent nucleation fre-
quency characterizing the number of nuclei formed
per time and volume unit. Let us consider a polymer /
penetrant phase that starts to form a number of
nuclei continuously in time and let us furthermore
assume that this continuous process can be idealized
as a finite sum of discrete time steps at which new
generations of nuclei will be formed. The continuous
function for the ratio of F(¢)/F, can then be ap-
proximated by discrete steps in the number of nuclei.

A first generation will grow in time and subtract
gas from its surrounding. Now, a “second genera-
tion” nuclei develops that also can grow. The second
generation, however, cannot grow as much as the
first generation because of the lower concentration
of penetrant in the polymer matrix. This process of
nucleation will continue, but, as soon as the pene-
trant concentration reaches a critical concentration
at which the corresponding glass transition tem-
perature is equal to the sample temperature, no fur-
ther nucleation and growth can occur. (If this were

not the case, the described mechanism would result
in a perfect self-similar, fractal foam morphology.)

From the SEM photos in Figure 12, it can also
be seen that more small pores exist than larger ones.
This is in accordance with the prediction of eq. (4),
that is, in the early stages of nucleation, the number
of nuclei formed at later times must be larger than
the number of nuclei formed in the early times.
However, at this point, it is not known whether nu-
cleation actually occurs homogeneously or hetero-
geneously. This will be worked out in more detail in
the following section.

TRACING THE GLASSY STATE OF A
POLYSULFONE BY NUCLEATION OF GAS
BUBBLES

Cell nucleation in the amorphous rubbery phase is
assumed to be homogeneous in nature? following an
Arrhenius type of relation for the nucleation rate

hom

—AG
n = ¢ofo €Xp{—— 5

hom OfO p[ kT } ( )
where ¢, is the concentration of the sorbed gas mol-
ecules in the polymer, f, the frequency factor for gas
molecules joining the nucleus, ¥ Boltzman’s con-
stant, T the foaming temperature, and AG the ac-

tivation energy for nucleation. The activation energy
AG obeys eq. (6):

1672
AG = Lt

_:-)’(ps_po)2 (6)

where v is the surface energy between the polymer
and the gas phase, p, the saturation pressure during
the pressurization step and p, the environmental
pressure at which the foaming will be carried out.
Equation (5) predicts that a temperature increase
should cause a drastic increase of the number of
bubbles formed in the polymer. Experimentally,
Kumar found contradictory results: the nucleation
rate was independent of the foaming temperature.
This lead to the conclusion that traditional theories
on homogeneous nucleation are clearly not appli-
cable. However, it was not suggested that nucleation
may also occur in a heterogeneous manner.
Considering the glassy polymer phase as having
a free-volume distribution, heterogeneous nucleation
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Figure 13 Microcellular polysulfone foamed at the same preparation conditions; the
samples have, however, different thermal histories: (a) quenched from the glassy state, (b)
slowly cooled down through the glass transition region.
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Figure 13 (Continued from previous page)

is not unrealistic. Free-volume or density fluctua-
tions are frozen into the polymer matrix during the
glass formation. The larger free-volume pockets may
already exist in the matrix in such an energy state

that only slight “internal” pressure is needed for
growth into bubbles.

Experimentally, this idea of heterogeneous nu-
cleation in loci of larger frozen-in density fluctua-
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tions can be confirmed by carrying out annealing
experiments. On cooling, thermal density fluctua-
tions of a rubbery polymer are frozen in at the glass
transition temperature. At much lower temperatures
than T, the polymer will densify very slowly. These
relaxational densification processes can be enhanced
if the polymeric glass undergoes a heat treatment
at a temperature just below T},. Such a heat treat-
ment results in a much more homogeneous polymer
matrix, with fewer loci where heterogeneous nucle-
ation can occur easily.

To test this hypothesis of heterogeneous nucle-
ation at frozen-in density fluctuations, the following
experiments where carried out. Polysulfone samples
(cast from a DMAc solution, 100 um thick, T,
= 190°C) were heated above the glass transition
temperature at 204°C for 20 h. They were then
briefly quenched in water at 20°C. Two samples were
heated again at 204°C. One of the samples was
quenched directly in liquid nitrogen, whereas the
other one remained in the oven. The oven was
switched off and cooled down slowly to 50°C within
6 h. In the first sample (A), essentially the density
fluctuations of the rubbery state are frozen in. The
second sample (B) can be considered as an annealed
sample because it undergoes a very slow glass for-
mation process. From the above-mentioned theo-
retical considerations, sample A should have a higher
bubble density than sample B after foaming. Cross-
sections of the two samples, foamed at 140°C and a
saturation pressure of p = 40 bar CO,, are shown
in Figure 13 (other foaming parameters are the same
as before).

Clearly, the number of bubbles in sample A is
significantly larger than in sample B, supporting the
idea of heterogeneous nucleation at frozen-in density
fluctuations. Table II shows the results of the
counting analysis of the pictures. Besides the two
samples shown in Figure 13, table II also contains
data on a sample (C) that did not undergo the second
heat treatment at 204°C (i.e., a water quenched

Table II Influence of the Thermal History of the
Polymer Film on the Bubble Density of CO,
Foamed PSF at T = 140°C and p.,, = 40 bar

Sample Number of Bubbles (1/mm?)
A 2.02 E+05
B 0.32 E4+05
C 1.68 E4+05

sample after one heating step). In fact, due to the
essentially identical quench conditions, the number
of bubbles in sample A and C are almost equal.

CONCLUSIONS

The nucleation of gas bubbles in homogeneous
polymer films supersaturated with CO, was used to
develop a simple method for the investigation of the
T, depression due to the sorption of penetrant mol-
ecules. The physical picture proposed, together with
the mathematical model, describes very well the ob-
served macroscopic structure, consisting of a porous
inner layer enclosed by interfacial dense layers. The
method was used to investigate the T, depression of
a polyimide, which was saturated with CO, at 50
bars. A considerable drop in the glass transition from
T,, = 312°C to T, = 114°C was observed demon-
strating clearly the plasticizing effect of this pene-
trant.

A nodular structure in the outer, dense layers of
the foamed sample was observed using SEM. This
structure was confirmed by atomic force microscopy.
Two interpretations are suggested: (a) the nodules
are formed by density segregation necessitating a
disentanglement of the glassy polymer matrix, or
(b) the nodules grow out of regions of enhanced local
ordering following the physical picture of bundle
models. No definite decision for either interpretation
can be made.

Foaming experiments with polysulfone samples
having different thermal histories suggest that the
nucleation mechanism underlying the foaming pro-
cess is heterogeneous in nature. Loci of nucleation
are the larger free-volume pockets, that are embed-
ded in a more densified polymer matrix.
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