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Supercritical carbon dioxide (scCO,) is a promising foaming agent for the produc-
tion of polymeric foams, representing an environmentally friendly alternative for the
foaming agents currently used. During the expansion phase of the scCO,-foaming pro-
cess, temperature plays an essential role. This study focuses on relating the effects of
temperature and pressure profiles on the foaming process and the resulting foam mor-
phology. Therefore, several experiments have been performed in a high pressure reac-
tion calorimeter (RCle) that can be set to three different modes: isothermal, adiabatic,
and isoperibolic. It has been observed that the foaming could be divided into four
stages: nucleation, slow cell growth, fast cell growth, and shrinkage. The degree of
shrinking that occurs is for a great deal dependent on the exposure to higher tempera-
tures at the end of the foaming process. Since shrinkage does not occur in the adia-
batic mode, this mode gives the best control on the foam morphology. © 2007 American
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Introduction

The application of micro and macrocellular foams include
thermal and electrical insulation, sports gear, packaging and
wrapping materials, absorbents, separation membranes, and
catalytic supports. The most common techniques to produce
these foams is by thermally induced phase separation (TIPS)
and by the use of chemical-foaming agents in the extrusion
of rubbers.! However, these methods can lead to substantial
emissions of volatile organic compounds (VOCs) to the envi-
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ronment. Currently, governmental regulations are forcing the
industry to replace organic-foaming agents with more envi-
ronmentally friendly alternatives. For this reason, the applica-
tion of supercritical carbon dioxide (scCO,) for the produc-
tion of polymeric foams is being explored.>™®

In principle, the CO,-foaming process can be regarded as
the saturation of a polymer at a certain temperature and CO,
pressure, followed by a (rapid) depressurization step. Upon
depressurization, the CO, in the polymer becomes oversatu-
rated. As a consequence, phase separation and nucleation
occurs, and subsequently the created nuclei grow into cells,
defining the foam morphology. Figure 1 gives a schematic
representation of the foaming process. It is clear that the
saturation temperature and pressure, together with the depres-
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Figure 1. Schematic representation of the foaming pro-
cess using scCO..

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

surization rate have a major influence on the resulting foam
morphology.

Furthermore, the temperature during the depressurization
step and specific polymer properties such as the affinity for
CO, and the glass transition temperature play an important
role in the foaming process. The affinity determines the
amount of CO, that can dissolve into the polymer,9 and this
mainly governs the driving force for cell growth. An addi-
tional effect of the sorption of CO, into the polymer is the
so-called plasticization of the polymer: when the concentra-
tion of CO, in the polymer increases, the glass transition
temperature (T,) will decrease (see Figure 2).1042 The latter
is significant for the foaming process, because the T, deter-
mines the timeframe for cell growth.

As the temperature plays an essential role in the foaming
process, it is important to know what the temperature profile
will be upon depressurization and the effect the temperature
profile will have on the resulting foam morphology. There-
fore, experiments have been performed in a high pressure
reaction calorimeter (RCle) that can be set to three different
modes: isothermal, adiabatic, and isoperibolic. This apparatus
is extremely suited to accurately investigate different temper-
ature profiles, since each mode results in its own unique tem-
perature profile upon depressurization. Another advantage is
that the RCle can accurately measure the pressure during the
depressurization step. This study focuses on relating the
effects of different temperature and pressure profiles to the
foaming process and the resulting foam morphology.

Experimental
High-pressure reaction calorimeter and
modes of operation

In reaction calorimetry, a heat effect is measured as a
function of an imposed temperature regime.l‘s’14 On the basis
of this principle, several calorimeters have been developed to
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monitor chemical reactions.'” The experimental setup used in
this study was developed at the EPFL in collaboration with
Mettler-Toledo GmbH to monitor reactions in supercritical
fluids with emphasis on supercritical carbon dioxide.'® The
equipment consisted of a stainless steel autoclave and was
designed to work at pressures and temperatures up to 350 bar
and 300°C, respectively. The reactor was surrounded by a
jacket to control the temperature using silicon oil. The jacket
was coupled to an RCle calorimeter, which measured and
controlled the jacket temperature. Additionally, the tempera-
ture of the reactor flange and cover were measured and con-
trolled, since in the case of supercritical fluids both pieces
come into direct contact with the reactor content, and their
temperature contributes to the occurring heat flows in the re-
actor. A schematic representation of the setup is shown in
Figure 3.

The reactor also permitted visual observation of its con-
tents through three sapphire windows, for which two were
used to light the reactor and one was used for observation
with an endoscope. The image was transported digitally and
could be recorded either continuously or in separate photos.

The software provided with the calorimeter (WinRC) con-
tained three preprogrammed modes of operation, i.e., isother-
mal, adiabatic, and isoperibolic. In the first mode, the
temperature of the jacket was altered in such a way that the
reactor temperature always equaled the set value. In the adia-
batic mode, the jacket temperature followed accurately the
reactor temperature, resulting in zero heat flow through the
reactor jacket. In the isoperibolic mode, the jacket tempera-
ture was set and the reactor temperature was left uncontrolled
to respond to the thermal phenomena in the reactor, such as
the carbon dioxide expansion due to depressurization. It must
be noted that in all of the above modes, the temperature of
the reactor cover and the reactor flange were also controlled
and were set equal to the reactor temperature. Therefore,
minimal heat flow can be approximated through these two
pieces of the reactor.

Accurate temperature measurements (+0.05°C) were
performed to monitor the temperature profiles upon depres-
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Figure 2. Schematic representation of the temperature
conditions that need to be fulfilled to foam
polymers using scCO,.
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Figure 3. Schematic representation of the experimental
setup of the high pressure reaction calorimeter.

(1) CO, cylinder, (2) pump, (3) RCle calorimeter, (4) corio-
lis mass flow meter, (5) pressure sensor, (6) RD10 controller,
(7) valve, (8) PT100, (9) depressurization valve, (10) calibra-
tion heater, (11) magnetic stirrer, (12) digital camera, and
(13) PC.

surization of CO, in the reactor during the foaming experi-
ments.

Materials

Polystyrene (PS), poly(styrene-co-methyl methacrylate)
(SMMA) with 40 wt % styrene, and poly(methyl methacry-
late) (PMMA) were purchased from Aldrich Chemical Com-
pany. The molecular weights (M) of the polymers were
259, 150, and 120 kg/mol for PS, SMMA, and PMMA,
respectively. The glass transition temperature (7,;) as deter-
mined by DSC analysis (PerkinElmer Pyris Diamond DSC)
revealed a T, of 99, 104, and 103°C for PS, SMMA, and
PMMA, respectively. Carbon dioxide (quality 30) was
obtained from Carbagas (Switzerland) and used without fur-
ther purification.

Depressurization and foaming experiments

For both the depressurization and foaming experiments,
accurate measurements of the temperature profile upon
depressurization were performed in the reaction calorimeter.
First, a set of depressurization experiments were performed
without polymer present in the reactor. Here, the RCle was
pressurized with CO, at a precisely set temperature and pres-
sure (=0.1°C and *0.05 bar, respectively) and subsequently
depressurized, by opening a micrometric SITEC needle valve
between 2.5 and 3.2 turns (9.5 turns to fully open). This
resulted in a change of the depressurization time between 15
and 50 min and therefore in a change in the depressurization
rate. The experiments were performed in the isothermal, adi-
abatic, and isoperibolic mode, and the results obtained were
used as a calibration of the temperature profiles upon depres-
surization for the foaming experiments. These experiments
are referred to as the calibration experiments.

To standardize the foaming experiments, the polymers
used were pressed at high temperature (160°C) and pressure
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(200 bar) into discs with a thickness of 3 mm and a diameter
of 2 cm. During the foaming experiments, the polymeric disc
was placed in the reactor and afterward the reactor was pres-
surized with CO, at a precisely set saturation temperature
and pressure (*0.1°C and #*0.05 bar, respectively). It is im-
portant to note that the disc was placed into the CO, flow
and did not touch any metallic parts of the reactor. Once the
discs were saturated the foam was produced by expansion of
CO, inside the pressurized vessel. The applied experimental
conditions are given in Tables 1 and 2.

The density of the produced foams was determined using
a pycnometer, where the difference of the weight of the pyc-
nometer and water with and without the polymeric foam
was used to calculate the volume of the beforehand weighed
sample.

Results and Discussion
Calibration experiments

Figure 4 shows the reactor temperature and pressure pro-
files in the isothermal mode. Because of the expanding CO,,
the temperature of the reactor (7,) decreases. The calorimeter
attempts to counteract the decrease in temperature by
increasing the jacket temperature (Tj), which results in an
increase in the reactor temperature. It can be seen that the
temperature of the reactor oscillates and eventually stabilizes,
which takes about 10-20 min depending on the depressuriza-
tion rate. The faster the depressurization rate, the more the
temperature decreases, the longer it takes for 7, to stabilize.
Furthermore, the control parameters of the WinRC have been
optimized for scCO,. The faster the depressurization rate, the
sooner the CO, enters the gas phase, which hampers the cal-
orimeter to control the temperature.

In the adiabatic mode, the jacket follows the reactor tem-
perature instead of trying to keep the temperature constant,
as in the isothermal mode. Therefore, a decrease of T, is not
counteracted, and the temperature continues to decrease as
can be seen in Figure 5. The higher the depressurization rate,
the more the temperature decreases. The slight increase in T,
at the end of the slow depressurization at 2.5 turns is attrib-
uted to two factors. Because of the large inertia of the reac-
tor flange and cover, these two pieces respond more slowly
to the change in T,, resulting in a slight increase of the tem-
perature at the end of the experiment. Secondly, the stirrer
also continues to provide heat, which adds to the increase of
T..

The temperature and pressure profiles of the isoperibolic
mode are depicted in Figure 6. This mode is the most com-
parable to previously performed expe:rime:nts,5’17 because in
those experiments the jacket does not respond to a change in
T,. A value of 117°C is set for Tj, which results in a value of
118.5°C for T, before the depressurization step. Figure 6

Table 1. Overview of the Performed Depressurization
Experiments, with the Corresponding Pressures,
Temperatures, and Number of Valve Turns

200 bar 120°C Isothermal 2.5 2.6 27 28 29 3.0 32
Adiabatic 25 - - 28 - 30 -
Isoperibolic 2.5 - - 28 - 30 -
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Table 2. Overview of the Performed Foaming Experiments, with the Corresponding Pressures,
Temperatures, and Number of Valve Turns

SMMA PS PMMA
200 bar 200 bar 150 bar 200 bar 200 bar 150 bar 100 bar 200 bar 200 bar
120°C 100°C 120°C 120°C 100°C 120°C 80°C 120°C 100°C
Isothermal 2.5 - - - - - - - -
3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
3.2 - - - - - - - -
Adiabatic 2.5 - - - - - - - -
3.0 - - - - - - - -
32 3.2 32 32 32 3.2 32 32 32
Isoperibolic 2.5 - - - - - - - -
3.0 - - - - - - - -
32 - 32 - - - - - -

clearly shows that 7, decreases at first, once the valve has
been opened. After ~3 min, 7, rises again due to the heating
of the jacket. T, decreases more at higher depressurization
rates, which has also been observed in the experiments per-
formed in the adiabatic mode. As the depressurization rate
increases, the reactor has less time to heat up. Therefore, the
temperature at the end of the experiment does not reach the
preset value of 118.5°C.

Multistage expansion of the foaming process

After the temperature and pressure profiles of the different
experimental modes were determined in the calibration
experiments, several foaming experiments have been per-
formed to determine the effect of the different modes of
operation on the foaming process and the foam characteris-
tics. The volume of the reactor is much larger when com-
pared with the volume of the polymeric sample. Therefore,
the presence of the sample will have no significant influence
on the temperature and pressure profiles during the depressu-
rization step. Hence, temperature and pressure profiles of the
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Figure 4. Temperature and pressure profiles versus

time during the calibration experiments per-
formed in isothermal mode.
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isothermal, adiabatic, and isoperibolic-foaming experiments
are similar to those of the depressurization experiments. For
that reason, Figures 4-6 also represent the temperature and
pressure profiles during the expansion step of the foaming
experiments.

By visual observation through the sapphire windows of the
reactor, it has been possible to monitor the growth of the poly-
meric sample during the depressurization step. Figure 7 gives
a typical sequence of events during an isoperibolic-foaming
experiment saturated at 200 bar and 118.5°C, where the
valve was opened 2.5 turns. These pictures show that the first
nucleation takes place, because the transparent sample
becomes opaque. In this first stage, which lasts for ~4-5
min, the size of the sample does not change. This means that
hardly any cell growth occurs and only nucleation takes
place. In the second stage, from 5 min roughly up to 20 min,
the sample grows at a slow rate. During the third stage, from
20 to 40 min, the cells grow much more rapidly and the vol-
ume of the polymeric sample increases dramatically. At the
end of the experiment, the sample shrinks again, indicating
the beginning of a fourth stage. This last stage is more
pronounced as the depressurization time increases, mainly
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Figure 5. Temperature and pressure profiles versus
time during the calibration experiments per-
formed in adiabatic mode.
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Figure 6. Temperature and pressure profiles versus
time during the calibration experiments per-
formed in isoperibolic mode.

due to the exposure of the produced foam to temperatures
above the T, of the pure polymer for a longer period of time.

When compared with the isothermal-foaming experiments,
Stage 1 through 3 are also present in the adiabatic-foaming
experiments. However, Stage 4 is absent in all the adiabatic

Figure 7. Picture sequence taken during the depressu-
rization phase (valve opened 2.5 turns) of the
isoperibolic-foaming experiment of SMMA,
saturated at 118.5°C and 200 bar.

Stage 1: nucleation; Stage 2: slow cell growth; Stage 3: fast
cell growth; Stage 4: shrinkage. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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experiments. This is due to the temperature decrease during
the experiment, which eventually results in a temperature
drop below the T, of the pure polymer. Another consequence
of this decrease is that the cell growth of the sample during
the third phase is prematurely stopped. This happens because
the concentration of CO, in the polymer decreases as the
pressure in the reactor decreases, resulting in an increase of
the T, of the plasticized polymer. This phenomenon could be
described as “reverse plasticization,” since the opposite of
the already mentioned plasticization effect takes place. As
the depressurization rate increases, reverse plasticization will
occur at an earlier stage, since the reactor temperature
crosses the polymer T, sooner. This leads to vitrification of
the foam morphology and absence of the shrinking stage.

The fourth stage is also absent in the isothermal-foaming
experiments performed at 100°C, because this temperature is
very close to the T, of the polymers used. Hence, the poly-
mer matrix is much more rigid and the foam morphology is
vitrified. This is also illustrated by comparing the densities of
the isothermal foams, which is discussed in more detail in
the next paragraph.

For the isoperibolic experiments, the shrinkage of the
foam in the last stage is comparable to the experiments per-
formed in the isothermal mode. As the depressurization rate
decreases, the foamed polymer is exposed to higher tempera-
tures for a longer period of time, which results in more
shrinking.

Foam morphology due to different foaming modes

It has been shown that the mode of operation has a major
effect on the imposed temperature profiles during the foam-
ing process. As a consequence, the foam morphologies are
different. Figure 8 displays the density of the produced
SMMA foams versus the depressurization rate, indicated by
the number of turns of the depressurizing valve and the ex-
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500 | . | = SMMA Adiabatic
g & SMMA Isoperibolic
= 400 | P
= o
> 300 r
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S 200 | *
= ] ] .
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i 3
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2 25 3 35 4

Depressurization time [ min ]

Figure 8. Density of the produced SMMA foams versus
the depressurization rate in terms of the
number of valve turns. Samples have been
saturated at 118.5°C and 200 bar.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 9. Densities of the produced foams versus the
foaming temperature. Samples have been
saturated at 200 bar and depressurized with
3.2 valve turns.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

perimental mode. The samples have been saturated at 120°C
and 200 bar. It can be seen that the density of SMMA
decreases with increasing depressurization rate for both the
isothermal and isoperibolic mode. Less shrinking occurs in
these experiments, because the time the polymeric foam is
exposed to high temperatures at the end of these experiments
decreases with increasing depressurization rate, resulting in
lower densities.

Figure 8 also shows that the density of the isoperibolically
foamed SMMA samples at higher depressurization rates
(3 and 3.2 turns) appears to remain constant at ~70 g/dm”.
Previously, several isoperibolic-foaming experiments with
SMMA have been performed under similar saturation condi-
tions, except that the depressurization times were much
shorter.!” These experiments first show an increase in density
of 30-60 g/dm® for depressurization times ranging from less
than 1-30 s. At depressurization times between 30 s and
10 min, the density of the produced foams remains more or
less constant at 60-70 g/dm’. The experiments described here
with depressurization times between 15 and 50 min can be
considered as an extrapolation of the previous experiments.
Both sets of experiments indicate that a certain equilibrium
value for the density is reached at prolonged depressurization
times up to the point where shrinkage becomes predominant,
resulting in a further increase of the density.

Finally, Figure 8 shows that the density of the produced
foams under adiabatic conditions remains constant, because
during these experiments, the temperature decreases to a
value below the T, and no shrinking occurs. Furthermore,
cell growth is prematurely stopped due to the reverse plasti-
cization effect, leading to densities of around 110 g/dm3,
which are slightly higher compared to the densities of the
isothermally and isoperibolically foamed SMMA samples at
higher depressurization rates. The effect of reverse plasticiza-
tion on the produced foams is further illustrated in Figure 9.
Here, the densities of the foams produced under adiabatic
conditions are plotted versus the temperature. It clearly
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shows that at 100°C the densities of the foams are higher.
This is again caused by reverse plasticization that takes place
due to the cooling of the reactor during the expansion of the
CO,, leading to a temperature drop of ~20°C. At 118.5°C,
the temperature drops to a value just below the T, of the
pure polymer, allowing cell growth to take place for a longer
period of time before the morphology is eventually vitrified.
Even though the cell growth is prematurely stopped in the
adiabatic experiments, this expansion mode is still more de-
sirable than shrinking that occurs in the isoperibolic and iso-
thermal modes, because the adiabatic expansion allows much
better control of the foam morphology.

Because of the large cell size of the produced foams, it
appeared to be impossible to use a scanning electron micro-
scope in combination with the previously developed Voronoi
Analysis Method'® for further analysis of the foam morphol-
ogy. Optical microscopy has been used instead to obtain an in-
dication of the morphology of the produced foams. Figure 10
displays the density of the adiabatically produced PS and
SMMA versus pressure, together with the corresponding mi-
croscopy pictures. The pictures clearly show that the cell size
decreases with the increase in pressure. This is in agreement
with the experiments performed in previous studies.’”

Flexibility of the polymer matrix

The temperature during the depressurization step plays an
important role in the foaming process, because it is directly
related to the flexibility of the polymer matrix. The tempera-
ture profile determines to a great extent whether the polymer
is in the glassy or rubbery state and therefore, whether the
polymer matrix will be flexible enough to allow cell growth.
However, the degree of crosslinking also has an influence on
the flexibility of the polymer matrix. A more crosslinked
polymer matrix is more rigid, resulting in a higher resistance
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Figure 10. Optical microscopy pictures and the corre-
sponding densities of PS and SMMA foams
versus pressure, foamed at 3.2 turns of the
valve and saturated at 118.5°C.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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[Color figure can be viewed in the online issue, which is
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to cell growth. The reverse also holds a more crosslinked
polymer is less susceptible to shrinking due to the rigidity of
the matrix. On the basis of this, PMMA and SMMA discs
are expected to display less cell growth when compared with
the PS discs, because self-crosslinking occurs during the
pressing of the PMMA and SMMA discs. This is confirmed
by Figure 11, where the density versus the saturation temper-
ature of the different polymers under isothermal-foaming
conditions is plotted. It can clearly be seen that at 100°C,
where shrinking is absent, the PS foam has the lowest den-
sity, followed by SMMA and PMMA, respectively. Further-
more, at 120°C, the PS foam has the highest density of the
three polymeric foams. This is directly related to the shrink-
ing that takes place at these conditions, which has been visu-
ally observed. Because of the higher degree of crosslinking,
the exposure to higher temperatures has less effect on the
foam morphology of SMMA and PMMA, resulting in less
shrinkage and therefore in lower densities. These effects indi-
cate the difference in flexibility of the polymer matrix. This
is also demonstrated in Figure 9 where the relatively rigid
PMMA expands less when compared with the relatively flex-
ible PS.

Conclusions

In this article, the effects of the different temperature pro-
files on the foaming process and the foam morphology have
been studied, for which isothermal, adiabatic, and isoperi-
bolic-foaming experiments have been performed. The experi-
ments show that the foaming process can be divided into
four stages: a nucleation stage, a stage with slow cell growth,
a stage with fast cell growth, and a shrinking stage. At the
end of the isothermal and isoperibolic-foaming experiments,
performed at temperatures above the T, of the pure polymer,
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the shrinking stage starts to have a predominant effect on the
morphology of the polymeric foams, due to the prolonged
exposure to these high temperatures. This stage is absent in
the foaming experiments performed at adiabatic conditions.
On the basis of the results, it can be concluded that the tem-
perature profile during the depressurization step of foaming
experiments using scCO, as a foaming agent appears to have
a major influence on the foam morphology.

In addition, the flexibility of the polymer matrix is another
important parameter for defining the foam morphology. This
flexibility is not only determined by the temperature profile
of the experiment, but also by the degree of crosslinking of
the polymer matrix. A more crosslinked polymer matrix
increases the resistance to cell growth of the matrix. Reversely,
a more crosslinked polymer is less susceptible to shrinking due
to the rigidity of its matrix.

In terms of morphology control, especially the exposure to
higher temperatures at the end of the foaming experiments
plays an important role, because this determines the degree
of shrinking that occurs. For that reason, the adiabatic mode
has proven to give the best control on the foam morphology.
It allows the saturation of the polymer with CO, at high tem-
perature and gives flexibility to the matrix at the beginning
of the depressurization step. Furthermore, because of the
temperature decrease, the adiabatic mode prevents shrinking
by vitrifying the produced foam morphology.
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