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SUMMARY
Ultramicrocellular PMMA foams made from the low temperature rubbery
phase, obtained by saturating the polymer with CO2 at 0ºC and 34 atm, was
subjected to a second expansion cycle by heating it rapidly to temperatures in
the range 30 to 120ºC. The blowing agent for the secondary expansion was
either the residual CO2 in the foam at about 19 wt% level or fresh CO2 reequilibrated at 0ºC and 34 atm to a loading level of about 29 wt%. In the former
case, the second expansion cycle led to lower foam densities whereas in the
latter case it led to stretching and re-orientation of the cell walls with no
significant gain in further foam density reduction or cell density increase.

INTRODUCTION
It is well known that compressed gases such as CO2 and N2 can dissolve to
considerable extent in polymers to induce cell nucleation and growth on
depressurization. The cellular morphology thus obtained is often in the 10100 µm range. Two processes are often used to generate such structures. In the
continuous extrusion process, the molten polymer is directly injected with
compressed gas, followed by dissolution and a final pressure and temperature
decrease to generate the cellular structure. In the batch solid-state extrusion
process, the polymer is saturated with the compressed gas under appropriate
temperature and pressure conditions, followed by either rapid depressurization
or first slowly decreasing the pressure and then quickly heating the polymergas solution to a temperature above the plasticized glass transition temperature,
Tg. Generally, the closed cell morphologies with cell diameter in the range 1100 µm and a cell density about 108 cells/cm3 are termed microcellular foams.
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The cellular structures with a diameter in the range 0.01-1 µm and a cell density
in excess of 1012 cells/cm3 are termed ultramicrocellular foams(1).
CO2 in particular is considered a desirable blowing agent due to it physical
properties and benign nature. This gas near or above its critical point can
dissolve in large enough quantities to cause an appreciable reduction in the Tg
of the polymer-gas system(2). For poly(methyl methacrylate), PMMA, CO2 is
an excellent plasticizer causing a Tg depression which is not linearly dependent
on the gas pressure as generally is the case but, instead, the system exhibits a
retrograde behavior(1,3,4) whereby two transitions under a constant gas pressure
are observed: a rubber-to-glass transition at a lower temperature (Tg,l), and a
glass-to-rubber transition at a higher temperature (Tg,h). The existence of Tg,l
is due to the higher solubility of the gas in the polymer at lower temperatures,
and heating the system at a constant pressure results in some gas loss from the
polymer giving a rubber-to-glass transition accompanied by generation of
microcellular morphology. On further heating at the same constant pressure
results in the usual glass-to-rubber transition at Tg,h, and to the generation of
ultramicrocellular morphology due to a much higher cell nucleation rate.
Ultramicrocellular foams with an average cell size of 0.35 µm and cell density
of 1013 cells/cm3 were produced by saturating PMMA with CO2 in the liquid
or sub-critical state(3,4). The reported low temperature/pressure process offers
better control on cell growth and gives finer morphologies as compared to
those reported in the literature(5).
The evolution of ultramicrocellular foams has created an interest in exploring
pathways to generate morphologies beyond the sub-micron level. While
searching for newer processing windows using the patented low temperature
foaming process(3,4), it was observed that the foams exhibited significant mass
change over time due to loss of CO2. The availability of this considerable
amount of CO2 in the foam, which we will refer here as the primary foam,
offers the possibility to use this extra gas to re-foam the ultramicrocellular
morphology and obtain smaller cell sizes or lower density. The re-foamed
morphology is therefore referred to as secondary foam.
In conventional foaming processes, for example in the case of polystyrene
(PS), secondary foaming is commonly practiced. The extruded PS foams can
normally retain about 50-90% of the physical blowing agent. As foam ages and
air permeates into the cells, the total cell pressure (from the permeated air and
residual blowing agent) during a converting stage, such as thermoforming, can
be much higher than atmospheric and causes a further expansion of the cells
and hence secondary foaming. Another variant of the secondary foaming
process has been recently reported(6,7) whereby density of a thermoplastic
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foam is further reduced by resaturating with a compressed gas such as CO2 and
subjecting the foam-gas solution to another expansion cycle.
In this paper we will explore whether the ultramicrocellular foams produced
from the retrograde phase can be subjected to secondary foaming and its effect
on the resulting morphological characteristics.

EXPERIMENTAL
PMMA sample used had a Tg of 95 °C, Mw = 108,500, and Mn = 56,700. It was
compression molded into sheets of about 1.25 mm in thickness. Bone dry CO2
was used.
Primary PMMA foams were prepared by saturating the polymer with CO2 at
0°C and 34 atm for 24 hours and subsequently heating in a water bath at 50°C.
Secondary foams were prepared utilizing the CO2 left in the sample after aging
under ambient conditions from 2 to 14 days, and then heating to 120°C. The
secondary foams were also prepared by placing the primary foam in a vacuum
oven at 30°C for 3 days, then re-saturating with CO2 at the above conditions
for 24 hours and subsequently foaming in the range 30 to 120°C. Primary
PMMA foam samples after the vacuum step were also saturated with N2 gas
at 24°C and 54 atm to investigate the effect of gas type on secondary foaming.
Desorption kinetic studies on the primary foam samples were carried out using
a high-precision gravimetric technique (CAHN D110 microbalance)(8). A
sample with dimensions 1.5x0.5x0.5 cm and weighing 0.4 g was placed in the
balance and the entire system evacuated. The amount of gas loss as a function
of time at various temperatures in the range 14 to 55°C was monitored until no
further mass changes was observed. Foam densities were determined by
measuring the mass in air and in water.

RESULTS AND DISCUSSION
During the foaming process, initially the pressure of CO2 within the matrix is
higher than the ambient. On aging at a given temperature, the concentration
gradient results in diffusion of CO2 out of the matrix until an equilibrium with
the surroundings is established. Even with the CO2 at 1 atm inside the cells, the
foam matrix acts as a gas reservoir, considering (as shown below) the amount
of CO2 present in the cells and that dissolved in the polymer matrix. A typical
desorption curve under ambient conditions is shown in Figure 1. The total
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amount of gas given off by the primary foam is about 19 wt%, and represents
a retention of about 65% of the initial amount of the blowing agent dissolved
in the polymer before foaming. As expected, the total amount of gas given off
was the same irrespective of the desorption temperature except that the
desorption rates became more rapid with increasing temperature. For example
at 14°C equilibrium was reached after 21 days as compared to 6 days at 55°C.
The analysis of the kinetic data using the hybrid model(8) gives desorption
diffusion coefficients in the range 2.5 to 3.9x10-7 cm2/s over the temperature
range of 14 to 55°C.
In the microcellular foaming process, the morphology obtained is directly
dependent on the amount of dissolved gas and the foaming temperature(1). This
implies that the amount of gas left in the resulting foam is also a function of
the cellular morphology. This indeed was found to be the case. As seen in
Figure 2, a correlation exists between the total amount of gas desorbed from
the primary PMMA foam and the primary foam characteristics, and is similar
in nature as the correlation with the amount of dissolved gas(1). Cell density
measurements were carried out using the method as described previously(9).
Cell sizes were determined using the image analysis software Image-Pro from

Figure 1 Change in mass of primary PMMA foam sample under ambient
conditions
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Figure 2 Cell density and cell size of the primary foam samples plotted against
the amount of residual gas in the sample

Cybernetics and SEM photographs of the foam samples. As shown in Figure 2,
the amount of residual gas in the sample gas corresponds to the foaming
temperature – i.e. the higher the foaming temperature, the less gas is available
for desorption, and the accompanying morphology is reflected in smaller cell
size and higher cell density.
Results on the secondary foams obtained after aging the primary foam samples
for various times followed by rapidly heating the sample to 120°C are shown
in Figure 3 where reduction in density of the primary foam is plotted against
the time it was aged before re-foaming. It is noted from Figure 1 that the
majority of the gas loss occurs in the first three days with the rest exhibiting
a gradual exponential decay. Accordingly, the largest density reduction
achieved was 0.38 g/cm3 when a freshly made primary foam sample with a
density of 0.50 g/cm3 was aged for 2 days and subsequently foamed to give
secondary foam with a density of 0.12 g/cm3. With further aging, the density
reduction achieved decreased and eventually leveled off for samples aged
6 days or more. This is also reflected in that no change in the cell size or cell
density was evident in the SEM analysis on the secondary foam sample made
after aging for more than 6 days. On the other hand, as shown in Figure 4, a
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Figure 3 Density reduction achieved after aging the primary foam for various
periods and then rapidly heating it to 120°C

Figure 4 Microphotographs of PMMA foams: a) primary foam prepared at
100°C, b) secondary foam prepared by aging the primary foam for 2 days and
then rapidly heating it to 120°C

Cellular Polymers, Vol. 22, No. 4, 2003

265

A. Victoria Nawaby and Y. Paul Handa

significant change in the cell size was observed when primary foam made at
100°C (Figure 4a) was aged for 2 days and then subsequently heated to 120°C
(Figure 4b).
The primary foams were also re-foamed by subjecting the samples to a second
saturation cycle using CO2 and N2 and a second expansion cycle in the
temperature range 30 to 120°C. Since, as noted above, the primary foams
prepared at 50°C contained a significant amount of CO2 within the morphology,
the samples were first left in the vacuum oven at about 30°C for 3 days prior
to re-saturation. The resultant secondary foam densities are shown in Figure 5.
The secondary foams prepared with a second saturation step using CO2 exhibit
the same trend and are within experimental error as the primary foam densities.
The primary foam densities as previously reported by Handa and Zhang4 seem
to level off in the foaming temperature range of 80 to 100°C whereas the
secondary foam densities continue to decrease up to 120°C. The densities of
the secondary foam prepared with N2 remain constant at about 0.45 g/cm3,
which is close to the density of primary foam prepared at 50°C. This is due to
the fact that the solubility of N2 is much lower than that of CO2 and thus does
not contribute to further expansion of the matrix until at higher temperatures

Figure 5 Primary and secondary foam densities using CO2 and N2 as the blowing
agents for the second expansion cycle
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where density reduction is observed once the foaming temperature surpasses
the Tg of the system.
Figure 6 shows microphotographs of the secondary foams prepared at 120°C
with CO2 and N2 gases. The re-saturation with CO2 and re-foaming of the
primary foam, Figure 8a, results in reorientation of the cell walls due to the
high solubility of this gas in the polymer at lower temperatures and the severe
plasticization of the matrix. Such relaxation is not available in the case of N2
due to the rather limited solubility of N2 and becomes possible only when the
system approaches the nominal Tg of the polymer.

CONCLUSIONS
It was found that the freshly prepared ultramicrocellular foams contain enough
residual blowing agent (about 19 wt%) that they can be subjected to a second
expansion cycle to give morphologies with lower density, provided the
secondary foaming is done at temperatures higher than those used during the
primary foaming and that this operation is performed within 48 hours.
Conversely, the primary foams can be first totally degassed, re-saturated with
the blowing agent, and foamed again. Such a secondary foaming cycle leads
to re-orientation of the primary cells without any significant density reduction.
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Figure 6 Microphotographs of secondary PMMA foams prepared at 120°C:
a) with CO2, b) with N2
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