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Chapter 1

Introduction & outline

Polymeric foams have found their way in many consumer products. Their
use continues to grow at a rapid pace, mainly because of their light weight,
excellent strength/weight ratio, superior insulating abilities and energy absorbing
performance. Foams can be prepared from virtually any polymer. The only
requirement is a certain solubility of a gas or low boiling liquid in the polymer,
or the in-situ generation of a gas within the polymer matrix. One of the
most commonly used production processes for polymeric foams is the so-called
thermally induced phase separation (TIPS) process.1−3 In this case, the foaming
agent, usually pentane or hydrochlorofluorocarbon, is dissolved in the polymer and
induces phase separation upon heating, followed by nucleation and cell growth.
Foaming by means of a chemical foaming agent (CFA) results in the in-situ
generation of the blowing agent.4 The CFA is a thermally unstable component,
which is added to the polymer. Upon heating the CFA decomposes into gaseous
components, resulting in the desired foam.

The main problem with the above mentioned methods is, however, that they
either lead to the emission of harmful substances or to unwanted contaminations
in the polymeric foams, such as residual solvents. The need for environmentally
benign foaming agents has triggered researchers to start working on this topic.
Universities as well as industry are focusing their research on developing “greener”
foaming processes using a non-toxic foaming agent.



Chapter 1

Supercritical carbon dioxide (scCO2) has turned out to be a very promising
solvent for the replacement of volatile organic compounds in industry, especially
in the production of foams from glassy polymers, such as polystyrene.5−8 The
main advantage of CO2 is that it is relatively inert, non flammable, cheap and it
is generally regarded as safe (GRAS–status). Furthermore, the critical conditions
are relatively mild and therefore easily accessible.

The formation of gas bubbles in a polymer followed by cell growth is a
very complex mechanism, which is influenced by many parameters, such as
temperature, viscosity, CO2–concentration, depressurization rate and pressure
drop. Despite many efforts to elucidate the mechanism,9−11 many aspects are
still not clear. Therefore, the goal of this thesis is to study the CO2–foaming
process at high temperatures and pressures in a quantitative and systematic way,
to determine the effect of different foaming parameters, with the aim to control
and predict the resulting foam morphology.

Chapter 2 of this thesis reviews the polymer–CO2–foaming process by first
addressing the fundamentals, followed by a short overview of papers on nucleation
and cell growth of CO2 in polymers. The last part of the chapter focuses on
application of the process, e.g. in bulk polymer foaming, the production of
bioscaffolds and the use of polymer blends for foam production.

Since it is important to have an objective comparison of the produced
polymeric foams, Chapter 3 discusses a quantitative method to analyze and
compare different morphologies of polymers foamed with supercritical carbon
dioxide. This method uses Voronoi diagrams to obtain the average cell area, cell
area distribution and homogeneity of the foam. In contrast to SEM analysis only,
with this technique different foam morphologies can be compared in an objective
manner. The analysis is based on the centers of the cells and is therefore to a large
extent independent of the sample preparation. Using the Voronoi–approach, it is
possible to extrapolate the 2D view of the SEM picture to a 3D representation of
the foam with the thickness of one cell layer.

In Chapter 4 the foaming of poly(styrene–co–methyl methacrylate) (SMMA)
is investigated. The effect of different foaming parameters such as temperature
and pressure is studied in a quantitative and systematic way, with the aim to

2



Introduction & outline

control and predict the resulting foam morphology. It will be shown that once
the polymer properties, such as the glass transition temperature and the solubility
of CO2 are known, full control of the desired foam morphology can be obtained
by a proper selection of temperature, pressure and depressurization rate.

Temperature plays an essential role in the CO2–foaming process. In order to
accurately measure temperature profiles, determine their effect on the resulting
foam morphology and relate them to the depressurization rates, several experi-
ments have been performed in a high pressure reaction calorimeter (RC1e). The
RC1e can be set to three different modes: isothermal, adiabatic, and isoperibolic.
Chapter 5 discusses the results obtained with the reaction calorimeter. It will
be shown that the foaming process can be divided into four stages: nucleation,
slow cell growth, fast cell growth and shrinkage. The degree of shrinking that
occurs is largely dependent on the exposure to higher temperatures at the end of
the foaming process. Since shrinkage does not occur in the adiabatic mode, this
mode gives the best control on the foam morphology.

Chapter 6 discusses the foaming of biodegradable cellulose acetate butyrate
(CAB). Porous CAB foams with a bimodal cell size distribution have been
produced. It is demonstrated that the cell size distribution is tunable, due to
the semi-crystalline nature of the polymer. The resulting morphology will either
be homogeneous or apparent bimodal, depending on the depressurization rate.
Mercury intrusion porosimetry has shown that the produced CAB foams possess
an open cellular structure.

Nucleation is an important part of the polymer foaming process. Under-
standing the nucleation process provides a means to control and predict the
resulting foam morphology. In order to get more insight into the nucleation of
CO2 in polystyrene, nucleation experiments have been performed. The results
are discussed in Chapter 7. The minimum pressure drop needed for nucleation
has been determined and the results have been compared with predictions from
nucleation theory. To predict nucleation rates, a frequency factor based on
an analogy with crystallization theory has been developed providing a good
quantitative prediction of the number of nuclei formed with respect to pressure
drop.

3
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So far, this thesis has focused on studying the CO2-foaming process with
the aim to control and predict the foam morphology. However, the CO2-
foaming process is not the only sustainable alternative for the current foam
production processes. For example, N2 can also be used as a blowing agent to
produce polymeric foams.12,13 Another possible alternative for the production of
polystyrene foams is the use of water as a blowing agent: the Water Expandable
Polystyrene-process (WEPS).14 In the last chapter, Chapter 8, the WEPS
process is discussed. Also, the glass transition depression of polystyrene with
nitrogen, methane and CO2 is addressed briefly. Finally, some concluding remarks
on the contents of this thesis are given.
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Chapter 2

Sustainable polymer foaming using high

pressure carbon dioxide: A review on

fundamentals, processes & applications

ABSTRACT: In recent years, carbon dioxide (CO2) has proven to be an
environmentally friendly foaming agent for the production of polymeric foams.
Until now, extrusion is used to to scale-up the CO2–based foaming process.
Once the production of large foamed blocks is also possible using the CO2–based
foaming process, it has the potential to completely replace the currently used foam
production process, thus making the world-wide foam production more sustainable.
This review focusses on the polymer–CO2–foaming process, by first addressing the
principles process, followed by an overview of papers on nucleation and cell growth
of CO2 in polymers. The last part will focus on application of the process for
various purposes, including bulk polymer foaming, the production of bioscaffolds
and polymer blends.

This chapter has been published as: L.J.M. Jacobs, M.F. Kemmere, J.T.F. Keurentjes,

Green Chemistry 10 p731 (2008).



Chapter 2

2.1 Table of contents

2.2 Introduction
2.3 The CO2 foaming process
2.4 Nucleation and cell growth
2.5 Batch versus continuous
2.6 Bulk polymer foaming
2.6.1 Micro- and macrocellular foams
2.6.2 Nanocomposite foams
2.7 Bioscaffolds
2.8 Polymer blends
2.9 Conclusions and outlook

2.2 Introduction

The discovery of Bakelite1 followed by the mass production of synthetic polymers a
few decades later has had a major impact on today’s society. By the end of the 20th

century plastics have become one of the most important construction materials for
consumer goods. The highly viscous nature of polymers brought about processing
difficulties which led to the development of plasticization technology. From
plasticizing agent to blowing agent is only a small step and this resulted in the
discovery and the large scale production of polymeric foams. Due to the increasing
demand for light weight, insulating, shock and sound absorbing materials, the
production and variety of polymeric foams has increased dramatically and has
become a very important part of the annual polymer production.

One of the most commonly used production processes for polymeric foams
is the so-called thermally induced phase separation (TIPS) process, where the
foaming agent, which is dissolved in the polymer, induces a phase separation
upon heating, followed by nucleation and cell growth. The foaming agent is
usually a low boiling organic liquid, such as pentane and hydrochlorofluorocarbons
(HCFCs), which is dissolved into the polymer at concentrations of about 7 wt%.
Foaming via the TIPS process usually takes place in two steps. In the first step,
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Figure 2.1: Schematic overview of methods for preparing polymeric foams.

polymer pellets with blowing agent are partly foamed with steam. These foamed
pellets are then transferred into a mold and exposed to steam again, resulting in
further foaming of the pellets. Due to the expansion the pellets stick together
and take the shape of the mold. This makes it relatively easy to produce large
blocks of foamed material, which can then be cut into any shape. Furthermore,
the density of the produced block can easily be controlled by the amount of partly
foamed pellets added to the mold.

A variation on the TIPS process is dissolving the polymer in a solvent at
elevated temperatures, after which a temperature quench will induce a phase
separation. Removal of the solvent results in the polymeric foam.2−4 Next to the
TIPS process, several other methods of preparing polymeric foams are available
(Figure 2.1). One of these methods involves the foaming by means of a chemical
foaming agent (CFA). The CFA is a thermally unstable component, which is added
to the polymer. Upon heating the CFA decomposes into gaseous components,
resulting in the desired foam. The gaseous CFA can also be formed by reaction
of two polymeric components, which is the case in polyurethane (PUR) foams.5,6

Polymeric foams can also be produced by casting and leaching. This method
consists of dissolving the polymer in a highly volatile solvent and casting the
solution into a mold containing a solid porogen. The porogen is usually a water
soluble salt, such as NaCl or KCl, which is washed out after the solvent has
evaporated, leaving a highly porous polymeric structure. The advantage of this

7
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method is that the pore size and morphology can be controlled by the size and
distribution of the porogen and the amount added. 7−9

The main problem with the above mentioned methods is, however, that they
either lead to unwanted contaminations in the polymeric foams, such as residual
solvents and salts, or lead to the emission of harmful substances, which cannot be
recovered. For example, the European expandable polystyrene demand for 2002
was 3 million tons and is expected to grow to a demand of approximately 3.7
million tons in 2010.10 Since 7 wt% of blowing agent is used for foam production,
this will result in an estimated emission of 256 thousand tons of low boiling organic
liquids in 2010 in Europe alone. Problems concerning the environment and the
need for environmentally benign foaming agents have triggered researchers to
start working on this topic. Universities as well as industry are focusing their
research on developing ”greener” foaming processes using a non-toxic foaming
agent. Despite the fact that companies have come up with the idea of an extrusion
process using gases such as nitrogen and carbon dioxide (CO2) as a blowing
agent some time ago,11−14 only in the early nineties the first articles on foaming
of polymers using gases have been published.15 Although nitrogen can be used
as a blowing agent in the polymer foaming process,16,17 most publications on
this topic address the foaming of polymers using CO2, because CO2 also affects
other polymer properties, thereby enhancing the processability of the polymer.18

However, both nitrogen and CO2 are considered to be sustainable alternatives for
the replacement of the currently used blowing agents.

Because the foaming of polymers using CO2 has been a “hot topic” and most
probably will be for some time, here we review the relevant literature on the
polymer–CO2–foaming process. First the principles of the polymer–CO2–foaming
process are addressed, followed by a short overview of papers addressing the
nucleation of CO2 in polymers. Batch and continuous foaming processes will
be discussed after which the foamability of bio-based and synthetic polymers will
be addressed. The last part of this review will focus on applications such as bulk
polymer foaming, bioscaffolds and polymer blends. Finally, conclusions and a
future outlook will be given.

8
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2.3 The CO2 foaming process

The CO2-based foaming process can roughly be divided into two steps. In the first
step the polymer is saturated with CO2, which is followed by an expansion step.
Both steps, together with some important foaming parameters are schematically
depicted in Figure 2.2. During saturation of the polymer the glass transition
temperature (Tg) will decrease and the polymer is plasticized. Depending on
the experimental conditions, the Tg of the polymer can decrease to a value
below the temperature at which the polymer is saturated (i.e. the saturation
temperature). The Tg is the temperature at which the polymer matrix becomes
brittle upon cooling, or soft upon heating. The state below Tg is called the glassy
state and the state above Tg is called the rubbery state. Above Tg polymers
are capable of plastic deformation without fracture.19 Furthermore, the polymer
matrix will swell and the viscosity of the polymer decreases, allowing processing
of the polymer–CO2 mixture at lower temperatures. The diffusivity inside the
polymer is also enhanced, enabling the use of CO2 as a medium to add additives
to the polymer matrix. The type of polymer, together with the applied pressure
and temperature determine to a large extent the amount of CO2 that can be
dissolved in the polymer.

Once the polymer is saturated, a rapid decrease in pressure will induce a shift
in the thermodynamic equilibrium, leading to an oversaturation of CO2 in the
polymer. However, this does not necessarily lead to nucleation and cell growth.
If the temperature at which the polymer has been saturated is relatively low,
the polymer can still be in the glassy state, because Tg has not been sufficiently
depressed by the sorption of CO2. Therefore, phase separation and nucleation will
only occur once the saturated sample is heated to a temperature above the glass
transition temperature. This will lead to cell growth and the final formation of the
polymeric foam. Below the glass transition temperature foaming cannot occur,
because the polymer matrix is too rigid. If the saturation temperature is high
enough and the polymer–CO2 mixture is in the rubbery state due to sufficient
depression of Tg, phase separation and nucleation will occur instantaneously upon
depressurization. Cell growth will stop once the polymer matrix returns to the

9
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Figure 2.2: Schematic representation of the CO2–foaming process. The first
step consists of saturating the polymer with CO2, which results in
plasticization of the polymer. A (fast) depressurization step induces
nucleation followed by cell growth.

glassy state, either due to a decrease in temperature or a decrease in the CO2

concentration in the polymer and the polymer is no longer plasticized.

The gas phase can separate from the polymer phase by two mechanisms. If
the pressure drop results in a metastable state, nucleation will be the dominant
mechanism for foam formation. In the unstable state, spinodal decomposition
will be the dominant mechanism.20 This is schematically depicted in Figure 2.3.
Both mechanisms are diffusion driven, although the direction of diffusion is
opposite. In spinodal decomposition, diffusion moves from low concentration to
high concentration, due to a high driving force. This review, however, will focus
on nucleation as the mechanism for polymer foaming since it is usually suggested
as the dominant phase separation mechanism.

2.4 Nucleation and cell growth

The classical nucleation theory is often used as a basis for modeling the nucleation
process. The theory is based on the Gibbs free energy required to create a void in
a liquid, resulting in a critical bubble, which is in mechanical and thermodynamic
equilibrium with the surrounding fluid.21,22 However, the classical theory only
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Figure 2.3: Schematic phase diagram of the composition vs. the gas pressure.
Depressurization from Psat into the metastable region results in phase
separation via nucleation; depressurization into the stable region
results in spinodal decomposition.

holds for describing the boiling of low molecular-weight-liquids and does not
apply to the nucleation of gases in viscous liquids such as polymers. For that
reason, many extensions of the classical nucleation theory have been proposed,
to include amongst others free volume effects and surface tension reduction
due to the dissolved gases and additives,23,24 polymer-solvent interactions and
supersaturation of the blowing agent.25 Colton et al. have validated their
adaptation of the theory with experiments, yielding a good qualitative description
of nucleation behavior of microcellular bubbles in amorphous thermoplastic
polymers.26

Next to the modeling of nucleation, many theories have been published
concerning cell growth in polymers. These models are mainly based on the
diffusion-driven growth of a spherical bubble,27−29 incorporating effects such as
the dependencies on temperature and CO2 concentration of the density, diffusivity
and viscosity, respectively.30 Leung et al.31 have successfully developed a model
to accurately describe the bubble growth of experimentally observed data for the
polystyrene-CO2 system.
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Although numerous papers discuss either the nucleation behavior or cell
growth, only a few have tried to model both effects simultaneously. One of
these models has been developed by Joshi et al.32 As a base case for their
model, parameters of the low density polyethylene–N2 system have been used.
However, only a numerical analysis has been performed without any experimental
validation. More recently, Feng et al.33 have integrated nucleation and cell
growth models into a consistent theory, predicting the cell size distribution during
the foaming process. Even though their results are in reasonable agreement
with experimental data, the authors are very critical about their results and
acknowledge the opportunities for further improvements.

The formation of nuclei in a viscous liquid, followed by cell growth is a
very complex mechanism, which is influenced by many parameters, such as
temperature, viscosity, CO2–concentration, depressurization rate and pressure
drop. Despite the significant research efforts, it will probably take a considerable
time before the complete process is fully understood.

2.5 Batch versus continuous

Polymeric foams can be produced batch-wise or continuously. For both processes
the general foaming steps of Figure 2.2 can be applied. The batch process is
usually applied in the research and development field where new materials are
foamed or the foaming behavior is studied. In order to make the foaming process
economically feasible and possible on a larger scale, a continuous process based on
extruders is commonly used. In general, the extrusion process consists of a mixing
step, where the polymer is mixed with the additives and is pressurized with CO2.
Due to sorption of CO2, Tg and viscosity will decrease, allowing processing of the
polymer–CO2 mixture at lower temperatures. This means that different zones in
the extruder can be operated at different temperatures, making it possible to add
or use temperature sensitive components or polymers. This could make the CO2–
based foaming process applicable to bio-based polymers and/or additives. At the
die of the extruder the pressure is released and the polymer foam is produced.
Several patents have claimed the process where an extruder is used in combination
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with a gas as a blowing agent.11,12 Since the 1990s more and more patents claim
specific parts of the extrusion foaming process, e.g. the way the gaseous blowing
agent is added to the extruder,34,35 the specific zones of the extruder,36 as well
as the dimensions of the die and pressure release zone.37

Next to patents claiming (parts of) the extrusion process, extrusion has also
been investigated in academia. A division can be made between literature using
the extruder as a means for mixing during the foaming process and literature
optimizing and modeling the extruder and the extrusion process itself. In the
former only the processing conditions in the extruder are changed, such as
saturation pressure and screw rotation speed38−43 or the type and amount of
additive added, such as carbon nanofibers44 or nanoclays.45 The effect of the die
geometry and temperature on the nucleation rate or the expansion ratio of the
produced foams has also been investigated.46−48. A proper die design plays a
crucial role in improving the quality of the extruded foams, since the geometry of
the die determines the pressure decay rate and absolute pressure drop, by which
both cell density and cell morphology are dominantly affected.

Baldwin et al.49 have developed generalized design models of nucleated
solutions in an extruder. It approximates the pressure drop and flow rate
experienced by a two-phase polymer/gas solution flow through a die channel,
with the goal to capture the major physical attributes of the complicated flow
and provide means of quickly estimating the required flow channel geometry and
evaluating the feasibility of a flow channel design. Additionally, Stephen et al.50

have refined the model to incorporate more realistic features of gas nonideality
and viscosity reduction.

2.6 Bulk polymer foaming

The main requirement of the CO2–foaming process is that a sufficient amount
of CO2 will dissolve in the polymer. This excludes the use of polymers
such as cellulose and polyethylene, which have a very low affinity for CO2.
Nevertheless, a full range of polymers is still available that can be used in this
process, including polystyrene, poly(methyl methacrylate) and biopolymers such
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as poly(lactide–co–glycolide). The properties of the polymer determine to a large
extent the properties of the foam and therefore, the field of application: for
insulation purposes different requirements are needed as compared to biomedical
applications. For the latter, bio-based polymers are preferably used, as these
polymers are generally biocompatible and/or biodegradable.

2.6.1 Micro- and macrocellular foams

Polymeric foams can be divided into two groups: microcellular foams (MCFs)
and macrocellular foams. The latter have typical cell sizes of 50 µm or larger
and are mainly used as insulation and packaging materials, due to their relatively
poor mechanical properties. MCFs have a typical cell size of 0.1–10 µm and cell
densities ranging from 109–1015 cells/cm3. The main idea for producing these
materials has been materials savings, by creating voids without compromising
material properties too much. This has been accomplished by keeping the cell
size below a critical size, smaller than the pre-existing flaws in the polymeric
matrix. In that way the cells would act as crazing initiation sites and toughen
the material. Suh et al. have been one of the first to produce MCFs in the
early 1980s51,52 followed by other publications on this topic in the late 1980s
and after.26,53,54 Initially, MCFs were the main subject studied in literature,
produced by saturating a polymeric sample at room temperature with a gas at a
certain pressure, followed by heating to a temperature above the glass transition
temperature. The latter induces nucleation and gives the polymer matrix the
flexibility needed for cell growth.55,56 In the early 1990s, Goel and Beckman57,58

were one of the first to describe the pressure quench method for producing MCFs,
which is similar to the procedure described in Paragraph 2. Both procedures are
now used to produce microcellular as well as macrocellular foams.

Based upon the results published in literature53,57,59−66 several general
conclusions about the polymer foaming process can be drawn. These conclusions
have been illustrated with experimental results, in which poly(styrene–co–methyl
methacrylate) (SMMA) has been foamed at different temperatures, pressures and
depressurization rates.65 The results can be found in Figures 2.4, 2.5 and 2.7.
For both foaming methods the number of nuclei that will be formed upon fast
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depressurization increases with increasing saturation pressure. Figure 2.4 clearly
shows that the cell size decreases with increasing pressure resulting in more cells
per unit volume. For the pressure quench method, it can be generalized that
a higher saturation temperature results in larger cells and an overall lower bulk
density, as can be seen in Figure 2.5. The polymer matrix will be less rigid at
higher temperatures, resulting in less resistance to cell growth. Furthermore,
the time available for cell growth is also longer at higher temperatures, since
vitrification of the polymer matrix will occur at a later stage. This is schematically
depicted in Figure 2.6. A decrease in depressurization rate also has an effect on
polymer foaming. As this rate decreases, the degree of oversaturation per unit
time decreases as well and fewer nuclei will be formed. Therefore, more time
is available for diffusion of CO2 from the polymer matrix into the cells, which
results in larger cells. Figure 2.7 clearly illustrates the effect of a decreasing
depressurization rate on the cell size. If depressurization occurs in two steps, a
foam with a bimodal cell size distribution will be produced. The first step will
induce nucleation and some cell growth. The second depressurization step results
in secondary nucleation and further growth of the primary nucleated cells. The
secondary nuclei have less time to grow and will time to grow and will therefore be
smaller. An example of such a foam is given in Figure 2.8. Molecular weight and

(a) (b) (c)

Figure 2.4: An example of a sequence of SEM pictures (100×)of SMMA foamed
at 119◦C and a) 100 bar, b) 150 bar and c) 175 bar, where a decrease
in cell size with increasing pressure is clearly visible. These results
are typically obtained for both the pressure quench foaming method
and the foaming method induced by an increase in temperature.
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(a) (b) (c)

Figure 2.5: An example of a sequence of SEM pictures (100×) of SMMA foamed
at 100 bar and a) 93◦C, b) 110◦C and c) 119◦C, where an increase
in cell size with increasing temperature is clearly visible.These results
are typically obtained for the pressure quench foaming method.

polydispersity do not appear to have a significant effect on the foam morphology.67

However, the presence of even a few percent of low molecular compounds will
increase the cell size and decrease the nucleation density in microcellular foaming
processes. The effect of the low molecular compound cannot be explained by the
classical nucleation theory. It is suggested that spinodal decomposition causes
this effect.

In almost all CO2 foaming literature the formation of a skin at the surface of
the foamed sample is described. The main reason for skin formation is the rapid
diffusion of CO2 from the surface of the sample upon depressurization. Especially
in the foaming of thin films, where the surface/thickness ratio is unfavorable,
the skin can be relatively thick. To overcome this problem, Siripurapu et al.68

have proposed to confine the polymeric film between two for CO2–impermeable
surfaces, so CO2 can only escape through the film edges. This resulted in
polymeric films with very thin skins (approximately 1 cell diameter thick), or even
without any skin, making them interesting materials for application in molecular
separation processes, biotechnology and microelectronics.

2.6.2 Nanocomposite foams

One of the problems with polymeric foams for the use as a construction material
is that the mechanical strength decreases as the cell size increases. By introducing
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Figure 2.6: Schematic representation of the decrease in foaming time at lower
saturation temperatures.

(a) (b) (c)

Figure 2.7: An example of a sequence of SEM pictures (100×) of SMMA foamed
at 119◦C, 200 bar and depressurization times of a) < 1 s, b) 35 s
and c) 230 s. These figures clearly show the effect of decreasing
depressurization rate, which results in an increase in cell size.

Figure 2.8: Bimodal cell size distribution via depressurization in 2 steps.
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nanoparticles in the polymeric matrix, not only the mechanical properties of
nanocomposite foams can be enhanced, but also the physical properties, such
as the fire resistance of the polymer. One of the most widely used particles is
montmorillonite (MMT) clay, but also carbon nanofibers (CNF), spherical silica
particles, nanocrystals, gold and other metal nanoparticles can be used.69−73

Because of the small dimension of the nanoparticles, they are especially beneficial
for reinforcing cell walls of the foams, since the thickness of the cell walls is in the
micron and submicron range.

Lee et al.74 have shown that PS foamed with CO2 containing 1 wt% of CNF,
increased the tensile modulus by 28% as compared to neat PS foams with a
similar density of 0.6 g/cm3. The tensile modulus of PS foams with 5 wt% of
CNF increased with 45% to a value of 1.07 GPa, which is close to that of bulk PS
(1.26 GPa). The compression modulus of both the CNF foams was even higher
than the compression modulus of bulk PS.

Another advantage of the nanoparticles is that they act as very effective hetero-
geneous nucleation sites. The lowered energy barrier for nucleation in combination
with a high nucleant density can result in a high nucleation rate and therefore a
high cell density with a small cell size, which makes these nanocomposite materials
especially suited for the production of microcellular foams.75 Furthermore, the
obtained cell size distribution is much more homogeneous. Zhai et al.76 have
produced polycarbonate (PC) foams with nano–silica particle content ranging
from 1 to 9 wt% and have found that the homogeneity of the foams increased with
an increasing amount of nano–silica particles. PC foams with 1 wt% of nano–silica
particles had a cell size ranging from 0.2-1.5 µm, which means a dramatic increase
in homogeneity, as compared to the cell size range of neat PC foams (from 0.7 µm
up to 6 µm). The cell size distribution of the PC foams with 9wt% nano-silica
particles is even narrower: 0.1–0.8 µm.

A new trend in polymer composite foaming is the addition of so called
molecular composites to the polymeric matrix. Contrary to the addition of
nanoparticles, rigid–rod polymers are dispersed on the molecular level, so the
polymeric matrix is directly reinforced with the rigid–rod chains. Since there
are no defects in a single molecular chain, these molecular ’fibers’ can possibly
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act as reinforcements of the struts and walls of polymeric foams, which could
greatly improve the compression modulus and strength of the foam. An example
of such a rigid–rod polymer is polybenzimidazole (PBI). However, miscibility of
PBI with other polymers can be an issue. Sulfonated and aminated polysulfone
(PSF), polyphenylsulfone (PPSF) and carboxylated polysulfone (C-PSF) have
been reported to form miscible blends with PBI. Furthermore, these composites
have been successfully foamed with CO2.77−79 The reason why it is interesting
to foam composites with rigid–rod polymers is that there are no defects in a
single molecular chain. Therefore, these molecular “fibers” can possibly act as
reinforcements of the struts and walls of polymeric foams, which could greatly
improve the compression modulus and strength of the foam. Furthermore, most
rigid–rod polymers also have very good thermostability. The combination of
mechanical strength and improved thermal properties would make these type
of nanocomposite foams suitable for a full range of high-tech applications in for
example military and commercial aircraft.

2.7 Bioscaffolds

Porous biodegradable polymer matrices have received increasing attention because
of their potential application within the field of tissue engineering and guided
tissue regeneration. These materials can act as a temporary support for in vitro
cell growth and can encourage cellular growth in vivo. As the cells grow, the
support of the matrix is no longer needed and over time, the polymer matrix
degrades into chemically benign components, which are not harmful to the
surrounding cells. One of the most commonly used biopolymers is poly(lactide–
co–glycolide) (PLGA), because it biodegrades into lactic and glycolic acid, which
are relatively harmless to the growing cells. Furthermore, its use in other in
vivo applications such as resorbable sutures has been approved by the Food and
Drug Administration.80 Also, the degradation rate of PLGA can be controlled
by varying the ratio of its co-monomers, lactic acid and glycolic acid. Several
techniques have been reported to produce porous PLGA, such as casting and
leaching, fiber waving and phase separation.81−84 Although scaffolds with high
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porosity and large cells have been produced, the main drawback of these methods
that they use organic solvents in the fabrication process, which can remain in the
polymer after processing. These substances may be harmful to the cells and can
inactivate many biologically active comounds (e.g. growth factors).

To overcome this problem, CO2 has been used in order to produce porous
bioscaffolds. Singh et al.85 have studied the generation of 85/15 PLGA foams for
biomedical applications at temperatures up to 40◦C and CO2–pressures ranging
from 100 to 200 bar. The obtained porosity was 89% with a pore size ranging
from 30 to 100 µm. Mooney et al.86 obtained higher porosities of approx. 97%
for 50/50 PLGA foamed at ambient temperatures and 55 bar. These results are
confirmed by Sheridan et al.87 who have found similar results at similar saturation
temperatures and pressures. A patent by De Ponti et al.88 also describes the
foaming of PLGA using scCO2. In general, it appears that milder process
conditions are favorable for a high porosity.

Due to the fact that scaffolds have very large pores, mercury intrusion
porosimetry (MIP) is generally regarded as an unsuitable method for scaffold
characterization. SEM and micro–CT images yield results for the pore size and
pore size distribution. Figure 2.9 shows an example of a micro–CT image of
a poly(ethyl methacrylate)/tetrahydrofurfuryl methacrylate (PEMA/THFMA)
scaffold produced with CO2.89 MIP, however, can be used to measure the pore
apertures and permeability of scaffolds.

Teng et al.90 have combined the CO2–foaming process with salt leaching
in order to increase the porosity and interconnectivity of poly(D,L)lactic acid
(PDLLA) / hydroxyapatite (HA) scaffolds. PDLLA/HA composite and NaCl
have been mixed in a heated mold after which the mixture is foamed with CO2

and the salt is washed out.

Next to the previously described polymers, PEMA/THFMA,91,92 poly(isoprene–
co–styrene)/THFMA91 and polycaprolactone (PCL)62 also have also been suc-
cessfully foamed using CO2 and have a high potential to be used as bioscaffolds.
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2.8 Polymer blends

So far, the foaming of only one type of polymer, with or without a non-polymeric
additive has been discussed. In these cases, CO2 dissolves only in the polymeric
phase and the additive acts as sites for heterogeneous nucleation. It is also
possible to mix two types of polymers and use CO2 to foam the blends. The
difference in solubility and diffusivity of CO2 in both polymer phases provides
an additional means to influence the foam morphology. Of course, the ratio of
the blend and the degree of mixing will have an effect on the morphology of
the foam as well. Han et al.70 have demonstrated the latter. Well-mixed and
poorly mixed PS/ 9wt% PMMA blends were foamed with CO2. The well-mixed
blends were rather homogeneous, whereas the poorly mixed blends clearly showed
a dominant small cell phase and larger cells spread as stripes through the foamed
sample. Interestingly enough, the smaller cells are formed in the PS phase and
the larger cells in the PMMA phase. These results are opposite of what would be
expected based upon the results of foaming experiments of both pure polymers,
where foamed PMMA in general forms smaller cells as compared to foamed PS at
similar conditions. These opposite results have been attributed to the diffusion of
CO2 from the PMMA phase to the PS phase. As a result, the CO2 concentration

(a) (b)

Figure 2.9: Micro-CT image of scaffolds processed at a) rapid depressurization;
and b) very slow depressurization.This figure is taken from Barry
et al.89 and has been reproduced with kind permission of Springer
Science and Business Media.
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in the PMMA phase decreases, which leads to a lower degree of oversaturation in
this phase, resulting in fewer nuclei and larger cells.

Related to the situation of poorly mixed blends is the case of blending non-
miscible polymers. Foaming of these “blends”can result in remarkable foam
morphologies. Taki et al.93 have produced foams with a bimodal cell size
distribution of the “blends” of polyethylene glycol (PEG) and PS, where the PEG
particles are dispersed in a PS matrix. Due to a higher diffusivity and solubility
of CO2 in the PEG-phase, nucleation and cell growth are faster in this phase.
Furthermore, cell coalescence occurs more easily in the PEG-phase, resulting in
a bimodal cell size distribution in the produced foams, with cells ranging from
40 µm to 500 µm dispersed in cells of less than 20 µm (see Figure 2.10. The
mechanism of this type of cell formation is schematically depicted in Figure 2.11.
Similarly to the results described by Han et al,70 the cell size in the PS phase is
also smaller than the cell size in neat PS, foamed at similar conditions. In this
case, however, the smaller cell size is attributed to the faster growing PEG cells,
which cause a depletion of CO2 in the PS-phase. This results in a suppression of
cell growth and, therefore, a smaller cell size.

Because of the immiscibility of PS and PEG, the resulting foam morphology
is largely dependent on the initial dispersion of PEG in the PS–matrix. This
provides an extra means of controlling the resulting foam morphology. For

Figure 2.10: Cellular structure of a PEG/PS blend foam, prepared at 110◦C
and 100 bar. This figure is taken from Taki et al.93 and has been
reproduced with kind permission of John Wiley & Sons, Inc..
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(a) (b)

(c) (d)

Figure 2.11: Schematic diagram of the formation of the bimodal cellular structure
observed in Figure 2.10: a) initial state, b) bubble nucleation and
growth, c) bubble coalescence and d) particle formation. This figure
is taken from Taki et al.93 and has been reproduced with kind
permission of John Wiley & Sons, Inc..

example, a better and more homogeneous dispersion of smaller PEG particles
will lead to a homogeneous bimodal cell structure, which can result in an open
cellular structure, due to the fact that the cell walls between separate PEG cells
will rupture once these cells come into contact. Furthermore, dispersing PEG
as “fibers” in the polymer matrix can result in the formation of open channels,
which provide a whole new range of applications for these materials.

2.9 Conclusions and outlook

As demonstrated in this review, the foaming of polymers using scCO2 has been
a topic of interest for many years and most probably will be for many years to
come. In the early years, patents and research focused mainly on how to produce
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the foam itself. Later on, research shifted towards understanding and controlling
the foaming process followed by an interest into the foaming of biocompatible or
biodegradable polymers for the use as bioscaffolds. Recently, more papers on the
production of microcellular nanocomposite foams have been published because of
the high potential of these composite foams as high-tech, light weight and strong
construction materials.

Empirically, the foaming process can be described quite well. The influence of
different parameters such as pressure, temperature and depressurization rate are
well known for many polymers. However, the theory behind polymer foaming
is rather complex. Despite many efforts to modify classical nucleation and
crystallization theories to include polymer-gas properties and interactions, these
theories still fail to give an accurate description of nucleation experiments.
Moreover, nucleation and cell growth are modeled separately in many studies,
even though in the polymer foaming process both nucleation and growth are fully
integrated and can occur simultaneously. Research on this topic will need to
continue for many years to come to accurate and predictive models that describe
nucleation and cell growth. Such a model will provide the tools to really predict
and control the polymer foaming process. This will help evaluating polymers for
their foamability without having to test all foaming parameters experimentally,
making the choice of a polymer for a specific application much easier.

So far, the only way to scale-up the CO2–based foaming process is by means of
extrusion. Some companies are already using an extruder based foaming process,
where CO2 is used as a blowing agent (e.g. Styrodur®, extruded polystyrene
(XPS) produced by BASF). One of the drawbacks of the extrusion process is that
is not (yet) possible to produce large blocks of foamed material. Furthermore, the
minimum foam density that can be obtained by extrusion is much higher (>30
kg/m3) as compared to the minimum densities that can be obtained using the
TIPS process (∼ 10 kg/m3). This makes the extruded foams too expensive for
packaging purposes. Once very low density foams can also be produced using
the CO2–based foaming process, it has the potential to completely replace the
TIPS process, thus making the world-wide foam production more environmentally
friendly.
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Chapter 3

Quantitative morphology analysis of

polymers foamed with supercritical carbon

dioxide using Voronoi diagrams

ABSTRACT: Porous polymeric materials have a good impact strength, light
weight and high porosity. Therefore, these foams are used in a wide range of
applications, including insulation, separation processes and packaging. Since it is
important to have an objective comparison of polymeric foams, this paper discusses
a quantitative method using Voronoi diagrams, which has been developed to analyze
and compare different morphologies of polymers foamed with supercritical carbon
dioxide, based on the average cell area, cell area distribution and homogeneity. In
contrast to SEM analysis only, different foam morphologies can be compared with
this technique in an objective manner. The analysis is based on the centers of
the cells and is therefore to a large extent independent of the sample preparation.
Using the Voronoi-approach, it is possible to extrapolate the 2D view of the SEM
picture to a 3D representation of the foam with the thickness of one cell layer.

This chapter has been published as: L.J.M. Jacobs, K.C.H. Danen, M.F. Kemmere,

J.T.F. Keurentjes, Computational Materials Science 38 p751 (2007).



Chapter 3

3.1 Introduction

The production of porous polymer materials is a well-studied field.1,2 Because
of their interesting properties such as good impact strength, light weight and
high porosity, polymeric foams are used in a wide range of applications, including
insulation, separation processes and packaging. Conventionally, these materials
are produced using organic blowing agents, e.g. pentane. Due to the more
stringent environmental legislation, attention has shifted towards the sustainable
production of polymeric foams based on environmentally benign blowing agents
such as carbon dioxide (CO2) and nitrogen (N2).3−5 In most reported studies,
the morphologies of the produced foams are visualized using Scanning Electron
Microscopy (SEM). However, the SEM results only yield qualitative results as
the pictures give an indication of the cell size.6 Since it is important to have
an objective comparison of polymeric foams, this paper discusses a quantitative
method using Voronoi diagrams, which has been developed to analyze and
compare different polymeric foam morphologies based on the average cell area,
cell area distribution and homogeneity. First the principles of Voronoi diagrams
will be given. Subsequently, a dimensionless number for the homogeneity, HPq,
is defined. In addition, the developed quantitative method is demonstrated using
foamed poly(styrene-co-methyl methacrylate) samples. Finally, the applicability
of the Voronoi method is evaluated.

3.2 Voronoi analysis

A Voronoi Diagram is a mathematical concept with a wide range of applications
in all kinds of sciences.7−9 In general, a Voronoi diagram is constructed from a
distribution of points {p1, , pN} in a given space. This space is converted into cells,
by connecting points to each other with a straight line, the so-called Delaunay
triangulation, and plotting the perpendicular bisectors of these lines. The Voronoi
diagram is constructed by removing the Delaunay triangulation (see Figure 3.1).
One cell of the constructed diagram is called a Voronoi polygon and each of these
convex polygons belong to one single point.10 In literature, Voronoi tessellations11
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Figure 3.1: Constructing a Voronoi diagram: (1) Schematic representation of a
cross-section of four cells, including cell centers A, B, C and D. (2)
Drawing the Delaunay triangulation. (3) Drawing the perpendicular
bisectors between the centers, the Voronoi polygons. (4) Removing
the Delaunay triangulation.

are also referred to as Dirichlet, Thiessen or Ziegler-Natta tessellations.12 Before
Voronoi analyses can be used on the produced foam morphologies, a distribution
of points is needed. This distribution can be obtained by determining the center
of each cell on the SEM pictures of the produced foams. Due to the fact that
the data points of the constructed Voronoi diagrams are based on the cell centers
of the original SEM picture, the number of polygons in the diagram is equal to
the number of cells in the SEM picture. Therefore, the average cell surface area
of the Voronoi polygons will also equal the average cell area of the SEM picture,
since the total area has not changed. Although the cell walls will not exactly
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coincide with the polygons, the perimeters of the Voronoi polygons will give a
good representation of the actual cell boundary, because the perimeter of the
polygon is related to the centre of the cell.

In addition, it is possible to determine the cell size distributions and the
homogeneity of the foam morphologies. The perimeter l, the area A and the
number of faces n of the Voronoi polygon are the relevant parameters to determine
the dimensionless homogeneity number HPq, where q represents l, A or n.13 HPq

is determined by dividing the standard deviation σq of property q, by its average
value, µq.

HPq =
σq

µq
(3.1)

with

µq =
1
N

N∑

i=1

qi (3.2)

σq =

√∑N
i=1(qi − µq)2

N − 1
(3.3)

The polygons in contact with the edge of the SEM picture, i.e. outside of the
convex hull, are excluded from the analysis. As a rule of thumb, at least 100 cells
need to be assessed for a valid statistical analysis. The smaller the value for HPq,
the more homogeneous the foam morphology will be.

In order to visualize the cell walls with SEM analysis, a polymeric foam sample
needs to be fractured. Obviously, the position of the fracture cannot be controlled.
Therefore, the cells will never break exactly at half the cell height. The advantage
of the methodology presented here for foam characterization is that it is based on
the cell centers and for that reason it is to a large extent independent of the sample
preparation. Accordingly, the 2D view of the SEM picture can be extrapolated
to a 3D representation of the foam with the thickness of one cell layer.
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3.3 Experimental

3.3.1 Materials

Poly(styrene-co-methyl methacrylate) (SMMA) with 40 wt% styrene was pur-
chased from Aldrich Chemical Company. GPC analysis with a polystyrene
standard indicated a Mn of 69,000 and a polydispersity of 2.2. The glass
transition temperature (Tg) as determined by DSC analysis (PerkinElmer Pyris
Diamond DSC) revealed a Tg of 101℃. Carbon dioxide (grade 4.5) was obtained
from Hoekloos (Amsterdam, The Netherlands) and was used without further
purification.

3.3.2 Foaming experiments

Foaming experiments were performed in a stainless steel high pressure vessel of 67
mL, equipped with a pressure sensor (Keller piezo-resistive pressure transmitter
PA-23). A pump (ISCO 100DX) controlled the pressure of the system. The
temperature was regulated using a thermostat bath (Huber Polystat CC1). The
experimental setup is schematically shown in Figure 3.2. The foam was produced

Figure 3.2: Schematic representation of the experimental set-up with (1) carbon
dioxide feed, (2) feed cooling, (3) pump, (4) pressure indicator, (5)
high-pressure thermostated vessel, (6) temperature indicator.
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by rapid expansion of the polymer, after the system was equilibrated at a precisely
set saturation temperature (± 0.2℃) and pressure (± 0.1%). The experimental
conditions of all the experiments are given in Table 3.1.

Table 3.1: Overview of experimental conditions, number of cells, average area and
the HPA number of Samples 1-7.

Sample Pressure Temperature No. of Cells Av Area HPA

[-] [bar] [℃] [-] [µm] [-]

1 210 123 212 3438 0.290
2 200 118.5 108 6206 0.452
3 200 91 777 1121 0.271
4 100 364 118 6015 0.269
5 175 92.5 769 1142 0.251
6a 100 110 145 8092 0.330
6b 100 110 156 7884 0.335
7a 150 110 268 2847 0.313
7b 175 110 379 2131 0.361
7c 200 110 221 3010 0.370
7d 210 110 232 2780 0.423

3.3.3 SEM picture processing to Voronoi diagram

The cell structure of the polymeric foam was determined by Scanning Electron
Microscopy (Jeol, JSM-500), after cryofracturing and sputter-coating of the
sample with a gold layer of approximately 55 nm. The SEM pictures were
converted into a Voronoi diagram according to the following procedure:

1. Modification of the SEM picture to enhance the contrast between the voids
and the cell walls with a photo editing program (Paint Shop Pro);

2. Conversion of the produced picture into an image with only the perimeter
of the cells, the so-called grid. In Matlab, this grid can be generated using
the ”Canny”-command of the image processing toolbox;
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3. Determination of the number of cells and the x- and y-coordinates of the
centre of these cells using an image analysis program (Image Pro Plus);

4. Construction of a Voronoi diagram by importing the x and y coordinates
into Matlab using the command ”Voronoi(x,y)”. It is important to ensure
that the Voronoi diagram is situated at exactly the same position as the
acquired Matlab image. Moreover, the dimensions have to be equally scaled
by adjusting the units of the x- and y-axes.

3.4 Results & discussion

3.4.1 Voronoi diagrams and the homogeneity parameter HPA

In this study, polymeric foams have been produced and analyzed according to the
procedure described in the experimental section of this article. SEM analysis has
been used to determine the cell structure for which a typical example is given in
Figure 3.3a, the SEM picture of Sample 1 foamed at 210 bar and 123℃. Figure 3.3a
is converted into a grid with only the perimeter of the cells (Figure 3.3b), after
which the Voronoi diagram can be constructed (Figure 3.3c). A more detailed
description of the procedure is given in the experimental section. In order to
compare the grid generated by Matlab and the Voronoi diagram, Figure 3.3c has
been superimposed on Figure 3.3b. The result is depicted in Figure 3.3d, showing
that a centre point has been assigned to each cell. It needs to be stressed that
the accuracy of the constructed Matlab grid is highly dependent on the quality of
the SEM picture. It is important to obtain a good contrast between the cell walls
and voids, because this will improve the match between the SEM picture and the
grid and consequently the Voronoi diagram. Once the Voronoi diagram has been
constructed, the average cell area and cell area distribution can be determined.
In the case of Figure 3.3c, 212 complete cells have been evaluated, leading to an
average cell area of 3438 µm2. The cell area distribution is plotted in Figure 3.4.
It can be clearly seen that approximately 75 % of all the cells have an area ranging
from 0.7-1.3 times the average. The homogeneity parameter HPA with respect
to the area is 0.290. Figure 3.5a, 3.5b and 3.5c show the results of a polymer
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(a) The SEM picture of Sample 1 (×
100).

(b) The constructed Matlab grid
corresponding to Sample 1.

(c) The Voronoi diagram correspond-
ing to Sample 1.

(d) The Matlab grid superimposed
on the corresponding Voronoi
diagram.

Figure 3.3: Converting a SEM image to a Voronoi diagram.

sample foamed at 200 bar and 118.5℃ (Sample 2), showing the SEM picture,
the corresponding Voronoi diagram and cell area distribution, respectively. For
this sample, the average cell area is 6206 µm2, calculated from 108 complete
cells. The SEM picture and the Voronoi diagram both suggest a homogeneous
structure. However, the cell area distribution of Sample 2 is broader compared to
the distribution of Sample 1 and it clearly shows the presence of a few cells that
have an area over 2.7 times the average. Consequently, this results in a higher
value of the HPA number (0.452), although more than 50 % of all the cells have
an area ranging from 0.7–1.3 times the average area. Based on the comparison
of the HPA numbers of Sample 1 and Sample 2, the degree of homogeneity can
be determined. For an ideal 2D structure this number would be zero, e.g. for
honeycomb structures. Since foams have a more complex, 3D structure, an HPA
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Figure 3.4: The cell area distribution corresponding to Sample 1.

number of zero cannot be obtained. For this reason, a lower HPA number implies
less variation in cell area and therefore, a more homogeneous foam structure.
This means that the foam morphology of Sample 1 is considered to be more
homogeneous than Sample 2. Determination of the homogeneity of the foam can
also be done on the basis of the perimeter of the Voronoi polygon (HPl). This
will yield to the same conclusion, for the HPl values of Sample 1 and Sample 2
are 0.137 and 0.215, respectively.

3.4.2 Reproducibility of Voronoi analysis

In order to determine the reproducibility of the analysis method based on Voronoi
diagrams, two SEM pictures have been taken at different locations within one
polymeric foam sample (Sample 6). The experimental conditions and results are
given in Table 3.1. The difference between the two calculated average areas is 2.6%
and the difference in HPA values is only 1.5%, which shows that the developed
method leads to reproducible and consistent results.

As mentioned before, a Voronoi diagram is based on the cell centers, which
means that the perimeters of the original cells and the diagram are different.
Even though the acquired cell size distribution is slightly narrower than the one
obtained from the original SEM picture, the HPA value can be used to compare
foams, because all diagrams have the same small underestimation of the standard
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Figure 3.5: The SEM picture (a), Voronoi diagram (b) and cell area distribution
(c) of Sample 2.

deviation. A statistical analysis based solely on the distances between the centers
of neighboring cells will result in a more precise representation of the homogeneity.
However, more complex mathematical programs need to be used.

3.4.3 Versatility of Voronoi diagrams

To illustrate the versatility of the HPA numbers, SEM pictures and the
corresponding Voronoi diagrams of two polymeric foams (Sample 3 and Sample
4) are shown in Figure 3.6. The experimental conditions, number of cells, average
cell area and HPA numbers of these samples are given in Table 3.1. At first one
might argue that the samples cannot be compared due to the large difference in
morphology. However, there is no restriction in calculating the HPA numbers
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of both morphologies and even though there is a large difference in morphology,
the HPA numbers are more or less the same, i.e. 0.269 and 0.271, respectively.
Therefore, both samples have the same degree of homogeneity. Figure 3.7 shows
the SEM picture and the Voronoi diagram of Sample 5, foamed at 175 bar and
92.5℃, which has 769 cells with an average cell area of 1142 µm2. The difference
in number of cells and average cell area of Sample 5 compared to Sample 4 is
very small. This makes it difficult to visually compare the homogeneity of both
samples. Nonetheless, the HPA number of Sample 5 is equal to 0.251, which
indicates a more homogeneous foam morphology than Sample 4 (HPA = 0.271).
The Voronoi diagrams have been used to analyze a series of foaming experiments,
where the saturation temperature of the different experiments equals 110℃. The
pressure is changed for each experiment (see Sample 7a through 7d in Table 3.1).
The SEM pictures are given in Figure 3.8. The density of the produced foams
decreases from 103 g/dm3 for Sample 7a to 93.8 g/dm3, 86.2 g/dm3, 68.4 g/dm3

for Sample 7b, 7c and 7d, respectively. The average cell areas of the foams have
the same order of magnitude, ranging from approximately 2000 µm2 to 3000 µm2.
Because of this relatively small difference in average cell area, it is difficult to
draw a conclusion about the foam morphology based solely on the cell area. The
developed Voronoi method appears to be very useful to analyze the produced
foams, because it also takes into account the relative difference in the cell size
of the sample. The calculated homogeneity parameter decreases from 0.313 to
0.423 as the pressure increases. This means that the homogeneity of the foam
morphology decreases as the pressure increases.

3.4.4 Future outlook

For the ideal representation of foams, Kelvin cells can be used (Figure 3.914).
A Kelvin cell is a 14-sided truncated octahedron, which minimizes the surface
area per unit volume of the body-centered cubic lattice. All edges have the same
length, meaning that all cells have the same size.15 Therefore, a Kelvin cell is
considered to be an ideal 3D Voronoi polygon. The characteristic properties of
the Voronoi diagrams constructed from the SEM pictures, such as the average
area and the average perimeter, could be used to calculate an average value for
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(a) The SEM picture of Sample 3
(× 100).

(b) The Voronoi diagram of Sample
3.

(c) The SEM picture of Sample 4 (×
100).

(d) The Voronoi diagram of Sam-
ple 4.

Figure 3.6: The SEM pictures and Voronoi diagrams of Sample 3 and 4.

(a) (b)

Figure 3.7: a) The SEM picture (× 100) Sample 5 and b) The Voronoi diagram
of Sample 5.
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(a) (b)

(c) (d)

Figure 3.8: The SEM picture (× 100) of a) Sample 7a, b) Sample 7b, c) Sample
7c and d) Sample 7d.

the length of the edges. This data could be extended to construct a full 3D
idealized representation of the analyzed foam, based on a Kelvin cell. Combining
this data with the experimentally determined density might provide additional
information about the nucleation process. For example, if the average length of
edge λ is taken to be 30 µm, the volume of the corresponding Kelvin cell would
be 3.1·10−7 mL, according to the following equation:

V = 8
√

2λ3 (3.4)

A gram of foam with a density of 40 g/dm3 would have a volume of 25 mL.
An average polymer has a density of 1.1 kg/dm3, so the volume of one gram of
polymer would be 0.91 mL. Therefore, the foam would contain approximately
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Figure 3.9: A schematic representation of three stacked Kelvin cells. Reprinted
from Almanza et al.14 with kind permission of John Wiley & Sons,
Inc.

24 mL of void. Dividing the void volume by the volume of one Kelvin cell, the
number of nuclei that have grown into a cell can be calculated. In this case, one
gram of foam would have contained about 77 million cells.

It is essential to obtain quantitative data about polymeric foam morphologies
to determine whether the foam will meet the eventual product specifications. Even
though macroscopically two different foamed samples appear to be similar, e.g.
because of a comparable density, the foam morphology can be very different; i.e.
large cells and thick cell walls versus small cells and thin cell walls. Additionally,
the degree of homogeneity can be completely different for two foams. Nevertheless,
these parameters determine to a great extent whether the foam is suitable for the
desired application. For instance, a more homogeneous morphology will improve
the heat and sound insulating properties of the polymeric foam. For this purpose,
the Voronoi method reveals even slight differences in homogeneity, which are very
difficult to determine using only a qualitative method such as SEM analysis.
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3.5 Conclusions

In this work, it has been shown that Voronoi diagrams can be used to
quantitatively describe the average cell area and cell area distribution of polymeric
foam morphologies. Moreover, the homogeneity of these foams can be determined
in terms of cell area, perimeter and number of faces. In contrast to SEM analysis
only, different foam morphologies can be compared with this technique in an
objective manner. The analysis is based on the centers of the cells and is
therefore to a large extent independent of the sample preparation. Nevertheless,
the accuracy of the constructed Voronoi diagram is dependent on the quality of
the SEM picture. If the contrast between the voids and the continuous phase is
sufficient, there will be no limitation to quantitatively describe the homogeneity
parameters of other porous materials. Using the Voronoi-approach, it is possible
to extrapolate the 2D view of the SEM picture to a 3D representation of the foam
with the thickness of one cell layer.
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Nomenclature

l perimeter of a Voronoi polygon
A area of a Voronoi polygon
n number of faces of a Voronoi polygon
HPq the dimensionless homogeneity parameter with

respect to q, where q represents l, A or n

µq average value of property q

σq standard deviation of property q

N number of evaluated cells
Tg glass transition temperature
λ length of the edge of a Kelvin cell
V volume of a Kelvin cell
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A parametric study into the morphology of

polystyrene-co-methyl methacrylate foams

using supercritical carbon dioxide as a

blowing agent

ABSTRACT: In this study the foaming of poly(styrene-co-methyl methacrylate)
using supercritical carbon dioxide is investigated. The effect of different foaming
parameters such as temperature and pressure is studied in a quantitative and
systematic way, with the aim to control and predict the resulting foam morphology.
It is shown that once the polymer properties, such as the glass transition
temperature and the solubility of CO2 are known, full control of the desired foam
morphology can be obtained by a proper selection of temperature, pressure and
depressurization rate.

This chapter has been published as: L.J.M. Jacobs, K.C.H. Danen, M.F. Kemmere,
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4.1 Introduction

Polymeric foams are most commonly used as thermal insulating, comfort
cushioning and packaging materials. These materials can be divided into two
main groups: the thermoset and the thermoplast foams. Thermoset foams
are mainly polyurethane-based and are often produced by applying a chemical
foaming agent that decomposes at a certain temperature, generating gas bubbles
within the polymer.1 Thermoplast foams are usually polyethylene- or polystyrene-
based and their production process applies a thermally induced phase separation,
where a dissolved volatile organic compound (VOC), e.g. pentane, nucleates and
evaporates after an increase in temperature. Unfortunately, the VOCs can only
be partly recovered, whereas the main part disappears into the environment.

In recent years the interest in green technology has grown enormously, due to
the ever more stringent environmental legislation. Supercritical carbon dioxide
(scCO2) has turned out to be a very promising solvent for the replacement of
VOCs in industry, especially in the production of foams from glassy polymers, like
Styrofoam.2−4 Supercritical carbon dioxide has proven to be a good alternative,
because it is relatively inert, nonflammable, cheap and it is generally regarded as
safe (GRAS-status). Furthermore, the critical conditions are relatively mild and
therefore easily accessible.

The foaming of polymers using scCO2 can roughly be divided into two steps.
The first step consists of saturating the polymeric sample with CO2. This will
lead to plasticization and a decrease in the glass transition temperature (Tg) of
the polymer,5,6 which is schematically presented in Figure 4.1. Furthermore,
the polymer will swell due to plasticization. After saturation, a (rapid)
depressurization step will induce phase separation and nucleation because of a
shift in the thermodynamic equilibrium. Subsequently, cell growth will occur.
Because of this, the amount of CO2 present in the polymer matrix will decrease
and the Tg of the polymer will start to increase again. At a certain point, the
polymer returns to the glassy state, which means that the matrix vitrifies and cell
growth will stop. The vitrification, together with the pressure and temperature
at which the polymer is saturated with CO2, as well as the depressurization rate
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Figure 4.1: Schematic representation of the Tg-depression and the vitrification of
the polymer matrix during a foaming experiment.

determines to a large extent the morphology of the foam that will be obtained.
Since the early 1990s, a substantial amount of work has been published on the
foaming of various polymers and polymer blends using scCO2.7−12 Even though
most of these publications address the “foaming with CO2 topic”, usually only
SEM pictures are presented, together with some general density and cell size
information. In order to apply the scCO2-based foaming process on a larger scale,
the foaming conditions that yield economically required foam densities need to be
investigated. However, this information is not widely available in the literature.
Therefore, this study approaches the foaming process of poly(styrene-co-methyl
methacrylate)(SMMA) at high temperatures and pressures in a quantitative and
systematic way, to determine the effect of different foaming parameters, with
the aim to control and predict the foam morphology and to produce foams
with densities in the same range as commercially available foams. The effect
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of temperature, pressure and depressurization rate on the foam morphology of
SMMA has been analyzed and Voronoi diagrams have been used to determine
the average cell area, cell area distribution and the homogeneity of the produced
foams. Sorption measurements of carbon dioxide in SMMA have been performed,
using a magnetic suspension balance (MSB).

4.2 Experimental

4.2.1 Materials

Poly(styrene-co-methyl methacrylate) (SMMA) with 40 wt% styrene was pur-
chased from Aldrich Chemical Company. GPC analysis with polystyrene standard
indicated a Mn of 76 kg/mol and a polydispersity of 2.2. The glass transition
temperature (Tg) as determined by DSC analysis (Perkine Elmer Pyris Diamond
DSC) revealed a Tg of 101℃. Carbon dioxide (CO2) (grade 4.5) was obtained
from Hoek Loos (Amsterdam, The Netherlands) and was used without further
purification.

4.2.2 Sorption experiments

To determine the CO2 uptake in the polymer, sorption experiments were
performed at the Ruhr University in Bochum, using an MSB (Rubotherm,
Germany). The mass uptake of the sample in a high pressure cell was measured
with a microbalance, located outside the chamber, using a magnetic coupling to
transmit the signal. A more detailed description of the MSB can be found in the
literature.13 The signal of the MSB was corrected for buoyancy effects due to the
increase in CO2 density with increasing pressure. However, the results still had
to be corrected for the swelling of the polymer, caused by the sorption of CO2,
which was estimated using the Sancheze Lacombe equation of State (SL-EOS).
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4.2.3 Sanchez–Lacombe equation of state

Several papers have already discussed the successful description of polymer-CO2

sorption and swelling isotherms using the SL-EOS.14−16 Therefore, this EOS was
used to determine the actual sorption values. The SL-EOS expressed in reduced
parameters is given by:17−19

ρ̃2 + P̃ + T̃

[
ln(1− ρ̃) +

(
1− 1

r

)
ρ̃

]
= 0 (4.1)

ν̃ =
1
ρ̃

(4.2)

where ρ̃, ν̃, P̃ and T̃ are the reduced density, specific volume, pressure and
temperature, respectively, and r expresses the number of lattice sites occupied
by a molecule. The reduced parameters are defined as:

ρ̃ = ρ/ρ∗ (4.3)

T̃ = T/T ∗ (4.4)

P̃ = P/P ∗ (4.5)

ν̃ = ν/ν∗ (4.6)

r = MP ∗/RT ∗ρ̃∗ (4.7)
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where M is the molecular weight, R is the ideal gas constant, T , P , n, and
ρ, are the temperature, pressure, molar volume and density, respectively. The
parameters with an asterisk (*) indicate the characteristic SL parameters of the
components. The SL-EOS can be used for mixtures, by using the following mixing
rules:

P ∗ =
∑

i

∑

j

ϕiϕjP
∗
ij (4.8)

P ∗ij = (1− kij)
√

P ∗i P ∗j (4.9)

T ∗ = P ∗
∑ (

ϕ0
i T

∗
i

)
/P ∗i (4.10)

r0
i ν∗i = riν

∗ (4.11)

ν∗ =
∑

i

ϕ0
i ν
∗
i (4.12)

1/r =
∑

i

ϕi/ri (4.13)

ϕ0
i = (ϕiP

∗
i /T ∗i ) /

∑

i

(
ϕjP

∗
j /T ∗j

)
(4.14)

ϕi = (wiρ
∗
i ) /

∑

i

(
wj/ρ∗j

)
(4.15)
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where ϕi and wi represent the volume and weight fraction of component i in
the mixture ij, respectively. The pure state of a component is denoted with the
superscript ‘0’. The interaction parameter kij was used to optimize the model for
reaching chemical equilibrium:

µgas
i = µpolymer

i (4.16)

which states that the chemical potential of the components in the gas phase
needs to be equal to the chemical potential of the components in the polymer
phase. The chemical potential of CO2, denoted as ‘1’, in the polymer phase,
denoted as ‘2’, is given by:

µpolymer
1 = RT

[
lnϕ1 + (1− r1/r2)ϕ2 + r0

1 ρ̃ϕ2
2

(
(P ∗1 + P ∗2 − 2P ∗12)/(P ∗1 T̃1)

)]
+

r0
1RT

[(
− ˜rho + P̃1ν̃

)
/T̃1 + ν̃

(
(1− ρ̃)ln(1− ρ̃) + ρ̃/r0

1lnρ̃
)]

(4.17)

Assuming that no polymer will dissolve in the gas phase, the chemical potential
for the gas phase reduces to:

µgas
1 = r0

1RT
[(
− ˜rho1 + P̃1ν̃1

)
/T̃1 + ν̃1

(
(1− ρ̃1)ln(1− ρ̃1) + ρ̃1/r0

1lnρ̃1

)]

(4.18)

The predicted swelling factor Sw of the polymer can be calculated with the
parameters obtained from the SL-EOS, using the following equation:20

Sw =
ρpolymer/ρmix

1− x
(4.19)

where ρpolymer, ρmix and x represent the density of the pure polymer, the density
of the polymer-CO2 mixture and the mass fraction CO2, respectively.
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For correcting each sorption isotherm, the kij has to be calculated. The
accuracy of the corrected sorption values will improve if a different kij is calculated
for each pressure value.21 In this study, however, it was sufficient to know the
trends of the solubility versus pressure. Therefore, only the measured sorption
at 150 bar was used to calculate the kij of each isotherm. This kij was used
to calculate the predicted sorption and swelling by the SL-EOS. The measured
points were corrected according to Equation 4.20:

mcorr = m0 + ρfluid∆Vpolymer (4.20)

where mcorr, ∆Vpolymer, ρfluid and m0 represent the corrected values, the
difference in polymer volume, the density of CO2 and the absolute sorption,
respectively. A new value for kij was determined using the corrected uptake,
together with the corresponding calculated SL sorption and swelling isotherms.
This procedure was repeated until a good agreement was reached between the
corrected points and the isotherm predicted by the SL-EOS.

4.2.4 Foaming experiments

Foaming experiments were performed in a stainless steel high pressure vessel of
67 mL, equipped with a pressure sensor (Keller piezo-resistive pressure transmitter
PA-23). A pump (ISCO Seringe 100DX) controlled the pressure of the system.
The temperature was regulated using a thermostat bath (Huber Polystat CC1).
The experimental setup is schematically shown in Figure 4.2. Rapid expansion
experiments were performed with polymeric samples equilibrated at various
temperatures and pressures. A set of experiments was carried out at different
depressurization rates, after the system was equilibrated at a pre-set temperature
and pressure. The pressure decay in time was measured using a Penlab module.
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Figure 4.2: Schematic representation of the experimental setup with (1) carbon
dioxide feed (2) feed cooling (3) pump (4) pressure indicator (5) high
pressure thermostated vessel (6) temperature indicator.

4.2.5 Morphology characterization

The bulk densities were determined using a pycnometer, a calibrated flask with
a fixed volume. The cell structure of the polymeric foam was determined by
Scanning Electron Microscopy (SEM) (Jeol, JSM-500), after cryofracturing and
sputter coating of the sample with a gold layer of approximately 55 nm. The SEM
pictures were converted into a Voronoi diagram, by first converting the picture
into an image with only the perimeter of the cells. This image was then used to
determine the center of each cell. The x and y coordinates of the centers were used
to construct the Voronoi diagram. A more detailed description of this procedure
and the analysis using the cell size distributions and homogeneity parameters can
be found in the literature.22 The area (A) of each cell of the Voronoi diagram was
used to determine the dimensionless homogeneity number HPA, by dividing the
standard deviation σA of the area, by its average value, µA.

HPq =
σq

µq
(4.21)

with
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µq =
1
N

N∑

i=1

qi (4.22)

σq =

√∑N
i=1(qi − µq)2

N − 1
(4.23)

The smaller the value for HPA, the more homogeneous the foam morphology will
be. At least 100 cells were assessed to allow a valid statistical analysis.

4.3 Results & discussion

4.3.1 Sorption experiments and SL-equation of state correction

Sorption measurements have been performed in order to determine the solubility
of CO2 in SMMA. Since a MSB has been used to determine the sorption, the
results have been corrected for the swelling with the predictions of the SL-EOS.
The characteristic parameters of the pure components used in the SL-EOS can
be found in Table 4.1.14,23

Figure 4.3 shows the uncorrected sorption isotherms at 90℃, 120℃ and 150℃.
The downward trends of the isotherms with increasing pressure clearly show the
influence of swelling on the measurements, because for PS and PMMA-based
polymers it is to be expected that the sorption isotherms would increase with
increasing pressure. For correcting each isotherm, the measured sorption at 150
bar has been used to calculate kij , and the corresponding sorption and swelling
predicted by SL-EOS. The final corrected results with the corresponding SL–
isotherms are plotted in Figure 4.4. It can be seen that as the temperature
increases, the amount of CO2 that can be dissolved in the polymer decreases.
Furthermore, the sorption at 120℃ and 150℃ are comparable, indicating a
limitation in the amount of CO2 that can be dissolved in SMMA. No results of
CO2 sorption at high temperatures in SMMA have been reported in the literature.
However, it is expected that the sorption for the co-polymer will be a combination

54



A parametric study into the morphology of polystyrene-co-methyl methacrylate
foams using supercritical carbon dioxide as a blowing agent

of the sorption of the two homopolymers, related to the mass fractions of the
different repeating units.24 Therefore, the sorption results obtained in this study
are what can be expected after comparison to the sorption results for PS and
PMMA, reported by Pantoula and Panayiotou.25

4.3.2 Foaming experiments

Effect of temperature

The temperature at which the foaming takes place determines the foam mor-
phology to a large extent. Not only does the temperature determine the amount
of CO2 that can be dissolved in the polymer, which in turn is related to the
obtained Tg-depression, but it also determines the time available for growth of
the cells before the polymer matrix will vitrify due to the transition into the glassy
state. This is schematically depicted in Figure 4.1.

The effect of temperature is further illustrated by Figure 4.5. Here, the results
of foaming experiments with a rapid depressurization (<1 s) are displayed, in
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Figure 4.3: Measured sorption of CO2 in SMMA at (◦) 90℃, (4) 120℃ and (2)
150℃.
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Figure 4.4: Corrected CO2 sorption isotherms of SMMA. kij ((◦) 90℃)=0.144,
kij ((4) 120℃)=0.130, kij ((2) 150℃)=0.110. The symbols denote
the corrected experimental values and the lines denote the isotherms
predicted with the SL-EOS.

terms of foam density versus the temperature. At 93℃ the density of the produced
foams is much higher than the density of the foams produced at 118℃, even though
the solubility of CO2 at 90℃ is higher. This indicates a premature stop in cell
growth. Figure 4.5 also shows that the decrease in density levels off at about
118℃. Above this temperature a further increase in temperature has little effect
on the density, which can be explained by the sorption isotherms. Figure 4.4 has
already indicated that the solubility of CO2 in SMMA at 120℃ and 150℃ is more
or less similar, and since the driving force for cell growth will be the same at
those temperatures, it can also be expected that the foam morphology in terms
of density and average cell size will be comparable.

Additionally, the experiments presented in Figure 4.5 have been analyzed
using Scanning Electron Microscopy (SEM) and subsequently with the developed
Voronoi analysis to determine the homogeneity of the obtained morphologies. The
results of the analysis can be found in Table 4.2. Figure 4.6 displays the SEM
pictures of Experiments 14–16, produced at different temperatures and 200 bar.
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This figure clearly shows an increase in cell size and a decrease in the thickness
of the cell walls for increasing temperature, which is consistent with a decrease in
density. Figures 4.7 and 4.8 show the Voronoi diagrams and cell area distributions
corresponding to the SEM pictures of Figure 4.6, respectively. Together with the
results from the Experiments 14–18 displayed in Table 4.2 there appears to be a
general trend that the homogeneity decreases with increasing temperature. This
trend can be explained by taking a closer look at Figure 4.6a, which has been
foamed at 93℃. The cell walls of the foams produced at low temperatures are
much thicker as compared to the foams produced at higher temperatures. After
nucleation, cell growth will occur. Since these individual cells are relatively far
apart, the effect of one cell on the other is negligible. Before the cells have reached
a size where they can influence each other, the polymer matrix vitrifies and cell
growth stops, resulting in relatively homogeneous foam. At higher temperatures,
the cells will interfere with each other by obstruction and will compete for growth.
As a result, the cell size distribution will be broader and homogeneity will be less.
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Figure 4.5: Density versus the temperature of the SMMA foams produced at
various pressures.
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(a)

(b)

(c)

Figure 4.6: SEM pictures (100×) of
SMMA foamed at 200
bar and (a) 93℃, (b)
110℃ and (c) 118℃.

(a)

(b)

(c)

Figure 4.7: Corresponding Voronoi
diagrams of the SEM
pictures presented in
Figure 4.6.
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Figure 4.8: Corresponding cell area distributions of the Voronoi diagrams
presented in Figure 4.7.
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Effect of pressure

In order to investigate the effect of the pressure on the density, average cell area,
cell area distribution and homogeneity, several experiments have been performed
at constant temperature but at different pressures. The effect on the density
with increasing pressure is depicted in Figure 4.5, which shows that the density
decreases upon an increase in pressure. Furthermore, above 118℃ an increase in
pressure has no further effect on the density. It can be seen that an increase in
pressure appears to have less effect on the density as compared to an increase
in temperature. The density decreases only by a factor of 1.2 when the pressure
is increased 1.4 times, from 150 bar to 210 bar. However, if the temperature is
increased from 93℃ to approximately 130℃, the density decreases by a factor of
6.8. Figures 4.9, 4.10 and 4.11 display the SEM pictures, Voronoi diagrams
and cell area distributions of Experiments 6, 10 and 15, produced at 110℃
and different pressures, respectively. The data are also given in Table 4.2. It
can be concluded that the pressure appears to have little effect on the average
cell area, which all have the same order of magnitude. However, the cell area
distribution broadens with increasing pressure, which results in a decrease of the
homogeneity with increasing pressure and therefore, an increase in HPA from
0.323 in Experiment 2 up to 0.423 in Experiment 20. This can be explained by
the following. As the pressure increases, the amount of CO2 that can be dissolved
in the polymer increases and the glass transition temperature will decrease.
Therefore, the effect of the pressure on the foam morphology can considered
to be similar to the effect of the temperature. This is confirmed by the results
described in the previous paragraph, where an increase in temperature also results
in a decrease in density and homogeneity. Due to the fact that the difference in
solubility is relatively small, the effect will be less pronounced.

Effect of depressurization rate

To determine the effect of the depressurization rate on the foam morphology,
several experiments have been performed at a constant saturation temperature of
118℃ and pressure of 200 bar. The time to depressurize the content of the high
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(a)

(b)

(c)

Figure 4.9: SEM pictures (100×) of
SMMA foamed at 110◦C
and (a) 150 bar, (b) 175
bar and (c) 200 bar.

(a)

(b)

(c)

Figure 4.10: Corresponding Voronoi
diagrams of the SEM
pictures presented in
Figure 4.9.
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Figure 4.11: Corresponding cell area distribution of the Voronoi diagrams
presented in Figure 4.9.
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pressure vessel has been varied from 30 s up to 600 s. The SEM pictures of these
experiments with depressurization times up to 230 s are shown in Figure 4.12.
The pictures show a dramatic increase of the cell size up to approximately 400
mm, already at a depressurization time of 230 s. The increase in cell size with
increasing depressurization time has also previously been reported.12,26,27 Since
the cells of the samples with depressurization times above 230 s are too large, it
has not been possible to analyse these foams with SEM, even at the minimum
magnification. The Voronoi diagrams and cell size distributions corresponding to
the SEM pictures of Figure 4.12a and 4.12b are shown in Figures 4.13a and 4.13b,
4.14a and 4.14b, respectively.

The calculated average area and the homogeneity number are shown in
Table 4.3. Due to the limited number of analyzed cells, the results have less
statistical meaning. However, these HPA numbers are in line with what can
be expected, by comparing them to the HPA numbers of the rapid expansion
experiments at the same saturation conditions.

It is expected that the densities for the foams presented in Figure 4.12
should be low as well, due to the large cell size. However, this is not the case.
The densities of these foams are higher than the foams of the rapid expansion
experiments at the same saturation conditions. Since the total volume of the
foamed samples is found to be less and the average cell size is larger, the cell walls
of the foams produced at a lower depressurization rate will be thicker. This leads
to the observed higher foam densities.

4.4 Conclusions

It has been shown that a proper selection of the processing conditions allows
determining the properties of the resulting foams. Saturation at higher pressures
followed by a fast depressurization will lead to a less homogeneous foam
morphology, whereas saturation at higher temperatures followed by a fast
depressurization will lead to a larger average cell size and a lower density of
the produced foam. Also the depressurization rate determines to a large extent
the cell size, since the cell size increases with decreasing depressurization rate.
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(a) (b)

(c) (d)

Figure 4.12: SEM pictures (100×) of SMMA foams produced at 200 bar and
118℃, with depressurization times of (a) < 1 s, (b) 35 s, (c) 100 s
and (d) 230 s.

(a) (b)

Figure 4.13: Voronoi diagrams corresponding to the SEM pictures of Figure 4.12a
and 4.12b.
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Figure 4.14: Cell area distributions corresponding to the SEM pictures of Figure
4.14a and 4.13b.

However, long depressurization times will lead to somewhat higher densities. It
has also been shown that saturation at higher temperatures will lead to a broader
cell size distribution and less homogeneity. This is due to the fact that at these
conditions the cells reach a size where interference by obstruction will occur. As
a result the cells will compete for growth.

Based on these conclusions, it can be stated that once the polymer properties,
such as the Tg and the solubility of CO2 are known, full control of the desired foam
morphology can be obtained by choosing the correct combination of temperature,
pressure and depressurization rate.
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4.5 Tables

Table 4.1: Characteristic parameters of SMMA and CO2 used for the SL-
EOS14,23.

Component P ∗ [MPa] T ∗ [K] ρ∗ [kg/m3]

SMMA 438.1 743.0 1195.0
CO2 427.7 338.7 1405.5

Table 4.2: Results of the SMMA foams produced at different temperatures and
pressures and a depressurization time < 1 s .

Pressure Temperature Density Average area HPA Number of Exp.
[ bar ] [ ℃] [ g·dm−3 ] Voronoi [ µm2 ] [ - ] cells [ - ] No.

100 93 271 6015 0.269 118 1
110 113 8276 0.323 136 2
118 41.3 11,300 0.353 93 3
123 39.9 12,037 0.403 82 4

150 93 273 1016 0.280 858 5
110 103 2847 0.313 268 6
118 41.8 7474 0.369 156 7
123 39.8 12,212 0.378 70 8

175 93 240 1142 0.251 769 9
110 93.8 2131 0.361 379 10
118 33.9 4944 0.355 131 11
123 29.7 4192 0.346 171 12
129 77.0 6938 0.406 85 13

200 93 204 1121 0.271 777 14
110 86.2 3010 0.370 221 15
118 31.9 6206 0.452 108 16
123 31.7 2918 0.318 276 17
129 33.8 6996 0.340 101 18

210 93 173 - - - 19
110 68.4 2780 0.423 232 20
118 40.7 4117 0.323 182 21
123 39.4 3439 0.290 212 22
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Table 4.3: Characteristic results of the SMMA foams produced at 200 bar, 118℃
and various depressurization times.

Time ρ Average area HPA Number of
[ s ] [ g·dm−3 ] Voronoi [ µm2 ] [ - ] cells [ - ]

<1 41.6 2806 0.320 276
35 101 14,034 0.318 75
100 89.0 27,614 0.301 30
230 - - - -
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Chapter 5

Temperature-induced morphology control in

the polymer-foaming process

ABSTRACT: Supercritical carbon dioxide (scCO2) is a promising foaming agent
for the production of polymeric foams, representing an environmentally friendly
alternative for the foaming agents currently used. During the expansion phase
of the scCO2-foaming process, 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 morphology. Therefore, several experiments have
been performed in a high pressure reaction calorimeter (RC1e) 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 temperatures at the end of the foaming
process. Since shrinkage does not occur in the adiabatic mode, this mode gives the
best control on the foam morphology.

This chapter has been published as: L.J.M. Jacobs, Ch.A. Mantelis, M.F. Kemmere,

Th. Meyer, J.T.F. Keurentjes, AIChE Journal 53 p2651 (2007).



Chapter 5

5.1 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 are by thermally induced phase separation (TIPS) and by the use
of chemical-foaming agents in the extrusion of rubbers.1 However, these methods
can lead to substantial emissions of volatile organic compounds (VOCs) to the
environment. Currently, governmental regulations are forcing the industry to
replace organic-foaming agents with more environmentally friendly alternatives.
For this reason, the application of supercritical carbon dioxide (scCO2) for the
production of polymeric foams is being explored.28

In principle, the CO2-foaming process can be regarded as the saturation of
a polymer at a certain temperature and CO2 pressure, followed by a (rapid)
depressurization step. Upon depressurization, the CO2 in the polymer becomes
oversaturated. As a consequence, phase separation and nucleation occurs, and
subsequently the created nuclei grow into cells, defining the foam morphology.
Figure 5.1 gives a schematic representation of the foaming process. It is clear
that the saturation temperature and pressure, together with the depressurization
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 CO2 and the glass transition temper-
ature play an important role in the foaming process. The affinity determines the
amount of CO2 that can dissolve into the polymer,9 and this mainly governs the
driving force for cell growth. An additional effect of the sorption of CO2 into the
polymer is the so-called plasticization of the polymer: when the concentration of
CO2 in the polymer increases, the glass transition temperature (Tg) will decrease
(see Figure 5.2).10−12 The latter is significant for the foaming process, because
the Tg determines 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.
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Figure 5.1: Schematic representation of the foaming process using scCO2.

Therefore, experiments have been performed in a high pressure reaction calorime-
ter (RC1e) that can be set to three different modes: isothermal, adiabatic, and
isoperibolic. This apparatus is extremely suited to accurately investigate different
temperature profiles, since each mode results in its own unique temperature profile
upon depressurization. Another advantage is that the RC1e 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.

5.2 Experimental

5.2.1 High-pressure reaction calorimeter and modes of opera-

tion

In reaction calorimetry, a heat effect is measured as a function of an imposed
temperature regime.13,14 On the basis of this principle, several calorimeters have
been developed to monitor chemical reactions.15 The experimental setup used in
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Figure 5.2: Schematic representation of the Tg-depression and the vitrification of
the polymer matrix during a foaming experiment.

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.16 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 RC1e calorimeter, which measured and controlled
the jacket temperature. Additionally, the temperature of the reactor flange and
cover were measured and controlled, 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 reactor. A schematic representation
of the setup is shown in Figure 5.3.

The reactor also permitted visual observation of its contents through three
sapphire windows, for which two were used to light the reactor and one was used
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Figure 5.3: Schematic representation of the experimental setup of the high
pressure reaction calorimeter. (1) CO2 cylinder, (2) pump, (3) RC1e
calorimeter, (4) coriolis mass flow meter, (5) pressure sensor, (6)
RD10 controller, (7) valve, (8) PT100, (9) depressurization valve, (10)
calibration heater, (11) magnetic stirrer, (12) digital camera, and (13)
PC.

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) contained three preprogrammed modes of operation, i.e.,
isothermal, 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 adiabatic mode, the jacket temperature followed accurately the
reactor temperature, resulting in zero heat flow through the reactor jacket. In the
isoperibolic mode, the jacket temperature 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,
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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 depressurization of CO2 in the reactor during the
foaming experiments.

5.2.2 Materials

Polystyrene (PS), poly(styrene-co-methyl methacrylate) (SMMA) with 40 wt%
styrene, and poly(methyl methacrylate) (PMMA) were purchased from Aldrich
Chemical Company. The molecular weights (Mw) of the polymers were 259,
150, and 120 kg/mol for PS, SMMA, and PMMA, respectively. The glass
transition temperature (Tg) as determined by DSC analysis (PerkinElmer Pyris
Diamond DSC) revealed a Tg of 99, 104, and 103◦C for PS, SMMA, and
PMMA, respectively. Carbon dioxide (quality 30) was obtained from Carbagas
(Switzerland) and used without further purification.

5.2.3 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 RC1e was pressurized with CO2 at a
precisely set temperature and pressure (± 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,
adiabatic, and isoperibolic mode, and the results obtained were used as a
calibration of the temperature profiles upon depressurization 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 (200 bar) into discs with a thickness of 3
mm and a diameter of 2 cm. During the foaming experiments, the polymeric disc
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was placed in the reactor and afterward the reactor was pressurized with CO2

at a precisely set saturation temperature and pressure (± 0.1◦C and ± 0.05 bar,
respectively). It is important to note that the disc was placed into the CO2 flow
and did not touch any metallic parts of the reactor. Once the discs were saturated
the foam was produced by expansion of CO2 inside the pressurized vessel. The
applied experimental conditions are given in Tables 5.1 and 5.2.

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

5.3 Results & discussion

5.3.1 Calibration experiments

Figure 5.4 shows the reactor temperature and pressure profiles in the isothermal
mode. Because of the expanding CO2, the temperature of the reactor (Tr)
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 depressurization rate. The faster the depressurization rate, the more the
temperature decreases, the longer it takes for Tr to stabilize. Furthermore, the
control parameters of the WinRC have been optimized for scCO2. The faster the
depressurization rate, the sooner the CO2 enters the gas phase, which hampers
the calorimeter to control the temperature.

Table 5.1: Overview of the performed depressurization experiments performed at
200 bar and 120◦C with the corresponding number of valve turns.

Isothermal 2.5 2.6 2.7 2.8 2.9 3.0 3.2
Adiabatic 2.5 – – 2.8 – 3.0 –
Isoperibolic 2.5 – – 2.8 – 3.0 –
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Figure 5.4: Temperature and pressure profiles versus time during the calibration
experiments performed in isothermal mode.

In the adiabatic mode, the jacket follows the reactor temperature instead of
trying to keep the temperature constant, as in the isothermal mode. Therefore,
a decrease of Tr is not counteracted, and the temperature continues to decrease
as can be seen in Figure 5.5. The higher the depressurization rate, the more
the temperature decreases. The slight increase in Tr at the end of the slow
depressurization at 2.5 turns is attributed to two factors. Because of the large
inertia of the reactor flange and cover, these two pieces respond more slowly to
the change in Tr, resulting in a slight increase of the temperature at the end of
the experiment. Secondly, the stirrer also continues to provide heat, which adds
to the increase of Tr.

The temperature and pressure profiles of the isoperibolic mode are depicted
in Figure 5.6. This mode is the most comparable to previously performed exper-
iments,5,17 because in those experiments the jacket does not respond to a change
in Tr. A value of 117◦C is set for Tj , which results in a value of 118.5◦C for
Tr before the depressurization step. Figure clearly shows that Tr decreases at
first, once the valve has been opened. After approximately 3 min, Tr rises again
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Figure 5.5: Temperature and pressure profiles versus time during the calibration
experiments performed in adiabatic mode.

due to the heating of the jacket. Tr decreases more at higher depressurization
rates, which has also been observed in the experiments performed 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.

5.3.2 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 performed to determine the effect of the different modes of operation on
the foaming process and the foam characteristics. The volume of the reactor is
much larger when compared 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 depressurization step. Hence, temperature
and pressure profiles of the isothermal, adiabatic, and isoperibolic foaming
experiments are similar to those of the depressurization experiments. For that
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Figure 5.6: Temperature and pressure profiles versus time during the calibration
experiments performed in isoperibolic mode.

reason, Figures 5.4 through 5.6 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 polymeric sample during the
depressurization step. Figure 5.7 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 about 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 volume
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 due to
the exposure of the produced foam to temperatures above the Tg of the pure
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Figure 5.7: Picture sequence taken during the depressurization 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.

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 experiments. This is due to the temperature decrease during
the experiment, which eventually results in a temperature drop below the Tg 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 CO2 in the polymer decreases as the pressure in the reactor
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decreases, resulting in an increase of the Tg 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 Tg 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 Tg of the
polymers used. Hence, the polymer 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 performed in the isothermal mode. As
the depressurization rate decreases, the foamed polymer is exposed to higher
temperatures for a longer period of time, which results in more shrinking.

5.3.3 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 foaming process. As a consequence, the foam
morphologies are different. Figure 5.8 displays the density of the produced
SMMA foams versus the depressurization rate, indicated by the number of
turns of the depressurizing valve and the experimental 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 5.8 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 approximately 70 g/dm3. Previously, several isoperibolic foaming ex-
periments with SMMA have been performed under similar saturation conditions,
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Figure 5.8: 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.

except that the depressurization times were much shorter.17 These experiments
first show an increase in density of 30-60 g/dm3 for depressurization times ranging
from less than 1 s up to 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/dm3.
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 5.8 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 Tg and no shrinking occurs.
Furthermore, cell growth is prematurely stopped due to the reverse plasticization
effect, leading to densities of around 110 g/dm3, which are slightly higher
compared to the densities of the isothermally and isoperibolically foamed SMMA
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samples at higher depressurization rates. The effect of reverse plasticization on
the produced foams is further illustrated in Figure 5.9. Here, the densities of the
foams produced under adiabatic conditions are plotted versus the temperature.
It clearly 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 CO2, leading to a temperature drop of approximately
20◦C. At 118.5◦C the temperature drops to a value just below the Tg 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 desirable
than shrinking that occurs in the isoperibolic and isothermal 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 microscope in combination with the
previously developed Voronoi Analysis Method18 for further analysis of the foam
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Figure 5.9: Densities of the produced foams versus the foaming temperature.
Samples have been saturated at 200 bar and depressurized
adiabatically with 3.2 valve turns.
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morphology. Optical microscopy has been used instead to obtain an indication
of the morphology of the produced foams. Figure 5.10 displays the density of
the adiabatically produced PS and SMMA versus pressure, together with the
corresponding microscopy 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.3,5
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Figure 5.10: The densities of SMMA and PS foams versus pressure, foamed at
3.2 turns of the valve and saturated at 118.5◦C. The letters in the
optical microscopy pictures correspond to the letters in the graph.

5.3.4 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 temperature profile determines to a great extent whether the polymer
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is in the glassy or rubbery state and therefore, whether the polymer matrix will be
flexible enough to allow cell growth. In addition, the presence of crosslinks in the
polymer matrix also has an influence on the flexibility of the polymer matrix. A
more crosslinked polymer matrix is more rigid, resulting in a higher resistance 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 5.11, where the density versus
the saturation temperature 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 density, followed by SMMA and PMMA,
respectively. Furthermore, at 120◦C the PS foam has the highest density of the
three polymeric foams. This is directly related to the shrinking that takes place at
these conditions, which has been visually observed. Because of the higher degree
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Figure 5.11: Densities of the produced foams versus the foaming temperature.
Samples have been saturated at 200 bar and depressurized
isothermally with 3.2 valve turns.
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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 indicate the difference in flexibility of the polymer
matrix. This is also demonstrated in Figure 5.9 where the relatively rigid PMMA
expands less when compared with the relatively flexible PS.

Also, GPC analysis of SMMA and PMMA before and after preparation of the
polymer discs revealed a significant increase in Mn and a non-significant change
in Mw for both polymers. This indicates that the amount of shorter chains has
decreased. Since the mobility of shorter polymer chains is higher as compared to
longer polymer chains, a decrease in sorter chains or an increase in longer chains
points to a decrease in the overall flexibility of the polymer matrix.

5.4 Conclusions

In this article, the effects of the different temperature profiles on the foaming
process and the foam morphology have been studied, for which isothermal,
adiabatic, and isoperibolic foaming experiments have been performed. The
experiments 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 Tg of the pure polymer, 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 temperature profile during
the depressurization step of foaming experiments using CO2 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
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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 CO2 at high temperature 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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Chapter 6

Porous cellulose acetate butyrate foams with

a tunable bimodality in foam morphology

produced with supercritical carbon dioxide

ABSTRACT: Porous cellulose acetate butyrate (CAB) foams with an apparent
bimodal cell size distribution have been produced using supercritical carbon dioxide
as a blowing agent. It is demonstrated that the cell size distribution is tunable,
due to the semi–crystalline nature of the polymer. The resulting morphology will
either be homogeneous or apparent bimodal, depending on the depressurization
rate. Mercury intrusion porosimetry (MIP) shows that the produced CAB foams
possess an open cellular structure.

This chapter has been published as a communication: L.J.M. Jacobs, S.A.M. Hurkens,

M.F. Kemmere, J.T.F. Keurentjes, Macromolecular Materials & Engineering 293 p298

(2008).



Chapter 6

6.1 Introduction

Polymeric foams have found widespread application as materials for light-weight
insulation, comfort cushioning, and packaging. Nowadays, these foams are more
and more customized and many polymers are screened for their foamability and
resulting foam morphology, or the fact whether open, interconnected cells are
formed, all to fit the needs of the end-user. For example, the morphology
determines to a great extent the insulating properties of the foam, and an
open cellular structure determines whether the foam can be used for application
as membranes or bioscaffolds. In order to achieve an open cellular structure,
several methods can be used, such as emulsion freeze-drying,1 water–in–oil–in-
water (W1/O/W2) double emulsion solvent evaporation and solid-liquid phase
separation.2,3 In principle, a more simple way to produce an open cellular
structure with a well-defined pore size and morphology is by means of porogen
leaching.4−6 However, this method leads to unwanted contaminations such as
residual solvents and salts. For these reasons, the production of foam structures
using supercritical carbon dioxide (scCO2) has increasingly been explored. Even
though a few open foams have been reported in literature,7−9 it is not obvious
that foaming of polymers using scCO2 leads to open structures.10−12 Whether
an open cellular structure is obtained, depends on many parameters, such as
the viscosity of the polymer–CO2 mixture, temperature, solubility of CO2 in the
polymer, depressurization rate, etc.

In this chapter, the foaming of biodegradable cellulose acetate butyrate (CAB)
is described. It is demonstrated that the cell size distribution is tunable, due to the
semi-crystalline nature of the polymer. The resulting morphology will either be
homogeneous or bimodal, depending on the depressurization rate. Furthermore,
mercury intrusion porosimetry (MIP) shows that the produced CAB foams possess
an open cellular structure. The combination of biodegradability13 and open cell
structure enables the use of these foams for a full range of biomedical applications,
such as implants for controlled drug release.
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6.2 Experimental

Cellulose acetate butyrate (CAB) with a number averaged molecular weight of
30.000 g/mol, butyrate content of 52 wt% and acetate content of 2 wt% was
purchased from Sigma-Aldrich. DSC measurements (TA Instruments Q1000)
showed that the glass transition temperature of CAB was 98◦C and the melting
temperature was 137◦C. TGA analysis showed that CAB was thermally stable up
to 220◦C. The purchased CAB was pressed into discs with a diameter of 10 mm
and 5 mm thick. CO2 (grade 4.5) was obtained from Linde Gas Benelux and was
used without further purification.

Foaming experiments were performed in a stainless steel high pressure vessel of
67 mL, equipped with a pressure sensor (Keller piezo-resistive pressure transmitter
PA-23). A pump (ISCO 100DX) controlled the pressure of the system. The
temperature was regulated using a thermostat bath (Huber Polystat CC1). The
foam was produced upon depressurization of the CO2 inside the vessel, after the
system was equilibrated at a precisely set saturation temperature ( 0.2 K) and
pressure ( 0.1%). The depressurization rate was regulated with a needle valve.

The cell structure of the polymeric foam was determined by scanning electron
microscopy (SEM) (Jeol, JSM-500), after cryofracturing and sputter-coating of
the sample with a gold layer of approximately 55 nm. The amount of open,
interconnected cells was determined by mercury intrusion porosimetry (MIP)
(Micrometrics AutoPore IV 9500). The AutoPore IV had a high pressure
resolution of 0.069 bar for pressures up to 210 bar and 0.14 bar for pressures
ranging from 210 bar to 2280 bar.

6.3 Results & discussion

In order to determine the effect of the depressurization rate on the foam
morphology, several foaming experiments have been performed using supercritical
CO2 as a blowing agent. Furthermore, it has also been investigated whether CAB
forms an open, porous structure upon foaming. MIP has revealed that CAB does
produce an open cellular structure when foamed using scCO2, and therefore, it
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appears that CAB possesses the right properties in terms of viscosity and surface
tension. The average pore diameter obtained ranges from 100–600 nm. This
small pore size indicates the presence of perforations in the cell walls rather than
completely opened cells, meaning that the viscosity of the CAB–CO2 mixture
at the end of cell growth is low enough and the cell walls are thin enough to
allow these perforations to occur before the polymeric matrix vitrifies.14 Table
6.1 displays the porosities obtained using MIP for different saturation pressures
and temperatures and different depressurization rates. There appears to be no
clear relation between the pressure and depressurization rate and the porosity
obtained, for which an average value of 65.6% is found. Temperature, however,
appears to have an effect on the porosity, even though the data of Table 6.1 do
not give sufficient proof of this trend. It is very likely that the porosity decreases
with decreasing saturation temperature. This can be explained by the fact that
at lower temperatures the polymer vitrifies before cell growth can fully develop,
resulting in thicker cell walls and, consequently, in a less open structure.

The produced foams have also been analyzed using Scanning Electron

Table 6.1: Porosity of CAB measured with MIP, foamed at different saturation
pressures and temperatures.

Saturation Saturation Depressuri- Average cell Number of Porosity
temperature pressure zation rate diameter cells

[ ◦C ] [ bar ] [ bar · s−1 ] [ µm ] [ N ·mm−3 ] [ % ]

120 200 -111 54 7775 61.1
100 200 81.0 56 8632 63.9
120 150 61.1 83 2925 78.0
100 150 83.2 80 2986 67.0
100 150 62.0 89 2366 76.4
100 150 61.5 86 2541 74.0
100 150 26.0 165 350 64.5
100 150 16.0 104 1416 69.7
80 150 67.6 60 7394 52.5
100 100 40.3 104 1412 48.4

Average 65.6
porosity

92



Porous cellulose acetate butyrate foams with a tunable bimodality in foam
morphology produced with supercritical carbon dioxide

Microscopy (SEM) in order to determine the effect of temperature, pressure
and depressurization rate on the produced foam morphology. Temperature and
pressure affect the foam morphology as expected: the cell size increases and
the cell wall thickness decreases with increasing temperature. In addition, the
cell size decreases as the saturation pressure is increased, mainly due to the
increase in energy available for nucleation. A decrease in depressurization rate
would normally lead to an increase in cell size,12,15 mainly due to the fact that
the driving force for nucleation becomes smaller. Therefore, fewer nuclei will
be formed. Because the same amount of CO2 is present in the polymer, the
nuclei will grow out to larger cells. However, the morphologies of the CAB-foams
produced with different depressurization rates are different than what would be
expected. Figure 6.1 displays the SEM pictures of the obtained morphologies
at the different depressurization rates. Even though the samples have not been
saturated at the same pressure, the images can still be compared, because in this
case the depressurization rate is the most important parameter that determines
how many cells will be formed. The depressurization rate determines the degree
of oversaturation of CO2 in the polymer and therefore, the amount of nuclei that
will be formed. In this comparison the pressure of saturation is of less importance.

At an initial depressurization rate of 62 bar/s a regular cell morphology is
obtained with relatively small cells. At a much lower depressurization rate of
26 bar/s also a regular cell morphology is obtained, however, the cell size is much
larger. At an intermediate depressurization rate of 39 bar/s, the morphology
becomes irregular, displaying a certain degree of bimodality with larger and
smaller cells. Even though several papers have discussed the presence of a bimodal
cell size distribution, there is one crucial difference as compared to the cases
described in literature.16,17 In the case of CAB the bimodality disappears as the
depressurization rate is further increased. The previously mentioned references
have ascribed the presence of a bimodal cell size distribution to temperature
fluctuations and density fluctuations within the polymeric matrix, resulting in
secondary nucleation. These fluctuations will always be present in the matrix,
also in the case of CAB. However, temperature fluctuations are independent
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of the depressurization rate. As can be seen in Figure 6.1, the bimodality in
the CAB-foams appears and disappears as the depressurization rate increases.
Therefore, the depressurization rate, rather then temperature fluctuations appear
to cause the bimodality in CAB-foams. Xu et al.18 have attributed the presence
of bimodality in semi-crystalline polypropylene to a difference in nucleation rate
and rigidity of the polymer matrix in the amorphous and crystalline regions,
respectively, at a relatively low saturation pressure. It is, however, questionable
whether enough CO2 will dissolve in the crystalline regions for nucleation and cell
growth to occur. Even if this would be the case, the crystalline polymer matrix
would probably be too rigid to allow cell growth.19,20 In order to explain the
presence of the bimodality in CAB a different mechanism is suggested, based

(a) Psat: 150 bar
dP/dt: 26 bar/s

(b) Psat: 100 bar
dP/dt: 39 bar/s

(c) Psat: 150 bar
dP/dt: 63 bar/s

(d) Psat: 200 bar
dP/dt: 119 bar/s

Figure 6.1: SEM pictures (× 70) of CAB foams produced at 100◦C.

94



Porous cellulose acetate butyrate foams with a tunable bimodality in foam
morphology produced with supercritical carbon dioxide

on the difference in nucleation rate between homogeneous and heterogeneous
nucleation.

Homogeneous nucleation will occur when sufficient gas molecules dissolved in
the continuous phase form a cluster to make a bubble with a radius larger than
the critical radius. This critical radius depends on the surface tension of the
polymer-gas interface and the pressure difference upon depressurization.14,21 To
start nucleation, the Gibbs free energy for the formation of a critical nucleus is
needed, which also depends on the surface tension and pressure difference. An
increase in the concentration of gas molecules in the polymer will lead to more
nucleation sites and a higher nucleation rate. An increase in the pressure drop
also increases the nucleation rate.22

Heterogeneous nucleation will occur when a nucleus is formed at an interface
between the continuous polymer-gas phase and a third phase. The latter can be
an impurity or a nucleating agent such as a nanoclay, but also the crystalline
areas in semi-crystalline polymers, such as CAB. The Gibbs free energy for
heterogeneous nucleation will always be lower as compared to the Gibbs free
energy for homogeneous nucleation. Furthermore, the number of nucleated cells
with heterogeneous nucleation will always be less as compared to homogeneous
nucleation, because the “concentration” of crystalline areas will always be lower
than the concentration of gas molecules. Figure 6.2 shows a schematic plot of the
nucleation rate and thus the number of nucleated cells, versus the pressure drop
of both homogeneous and heterogeneous nucleation.

Due to the lower activation energy needed for heterogeneous nucleation, the
formation of these nuclei will be easier and in most cases faster as compared to
the homogeneously formed nuclei. In the case of Figure 1A only heterogeneous
nucleation will occur, resulting in the homogeneous cell morphology. This figure
also corresponds to the regime in Figure 6.2 indicated with the letter “a”. Once
the heterogeneous nucleus has grown into a small gas bubble, the surface tension
of the bubble will continue to decrease as the bubble grows, absorbing more gas
from the surrounding polymer bulk.

At high depressurization rates enough energy is available to induce ho-
mogeneous nucleation. However, heterogeneous nucleation will still occur,
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but simultaneously. Therefore, no difference can be observed between the
heterogeneously and homogeneously nucleated cells, as can be seen in Figure
6.1c. At very high depressurization rates, sufficient energy will be available for
nucleation and the homogeneous nucleation mechanism will be dominant. Because
every CO2 molecule is a possible site for nucleation, many nuclei will be formed.
As a result, the available CO2 for cell growth will divide over a large number of
nuclei, resulting in the smaller average cell size, which is depicted in Figure 6.1d.
Regime “c” and “d” of Figure 6.2 correspond to the nucleation rates of Figure
6.1c and Figure 6.1d, respectively.

It is expected that there will be a difference in cell size between homogeneous
and heterogeneous nucleated cells if the latter will nucleate slightly sooner. This
will be the case when just enough energy is available to induce homogeneous
nucleation, which is the case for regime “b” in Figure 6.2. Here the heterogeneous
nucleation rate is higher, thereby depleting the polymer from the dissolved gas and
reducing the homogeneous nucleation rate. Therefore, heterogeneously nucleated
cells will on average be larger than the homogeneously nucleated cells. This results
in the morphology shown in Figure 6.1b.

Figure 6.2: Schematic plot of the number of nucleated cells vs. the pressure drop
of both homogeneous and heterogeneous nucleation.
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6.4 Conclusions

In summary, it has been shown that open cellular CAB foams with different
morphologies can be produced, using CO2 as a blowing agent. Depending on
the depressurization rate the cell size distribution will either be homogeneous or
bimodal. Furthermore, at all depressurization rates an open cellular structure
has been obtained. The porous nature of CAB, together with the tunability of
the cell size distribution gives this polymer a high potential for application in the
bio-engineering field.
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Chapter 7

Prediction of homogeneous and

heterogeneous nucleation rates in

polymer-CO2 systems

ABSTRACT: Nucleation is an important stage in the polymer foaming process.
Still, the formation of nuclei in polymers followed by cell growth is very complex.
Understanding the nucleation process provides a means to control and predict the
resulting foam morphology. In order to get more insight into the nucleation of
CO2 in polystyrene, experiments have been performed with a variable pressure
drop. The minimum pressure drop needed for nucleation has been determined
and the results have been compared with predictions from nucleation theory. To
predict nucleation rates, a frequency factor based on an analogy with crystallization
theory, has been developed providing a good quantitative prediction of the number
of nuclei formed with respect to pressure drop.

This chapter is in preparation for publication.



Chapter 7

7.1 Introduction

Polymeric foams are used in many applications because of their light weight,
excellent strength to weight ratio, superior insulating abilities and energy
absorbing performance. Problems concerning the environment has initiated the
search for environmentally benign foaming agents. For this purpose, the foaming
of polymers using CO2 as a more sustainable foaming agent has been studied
extensively during the past decades. Many papers describe practical aspects
of the process, such as the influence of temperature and pressure on the foam
morphology.1−4 However, insight in the initial formation of cells in foam is
extremely important, because knowledge of the nucleation process can provide
a means to actually control and predict the resulting foam morphology.

In order to gain insight into the nucleation of CO2 in polymers, experiments
have been performed with a variable pressure drop in order to establish the
minimum pressure drop needed for nucleation. The results have been compared
with predictions from nucleation theory. A frequency factor, based on an analogy
with crystallization theory, has been developed that gives a good quantitative
prediction of the number of nuclei formed with respect to the pressure drop.

7.2 Nucleation theory

When a polymer is saturated with CO2 a decrease in pressure or an increase
in temperature will lead to oversaturation of CO2 in the polymer. The system
will become thermodynamically unstable and phase separation and nucleation
will occur. The process is called homogeneous nucleation if nucleation occurs
spontaneously in a single homogeneous phase without any impurities or additives
present. If the polymer contains a second phase, nucleation will take place at
the interface, which is called heterogeneous nucleation. The thermodynamic
probability of forming a critical nucleus in a system, which is in metastable
equilibrium with the bulk, is proportional to the Boltzmann factor multiplied
by a pre-exponential factor:
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J = C f exp

(−∆ G

kbT

)
(7.1)

In this equation ∆ G is the activation energy for nucleation, kb is the Boltzmann
constant and T is the temperature. The frequency factor f defines the rate at
which a CO2 molecule will join a critical nucleus, resulting in the formation of
a stable nucleus. C represents the number of possible nucleation sites. Finally,
J defines the rate of nuclei formation per unit volume per second.5−7. Equa-
tion 7.1 can be adjusted to describe heterogenous and homogeneous nucleation,
respectively.

The above mentioned theory only holds for describing the boiling of low-
molecular-weight liquids and does not apply to the nucleation of gases in viscous
liquids such as polymers. In order to accurately describe the nucleation process
in polymers, this theory requires extension to include free volume effects and
surface tension reduction caused by dissolved gases and additives, polymer-solvent
interactions and supersaturation of the blowing agent.8−10

7.2.1 Homogeneous nucleation

The Gibbs free energy

Homogeneous nucleation occurs spontaneously upon supersaturation of CO2. In
theory, every CO2 molecule can act as a starting point for nucleation. However,
more than one single molecule is needed for the formation of a critical nucleus and
subsequent cell growth. The frequency factor compensates for this and therefore
has a value smaller than 1.

According to classical nucleation theory,10 the change in free energy (∆G) for
the formation of a gas bubble is given by:

∆G = −Vb∆p + Aσ + n∆µ (7.2)

where A is the new surface created, σ is the surface tension, Vb is the volume of
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the nucleus, n is the number of molecules inside the nucleus, ∆p and ∆µ is the
pressure difference and difference in chemical potential between the continuous
phase and the nucleus, respectively.

At a certain value of n, ∆G has a maximum. The radius corresponding to this
maximum is called the critical radius, r∗, at which the nucleus is in metastable
equilibrium with the bulk. The critical nucleus has an equal probability to either
dissolve or grow. Han et al.9 have derived an equation for ∆maxG:

∆maxG = −4
3

π r∗3
2 σ

r∗
+ 4 π r∗2σ (7.3)

CO2 in the polymer phase can be regarded as a dense, liquid-like phase, or as
a diluted, gas-like phase. The density of CO2 in the nucleus will then either be
higher or lower as compared to the density of CO2 in the surrounding phase.
Both situations are schematically depicted in Figure 7.1 and result in a different
equation for ∆maxG.

If CO2 in the nucleus is considered to behave gas-like, ∆maxG can be expressed
as:7

∆maxG =
16 π σ3

3 (p0 − p∗)2
(7.4)

For the situation where CO2 in the nucleus behaves liquid-like, ∆maxG can be
expressed as:

∆maxG =
16 π ν2

m σ3

3(kb T )2 (lnS)2
(7.5)

In this equation, νm is the volume occupied by one CO2 molecule and S is
the supersaturation ratio, which is defined as p0/pfinal. Because the basis for
Equation 7.5 is a dense nucleus in a diluted continuous phase, it is not surprising
that this expression is very similar to the expression for the Gibbs free energy for
crystallization.7
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(a) (b)

Figure 7.1: (a) A gas-like nucleus in a dense bulk and (b) a liquid-like nucleus in
a diluted bulk.

Frequency factor

In literature, many different representations for the frequency factor for homoge-
neous nucleation can be found. For example, Blander and Katz11 have suggested
a factor based on the work of Zeldovich12 and Kagan13, which applies to pure
components (e.g. boiling of a liquid) and is most commonly used in the general
nucleation theory. Blander and Katz also developed a frequency factor for a
two-component system, with one volatile component. Because CO2 will act as
the volatile component it seems logical to use this factor for describing the CO2-
foaming process, although it is not commonly used in literature.

Russel et al.14 have developed a frequency factor based on the Zeldovich factor
(Z):

f0 = Z β∗ (7.6)

The Zeldovich factor Z, which can be assumed equal to 10−2, compensates for the
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fact that a critical nucleus has a high probability to fall back in size and dissolve in
the continuous phase. β∗ is a function related to the diffusion coefficient. Colton
and Suh have suggested to use a value of 10−3 for β∗ which results in a value of
10−5 for f0.1,15 Goel and Beckman have suggested to include a dependency on
the bubble surface area in the frequency factor proposed by Russel:5

f0 = Z β∗ = Z (4π r∗ 2) Rimpingement (7.7)

Z Rimpingement should be fitted to experimental data.

7.2.2 Heterogeneous nucleation

Heterogeneous nucleation occurs at the interface between the continuous phase
and a second phase present in this continuous phase. In most cases, the interface
lowers the Gibbs free energy required for forming a nucleus:

∆hetG = ∆maxGF (θ) (7.8)

F (θ) is the heterogeneity factor, which depends on the wetting angle θ, (e.g. the
angle measured from inside the nucleus to the interface of the nucleating agent).
Uhlman and Chalmbers have derived the following expression for F (θ):16

F (θ) =
(2 + cosθ) (1− cosθ)2

4
(7.9)

Equation 7.9 shows that as θ increases, F (θ) goes to 1. A typical wetting angle
for heterogeneous nucleation is 20◦,1 which results in a value of 10−3 for F (θ),
leading to a significantly reduced activation energy for nucleation.

The heterogeneous nucleation rate Jhet can be expressed as:

Jhet = C1 f1 exp

(−∆hetG

kb T

)
(7.10)
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Figure 7.2: Comparison between homogeneous and heterogeneous nucleation
rates.

where C1 is the number of heterogeneous nucleation sites and f1 is the frequency
factor for heterogeneous nucleation. In this case the Zeldovich factor can be used
as an expression for f1.17

Even though heterogeneous nucleation is energetically favored in a multi-
phase system, it does not mean that homogeneous nucleation will not occur.
If enough energy for nucleation is available (e.g. at very high pressure drop)
both types of nucleation will occur simultaneously, albeit at different rates.
Since the number of heterogeneous nucleation sites is significantly lower than
the number of homogeneous nucleation sites, the maximum nucleation rate for
homogeneous nucleation is much higher as compared to heterogeneous nucleation.
This is schematically illustrated in Figure 7.2, which shows the homogeneous and
heterogeneous nucleation rates versus the pressure drop from saturation pressure
to atmospheric conditions. It can also be seen that at low saturation pressures
only heterogeneous nucleation will occur. Above a certain saturation pressure,
both types of nucleation occur simultaneously.

105



Chapter 7

7.3 Experimental

7.3.1 Materials

Polystyrene (PS) pellets with a molecular weight of 192 kg/mol were purchased
from Sigma-Aldrich. The glass transition temperature (Tg) of PS as determined
by DSC analysis (PerkinElmer Pyris Diamond DSC) revealed a Tg of 99◦C. CO2

(grade 4.5) was obtained from LindeGas (Amsterdam, The Netherlands) and was
used without further purification. Tricalciumphoshate (TCP) and a polyethylene
wax were used as nucleating agents in heterogeneous nucleation experiments and
were obtained from Unipol B.V.. The average particle size of TCP was 3.9 µm.
The PS pellets were extruded into plates and cut into pieces of approximately
2 cm×2 cm×3 mm. For the heterogeneous nucleation experiments 0.5wt% and
10wt% of the nucleating agents were blended through PS upon extrusion. ATR
measurements indicated that the nucleating agent was homogeneously distributed
throughout the samples.

7.3.2 Nucleation & foaming experiments

Nucleation and foaming experiments were performed in a stainless steel high
pressure vessel of 67 mL, equipped with a pressure sensor (Keller piezo-resistive
pressure transmitter PA–23). A pump (ISCO Seringe 100DX) controlled the
pressure of the system. The temperature of the reactor was regulated using
a thermostat bath (Huber Polystat CC1). After saturation of the sample, the
pressure was released, which induced nucleation. A variable dead volume piece
was used to generate reproducible, partial pressure drops and a needle valve was
used to change the depressurization rate. Both pressure and temperature were
monitored and logged during the experiment using a LabJack interface. The
experimental setup is schematically shown in Figure 7.3. An overview of the
experiments performed is given in Tables 7.1–7.4.
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Figure 7.3: Schematic representation of the experimental setup with (1) carbon
dioxide cylinder (2) pump (3) cryostat (4) pressure relief valve (5)
pressure sensor (6) temperature sensor (7) high pressure vessel (8)
heating jacket (9) heating bath (10) depressurization alve 1 (11)
variable dead volume piece (12) depressurization valve 2.

7.3.3 Sample analysis

The bulk densities were determined using a pycnometer, a calibrated flask with
a fixed volume. The cell morphology of the foams was determined by Scanning
Electron Microscopy (SEM) (Jeol, JSM-500), after cryofracturing and sputter
coating of the sample with a gold layer of approximately 55 nm. The number of
nuclei or cells in the picture was counted and converted into nuclei or cells per
unit volume (N) by using the following equation:

N =
(

cM2

A

) 3
2 ρ0

ρf
(7.11)

where c is the number of nuclei or cells visible on the SEM picture, M the
magnification factor, A the area of the picture, and ρ0 and ρf the densities of
the samples before and after the experiment, respectively.

The experimental nucleation rate can be determined by:
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Nt =
∫ tvit

0

J dt =
∫ pvit

psat

J
dp

dp/dt
(7.12)

in which Nt is the total number of nuclei per m3, J the nucleation rate, p0 the
saturation pressure and tvit and pvit the time and pressure at which the foam
vitrifies, respectively. Rewriting Equation 7.12 results in:

J = Nt
dp/dt

p0 − pvit
(7.13)

The temperature during the experiments is more or less equal to the glass
transition temperature of PS. This means that the sample will not vitrify during
depressurization of the reactor. Therefore, pvit is equal to the atmospheric
pressure. The depressurization rate was determined by using the pressure decay
curve logged during the experiments.

7.4 Results & discussion

7.4.1 Homogeneous nucleation experiments

In order to investigate the nucleation behavior of CO2 in PS, several experiments
have been performed in which the polymer has been saturated at different
pressures. Table 7.1 gives an overview of the different experimental conditions and
Figure 7.4 shows the SEM pictures of these experiments. The number of nuclei
corresponding to the SEM pictures has been determined according to the method
described in the experimental section. As mentioned before, two situations can be
used to calculate ∆maxG for nucleation: the situation based on a liquid-like or a
gas-like nucleus, respectively. Figure 7.5 shows the calculated nucleation rates for
both situations together with the experimentally obtained nucleation rates. For
calculating the nucleation rates, the pre-exponential factor of Goel and Beckman
has been used. Z Rimpingement has been fitted to the experimental data and was
found to be 5·106. It can be seen that representing the system as a liquid-like
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(a) (b)

(c) (d)

Figure 7.4: SEM pictures of PS foams produced at 100℃, with pressures of
saturation of (a) 70 bar (70×), (b) 100 bar (350×), (c) 150 bar (350×)
and (d) 200 bar (350×).

nucleus in a gaseous bulk gives the best fit to the experimental results. This can
be explained by the fact that the nucleus consists of only CO2 molecules, meaning
that the concentration of CO2 in the nucleus is much higher as compared to the
bulk polymer.

Even though a good fit has been obtained between experiments and theory,
it would be better when nucleation rates could be predicted rather than fitted.
In order to obtain a good quantitative prediction of the nucleation rate, a new
frequency factor has been developed, based upon several experimental parameters
that influence nucleation. Because nucleation of CO2 in polymers has similarities
with the crystallization process, the frequency factor of crystallization has been
used as a starting point. This frequency factor includes the diffusion coefficient
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(D), the critical radius, the critical surface area (A∗) and the concentration of the
nucleating component in the bulk.10,18 The concentration difference between the
bulk and the CO2-nucleus should also be taken into account. This results in the
following expression for the frequency factor:

fnew =
A∗D (Cbulk − C∗n)

r∗
(7.14)

where Cbulk is the CO2 concentration in the polymer bulk and C∗n is the
CO2 concentration in the critical nucleus. The depressurization rate is an
important factor in the CO2-foaming process, because it determines the degree of
oversaturation. Therefore, the number of nuclei formed should depend on dp/dt.
In order to obtain a nucleation rate, an additional derivation to time is necessary.
Combining this with Equation 7.14, the following expression for the frequency
factor is obtained:

fnew =
(

dp/dt

psat

)2
D A∗ (Cbulk − C∗n)

r∗
(7.15)
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Figure 7.5: Comparison of different models for the Gibbs free energy with
experimental data.
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Figure 7.6: Comparison between the Goel & Beckman prefactor and the new
prefactor proposed here.

Unit analysis will show that Equation 7.15 does not have the desired units:
mol·s−3 instead of s−1. A lower surface tension results in a smaller critical nucleus
and a higher nucleation rate. Especially in viscous liquids, such as polymers, it
seems logical that the surface tension affects the nucleation rate. The molecular
mass also has an effect on the size of a critical nucleus. A gas with a high molecular
mass generally has a large molecular volume, indicating that less molecules are
needed to reach the critical size of a nucleus. By adding the molecular mass and
the surface tension to Equation 7.15 the desired dimension is obtained:

fnew =
(

dp/dt

psat

)2
D A∗ (Cbulk − C∗n)

r∗
MCO2

σ
(7.16)

Figure 7.6 shows the experimentally obtained nucleation rates, and the plot of
the calculated nucleation rates using the Goel and Beckman frequency factor and
the predicted nucleation rates using the frequency factor of Equation 7.16. It can
be seen that the developed frequency factor appears to give a better fit to the
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Figure 7.7: Comparison between the experimentally found nucleation rates and
the rates predicted by the proposed prefactor as a function of the
depressurization rate.

data as compared to Goel and Beckman’s frequency factor. It needs to be stressed
that the results of fnew are solely based on the experimental conditions and CO2

properties and have not been fitted to the experimental data.

To further validate the dependency of fnew on the depressurization rate,
nucleation experiments have been performed at different depressurization rates
(Table 7.3). The experimental results and the nucleation rates predicted by fnew

as a function of the depressurization rate are given in Figure 7.7. As can be seen,
the predicted nucleation rates are in good agreement with the experiments. Based
upon these results it can be concluded that nucleation is dependant on dp/dt and
that it should be included in the pre-exponential factor in order to obtain a more
quantitative description of the nucleation process.

7.4.2 Partial depressurization experiments

Several experiments have been performed where the pressure drop has been varied
in order to determine the minimum pressure drop needed for inducing nucleation.
An overview of the performed experiments can be found in Table 7.2. Figure 7.8
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shows SEM pictures of the nucleation experiments performed at different pressure
drop where the polymer is saturated at 200 bar and 100◦C. It can be seen that
as the pressure drop increases, the number of nuclei and cells also increases.
Furthermore, different stages can be distinguished in the nucleation process. Even
though Figure 7.8b contains more cells as compared to Figure 7.8a, the size of
the cells in both pictures is quite comparable, indicating that only nucleation has
occurred, followed by minimal cell growth. This stage has also been observed
in previously performed experiments.19 As the pressure drop increases, the nuclei
will grow into larger cells until the foam is fully developed (Figures 7.8c and 7.8d).

The SEM pictures of the experiments of Table 7.2 have been used to calculate
the number of nuclei formed per unit volume per second. It is assumed that each
cell has originated from one nucleus, so no coalescence has occurred. The results of
these calculations, together with the calculated nucleation rates using Goel and
Beckman’s frequency factor and the predicted rates using fnew are depicted in
Figure 7.9. It can be seen that both models describe the experimental data well.
However, the model of Goel and Beckman have been fitted to the experimental
data using 5·106, 1·106 and 1·105 as a value for ZRimpingement at a saturation
pressure of 200, 150 and 100 bar, respectively. The results of fnew have been
obtained without a fit to the data.

Figure 7.9 also shows that nucleation has occurred at very low pressure drop,
which is not predicted by any of the models. Nucleation has most probably been
induced by impurities (e.g. dust), which have been introduced in the polymer
matrix during extrusion of the samples. These impurities reduce the energy
needed for nucleation, resulting in the formation of nuclei at lower pressure drop.

7.4.3 Heterogeneous nucleation experiments

In order to investigate heterogeneous nucleation, four different blends have been
prepared by adding 0,5 and 10 wt% of TCP or PE-wax to PS. An overview of
the performed experiments can be found in Table 7.4. Figures 7.10 and 7.11 show
the results of the experimentally found nucleation rates for TCP and the PE-
wax, respectively. In the case of TCP, the particles are well defined. Therefore,
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(a) (b)

(c) (d)

Figure 7.8: SEM pictures (350×) of PS foams produced at 100℃ and 200 bar and
a pressure drop of (a) 31 bar, (b) 95 bar, (c) 111 bar and (d) 126 bar.
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(a)

Figure 7.9: Comparison of the partial depressurization experiments and the
models starting at (a) 200 bar, (b) 150 bar and (c) 100 bar.
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Figure 7.9: Continued.
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the number of particles that could have acted as nucleation sites (C1) has been
calculated. For the PS-blends with 0.5 and 10 wt% TCP, C1 is 5.6·1013 m−3

and 1.1·1015 m−3, respectively. The number of nucleation sites in the PE-wax
blends could not be calculated. In this case, C1 has been determined by a fit to
the experimental data, which results in values for C1 of 2·1012 m−3 and 5·1011

m−3, for the blend with 10 wt% and 0.5 wt% PE-wax, respectively. For both
nucleating agents, the wetting angle has been determined by a fit to the data,
which was found to be 30◦ and 20◦ for TCP and PE-wax, respectively. The
predicted nucleation rates of the heterogeneous nucleation model can be found in
Figures 7.10 and 7.11 as well. It can be seen that at pressure drops up to 50–70 bar
the nucleation rates obtained from the experiments can be described quite well
with the heterogeneous nucleation theory. Above these pressures a trend break
is clearly visible. The trend break is caused by the fact that enough energy is
available to induce homogeneous nucleation as well. Since the number of possible
homogeneous nucleation sites is much larger, the resulting nucleation rates are
much higher. However, the figures also show that the experimentally found
nucleation rates are much higher than the rates predicted by the homogeneous
nucleation model using fnew. A reason for this difference might be that the
nucleating agent affects material parameters, such as solubility and viscosity,
leading to a difference between the experimental values and the model. However,
this has not been validated.

Figure 7.12 shows SEM pictures of foams containing 10 wt% TCP, produced
at different saturation pressures. As discussed in the previous paragraph, at
low pressure drop only heterogeneous nucleation will occur, which results in the
formation of less nuclei. As can be seen in Figure 7.12a these nuclei grow into
larger cells. At high pressure drop, heterogeneous and homogeneous nucleation
will occur simultaneously. However, homogeneous nucleation will dominate,
because of the much higher nucleation rates. Therefore, much more, but smaller
cells will be formed (see Figure 7.12d). Both homogeneous and heterogeneous
will also occur at pressure drops between 70 to 100 bar. When the heterogeneous
nucleation rate is slightly higher as compared to the homogeneous nucleation
rate, e.g. at a pressure drop of 70 bar, a bimodal cell morphology can be observed
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Figure 7.10: Experimentally found nucleation rates of PS with TCP, compared
with the heterogeneous nucleation model and the expected
homogeneous nucleation rates.
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Figure 7.11: Experimentally found nucleation rates of PS with a PE wax,
compared with the heterogeneous nucleation model and the expected
homogeneous nucleation rates.
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(a) (b)

(c) (d)

Figure 7.12: SEM pictures of PS foams with 10 wt% TCP produced at 100℃,
with pressures of saturation of (a) 50 bar (70×), (b) 70 bar (70×),
(c) 100 bar (350×) and (d) 150 bar (350×).

(Figure 7.12b). The larger cells are most probably heterogeneously nucleated,
because heterogeneous nucleation will occur at lower pressure drops. Therefore,
these cells have had more time to grow. At 100 bar pressure drop, both rates will
be similar and therefore, the difference in cell size between the homogeneously
and heterogeneously nucleated cells is much less, resulting in the cell morphology
of Figure 7.12c. This phenomenon has previously been observed in the foaming
of the semi-crystalline cellulose acetate butyrate, where the crystalline parts have
acted as heterogeneous nucleation sites.20
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7.5 Conclusions

This chapter has demonstrated that nucleation of CO2 in a polymer can best be
described as the formation of a dense CO2-nucleus in a diluted CO2-bulk. The
Gibbs free energy for describing this case has resulted in best agreement between
theory and experiments. Not surprisingly, this equation is similar to the equation
for calculating the Gibbs free energy for crystallization, because the driving force
for both processes is the degree of oversaturation.

In order to predict rather than fit nucleation rates for homogeneous nucleation
a frequency factor has been developed, partly based on crystallization theory.
The depressurization rate has been introduced in the frequency factor, because it
influences the nucleation rate and hence the number of nuclei that can be formed.
The developed frequency factor has resulted in good quantitative predictions for
the nucleation rates of CO2 in polystyrene. It is expected that the frequency factor
should also accurately predict nucleation rates in other polymer-CO2 systems.

Nucleating agents have been added to polystyrene in order to investigate
heterogeneous nucleation. It has been shown that at small pressure drop, only
heterogeneous nucleation will occur, resulting in large cells. The experimentally
obtained heterogeneous nucleation rates are in agreement with heterogeneous
nucleation theory. An intermediate pressure drop will result in a bimodal cell size
distribution, which has previously been observed in foaming experiments of the
semi-crystalline cellulose acetate butyrate. At high pressure drop, homogeneous
nucleation will dominate and much more, though smaller cells wil be formed.
The observed trend break in the nucleation rate is predicted by homogeneous
nucleation theory. However, the experimentally obtained rates are higher as
compared to the predicted values. This is probably due to the fact that the added
nucleating agent affects material properties, such as the viscosity or solubility of
CO2.

119



Chapter 7

7.6 Tables

Table 7.1: Results of depressurization experiments.

Saturation Pressure dp/dt Density Number of Nucleation
pressure drop foam nuclei rate J
[ bar ] [ bar ] [ bar · s−1 ] [ kg ·m−3 ] [ m−3 ] [ m−3 · s−1 ]

200 199 -1550 0.192 3.45·1015 2.68·1016

150 149 -1070 0.148 1.83·1015 1.31·1016

100 99 -676 0.200 2.25·1014 1.54·1015

70 69 -526 0.146 1.48·109 1.13·1010

Table 7.2: Results of partial depressurization experiments.

Saturation Pressure dp/dt Density Number of Nucleation
pressure drop foam nuclei rate J
[ bar ] [ bar ] [ bar · s−1 ] [ kg ·m−3 ] [ m−3 ] [ m−3 · s−1 ]

200 125.7 -1550 0.22 2.10·1015 2.59·1016

200 111 -1550 - 2.25·1014 3.14·1015

200 95 -1550 - 9.05·1013 1.48·1015

200 89 -1550 - 1.34·1014 2.33·1015

200 60 -1550 - 4.60·1013 1.19·1015

200 42.4 -1550 - 3.52·1013 1.29·1015

200 31 -1550 - 1.06·1013 5.28·1014

200 12 -1550 - 2.22·1010 2.87·1012

200 6.5 -1550 - 1.19·1010 2.84·1012

150 80 -1070 - 4.85·1014 6.47·1015

150 70 -1070 - 7.61·1013 1.16·1015

150 40 -1070 - 4.25·1012 1.14·1014

150 18.4 -1070 - 1.00·103 5.79·104

100 75 -676 - 5.28·1012 4.74·1013

100 60 -676 - 6.78·1011 7.63·1012

100 44.8 -676 - 1.00·109 1.50·1010
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Table 7.3: Results of variable depressurization experiments.

Saturation Pressure dp/dt Density Number of Nucleation
pressure drop foam nuclei rate J
[ bar ] [ bar ] [ bar · s−1 ] [ kg ·m−3 ] [ m−3 ] [ m−3 · s−1 ]

150 149 -1071 0.148 1.83·1015 1.31·1016

150 149 -238 0.197 3.60·1014 5.71·1014

150 149 -44 0.223 6.94·1013 2.04·1013

150 149 -35 0.245 3.80·1013 8.77·1012

150 149 -11 0.171 1.40·1013 1.06·1012

150 149 -5 0.075 4.10·1012 1.37·1011

Table 7.4: Results of heterogeneous nucleation experiments.

Blend Saturation Pressure dp/dt Density Number Nucleation
pressure drop foam of nuclei rate J

[ - ] [ bar ] [ bar ] [ bar · s−1] [ kg ·m−3] [ m−3] [ m−3 · s−1]

TCP10 200 199 -1139 0.223 1.89·1016 1.08·1017

TCP10 150 149 -1010 0.215 1.08·1016 7.35·1016

TCP10 100 99 -779 0.238 6.92·1014 5.44·1015

TCP10 70 69 -480 0.228 9.54·1012 6.64·1013

TCP10 50 49 -447 0.240 2.14·1012 1.95·1013

TCP10 35 34 -270 0.357 2.26·1011 1.79·1012

TCP0.5 200 199 -1362 0.212 4.94·1016 3.38·1017

TCP0.5 150 149 -1042 0.215 1.71·1016 1.20·1017

TCP0.5 100 99 -854 0.211 9.01·1014 7.77·1015

TCP0.5 70 69 -656 0.166 1.38·1012 1.25·1013

TCP0.5 50 49 -507 0.221 1.83·1010 1.89·1011

TCP0.5 35 34 -296 0.630 6.03·1009 5.25·1010

PE10 200 199 -1249 0.201 7.55·1015 4.74·1016

PE10 150 149 -1213 0.181 6.18·1015 5.03·1016

PE10 100 99 -731 0.178 6.34·1014 4.68·1015

PE10 70 69 -540 0.139 2.57·1013 2.01·1014

PE10 50 49 -449 0.209 9.88·1009 9.06·1010

PE10 35 34 -327 0.349 1.57·1009 1.51·1010

PE0.5 200 199 -1607 0.125 3.21·1016 2.59·1017

PE0.5 150 149 -1275 0.204 9.18·1015 7.86·1016

PE0.5 100 99 -732 0.173 5.18·1014 3.83·1015

PE0.5 70 69 -561 0.187 2.38·1012 1.94·1013

PE0.5 50 49 -397 0.164 2.30·1009 1.86·1010

PE0.5 35 34 -320 0.311 1.43·1009 1.35·1010
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Nomenclature

J = Nucleation rate [ m−3 · s−1 ]
C = Number of possible nucleation sites [ - ]
f = Frequency factor [ s−1 ]
∆ G = Activation energy for nucleation [ J ]
kb = Boltzmann constant [ J ·K−1 ]
T = Temperature [ K ]
A = Surface area [ m2 ]
σ = Surface tension [ N ·m−1 ]
Vb = Volume of the nucleus [ m3 ]
n = number of molecules inside the nucleus [ - ]
∆ p = Pressure difference between bulk phase and nucleus [ bar ]
∆ µ = Difference in chemical potential between bulk phase

and nucleus [ J ·mol−1 ]
r∗ = Critical radius [ m ]
p0 = Saturation pressure [ bar ]
p∗ = Pressure inside the critical radius [ bar ]
S = Supersaturation ratio [ - ]
νm = Volume occupied by one CO2 molecule [ m3 ]
Z = Zeldovich factor [ - ]
β∗ = Rate at which molecules are added to the critical nucleus [ s−1]
Rimpingement = Rate of impingement [ s−1 ]
F (θ) = Heterogeneity factor [ - ]
θ = Wetting angle [ ◦ ]
N = Number of nuclei per cubic meter [ m−3 ]
c = Number of cells visible on SEM picture [ - ]
M = Magnification factor [ - ]
ρ0 = Density of sample before nucleation experiment [ kg ·m−3 ]
ρf = Density of sample after nucleation experiment [ kg ·m−3 ]
tvit = Time at which the polymeric matrix vitrifies [ s ]
pvit = Pressure at which the polymeric matrix vitrifies [ bar ]
D = Diffusion coefficient [ m2 · s−1 ]
Cbulk = Concentration of CO2 in the bulk [ mol ·m−3 ]
C∗n = Concentration of CO2 in the critical nucleus [ mol ·m−3 ]
MCO2 = Molecular mass of CO2 [ g ·mol−1 ]
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Closure remarks on the depression of the

glass transition temperature and alternative

sustainable foaming processes

ABSTRACT: This chapter will address two topics, which have been studied in
lesser detail. First, the depression of the glass transition temperature by CO2,
methane and nitrogen will be discussed. The glass transition temperature is an
important parameter in the polymer foaming process, because it determines the
time available for cell growth, thereby directly affecting the foam morphology.
Therefore, knowing the degree of the depression helps controlling the foaming
process. The second topic to be discussed in this chapter is the use of water as a
more sustainable blowing agent for the production of polymeric foams, since the
use of CO2 as a blowing agent is not the only green alternative for foam production.
Finally, the last paragraph of this chapter will summarize and conclude the most
important results of this thesis.



Chapter 8

8.1 Introduction

This PhD–thesis has addressed several aspects of the CO2–polymer foaming
process. The effect of temperature, pressure and depressurization rate on the
foam morphology of several polymers has been investigated. A method has been
developed to analyze the foam morphology in a more quantitative way using
Voronoi diagrams. Furthermore, a model has been developed that quantitatively
describes nucleation rates of CO2 in polystyrene. All these aspects have greatly
improved the insights in the polymer foaming process.

The present chapter will address two topics, which have been studied in
lesser detail. The first topic to be discussed is the depression of the glass
transition temperature (Tg) by CO2, methane (CH4) and nitrogen (N2). Tg

is an important parameter in the polymer foaming process, because it determines
the time available for cell growth, thereby directly affecting the foam morphology.
Therefore, knowing the degree of Tg depression helps controlling the foaming
process.

This thesis has focused on using CO2 as a more sustainable blowing agent
for the production of polymeric foams. CO2, however, is not the only green
alternative for foam production. One of the alternatives is the use of water as a
blowing agent and this topic will be discussed in Paragraph 3. Finally, the last
paragraph will summarize and conclude the most important results of this thesis.

8.2 Depression of the glass transition temperature

At the glass transition temperature (Tg) an amorphous solid, such as glass or a
polymer, becomes brittle upon cooling, or soft upon heating. The state below Tg

is called the glassy state. Above Tg these solids become soft and are capable of
plastic deformation without fracture. In the case of polymers, Tg is an important
parameter, because above Tg the polymer matrix is much more flexible, making
processing much easier.1 The state above Tg is also called the rubbery state.

When a gas or solute is dissolved in a polymer the Tg of many polymers will
be decreased. This effect is also called plasticization and is caused by the fact
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that the free volume of the system is increased, due to an increase in interchain
distance and mobility of the polymer chains with increasing solute concentration.2

CO2 is one of the gases known to significantly decrease Tg of many glassy
polymers, such as polystyrene (PS) and poly(methyl methacrylate) (PMMA).
Therefore, CO2 can be used to improve the processability of polymers at reduced
temperatures. The fact that CO2 acts as a plasticizing agent is also advantageous
for the polymer-CO2 foaming process. The polymer needs to be in the rubbery
state for foaming to occur, because in this state the polymer matrix is flexible
enough to enable cell growth. Furthermore, an increase in CO2 concentration
in the polymer results in further depression of Tg and thereby increases the
timeframe for foaming. Figure 8.1 schematically illustrates the effect of Tg on
the foaming process.

Figure 8.1: Schematic representation of the Tg-depression and the vitrification of
the polymer matrix during a foaming experiment.
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Several papers have already addressed the depression of Tg due to the sorption
of CO2 up to 80 bar.2−4 However, the best foaming results have been obtained
when the polymer is saturated at pressures above 80 bar. Only few papers have
investigated the depression of Tg with CO2 at higher pressures.5 Because Tg

is such an important parameter in the foaming process, exact values of Tg at
foaming conditions are crucial. Therefore, the Tg depression of PS by CO2 has
been studied using a high pressure DSC (Setaram High Pressure MicroDSC VII).
Furthermore, the effect of methane (CH4), and nitrogen (N2) on Tg have also
been studied. The results are depicted in Figure 8.2.

As expected, the effect of N2 on Tg of PS is rather low, mainly due to the low
affinity between N2 and PS. CH4 has more effect on Tg, resulting in a depression of
approximately 30◦C at a pressure of 231 bar. As expected, CO2 has the most effect
on Tg. Figure 8.2 clearly shows that Tg is lowered by almost 40◦C at pressures as
low as 40 bar. It can also be seen that no results are plotted at pressures exceeding
40 bar. Unfortunately, the experiments performed at higher CO2 pressures did not
give reproducible results. This is most probably due to the fact that CO2 crosses
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Figure 8.2: Tg depression of PS with CH4, N2 and CO2.
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the critical point during the measurement. The heat effect and density change
of this transition is much larger than the transition into the rubbery state of the
polymer, resulting in an overshadowing of the signal. However, one would expect
Tg to decrease considerably upon a further increase of the pressure, resulting in
a glass transition well below the critical point. Even pressures up to 400 bar
did not yield reproducible results. It is believed that the relatively high density
of CO2 in both the sample and reference cell at temperatures below the critical
point, together with the mass change of both cells upon heating due to isobaric
operation will result in a larger heat effect as compared to the glass transition.
Therefore, the glass transition will disappear in the noise of the measurement.

The obtained results give reason to believe that it is impossible to successfully
measure Tg of polymers at high CO2 pressures, using a calorimetric type of
measurement. In order to obtain Tg data at these conditions, the way the
measurement is performed needs to be fundamentally different. Several authors2,6

have tried a different approach to measure Tg at elevated pressures. For example,
Alessi et al.2 have developed a method based upon inverse gas chromatography
(IGC). In this technique the stationary phase (i.e., a polymer) is the object of
interest as opposed to “normal” gas chromatography. The retention mechanism
of IGC depends on the state of the polymer. In the temperature range below
Tg, the diffusion of the solute in the polymer bulk phase is relatively low, and
therefore, the retention mechanism is only due to surface adsorption. At Tg,
solute penetration begins, and a further increase of temperature results in an
increasing retention volume. After the column is pressurized and equilibrated
with CO2, Tg depression of the polymer can be determined when an appropriate
solute is injected in. In this case, the compressed CO2 acts as the mobile phase.
Unfortunately, Alessi et al. have performed experiments up to 100 bar. Perhaps
in the future, one of these methods will be adjusted to gain better insight in Tg

depression of polymers at higher CO2 pressures.
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8.3 Alternative sustainable foaming-processes

Supercritical CO2 has turned out to be a very promising blowing agent for
the replacement of volatile organic compounds in industry, especially in the
production of foams from glassy polymers, such as polystyrene. This thesis
has focused on studying the CO2-foaming process with the aim to control and
predict the foam morphology. However, the CO2-foaming process is not the
only sustainable alternative for the current foam production processes. For
example, N2 can also be used as a blowing agent to produce polymeric foams.7,8 A
disadvantage of N2 might be the low solubility in many polymers. This results in
a low concentration of blowing agent in the polymer, which might not be enough
to induce sufficient foaming. Furthermore, N2 has little effect on the Tg of the
polymer, which makes processing at higher temperatures necessary, which is not
always desirable.

Another possible alternative for the production of polystyrene foams is the
use of water as a blowing agent: the Water Expandable Polystyrene-process
(WEPS).9−13 The WEPS-process is fundamentally different from the currently
used production process and the CO2-foaming process because the blowing agent
(water) does not dissolve in polystyrene and needs to be dispersed in the polymer
matrix as small droplets. The surfactant AOT (bis(2-ethylhexyl)sulfosuccinate)
(Figure 8.3) has been used to stabilize the system by creating a double emulsion
of water–in–styrene–in–water. However, this double emulsion system is very
unstable and is prone to phase separation. Moreover, the amount of water that is
encapsulated in polystyrene is very low and the distribution of the water droplets
is not very homogeneous. Also, the size distribution of the droplets is very broad.
This is a problem, because upon heating of the matrix, each droplet will become
a single cell and if the dispersion of the droplets is not homogeneous, the foam
morphology will not be homogeneous.

8.3.1 Polymerization of microemulsions

After reviewing the WEPS-process we have tried to overcome some of the
problems related to this process. In order to improve the stability of the system,
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microemulsions of water in styrene have been produced. The droplet size of these
emulsions ranges from 10 to 100 nm, which makes the emulsion transparent.
The small size of the droplets will lead to a very fine distribution of water in
the polymer matrix. Microemulsions are also thermodynamically stable, and
are therefore expected to remain stable upon polymerization. AOT is one of
the surfactants known to yield microemulsions. The addition of a cosurfactant,
usually an alcohol, can further stabilize their formation. In addition, the amount
of AOT and the type of alcohol influence the amount of water that can be
emulsified in microemulsion as can be seen in Figures 8.4 and 8.5, respectively.
Figure 8.5 also shows that propanol works best as a cosurfactant for AOT,
because this alcohol emulsifies the largest amount of water per gram AOT used.
Most probably, the length of the hydrocarbon tail of propanol provides the best
interaction with the tails of the AOT molecules. Although in previous research
AOT has also been used as a surfactant for stabilizing the water-PS system, the
formation of microemulsions has not been reported. Most probably the system
was not given the time to equilibrate.

After preparing the microemulsions, dibenzoylperoxide has been added to
initiate polymerization. Microemulsions with different AOT content, with and
without cosurfactant have been polymerized and analyzed. All polymerizations
resulted in destabilization of the microemulsion. The samples without cosurfac-
tant separated into two distinct solid phases: a polystyrene rich phase and an
AOT–rich phase, containing most of the water. The samples with cosurfactant

Figure 8.3: Molecular structure of AOT (bis(2–ethylhexyl)sulfosuccinate).
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Figure 8.4: Effect of AOT on the amount of enclosed water. For preparing the
microemulsion 18 g of cosurfactant has been added.
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Figure 8.5: Effect of cosurfactant on the amount of enclosed water.
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(a) (b)

Figure 8.6: SEM picture (1000×) of PS with 5 wt% AOT without cosurfactant
(a) and with cosurfactant (b).

separated into a polystyrene rich phase and a liquid phase. Analysis of the liquid
phase has shown that it consisted of mostly water and AOT with traces of styrene
and PS. The polystyrene–rich phase of the samples without and with cosurfactant
have been analyzed by SEM and the results can be found in Figure 8.6a and 8.6b,
respectively. Both pictures clearly show that the amount of water encapsulated in
the polymer phase is low. Furthermore, the size of the droplets is a few orders of
magnitude larger than what would be expected from encapsulating water droplets
of a microemulsion, since the droplet size of microemulsions is in the order of 10-
100 nm. Therefore, these results indicate that polymerization of water-in-styrene
microemulsions does not result in a foamable polystyrene matrix.

Poor interaction between the molecular structures of polystyrene and AOT is
probably the main reason for destabilization upon polymerization. Consequently,
better interaction between the polymer phase and AOT should increase the
probability of successfully polymerizing a microemulsion. To test whether this
is indeed the case, microemulsions of methyl methacrylate (MMA) with and
without cosurfactant have been prepared and polymerized, because the molecular
structure of PMMA should be much more compatible with AOT. In each
experiment only one single opaque polymer phase has been obtained, indicating
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(a) (b)

Figure 8.7: SEM picture (600×) of PMMA with 10 wt% AOT without
cosurfactant (a) and with cosurfactant (b).

that the system is much more stable. The results of SEM analysis of the
samples without and with cosurfactant can be found in Figure 8.7a and 8.7b,
respectively. It can be seen that much more water is encapsulated in poly(methyl
methacrylate) (PMMA) as compared to PS. Furthermore, the size distribution of
the water droplets appears to be relatively narrow. Nevertheless, the size of the
droplets is still a few orders of magnitude larger than what would be expected of
polymerizing microemulsions. Based upon these results it can be concluded that
these microemulsions also destabilize and that the droplets coagulate. Figure 8.7
also shows that the size of the water droplets in the sample containing the
cosurfactant is smaller. This is probably due to the fact that the MMA/AOT
mixture with cosurfactant remains stable for a longer period of time during
polymerization as compared to the mixture without cosurfactant.

The samples of Figure 8.7 have been heated in an oven at 175◦C to see if the
samples could be foamed. The results can be found in Figure 8.8. The polymerized
microemulsion containing cosurfactant has clearly expanded, which is not the case
for the sample without cosurfactant. Since alcohols are known to swell PMMA,14

the Tg of the samples with cosurfactant is most probably depressed resulting in
a lower viscosity of the polymer matrix and hence, cell growth.
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(a) (b)

Figure 8.8: SEM picture (600×) of PMMA with 10 wt% AOT a) without
cosurfactant and b) with cosurfactant after heating at 175◦C.

8.3.2 Conclusions

The performed experiments show that polymerization of microemulsions with
a compatible surfactant can result in a suitable water expandable polymer
with a rather narrow droplet size distribution. At this point, however, only
polymer containing a cosurfactant (propanol) could be foamed. Since the main
objective has been to replace the currently used (organic) blowing agents by more
sustainable blowing agents, the replacement of one organic compound by another
cannot considered to be sustainable. Therefore, the amount of added cosurfactant
should be as low as possible.

As mentioned before, the microemulsion system does not remain stable upon
polymerization. Therefore, it needs to be investigated whether it is necessary
to polymerize microemulsions in order to obtain a foamable polymer matrix. It
might be possible to obtain similar results by polymerizing a mixture of MMA,
water, and AOT, without forming a microemulsion first. This could make the
experimental procedure less complex.
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8.4 Final considerations

Since the early nineties many authors have studied the foaming of many different
polymers using CO2 as a blowing agent. At first this topic has been explored in
order to find a more environmentally friendly alternative for the blowing agents
conventionally used in the polymer foaming process. Later on, materials savings
and the production of bioscaffolds has been the trigger to continue research within
the field of polymer foaming. Despite many efforts, the foaming process is still
not yet fully understood, mainly due to the complex nature of the process that
combines nucleation and cell growth on a time scale of only a few seconds. A
mathematical model that combines nucleation and cell growth can help predicting
the foam morphology of the end product and will give industry the tools to control
the CO2–polymer foaming process.

Another crucial point that determines whether the CO2–foaming process will
become successful in industry is the scaling-up of the process. An extruder will
provide the means for scale-up. Even though extruders are currently being used
to produce foams with CO2, the production of large blocks of foamed material
is still not possible. Due to the simple nature of the conventional TIPS foam
production process, it is relatively easy to produce large blocks of foamed material.
An additional problem that needs to be overcome with respect to the extrusion
process is the fact that the density of the extruded foams is still higher as compared
to the foams produced in the conventional way. This means that the material
costs for extruded foams is higher and therefore, more expensive. Once foams in
large volumes and low density can be produced using the CO2–polymer foaming
process, it has the potential to completely replace the conventional TIPS process.
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Summary

Carbon dioxide as a sustainable means to control

polymer foam morphology

Supercritical carbon dioxide (scCO2) has turned out to be a very promising
solvent for the replacement of volatile organic compounds in industry. Using
CO2 as a blowing agent in foam production has high potential to make this
process more sustainable, in particular for the production of foams from glassy
polymers. Therefore, universities as well as industry are focusing their research
on further developing the CO2–based foaming processes. However, the formation
of gas bubbles in a polymer followed by cell growth is a very complex mechanism
that is influenced by various parameters, such as temperature, viscosity, CO2–
concentration, depressurization rate and pressure drop. Despite extensive efforts
to get insight into the mechanism, many aspects are still not clear. The goal of
this thesis has been to study the CO2–foaming process at high temperatures and
pressures in a quantitative and systematic way, to determine the effect of different
foaming parameters, with the aim to control and predict the foam morphology.

Foaming experiments with poly(styrene–co–methyl methacrylate) have been
performed in order to determine the effect of saturation temperature, saturation
pressure and depressurization rate. In general, it can be concluded that saturation
of polymers at high temperatures and pressures (e.g. 123◦C and 200 bar), followed
by fast depressurization will lead to low density foams (∼ 30 g/dm3). Also, the



average cell size of these foams is much larger as compared to foamed samples,
which have been saturated at lower pressures and temperatures (e.g. 93◦C and
100 bar). Cell size can also be influenced by changing the depressurization rate:
a decrease in depressurization rate will result in larger cells. However, long
depressurization times will lead to somewhat higher densities.

In order to quantitatively describe foam morphologies in terms of the average
cell area and cell area distribution, a method has been developed that transforms
the obtained SEM pictures from foams into Voronoi diagrams. As opposed to SEM
analysis, the developed method can help interpreting different foam morphologies
more objectively. Moreover, the homogeneity of foams can be determined in
terms of cell area, perimeter and number of faces. Based upon the Voronoi
diagrams it can be concluded that saturation at higher pressures followed by fast
depressurization will lead to a less homogeneous foam. Additionally, saturation
at higher temperatures will lead to a broader cell size distribution and a decrease
in homogeneity. The latter is due to the fact that at these conditions the cells
reach a size where interference by obstruction will occur. As a result, the cells
will compete for growth, resulting in a less homogeneous foam morphology.

The effect of the different temperature profiles on the foaming process and the
resulting foam morphology has also been investigated by performing isothermal,
adiabatic and isoperibolic foaming experiments with polystyrene, poly(styrene–
co–methyl methacrylate), and poly(methyl methacrylate). It has been shown that
the polymer 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.
Furthermore, the experiments have shown that exposure to higher temperatures
at the end of foaming experiments plays an important role in the resulting foam
morphology. Due to the adiabatic temperature decrease the adiabatic mode
prevents shrinking by vitrifying the produced foam morphology. Moreover, this
mode does allow saturation of the polymer with CO2 at high temperature and
gives flexibility to the matrix at the beginning of the depressurization step.
Therefore, the adiabatic mode has proven to give best control of the foam
morphology.

Nucleation is an important part of the polymer foaming process. Understand-
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ing the nucleation process provides a means to control and predict the resulting
foam morphology. Experiments have been performed in order to get more insight
into nucleation of CO2 in polystyrene and the results have been compared with
predictions from nucleation theory. It has been demonstrated that nucleation of
CO2 in a polymer can best be described as the formation of a dense CO2-nucleus in
a diluted CO2-bulk. Using this base case for calculating the Gibbs free energy has
resulted in best agreement between theory and experiments. In order to predict,
rather than fit, nucleation rates a frequency factor has been developed, partly
based on crystallization theory. The depressurization rate has been introduced
in the frequency factor, because it influences the nucleation rate and hence the
number of nuclei that can be formed. The developed frequency factor has resulted
in good quantitative predictions for the nucleation rates of CO2 in polystyrene.

Foaming experiments with cellulose acetate butyrate and polystyrene with a
nucleating agent have shown that the resulting foam morphology can be tuned
by means of pressure drop and depressurization rate. Depending on these
parameters, the cell size distribution of the foam will either be homogeneous
or bimodal.

Based upon the results obtained in this thesis, it can be stated that full
control of the desired foam morphology can be obtained by choosing the correct
combination of saturation temperature, saturation pressure, depressurization rate
and temperature profile during depressurization.
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Superkritische vloeistoffen worden gezien als ‘groene’ alternatieven voor het
gebruik van organische oplosmiddelen in de industrie, vanwege de unieke eigen-
schappen die dit type vloeistoffen bezit. Met name superkritisch kooldioxide
(scCO2) is een veelbelovend oplosmiddel, aangezien het niet giftig, onbrandbaar
en goedkoop is. Omdat CO2 een goede oplosbaarheid heeft in veel polymeren
is het ook een ideaal blaasmiddel voor het maken van polymeren schuimen.
Het gebruik van CO2 heeft het potentieel het polymeer-schuimproces een stuk
milieuvriendelijker te maken. Zowel op universiteiten als in het bedrijfsleven
wordt er onderzoek gedaan om het CO2–schuimproces te ontwikkelen. Het
mechanisme achter het ontstaan van gasbellen in een polymeer, gevolgd door
celgroei is echter zeer complex en vele aspecten van dit proces zijn niet bekend.
Het doel van dit promotieonderzoek is het op een kwantitatieve en systematische
manier bestuderen van verschillende parameters die invloed hebben op het
CO2–schuimproces om zo de uiteindelijk gevormde schuimstructuur te kunnen
controleren en voorspellen.

Schuimexperimenten met poly(styreen–co–methyl methacrylaat) zijn uitge-
voerd om de invloed van de verzadigingsdruk, -temperatuur en drukaflaatsnelheid
te bepalen. Uit deze experimenten kan worden geconcludeerd dat verzadiging van
het polymeer bij hoge temperaturen en hoge (CO2–)drukken (bijv. 123◦C en
200 bar), gevolgd door het snel aflaten van de druk zal leiden tot schuimen met
een relatief lage dichtheid (∼ 30 g/dm3). Ook kan geconcludeerd worden dat de
gevormde cellen gemiddeld veel groter zijn dan cellen van schuimen geproduceerd



bij lagere drukken en temperaturen (bijv. 93◦C en 100 bar). De grootte van de
cellen kan ook bëınvloed worden door de drukaflaatsnelheid te veranderen: een
afname in aflaatsnelheid leidt tot een toename van de cellgrootte, maar resulteert
ook in schuimen met een iets hogere dichtheid.

Het effect van het temperatuurprofiel op de schuimstructuur tijdens het aflaten
van de druk is bestudeerd door middel van schuimexperimenten met polystyreen,
poly(styreen–co–methyl methacrylaat), en poly(methyl methacrylaat). Door deze
experimenten uit te voeren in een reactiecalorimeter is het mogelijk geweest om
de druk isotherm, adiabatisch of isoperibolisch af te laten. Aan de hand van deze
experimenten is vastgesteld dat het schuimproces in vier stappen onderverdeeld
kan worden: een nucleatiestap, een stap met langzame celgroei, een stap met snelle
celgroei en een stap waarbij de schuimstructuur weer inkrimpt. Krimp is te wijten
aan de blootstelling aan hoge temperaturen aan het einde van het schuimproces.
Door de druk adiabatisch af te laten is het mogelijk om het polymeer toch bij
hoge temperatuur te verzadigen en het de flexibiliteit te geven om celgroei plaats
te laten vinden en tevens blootstelling aan hogere temperaturen aan het einde
van het schuimproces te voorkomen.

Om de gevormde schuimstructuur kwantitatief te kunnen beschrijven in
termen van gemiddelde celgrootte en celoppervlakteverdeling, is er een methode
ontwikkeld die de met de elektronenmicroscoop (SEM) gemaakte foto’s van de
schuimen transformeert tot een Voronoi diagram. In tegenstelling tot analyse van
SEM foto’s, kan de in dit proefschrift ontwikkelde methode bijdragen aan een meer
objectieve vergelijking van de verschillende schuimstructuren. Bovendien kan de
homogeniteit van het schuim bepaald worden op basis van het celoppervlak, de
omtrek en het aantal zijden van de verkregen Voronoi-cellen. Mede dankzij deze
methode kan geconcludeerd worden dat de homogeniteit van schuimen afneemt
wanneer het polymeer verzadigd is onder hoge druk en geproduceerd met een hoge
drukaflaatsnelheid. Ook leidt het verzadigen met CO2 bij hoge temperaturen tot
een bredere celloppervlakteverdeling en dus een afname van de homogeniteit.

Inzicht in wat er gebeurt tijdens de vorming van CO2–belletjes in het polymeer
is voor het schuimproces is begrijpen erg belangrijk. Inzicht in het nucleatieproces
biedt de middelen om de schuimstructuur te controleren en te voorspellen
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aangezien iedere cel uit één nucleus ontstaat. Om meer inzicht te krijgen in
nucleatie van CO2 in polystyreen zijn er experimenten uitgevoerd waarbij de
verkregen resultaten vergeleken zijn met theoretische voorspellingen. Het blijkt
dat nucleatie van CO2 in een polymeer het beste beschreven kan worden als de
vorming van een vloeibaar druppeltje in een gasvormige CO2 bulk. De berekende
waarde van de Gibbs vrije energie op basis van deze aanname resulteert in de
beste beschrijving van de experimentele resultaten. Om de nucleatiesnelheid goed
te kunnen voorspellen is een frequentiefactor ontwikkeld die gedeeltelijk gebaseerd
is op de kristallisatietheorie. Hierbij is ook de drukaflaatsnelheid meegenomen in
de vergelijking. Dit heeft geresulteerd in een goede kwantitatieve beschrijving van
nucleatiesnelheden van CO2 in polystyreen.

Schuimexperimenten met cellulose acetaat butyraat en met polystyreen
met ingemengde kiemvormer hebben aangetoond dat de gevormde celstructuur
bepaald wordt door de drukval en de drukaflaatsnelheid. Afhankelijk van de
drukval en drukaflaatsnelheid kan er of een homogene of een bimodale celstructuur
verkregen worden.

De resultaten beschreven in dit proefschrift tonen aan dat volledige controle
over de te vormen celstructuur verkregen kan worden door middel van het
kiezen van de juiste verzadigingstemperatuur en -druk, drukaflaatsnelheid en het
temperatuurprofiel tijdens het schuimproces.
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