
 

 

ABSTRACT 
 

SIRIPURAPU, Srinivas. Blend- and Surface-Assisted Foaming of Polymers with 
Supercritical Carbon Dioxide. (Under the direction of Dr. Richard J. Spontak and 
Dr. Saad A. Khan) 
 

This thesis involves development of novel micro- and nanocellular foamed 

polymers using judicious polymer processing strategies with supercritical carbon 

dioxide (scCO2). Apart from serving as a processing aid in the form of a transient 

plasticizer, scCO2 is a powerful blowing agent to manufacture foamed plastics. It is also 

a viable replacement for the harmful chemical blowing agents such as 

chlorofluorocarbons, hydrofluorochlorocarbons and perfluorocarbons that are still 

prevalent in the foaming industry. This thesis focuses on improving our fundamental 

understanding of polymer foaming with scCO2 to create novel materials that cannot be 

synthesized otherwise using traditional foaming technologies. In particular, we aim at 

creating new polymer foaming paradigms via either judicious polymer blending or 

introduction of surfaces to the polymer matrix. 

 Novel experimental apparatus, utilizing both a continuous extrusion process and 

a batch process, have been designed and constructed to study various foaming 

applications with scCO2. We show that microcellular foams (foams with pores on the 

order of 10 µm) containing semicrystalline polymers can be generated continuously by 

blending with a compatible amorphous polymer. Blends of miscible poly(vinylidene 

fluoride) (PVDF) – poly(methyl methacrylate) (PMMA) blends yield vastly improved 

microcellular morphologies compared to PVDF alone. We find that blend miscibility, 

viscosity reduction facilitated by scCO2 and reduction or elimination of crystalline 

melting point of the polymer blend are key factors in producing these materials.  



 

 

The latter part of this dissertation investigates the feasibility of a scCO2-based 

foaming procedure to generate micro and nanoporous thin polymer films. Our 

experimental findings reveal that controlling scCO2 diffusion from film surfaces is the 

critical factor towards realizing uniform porosity in polymer films. We use a 

combination of physical constrains on film surfaces and introduction of interfaces via 

addition of a nanoscale filler or a tailored non-ionic surfactant to generate controlled 

foamed structures. Foaming experiments are conducted on 100 µm thick PMMA films 

with a variety of additives including colloidal silica (particle diameter of 10-12 nm), 

Zonyl fluorosurfactants, block and graft copolymer of PMMA with a CO2-philic group 

such as a fluoropolymer (1,1-dihydroperfluorooctyl methacrylate) and a siloxane (poly 

(dimethyl siloxane)) in the presence of CO2.  The addition of a low molecular weight 

block copolymer (PMMA-b-PFOMA) with a CO2-soluble block (PFOMA) and a polymer-

miscible block (PMMA) are found to provide the highest increase in cell nucleation 

densities and smallest cell sizes.  
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CHAPTER 1 

INTRODUCTION 

ABSTRACT 

Supercritical carbon dioxide (scCO2) is a non-toxic, non-flammable and naturally 

abundant gas that has attracted immense interest as a ‘green’ solvent for many scientific 

applications. This chapter provides an introduction to the various advantages that scCO2 

affords for novel material synthesis and processing. A variety of applications including 

viscosity reduction for polymer extrusion, polymer blending, extractions, 

impregnations, crystallization, biomaterials processing and coatings will be discussed. 

This dissertation involves novel research on using scCO2-based foaming processes to 

generate micro- and nanoporous multicomponent polymeric materials. The latter part of 

the chapter provides an introduction on polymeric foams, a literature review on 

microcellular foaming of polymers with CO2 and key unresolved issues that this 

research project attempts to address. 
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Supercritical fluid science and technology has grown leaps and bounds in the past 

decades heralded by a large number of both academic and industrial research groups 

across the world. Figure 1.1 shows the phase diagram of carbon dioxide.1 CO2 has an 

easily attainable critical point with the following parameters: critical temperature Tc = 

31.1ºC, and critical pressure Pc = 7.38 MPa. What this means is that these parameters 

represent the highest pressure and temperature at which gaseous and liquid CO2 can co-

exist in equilibrium. Above the critical point, we cannot realize any phase separation, 

which can also be observed experimentally by the disappearance of the meniscus above 

the critical point. Although scCO2 remains in a single phase, many of its properties such 

as density, viscosity and diffusion coefficients can be easily ‘tuned’ by merely changing 

the pressure of the fluid at any given temperature. For example, scCO2 has densities 

typical of a liquid and viscosities typical of a gas, which has been used for improved 

polymer processing via plasticization. Researchers have exploited unusual combination 

of properties such as low toxicity, variable density, low viscosity, low surface tension, 

polymer plasticization, high levels of solubility/ easy removal in typical polymer 

systems for innovative synthesis and processing of novel materials.2 

 

1.1. Material Synthesis and Processing using Supercritical Carbon dioxide 

The motivation for using scCO2 in material synthesis and processing doesn’t stem 

from the environmental aspect alone as a benign solvent. It is the unique combination of 

the properties due to its molecular structure that plays a major beneficial role. Most 

polymers for instance have fairly large solubility levels of CO2 and this sorption results 

in their swelling with changes the physical and mechanical properties of the system at 
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hand. An important effect pertinent for our discussion is the reduction in the glass 

transition temperature (Tg) accompanied by a large change in the available free volume 

in the polymer, which is called plasticization. A detailed description and quantification 

of plasticization of polymers in the presence of CO2 is available elsewhere. 3 The above 

effect has been used extensively in many processing applications, which are briefly 

discussed in the following sections.  

 

1.1.1. Viscosity reduction with CO2 

The single most important factor affecting polymer processability is its effective 

viscosity. Hence a high molecular weight polymer is not amenable to typical processing 

such as extrusion or injection molding due its high viscosity. This necessitates the use of 

very high operating temperatures, resulting in high energy costs and bad thermal 

history of the plastic part, or addition of a plasticizing agent, which is usually a small 

molecule that leads to a reduction in chain-chain interactions and increases the free 

volume of the polymer. Both the above cases lead to easier processability by viscosity 

reduction. ScCO2 is an environmentally benign plasticizing agent, which interacts 

favorably with most polymers and is relatively easy to remove from the polymer post-

processing. Polymer systems that have shown scCO2-induced viscosity reduction 

include PDMS,4-6 PEG,7-8 PS,9-10 PS-PMMA blends11, PS-PE blends12 and PU elastomers.  

Early studies on quantification of polymer swelling using scCO2 were done on PDMS 

using a Sanchez-Lacombe equation of state.6 Many researchers have studied the PEG-

scCO2 system extensively since PEG is a common lubricant for high pressure 

applications. More recently, viscosity reduction in polymer extrusions have been studied 
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by Royer et al13 and Elkovitch et al11 on typical thermoplastics such as PS and PMMA. 

Elkovitch et al. used a single screw extruder fitted with a CO2 injection system to 

measure the drop in polystyrene melt viscosity using an attached slit die rheometer.11 

ScCO2 was found to account for a 60% viscosity reduction at 170ºC. Royer et al. 

combined existing theories for viscoelastic scaling of polymer melts and the prediction 

of Tg depression by a diluent to develop a model based on free volume theory that can 

predict quantitatively viscosity reduction in a polymer with a given amount of CO2.13 

Other examples where scCO2- induced viscosity reduction has been exploited 

advantageously include extrusion in the food industry such as starch products and 

bakery products involving addition of flavors, colorings and other additives without use 

of organic solvents.14 A very interesting area still being explored is the usage of scCO2 as 

a solvent to promote better adhesion of binders in ceramic pastes processing to 

synthesize polymer-ceramic composites.15 

 

1.1.2. Extraction and Separation with CO2 

Supercritical fluid-based extractions (SFE) were among the first applications 

developed in the area of supercritical fluid technology. The most commonplace 

application is the decaffeination of coffee using scCO2. The high diffusivities and low 

interfacial tension of the scCO2 is used to swell the coffee bean matrix and extract 

caffeine molecules. A number of review articles and books cover topics including 

supercritical fluid phase behavior as it relates to extractions,16 thermodynamics of SFE,17 

supercritical fluid chromatography applications,18 scCO2 based extractions of polymers19 

and scCO2 based extraction techniques for environmental analysis.20 Zaki et al. have 
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more recently utilized near-critical and dense CO2 as an anti-solvent to promote efficient 

extractions of nutraceuticals from industrial waste and asphaltenes from bitumen and 

tar sand.21 Alkyl-aryl ester solvents that are environmentally benign, biodegradable, 

nontoxic, inexpensive, and commercially available were used to dissolve bitumen. Due 

to the complete miscibility of these solvents with dense CO2, it was possible to recycle 

the solvent when the bitumen containing solvent was contacted with dense CO2 

resulting into bitumen precipitation.  Alkyl aromatic esters solvents were used in a 

similar fashion with CO2 to extract polyphenols from olive-oil wastewater and carotenes 

from carrots. 

 

1.1.3. Impregnations using CO2 

Interest in scCO2-based impregnations stem from the opportunity to utilize its 

unique properties mentioned earlier. Further CO2 can diffuse out of the base matrix 

easily upon depressurization leaving almost no solvent residues in the matrix and 

obviating a final purification step. A variety of polymers including PMMA,22 PVC,23 

PC,24 PE,25 PTFE,23 PET,26 Nylon,24 Polymidies27 and PDMS28 have been impregnated 

with different solutes in the presence of scCO2 to improve application-specific 

functionality. Dyes with low partition coefficients in scCO2 have been impregnated into 

textile materials taking advantage of anti-solvency.26 The scCO2-based dyeing of 

polymers for textile applications holds huge promise as a substitute for current polluting 

water-based processes. Impregnation of organometallic compounds into polymers has 

also been extensively studied recently to form nanocomposites.29 Kazarian et al30 

described CO2 as a molecular lubricant in their study on improved dye impregnation in 
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scCO2-swollen PMMA as compared to just heated polymer. A different class of 

modification of polymeric materials involves grafting of a specific group to a surface 

such as achieved in the free radical grafting of maleic anhydride onto poly (4-methyl-1-

pentene) in the presence of CO2.31 More recently, scCO2 has been used by scientists at 

3M Corp to enhance diffusivity of water soluble drug solutes into various polymer 

substrates in a pressurized water-CO2 environment for medical applications.32 

 

1.1.4. CO2-induced crystallization 

Crystallization of glassy polymers when exposed to elevated CO2 pressures (viz. 

concentrations) has favorable implications. Some polymers such as PET,33 PEEK,34 sPS,35 

and PC36 when plasticized with CO2 undergo kinetically favorable configurational 

rearrangement of polymer chains, hence forming crystallites. The increased crystallinity 

can be highly beneficial in barrier applications such as PET-based soda bottles and 

synthetic polyester fibers. The amount of crystallinity in PET bottles affects the amount 

of gas permeability through the bottle, which is a direct measure of the product shelf 

life. The morphology of polyester fibers determines the mechanical properties, 

processability in textile manufacturing and special applications such as dyeing. Brantley 

et al. used in-situ near-IR spectroscopy to study sorption of CO2 into PET at elevated 

pressures and found evidence for CO2-induced crystallization of amorphous PET at 

temperatures as low as 28ºC and pressure above 175 bar.37 Kajitani et al. showed how 

high-pressure CO2 can be used as a substitute to heating in drawing glassy polymers 

with greater orientation.38 Handa et al. applied high-pressure DSC and X-ray diffraction 

studies to manipulate scCO2-induced crystallization of sPS.35 Gross et al. have reported 
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evidence of CO2-induced crystallization of PC in their studies of solid-state 

polymerization of poly(bisphenol A carbonate) facilitated by CO2 plasticization.39 

 

1.1.5. Polymer blending using scCO2 

A novel blending technique manipulating polymer plasticization involves 

impregnating a monomer and initiator from a scCO2 solution into a polymer matrix 

followed by subsequent polymerization of the monomer in the matrix. This technique 

has led to formation of new polymer blends not easily obtained by conventional 

methods. Kung et al. used the above methodology to prepare polystyrene-polyethylene 

composites via radical polymerization of styrene monomer in a scCO2-swollen high 

density polyethylene.40 Watkins and McCarthy modified the technique to study 

polystyrene blend preparation with PE, Nylon and PTFE.24 It is also important to 

understand the effect of scCO2 on the phase behavior of blends. Walker et al. have 

shown that scCO2 enhances miscibility of UCST PS-PI blend up to certain pressures.41 At 

sufficient pressures however, the hydrostatic pressure effects reverses the plasticization 

effects of the CO2, and miscibility decreases upon further increases in CO2 pressure.  

Studies of another UCST blend, PDMS (polydimethylsiloxane)/PEMS(Polyethyl methyl 

siloxane), have shown that increasing CO2 pressures results in decreased miscibility.42 

PVDF has been shown to crystallize out of a homogenous PVDF/PMMA blend upon 

exposure to CO2.43  Small-angle scattering studies of this blend have shown that 

increasing CO2 pressure causes the interaction parameter of the blend at 35C to increase, 

indicating a reduction in the mutual attraction of the two polymers. The density 

tunability of scCO2 can be used to manipulate the properties of blends and composites 
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prepared via mixing in a high temperature extruder. Elkovitch et al. studied the effect of 

scCO2 on blending in a PMMA-PS system in a single screw extruder with a slit die 

rheometer attached to it.11 Apart from achieving more than 50% reduction in the 

viscosity in the blend processing in the extruder, the addition of CO2 was found to have 

a pronounced effect on the final blend morphology. The domains of the dispersed 

PMMA phase were smaller in size due to lower viscosities and interfacial tension 

between the polymers. Park and coworkers have extensively studied the effect of scCO2 

on polystyrene-polyethylene blend morphologies and processing in a twin screw 

extruder.9,12 The size of dispersed polystyrene domains decreased with the injection of 

up to 5wt% of CO2 in the extruder. Polymer blending with CO2 is high beneficial in 

terms of energy savings in preparation and improved thermo-mechanical properties of 

the resulting blends. 

 

1.1.6. Coatings  

Environmental factors involving harmful VOC emissions have resulted in scCO2 

becoming the most attractive solvent for the coatings industry. Hay and Khan44 provide 

an excellent review on the usage of scCO2 for several coating technologies including 

polymer coatings, coatings from UniCarb process, coatings using rapid expansion of 

supercritical solutions (RESS); supercritical anti-solvent process (SAS) and particles from 

gas saturated solutions process (PGSS), particle coatings such as metal powders and 

pharmaceutical coatings, spin coating and its applications for photolithography, 

protective coatings for historical building preservation, dip or free meniscus coating, 

coating using impregnation of solutes into polymer matrixes and wood coatings. A very 
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interesting application that deserves mention is the use of scCO2 for the manufacturing 

of microelectronic components such as integrated circuits. Two key steps involved in 

this process are (1) spin coating of a photoresist material and (2) development of the 

image after exposure to light at a suitable wavelength. These two steps consume very 

large quantities of organic solvents and ultra pure water making the microelectronics 

industry one of the most polluting industries. Hoggan et al. have found that fluorinated 

acrylates and methacrylates can be used as suitable photoresists for CO2 based 

photolithography.45 Further as we approach dimensions smaller than 0.13 µm, the 

extremely low surface tension and viscosities of scCO2 are touted to make this 

technology highly competitive to conventional technologies.  

 

1.1.7. Biomaterials Processing 

Carbon dioxide presents ample scope for improvement and/or development of new 

biomaterial processing applications such as tissue engineering46,47 and drug delivery. 

CO2 has been used to synthesize tissue engineering scaffolds using biodegradable 

polymers as well as impregnation of growth factors without loss of functionality. A 

major challenge in polymer processing with live species is to preserve the specie activity. 

Conventional techniques utilizing mechanical agitation, high temperatures or harmful 

solvents cannot therefore be used. CO2 can be used to realize lower operating 

temperatures due to plasticization. A single step process using scCO2 can be thought of 

where a variety of impregnable species such as growth factors can be uniformly mixed 

with a polymer in a high pressure CO2 environment followed by depressurization 

leading to a controlled foamed scaffold structure. The density tunability can also be used 
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to generate controlled porosity in polymers that is essential for optimal drug release in 

implants.  

 

1.2. Foaming polymers with CO2 

Foamed solid polymers, also referred to as cellular, expanded or sponge plastics, are 

a class of materials that are used extensively in everyday applications, from the foamed 

polyurethane car seat or the polystyrene foam coffee cup to thermal insulation of 

buildings.  In 1995 alone, close to 6 billion pounds of foamed plastics have been 

manufactured and consumed in the US, and this number is projected to reach more than 

7.5 billion pounds in the following decade.48 Several polymers can be foamed to desired 

low densities to suit applications based on properties such as weight-reduction, 

insulation, buoyancy, energy dissipation, convenience and comfort.  

Foams are typically classified in a number of different ways. They are broadly 

classified along the lines of processability as thermoplastic foams and thermoset foams. 

Thermoplastic foams can be recycled and new products developed by reprocessing. 

Thermoset foams, usually characterized by substantial crosslinking, cannot to 

reprocessed. Polymeric foams can also be classified as rigid, flexible or semi-flexible 

depending upon their composition, morphology and characteristics such as degree of 

crystallinity, and glass transition temperature. Foam cell geometry such as size and 

shape and type provides for another method of classification: open cell or closed cell 

foams. For example, closed cell foams are desirable for applications such as floatation 

devices and thermal insulation and open cell foams are used for acoustic insulation. All 

plastic foams irrespective of how they are classified consist of two phases, a solid phase 
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made up of the polymer and a gas phase made up of the blowing agent. Blowing agents 

used for foam manufacture are of two types, physical and chemical blowing agents. 

While the first type are typically inert gases such as carbon dioxide, nitrogen, CFCs, 

HCFCs and volatile hydrocarbons such as propane or isopentane, the latter are chemical 

compounds that give off gases on processing either via reaction or heating. The three 

main commercial resins used for foaming applications including automotive, 

construction, packaging and consumer products are polyurethane, polystyrene and poly 

vinyl chloride.49 The next few sections provide an introduction to microcellular foam 

processing, new developments in this area and key unresolved issues that this research 

project attempts to address. 

 

1.2.1. Microcellular Polymer Foams 

Microcellular polymer foams (MPFs) are porous polymers characterized by pore 

densities greater than 109 cells/cm3 and cell sizes smaller than 10 µm. Figure 1.2 shows a 

micrograph of an uncoated polystyrene microcellular foam sample generated in our 

laboratory. These foams constitute an emerging class of polymeric materials that may 

eventually replace solid plastics in a wide range of commercial applications. 

Microcellular foams offer multiple advantages relative to their solid analogs – 

substantial material savings, decreased processing/transportation costs and improved 

mechanical properties.50 Microcellular plastics typically exhibit high impact strength, 

toughness, stiffness-to-weight ratio and thermal stability, as well as a low dielectric 

constant and thermal conductivity compared to their solid analogs.51 This unique 

combination of properties make MPFs ideally suited for a large number of potential 
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applications including airplane and automotive parts with high strength-to-weight ratio 

acoustic dampening, sporting equipment with reduced weight and high energy 

absorption, food packaging and insulation with reduced material costs, molecular sieves 

for separation processes, low dielectric insulators for microelectronic applications, 

surface modifiers to reduce friction, and, biomedical materials for controlled drug 

delivery.52 The use of scCO2 as a blowing agent to generate MPFs has recently received 

considerable attention due to environmental concerns associated with traditional 

blowing agents like chlorofluorocarbons (CFCs), hydrofluorocarbons (HCFCs) and 

volatile organics (VOCs). This research project harnesses the unique properties of scCO2 

described earlier in the chapter to construct new microcellular foaming paradigms and 

extend them to create novel microcellular and nanocellular materials. 

 

1.2.1.1. Microcellular Foaming Process 

The basic foaming process occurs in three steps,53 as depicted in Figure 1.3.  The first 

step requires the saturation of a polymer melt with an inert gas, such as CO2, under high 

pressure, followed by thorough mixing. Thermodynamic instability is then rapidly 

induced so that numerous gas nuclei form within the polymer matrix. This can be 

accomplished either by a pressure quench53 or temperature jump.54 The final step in the 

process is responsible for the growth of a large number of stable bubble nuclei and the 

subsequent development of desired microcellular morphology under controlled 

temperature conditions.55 

 

1.2.1.2. Microcellular Foam Characterization 
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Microcellular foams are generally characterized in terms of their densities and cell 

size distribution. Typically, foam samples are fractured in liquid nitrogen and studied 

under a scanning electron microscope for a quantitative assessment of their 

microstructures. Researchers either use image analysis software or manually determine 

the cell density fN  (number of cells per cm3 of the material) from: 
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where n is the number of bubbles in the micrograph of area A (cm2) and M is the 

magnification factor.54 Furthermore, a mean cell size and a polydispersity index (PDI) of 
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where in  is the number of cells with equivalent diameter id .53 Density reduction upon 

foaming is measured using the Archimedes principle. A volume expansion ratio is also 

calculated as the ratio of the bulk density of the pure polymer to its foamed analog and 

compared with the maximum theoretical expansion possible with a known amount of 

injected CO2.55 Another important characteristic of MPFs is their mechanical property 

retention. Mechanical properties of foams are normally compared against their 

unfoamed analogs through tensile56 and impact testing57 (either Charpy impact strength 

or Izod impact strength). 
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1.2.1.3. Background 

The idea of microcellular foams was first proposed by Prof Nam Suh58 at MIT in 

early 80s, the rationale being that if billions of bubbles smaller than the critical flaws 

already present in a plastic part could be introduced uniformly, then the material 

density could be reduced while retaining the mechanical properties specific to the 

polymer. Initial work in this field focused on the production of MPFs in a batch process, 

wherein a polymer sample is placed in a high-pressure chamber and saturated with an 

inert gas under high pressure and at ambient temperature.  A thermodynamic instability 

is subsequently induced by rapidly lowering the solubility of the gas in the polymer by 

releasing the pressure and heating the sample. Colton and Suh59 published the first 

theoretical model of microcellular foaming of amorphous polymers developed on the 

basis of classical nucleation theory. They also reported a study on the effect of additives, 

viz., zinc stearate and stearic acid on microcellular foaming of polystyrene and found no 

statistically significant effect on the number of cells nucleated with the additives.60 They 

concluded that the greatest reduction in the cell density of a MPF can be achieved when 

a soluble additive is added just below its solubility limit in the polymer. 

Kumar et al. at the University of Washington successfully used a two-step batch 

process to generate MPFs of a variety of polymers such as PVC, PC, PET and PS using 

scCO2.61,62 They found that the density of microcellular PVC  could be accurately 

controlled by controlling the temperature to which the saturated plastic was heated.  The 

foaming of PET gave the most interesting results in that sufficiently long exposure to 

scCO2 led amorphous PET to undergo solvent induced crystallization. The generated 

foams were found to be mechanically superior to other polymeric foams with similar 
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density reductions.63 Kumar and Suh further found that cell nucleation in thermoplastics 

is not well described by classical homogenous nucleation theory near the glass transition 

temperature.54 Kweeder et al. developed a new model that assumes presence of 

microvoids resulting from the thermal processing history of a given polymer.64 Bubble 

nucleation was related to the survival of these pre-existing voids to grow rather than to 

the formation of a new phase, which is the basis of classical nucleation theory. Ramesh 

and Campbell extended the model to quantify heterogeneous nucleation of nitrogen-

blown polystyrene foams in the presence of butadiene rubber particles.65  

Goel and Beckman used a variation of the above process by employing an isothermal 

pressure quench to investigate the effects of pressure and temperature on cell nucleation 

in the PMMA-CO2 system.53 They also demonstrated that classical nucleation theory, 

taking into account the effects of CO2 as a compressible fluid on the surface tension of 

PMMA, could be used to model reasonably the above effects on cell density of the 

generated foams. They found that the foam cell density was a strong function of the gas 

saturation pressure while temperature effects were minimal in the range (40°C - 80°C) 

they studied.  

A major disadvantage of the batch process is the lengthy times required for 

saturation of the blowing agent in the polymer. In order to overcome this constraint, a 

cost-effective continuous extrusion-based microcellular foaming process was developed 

by Park and Suh.52 The key idea was to dissolve a large amount of gas in a flowing 

polymer melt under high pressures followed by a rapid pressure drop using a nozzle to 

produce a microcellular structure.  The next chapter describes a similar extrusion-based 

foaming device designed and built for this research project. Park’s group in the past few 
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years has presented evidence of microcellular foaming of polymers such as 

polystyrene,66 high impact polystyrene,67 polypropylene68 and polyvinyl chloride.69 

Behravesh et al. also showed that lowering the temperature of the polymer-gas solution 

at the nozzle entrance lowers cell coalescence and produces high cell densities.55 

Matuana et al. found that though the impact strength of extruded microcellular PVC is 

higher than that of the unfoamed polymer, the tensile strength and modulus decreased 

with increasing cell density.69 They concluded that the relative density of a microcellular 

foamed plastic should be a trade-off between material reduction considerations, 

enhanced impact strength and reduced tensile strength and modulus.  

 

1.2.1.4. Unresolved issues  

The study of microcellular foaming of polymers is still in its infancy. Most 

studies in the field so far have focused on the development of basic foaming processes. 

Effects of explicitly controllable operational parameters such as pressure, temperature 

and blowing agent concentration on microstructure development have been studied. 

The state of the art research in this area still does not answer numerous questions. Key 

unresolved issues that this research project addresses include: 

• Why is continuous microcellular foaming of semicrystalline polymers a big 

challenge? What are viable processing strategies to generate MPFs of 

semicrystalline polymers?  

• How can the traditional microcellular foaming process be used to foam thin 

polymer films? What are the important criteria to induce nanoporosity in these 
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thin films? Can the thickness of the unfoamed skin at the film edges be 

controlled? Can classical nucleation theory account for foaming in thin films? 

• Can interfacial tension at the polymer-gas interface be a tunable parameter to 

control foam morphology? What are the important criteria to tailor surface-active 

agents that will allow such control? 

 

Chapter 2 describes a novel processing strategy to generate novel MPFs 

continuously from semicrystalline polymers such as PVDF in the presence of scCO2 

through judicious polymer blending. Chapter 3 identifies key hurdles to realize 

nanoporous thin polymer films using a single step foaming process and describes a 

detailed study of foaming PMMA films. It also offers a mathematical model to predict 

cell densities as a function of operating parameters such as temperature and pressure 

using a modified nucleation theory.  Chapter 4 shows results from our experiments on 

controlling foam nucleation by introduction of hard interfaces (colloidal silica) and soft 

interfaces (tailored CO2-philic surfactants) in the polymer films Chapter 5 provides a 

concise account of the various aspects of surface-mediated foaming of thin polymer 

films dealt in this project The final chapter of this thesis reports key conclusions and 

recommendations for possible exciting future research in this area. 
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Figure 1.1: Phase diagram of carbon dioxide 

 



 

 26 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2: SEM micrograph of uncoated polystyrene microcellular foam  
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Figure 1.3: Schematic of microcellular foaming process 
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CHAPTER 2 
 

GENERATION OF MICROCELLULAR FOAMS OF PVDF AND  
ITS BLENDS USING SUPERCRITICAL CARBON DIOXIDE IN A 

CONTINUOUS PROCESS 
 

ABSTRACT 

 The use of supercritical carbon dioxide (scCO2) as a blowing agent to generate 

microcellular polymer foams (MPFs) has recently received considerable attention due 

to environmental concerns associated with conventional organic blowing agents. 

While such foams derived from amorphous thermoplastics have been previously 

realized, semicrystalline MPFs have not yet been produced in a continuous scCO2 

process. This work describes the foaming of highly crystalline poly(vinylidene fluoride) 

(PVDF) and its blends with amorphous polymers during extrusion. Foams composed 

of neat PVDF and immiscible blends of PVDF with polystyrene exhibit poor cell 

characteristics, whereas miscible blends of PVDF with poly(methyl methacrylate) 

(PMMA) yield foams possessing vastly improved morphologies. The results reported 

herein illustrate the effects of blend composition and scCO2 solubility on 

PVDF/PMMA melt viscosity, which decreases markedly with increasing PMMA 

content and scCO2 concentration. Morphological characterization of microcellular 

PVDF/PMMA foams reveals that the cell density increases as the PMMA fraction is 

increased and the foaming temperature is decreased. This study confirms that novel 

MPFs derived continuously from semicrystalline polymers in the presence of scCO2 

can be achieved through judicious polymer blending. 
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2.1 INTRODUCTION 

 Microcellular polymer foams (MPFs) are porous polymers generally characterized by 

pore densities greater than 109 cells/cm3 and cell sizes smaller than 10 µm.1 These foams 

constitute an emerging class of polymeric materials that may eventually replace solid 

plastics in a wide range of commercial applications. Microcellular foams offer multiple 

advantages relative to their solid analogs � e.g., substantial material savings, decreased 

processing/transportation costs and improved mechanical properties. While most 

polymer foaming operations currently employ chlorofluorocarbons (CFCs), 

hydrochlorofluorocarbons (HCFCs) and volatile organic compounds (VOCs) as blowing 

agents, utilization of supercritical carbon dioxide (scCO2) in this role provides a safer 

and more environmentally responsible alternative. In addition, scCO2 possesses 

desirable physical properties, such as liquid-like densities and gas-like viscosities,2  

which permit high rates of molecular diffusion in most common polymers. It therefore 

constitutes a viable alternative as a safe and efficient blowing agent for commercial 

foaming applications.  

 Microcellular foamed plastics typically exhibit high impact strength, toughness, 

stiffness-to-weight ratio and thermal stability, as well as a low dielectric constant and 

thermal conductivity, relative to their solid analogs.3 This unique set of properties 

makes MPFs ideally suited for a large number of contemporary technologies including 

automotive parts with high strength-to-weight ratio acoustic dampening, sporting 

equipment with reduced weight and high energy absorption, food packaging and 

insulation with reduced material costs, molecular sieves for separation processes, low 

dielectric insulators for microelectronic applications, surface modifiers to reduce 
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friction, and biomedical materials for controlled drug delivery. The basic microcellular 

foaming process occurs in three steps.4 The first step, referred to as the saturation step, 

requires saturation of a polymer melt with an inert gas under high pressure, followed 

by thorough mixing to ensure formation of a homogeneous polymer/gas solution. The 

next step is the nucleation step, wherein a thermodynamic instability is rapidly induced 

so that numerous gas nuclei form uniformly throughout the polymer matrix. This is 

accomplished by either a pressure quench, a temperature jump or a combination of 

both. The final step is the growth step, which relates to the growth of stable nuclei and 

the development of desired microcellular morphology under controlled conditions.  

 Numerous research efforts have focused on the generation of MPFs derived from 

amorphous polymers, such as polystyrene (PS),5 poly(methyl methacrylate) (PMMA),2 

polycarbonate (PC)1 and polysulfones (PSF),6 with scCO2 in both continuous and batch 

processes. Reports of foaming semicrystalline polymers are, however, scarce and rely 

almost exclusively on batch processing. Baldwin et al. have explored the feasibility of 

foaming amorphous polyethylene terephthalate (PET) at high CO2 concentrations.3 

Their results reveal that such scCO2-induced crystallization severely hinders PET 

foaming, which therefore requires higher processing temperatures. While the generation 

of improved PET foam morphologies has been attributed to an increase in polymer 

matrix stiffness and a reduction in CO2 diffusivity, the precise mechanism by which 

these factors affect foaming remains unclear. Doroudini et al. have shown that 

crystallinity is detrimental to the solubility and diffusivity of CO2 in polymers and that, 

for this reason, highly crystalline polymers tend to yield non-uniform foam 

morphologies.7 Lee et al. have studied extrusion of polyethylene/PS blends in scCO2 
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and report that higher scCO2 concentrations considerably reduce the blend viscosity.8 

Higher operating pressures and CO2 content lead to smaller cells in the foamed product, 

which lack uniform microcellular morphology. Recent efforts by Mizumoto et al. 

provide evidence for scCO2-induced crystalline stereocomplex formation of regular 

PMMA, which contributed to the formation of a superior microcellular morphology 

during batch processing.9 

 To the best of our knowledge, no previous studies have offered a processing strategy 

by which to generate, in continuous fashion, uniform microcellular morphologies 

derived from semicrystalline polymers. Of particular interest in the present study is the 

microcellular foaming of semicrystalline poly(vinylidene fluoride) (PVDF), a partially 

fluorinated polymer that possesses the properties of an engineering thermoplastic and a 

fluoropolymer. It exhibits the chemical resistance, thermal stability, dielectric properties 

and ultraviolet resistance of a fluoropolymer, as well as the processability of an 

engineering thermoplastic. These properties make PVDF a versatile polymer that is used 

extensively in the high-purity semiconductor market (low extraction), pulp and paper 

industry (chemical resistance), nuclear waste processing (radiation resistance), high-

performance coatings, and the wire and cable industry (dielectric strength). 

Microcellular-foamed PVDF is anticipated to be highly advantageous relative to its solid 

counterpart due to material reduction considerations, as well as improvement in 

thermal and electrical insulation properties. In this work, we investigate the efficacy of 

foaming PVDF and its physical blends with two amorphous polymers differing in PVDF 

miscibility: PS and PMMA. Our continuous foaming system is detailed, as are the 

rheological characteristics during polymer processing with scCO2 and morphological 
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characteristics of the MPFs generated therein. 

 

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials 

 The PVDF (Kynar® 740), PMMA (Plexiglas® VM-100) and PS (Lacqrene Crystal®) 

employed in this study were generously provided by Elf Atochem N.A. (King of 

Prussia, PA) in pellet form and were used without further purification. Their properties 

are listed in Table 2.1. Carbon dioxide (>99.8% pure) was obtained from National 

Specialty Gases (Durham, NC).  

 

2.2.2 Continuous microcellular foaming system 

2.2.2.1 Extruder Configuration  

 A continuous extrusion-based microcellular foaming system, similar to the one 

developed by Park et al. ,10 was employed in this study (see Figure 2.1). The centerpiece 

of the foaming system was a 19-mm single screw extruder, manufactured by Wayne 

Machine and Die Co., with an extended barrel (the length to diameter ratio is 30). The 

extruder was divided into three sections according to feed, melt and scCO2 injection. 

Polymer pellets were fed through a hopper into the feed section, which was 

continuously cooled with external water to ensure an uninterrupted polymer supply to 

the extruder. The melt section was outfitted with band heaters that created four 

sequential melt zones along the length of the barrel. A typical temperature profile for 

the foaming experiments conducted here is provided below the schematic of the 

extruder presented in Fig. 2.1. According to the profile, the barrel was heated stepwise 
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to a desired final temperature at the extruder exit. The extruder was equipped with a 

temperature control system accurate to within 1°C. Blowing agents (such as scCO2) were 

added directly to the polymer melt through an injection port located at about three-

fourths the distance from the hopper to the extruder exit. A backpressure relief valve 

permitted accurate injection of scCO2 from a syringe pump operated in constant flow 

mode. A detailed description of the scCO2 injection system was provided elsewhere.11  

 The screw design was devised specifically for microcellular foaming. Since the 

extruder is largely responsible for dissolving relatively large amounts of scCO2 in the 

polymer melt, a high-pressure level was required to inhibit phase separation of the 

polymer/gas solution. The first part of the screw at the feed section consisted of closely 

spaced deep flights to ensure rapid melting of the polymer pellets. The flights became 

less deep as the injection port was approached to build a high-pressure zone, which 

served as a melt seal to avoid backflow of the blowing agent to the hopper. At the 

injection port, the flights were deep and spaced out, creating a low-pressure zone that 

facilitated scCO2 injection. Beyond the port, the flights were closely spaced and less 

deep to increase again the polymer melt pressure and promote dissolution of scCO2. The 

final part of the screw used a Saxton mixing section to increase solution pressure and 

ensure polymer/gas homogeneity.  

 

2.2.2.2 Foaming Section Design 

 At the exit of the extruder, microcellular foaming was achieved through the use of 

three separate elements: a die adapter, a cooler and a nozzle. The die adapter, equipped 

with a static mixer, was heated to above the extruder exit temperature to ensure 
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complete dissolution of scCO2 in the polymer melt. The cooler was also outfitted with a 

static mixer to reduce the system temperature in uniform and controllable fashion until 

the temperature was near the glass transition temperature (Tg) of the polymer/gas 

solution. Reduced temperature at the cooler exit was expected to enhance melt strength, 

prevent foam cell coalescence and increase the melt flow pressure due to an increase in 

polymer/gas solution viscosity. A typical pressure profile of the entire foaming process 

is included in Fig. 2.1. The nozzle served to reduce the solution pressure initiating gas 

nucleation in the polymer matrix. It consisted of a circular pinhole and a small channel 

that promotes the final growth step in the foaming process. As anticipated from the 

results of Behravesh et al.,5 accurate control of the experimental conditions at the cooler 

and nozzle allowed for excellent control of the final microcellular foam morphology. 

The temperatures in the die adapter and nozzle were maintained with band heaters, 

whereas the cooler temperature was maintained by a rope heater and a fan. The 

pressure drop and temperature across the cooler were measured by two Dynisco  melt 

transducers, and the temperatures of the two elements were maintained using 

individual autotune temperature control units in conjunction with type-J Omega  

thermocouples.  

 

2.2.3 Methods 

2.2.3.1 Polymer Foaming  

 In a typical experiment, the entire foaming system was heated initially to achieve a 

desired temperature profile. The cooler exit and nozzle temperatures were set equal to 

the adapter temperature. Polymer pellets were added to the extruder through the feed 
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hopper. Polymer blends were prepared by thoroughly mixing predetermined quantities 

of the constituent homopolymers prior to extrusion to yield a desired composition. The 

extruder was operated for a reasonable period of time (ca. 15 min) at a desired screw 

speed to ensure steady polymer flow. Carbon dioxide was then injected into the system 

through the scCO2 metering system. Upon reaching steady state, the extruder received a 

constant supply of scCO2 at a fixed pressure (ca. 28-35 MPa). The melt temperature was 

then reduced stepwise at the cooler and nozzle elements. At lower temperatures, 

foaming was achieved by pressure-induced phase separation of the polymer/scCO2 

solution under isothermal conditions. After the bubbles nucleated, the remaining scCO2 

diffused into the nuclei and produced the final foam morphology, the characteristics of 

which reflected the operating conditions. Foamed samples were collected at different 

operating conditions for characterization purposes. 

 

2.2.3.2 Rheological Measurements  

 Rheological characterization of the prefoamed polymer systems containing scCO2 

was performed with a slit die rheometer attached to the foaming system. The design of 

the extrusion slit die rheometer used here was based on the original design proposed by 

Han and Ma12-14 and later used by Lee et al..15 Its design and operating procedure were 

fully discussed elsewhere.11,16 The difference between the present foaming and 

rheological extrusion systems was that the slit die used for rheological measurements 

replaced the cooler of the foaming system. The pressure drop along the length of the slit 

die yielded the apparent viscosity of the polymer melt under a given set of operating 

conditions.  The slit die was maintained at constant temperature using two strip heaters 
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(Watlow S1J10AU3) and 3 Dynisco® melt pressure and temperature transducers 

(TPT432A-7.5M-6/18). The homogeneity of the polymer melts containing scCO2 was 

maintained by the downstream nozzle, which elevated the pressure of the slit die to 

above the bubble pressure of the polymer/CO2 solution. Viscosity calculations were 

performed using standard relations for a slit die rheometer.17-19 

 

2.2.3.3 Morphological Measurements 

 Foamed samples were dried under vacuum for 24 h at 50°C, fractured in liquid 

nitrogen and examined by scanning electron microscopy (SEM) with a Hitachi S3200N 

variable-pressure microscope. Backscattered electron images of uncoated foams were 

acquired at an accelerating voltage of 21 kV and a chamber pressure of 50 Pa. 

Differential scanning calorimetry (DSC) of the foams was performed in a Seiko-Haake 

DSC220 calorimeter at a heating rate of 10°C/min under nitrogen. Bulk densities of 

foamed samples were measured using Archimedes' principle, in which the measuring 

vessel was first calibrated with a metal sinker (since the MPFs are lighter than water). A 

known mass of foam was attached to the sinker and immersed in water, and the volume 

of the water displaced due to the immersed specimen was measured. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Foaming PVDF 

 The extrusion process typically requires optimization of several operating conditions 

variables that influence the final foam morphology and properties. Key parameters that 

can be manipulated in our continuous process are (i) scCO2 injection rate, (ii) residence 
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time (screw speed), (iii) exit temperature (at cooler), (iv) foaming temperature (at 

nozzle), (v) pressure reduction (nozzle diameter), and (vi) depressurzation rate (screw 

speed). Unlike conventional foaming processes performed batchwise, however, all of 

these process variables cannot be varied dynamically in an extrusion process. For 

example, fixing the screw speed establishes the residence time and the driving force for 

nucleation (i.e., the pressure drop for a particular nozzle). Screw speed is selected on the 

basis of benefiting our foaming process. A lower screw speed is preferred due to the 

longer residence time it permits to dissolve scCO2 in the polymer melt. A very low 

screw speed (< 10 rpm in our system) can be detrimental, as it might not promote 

constant flow of a high-viscosity melt. To best achieve the objective of this study, a 

mean screw speed of ~20-25 rpm has been chosen to ensure sufficiently long residence 

times and thorough mixing in the extruder barrel. All the results reported here 

correspond to a single nozzle diameter of about 0.5 mm, in which case only the scCO2 

concentration and melt and/or foaming temperature(s) can be independently varied. 

 Representative SEM images of PVDF foams produced at different foaming 

temperatures with a fixed scCO2 injection rate are displayed in Fig.s 2.2 and 2.3. Figure 

2.2a shows a PVDF foam produced at 175°C and 2.0 wt% scCO2. The corresponding 

enlargement (Fig. 2.3a) reveals that scCO2-foamed PVDF possesses unacceptably poor 

foam structure and is not, strictly speaking, microcellular by accepted standards. The 

foam exhibits a highly heterogeneous cell size distribution and a relatively low cell 

density. Variation in the extrusion conditions does not improve the foam morphology 

appreciably due to the semicrystalline nature of PVDF and its limited scCO2 solubility. 

Although earlier studies5 suggest that a decrease in foaming temperature to ~Tg of the 
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polymer/CO2 solution reduces cell coalescence and promotes high cell nucleation 

densities, reduction of the nozzle temperature in the present work results in the 

generation of PVDF powder. Micrographs of the porous PVDF powder produced in this 

fashion at 165°C (under different scCO2 concentrations) are displayed for comparison in 

Fig.s 2.2b-c. Foaming PVDF at the low scCO2 concentration (2.0 wt%) yields porous 

powder particles measuring 0.5-1.0 mm across. The SEM image provided in Fig. 2.3b 

confirms that the porous morphology of this powder is virtually identical to that of the 

foam in Fig. 2.3a. This morphology is characterized by the presence of fine pores 

varying in size and distributed in non-uniform manner. An increase in scCO2 

concentration substantially alters the pore morphology. Figure 2.2c shows a 

representative micrograph of fine PVDF powder with a mean diameter of about 10-50 

µm produced at 165°C and 4.0 wt% scCO2. The enlargement in Fig. 2.3c reveals that the 

powder appears to be finely ground, nonporous polymer. While this approach clearly 

fails to produce acceptable MPFs derived from PVDF, a detailed study regarding the 

feasibility of an extrusion-based scCO2-assisted powder coating technology based on 

these results is currently underway. 

 Possible explanations for the unexpected behavior evident in Fig.s 2.2 and 2.3 are 

offered below and schematically illustrated in Fig. 2.4. The Tg of PVDF is low (�40°C), 

but its normal melting point (Tm) is relatively high (~170°C). The lowest operating 

temperature in the extruder should be slightly higher than Tm to ensure melt flow, in 

which case the PVDF melt is far removed from its Tg. Foaming at these high 

temperatures will lead to high rates of cell coalescence and result in poor foam 

definition. Secondly, the solubility20 of CO2 in PVDF is only about 2.0 wt%. Such low 
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solubility translates into very little gas available for foaming, thereby resulting in a 

small number of bubble nucleation sites. Lastly, the crystallinity of PVDF presents 

another obstacle, since penetrant molecules only reside within the amorphous regions of 

a polymer matrix. A reduction in temperature below Tm would cause the PVDF to 

crystallize and expel the CO2 sorbed into the melt at elevated temperatures. This 

mechanism may result in embrittled cell walls that would collapse upon exiting the 

nozzle, in which case the foam would fracture into discrete particles. An increase in 

scCO2 concentration reduces the size of the powder insofar that fine particles no longer 

appear porous (see Fig. 2.3c). The DSC data provided in Table 2.2 compare the thermal 

signatures of the foamed PVDF materials with the initial polymer pellets received from 

the manufacturer. Unlike studies of PET, these data do not show any evidence of scCO2-

induced crystallization in PVDF. 

 

2.3.2 Foaming PVDF blends 

 Physical blending is commonly employed as a means by which to modify the 

physical properties of macromolecular systems. Typically, polymer blending is 

conducted to develop low-cost materials or materials with formulation-dependent 

properties. Since the addition of immiscible polyethylene (PE) to isotactic polypropylene 

(iPP) in a scCO2 batch process produces finer microcellular morphologies compared to 

foams of either polymers,7 we have elected to investigate the affect of adding PS and 

PMMA to PVDF as processing aids by which to produce high-quality PVDF-containing 

MPFs. 
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2.3.2.1 PVDF-PS Blends 

 As most early microcellular foaming studies21 have been successfully performed with 

PS, it is sensible to consider blending PVDF with PS here, although it must be 

remembered that the two polymers are highly incompatible. Figure 2.5a is an illustrative 

image of a PS MPF produced with 6.0 wt% scCO2 at 120°C in our extrusion process. The 

foam morphology is uniformly microcellular with a cell density of about 1010 cells/cm3 

and a mean cell diameter of less than 10 µm. Blending PS with PVDF permits access to 

new processing windows in terms of lower foaming temperature and higher CO2 

uptake. Both considerations should serve to improve the overall PVDF foam 

morphology. Figure 2.6a-b shows SEM images of foams derived from 50/50 w/w 

PVDF/PS blends at two different operating conditions. The foam presented in Fig. 2.6a 

corresponds to the blend prepared at the same conditions as the neat PVDF in Fig. 2.2a, 

whereas Fig. 2.6b reveals the morphology of the blend produced at 160°C and 6.0 wt% 

scCO2. In both cases, these foams show little improvement over those derived from neat 

PVDF and lack the homogeneous microcellular foam morphology achieved in neat 

amorphous resins. As the image in Fig. 2.6b attests, lowering the foaming temperature 

and increasing the scCO2 concentration does not alleviate this problem. The effect of 

increasing the PS content in the blends (up to 80 wt%) has also been explored. These 

results (not shown here) do not, however, provide any evidence for improvement. 

Processing a 20/80 w/w PVDF/PS blend at 160°C and 6.0 wt% scCO2, for example, 

does not appear to refine the foam morphology. 

 The thermal signatures of PVDF/PS foams over the entire blend composition range 

are listed in Table 2.3. These DSC data demonstrate that the blends are heterogeneous at 
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all compositions. Although the heat of melting (∆hm) of the blend decreases upon 

addition of amorphous PS, the degree of PVDF crystallinity in each blend can be 

inferred from the heat of melting of the PVDF in the blend (∆hm expressed in J/gPVDF) 

and does not vary markedly. Note that ∆hm of the blend is never eliminated, even in the 

blend with the lowest PVDF content. The presence of two discrete polymer phases 

during foaming strongly suggests that (i) homogeneous nucleation of the blowing agent 

occurs as expected in each phase and (ii) heterogeneous nucleation likewise occurs along 

the PVDF/PS interfaces. The extent of interfacial development is determined by the 

temperature, degree of scCO2-induced plasticization and the degree of mixing achieved 

within the extruder. Foaming the polymer blend at a temperature higher than the 

melting point of the blend results in a high degree of cell coalescence, such as in Fig. 

2.6a, due to poor melt strength of the polymer offering little resistance to gas expansion. 

A reduction of the foaming temperature closer to the glass transition temperature 

results in a high degree of crystallinity, which limits the availability of gas for foaming 

resulting in a similar non-uniform foam structure as shown in Fig. 2.6b.These foaming 

results employing PVDF/PS blends are not entirely surprising, since similar 

morphologies have been previously reported8 for foams based on PE/PS blends. It is 

interesting to note, however, that the bulk densities of the PVDF/PS foams are lower 

(by as much as 20-50%) than those generated from neat PVDF, despite the obvious lack 

of improvement in foam morphology.  

 

2.3.2.2 PVDF/PMMA Blends 

 Attempts to foam PVDF/PS blends highlight the possibility that blend miscibility 
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may play a critical role in the generation of MPFs containing PVDF. Poly(methyl 

methacrylate) is another polymer that has been repeatedly shown4 to be amenable to 

microcellular foaming. Figure 2.5b displays a typical micrograph of an extruded MPF 

derived from PMMA and processed with 6.0 wt% scCO2 at 120°C, and confirms that 

PMMA can yield highly uniform MPFs with cell densities on the order of 1010 cells/cm3 

and cell diameters measuring about 10 �m across. Numerous studies22-28 of 

PVDF/PMMA blends have demonstrated that these homopolymers are miscible over a 

reasonably broad concentration range at routine application temperatures. In fact, they 

exhibit lower critical solution temperature (LCST) behavior,22 which means that they 

tend to remain homogeneous at low temperatures and phase-separate as the 

temperature is increased beyond the binodal (cloud point) temperature. Such blends 

exhibit excellent chemical and flame resistance (due to PVDF) and reduced smoke 

toxicity (due to PMMA).29 Since PVDF is a relatively expensive polymer whereas 

PMMA is much less expensive, dilution of PVDF with PMMA also provides a 

significant economic incentive. As in the case of the PVDF/PS blends, addition of 

PMMA to PVDF is expected to permit foam generation at reduced temperatures and 

elevated scCO2 concentrations. 

 To elucidate the roles of PMMA blending and scCO2 solvation on the viscosity of 

PVDF, high-pressure rheological experiments have been conducted. Only a few key 

results are presented here to establish the effect of system (neat polymer and blend) 

viscosity on foam morphology. Interested readers are referred to detailed studies of 

PVDF/PMMA blend rheology22,24 and scCO2-induced plasticization11,16,30-32 for more in-

depth discussion. The apparent viscosity of PVDF, PMMA and PVDF/PMMA blends is 
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provided as functions of shear rate and scCO2 concentration in Fig. 2.7. As the 

concentration of PMMA in the blends is increased, the viscosity expectedly decreases 

towards the viscosity of pure PMMA. The solid lines displayed in Fig. 2.7 serve as 

guides for the eye to identify trends and are not intended as model fits to the 

experimental data. Diffusion and mixing of scCO2 within a polymer melt depends on 

the viscosity of the melt,16 in which case the lower viscosity of the blends relative to that 

of neat PVDF provides an indication that the blends should yield more uniform MPFs. 

As scCO2 is added to the blends, the melt viscosity further decrease (see Fig. 2.8). At 

each blend formulation (from pure PVDF to pure PMMA) the viscosity of the system 

containing scCO2 is significantly lower. Besides this significant viscosity reduction, 

addition of PMMA to PVDF increases the solubility of scCO2 in the blend relative to that 

in neat PVDF. Rheological tests of PVDF could only be conducted at scCO2 

concentrations of 2.0 wt% or less. At higher concentrations, the PVDF/CO2 mixture 

becomes unstable (due to phase separation) during measurement in the slit die. All the 

blends, including the one with 80 wt% PVDF, could be measured at concentrations of at 

least 4.0 wt%. This is an important consideration, since classical nucleation theory 

predicts2 that higher scCO2 concentration should result in smaller cell sizes. 

 As anticipated from the rheological measurements discussed above and confirmed by 

the SEM images displayed in Fig. 2.9, addition of PMMA to PVDF vastly improves the 

quality of the MPFs relative to those generated from neat PVDF. In addition to melt 

viscosity, the Tg of the blend constitutes an important design consideration, since it 

dictates the temperature at which cell coalescence ceases and the foam morphology is 

frozen-in. Thermal analysis of the foamed blends shown in Fig. 2.9 indicates that Tg of 
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the blend increases with increasing PMMA content (see Table 2.3). In addition, Tm is 

also depressed due to PVDF dilution, yielding a narrower Tm-Tg process window 

relative to neat PVDF. As an example, consider the 50/50 w/w PVDF/PMMA blend 

with Tg=60°C and Tm=150°C. Melt extrusion may be conducted at 150°C, and foam 

vitrification occurs at 60°C, thereby requiring a 90°C temperature quench. Recall that the 

Tm-Tg process window for neat PVDF is about 210°C. Thus, foaming at temperatures 

closer to the Tg of the melt serves to reduce the degree of cell coalescence and improve 

the overall cell morphology. At lower PVDF concentrations (< 50 wt%), the 

PVDF/PMMA blends are homogeneous and entirely amorphous. The effect of varying 

blend composition, in 20 wt% PMMA increments, on foam morphology at 160°C and 6.0 

wt% scCO2 is evident in Fig. 2.9. As seen in Fig.s 2.9a-b, homogeneous nucleation of 

miscible PVDF/PMMA blends accounts for the most uniform MPF morphologies with 

acceptably small cell diameters. The presence of distinct polymer phases enhances cell 

coalescence (Fig. 2.9d) and yields foam morphologies similar to that of the PVDF/PS 

blend (Fig. 2.6).  

 Another aspect of microcellular foaming is control over the MPF density. In the 

present work, the cell size distribution and, in turn, the bulk density of MPFs derived 

from a 40/60 w/w PVDF/PMMA blend have been systematically altered by varying 

the melt and foaming temperatures. Figure 2.10 displays a series of SEM images of the 

PVDF/PMMA MPFs at different temperatures and 6.0 wt% scCO2. These images clearly 

demonstrate that a combination of lower melt and foaming temperatures results in the 

best MPF morphologies, in agreement with previous findings for amorphous 

homopolymers . A reduction in melt temperature increases the melt strength and 
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endows the melt with greater resistance to gas expansion in the cell growth step of the 

foaming process. A lower foaming temperature solidifies the skin of the foam and 

reduces the extent to which CO2 diffuses from the melt to the atmosphere at the nozzle 

exit. Values of cell and bulk densities measured from these MPFs at different foaming 

temperatures are presented in Fig. 2.11 and confirm that these metrics can be tailored 

through judicious choice of foaming temperature. In fact, an increase of two orders of 

magnitude in the foam cell density is realized over the temperature range explored. 

Since the reduction in bulk density exceeds 70% over this range, these MPFs may be 

further classified as ultralight foams.  

 

2.4 CONCLUSIONS 

 On the basis of the findings presented here, foaming PVDF/PMMA blends with 

scCO2 affords several advantages compared to foaming neat PVDF homopolymer. 

Addition of PMMA to PVDF increases the solubility of scCO2 from 2.0 wt% in neat 

PVDF to at least 6.0 wt% in PVDF/PMMA blends. Greater scCO2 solubility increases the 

number density of bubble nucleation sites and, consequently, the cell uniformity in 

MPFs. It also serves to enhance the degree of plasticization and viscosity reduction. 

Blend homogeneity (up to about 60-70 wt% PVDF) is responsible for increasing the Tg of 

the blend and eliminating or, at higher PVDF concentrations, reducing the crystallinity 

of PVDF, which thereby alleviates the CO2 solubility problem incurred during PVDF 

recrystallization. Elimination or reduction of the PVDF melting point, coupled with 

scCO2-induced plasticization, facilitates processing the blends at lower temperatures, in 

which case the difference between the processing temperature and the Tg of the 
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blend/scCO2 solution is significantly reduced and provides better control over cell 

growth and coalescence. Blend miscibility is an important issue to be considered, since 

blending PVDF with PS does not yield favorable MPFs due to unchanged degree of 

PVDF crystallinity restricting the amount of CO2 available for foaming the polymer 

blend. The results presented here are very promising and are anticipated to establish 

new scCO2 foaming paradigms for semicrystalline polymer resins. 
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Table 2.1  Characteristics of the homopolymers employed in this study. 

 

 Polymer  Mna  Mwa Densityb Melt flow index 

  (g/mol) (g/mol) (g/cm3) (g/10 min) 

 PVDF 100,000 156,000 1.78 17.5�21.5 (@232 °C) 

 PS 80,000 112,000 1.05 16.0�20.0 (@200 °C) 

 PMMA 70,000 107,000 1.18 14.5 (@200 °C) 

a Measured by gel permeation chromatography. 

b Evaluated at 25°C. 
 

 

Table 2.2  Thermal characteristics of PVDF subjected to scCO2.a 

 

 

 Nozzle temperature scCO2 concentration Tg Tm ∆hm 

 (°C) (wt%) (°C) (°C) (J/g) 

 

 Unprocessed PVDF � �39.0 169.2 51.2 

 175 2.0 �38.9 169.4 51.8  

 165 2.0 �39.1 170.1 50.9 

 165 4.0 �40.4 168.8 49.9 

 

a Measured by differential scanning calorimetry performed at 10°C/min. 
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Table 2.3  Thermal characteristics of MPFs derived from PVDF blends at 160°C and 6.0 

wt% scCO2. 

 

 

 Blend series Composition Tg Tm ∆hm ∆hm 

  (wt% PVDF) (°C) (°C) (J/g)  (J/gPVDF) 

 

 PVDF/PS 0 104.0 � � � 

  20 �39.0/104.0 167.8 12.6 63.0 

  40 �39.0/104.0 167.6 18.9 47.3 

  60 �39.0/104.6 169.3 26.5 44.2 

  80 �39.0/104.1 169.2 36.7 45.9 

  100 �39.0 169.1 51.0 51.0 

 

 PVDF/PMMA 0 101.0 � � � 

  20 76.4 � � � 

  40 49.0 � � � 

  60 34.4 155.0 9.3 15.5 

  80 �4.9 165.4 29.2 36.5 

  100 �39.0 169.1 51.0 51.0 

 

a Measured by differential scanning calorimetry performed at 10°C/min. 
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List of Figure Captions 

 
Figure 2.1 Schematic illustration of a continuous extrusion-based foaming process with 
a typical temperature and pressure profile for foaming PVDF-containing polymer resin. 
 
Figure 2.2 SEM micrographs (imaged with backscattered electrons) of uncoated (a) 
PVDF foam generated at 175°C with 2.0 wt% scCO2, (b) PVDF porous powder generated 
at 165°C with 2.0 wt% scCO2 and (c) PVDF fine powder produced at 165°C with 4.0 wt% 
scCO2. 
 
Figure 2.3 SEM micrographs of uncoated (a) PVDF foam generated at 175° C with 2.0 
wt% scCO2, (b) PVDF porous powder generated at 165° C with 2.0 wt% scCO2 and (c) 
PVDF fine powder produced at 165° C with 4.0 wt% scCO2 at higher magnification than 
those presented in Figure 2.2. 
 
Figure 2.4. Schematic diagram of the PVDF powder generation process in the presence 
of scCO2. As the temperature of the PVDF decreases below Tm and crystals form, the 
solubility of CO2 decreases, resulting in expulsion of CO2 from the polymer. Due to the 
presence of impermeable crystals, the internal CO2 pressure builds, eventually inducing 
fracture of the semicrystalline polymer matrix. The end result is the formation of PVDF 
powder. 
 
Figure 2.5 Backscattered SEM micrographs of uncoated (a) PS and (b) PMMA foam 
generated at 120°C with 6.0 wt% scCO2. 
 
Figure 2.6 Backscattered SEM images of 50/50 w/w PVDF/PS foams generated at (a) 
175°C with 2.0 wt% scCO2 and (b) 160°C with 6.0 wt% scCO2. 
 
Figure 2.7 Apparent melt viscosity presented as a function of shear rate at 210°C for 
neat PVDF and PMMA, as well as for several PVDF/PMMA blends differing in 
composition (in wt% PMMA): 100 (∇ ), 80 (▲), 40 (!), 20 (!) and 0 (○). Solid lines serve 
as guides for the eye. 
 
Figure 2.8 Dependence of viscosity on shear rate at 210°C for PVDF in the presence of 
2.0 wt% scCO2, as well as for three PVDF/PMMA blends and unblended PMMA in the 
presence of 4.0 wt% scCO2 (in wt% PMMA): 100 (∇ ), 80 (▲), 50 (!), 20 (!) and 0 (○). 
Solid lines serve as guides for the eye. Dashed lines representing data acquired from 
neat PVDF and PMMA in the absence of scCO2 are included for comparison with Figure 
2.7. 
 
Figure 2.9 Backscattered SEM images of uncoated PVDF/PMMA foams differing in 
composition (in wt% PMMA) � (a) 80, (b) 60, (c) 40 and (d) 20 � generated at 160°C 
with 6.0 wt% scCO2. 
 
Figure 2.10 Backscattered SEM images of 40/60 w/w PVDF/PMMA blends foamed at 
different foaming temperatures (in °C) � (a) 140, (b) 160, (c) 180 and (d) 200 �with 6.0 
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wt% scCO2. 
 
Figure 2.11 Dependence of cell and bulk densities in 40/60 w/w PVDF/PMMA MPFs 
on foaming temperature at 6.0 wt% scCO2. 



Figure 2.1: Schematic illustration of a continuous extrusion-based 
foaming process with a typical temperature and pressure profile 
for foaming PVDF-containing polymer resin.
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Figure 2.2: SEM micrographs (imaged with backscattered electrons) of 
uncoated (a) PVDF foam generated at 175°C with 2.0 wt% scCO2, 
(b) PVDF porous powder generated at 165°C with 2.0 wt% scCO2 and 
(c) PVDF fine powder produced at 165°C with 4.0 wt% scCO2.

a 200 µm

c 150 µm

b 500 µm
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Figure 2.3: SEM micrographs of uncoated (a) PVDF foam generated at
175° C with 2.0 wt% scCO2, (b) PVDF porous powder generated at 165° C
with 2.0 wt% scCO2 and (c) PVDF fine powder produced at 165° C
with 4.0 wt% scCO2 at higher magnification than those presented in Fig. 2.

a

b

c

20 µm

20 µm

10 µm
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Figure 2.4: Schematic diagram of the PVDF powder generation process 
in the presence of scCO2. As the temperature of the PVDF decreases 
below Tm and crystals form, the solubility of CO2 decreases, resulting in
 expulsion of CO2 from the polymer. Due to the presence of impermeable
 crystals, the internal CO2 pressure builds, eventually inducing fracture of 
the semicrystalline polymer matrix. The end result is the formation of 
PVDF powder.

Polymer-gas solution
under pressure

Powder generation

Pressure
quench

T < Tm

Crystalline domains form
and reduce CO2 solubility
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b

a 20 µm

20 µm

Figure 2.5: Backscattered SEM micrographs of uncoated (a) PS
 and (b) PMMA foam generated at 120°C with 6.0 wt% scCO2.
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b

a

10 µm

10 µm

Figure 2.6: Backscattered SEM images of 50/50 w/w PVDF/PS
foams generated at (a) 175°C with 2.0 wt% scCO2 and 
(b) 160°C with 6.0 wt% scCO2.
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Figure 2.7: Apparent melt viscosity presented as a function of 
shear rate at 210°C for neat PVDF and PMMA, as well as for 
several PVDF/PMMA blends differing in composition 
(in wt% PMMA): 100 (∇ ), 80 ( ), 40 (!), 20 (!) and 0 (o) . 
Solid lines serve as guides for the eye.
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Figure 2.8: Dependence of viscosity on shear rate at 210°C 
for PVDF in the presence of 2.0 wt% scCO2, as well as for 
three PVDF/PMMA blends and unblended PMMA in the 
presence of 4.0 wt% scCO2 (in wt% PMMA): 
100 (∇ ), 80 ( ), 50 (!), 20 (!) and 0 (o). Solid lines serve
 as guides for the eye. Dashed lines representing data 
acquired from neat PVDF and PMMA in the absence of scCO2
 are included for comparison with Fig. 2.7.
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a b

c d 10 µm

Figure 2.9: Backscattered SEM images of uncoated PVDF/PMMA foams differing in composition 
(in wt% PMMA) — (a) 80, (b) 60, (c) 40 and (d) 20 — generated at 160°C with 6.0 wt% scCO2.
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a b

c d 10 µm

Figure 2.10: Backscattered SEM images of 40/60 w/w PVDF/PMMA blends foamed at different 
foaming temperatures (in °C) — (a) 140, (b) 160, (c) 180 and (d) 200 —with 6.0 wt% scCO2.
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Figure 2.11: Dependence of cell and bulk densities in 40/60 w/w 
PVDF/PMMA MPFs on foaming temperature at 6.0 wt% scCO2.
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CHAPTER 3 
 

CONSTRAINED FOAMING OF THIN POLYMER FILMS WITH 
SUPERCRITICAL CARBON DIOXIDE 

 

ABSTRACT 

 Microcellular polymer foams afford a wide variety of attributes relative to their 

dense analogs, and efforts remain underway to establish viable routes to generate foams 

with substantially reduced pore cell size and increased pore cell density. Barrier 

constraints are applied in the present work to achieve diffusion-controlled isothermal 

foaming of thin polymer films in the presence of supercritical carbon dioxide (scCO2). 

Poly(methyl methacrylate) (PMMA) films measuring ca. 95-100 µm in thickness are 

physically constrained between two impenetrable plates so that scCO2 diffusion is 

restricted to the film edges. Results obtained here demonstrate that the pore size can be 

systematically reduced in such systems by applying high saturation scCO2 pressures, 

relatively low foaming temperatures (near the glass transition temperature of the scCO2-

plasticized polymer) and a rapid pressure quench. Classical nucleation theory (CNT) 

modified to account for the compressible nature of scCO2 is used to describe pore cell 

growth as a function of foaming temperature and scCO2 saturation pressure. 

Incorporation of a gradient model based on the Sanchez-Lacombe equation of state to 

account for PMMA-CO2 interfacial tension in conjunction with the CNT yields accurate 

predictions of foam cell densities as a function of relevant system parameters.  
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3.1 INTRODUCTION 

Supercritical CO2 (scCO2) is a versatile compressible solvent that can be used to 

facilitate numerous polymer processes, such as foaming,1 due primarily to its ability to 

plasticize a wide variety of glassy polymers at reasonable experimental conditions. In 

addition to its environmental benign nature, natural abundance and relatively low cost, 

scCO2 has attracted much attention as a physical blowing agent for use in polymer 

foaming, since it can provide exceptional control of foam morphologies through 

systematic variation of scCO2 pressure (or, equivalently, density) under isothermal 

conditions.2 In the past decade, several continuous2-3 and batch4-7 foaming 

methodologies have been developed to generate well-defined microcellular foams with 

cell diameters measuring on the order of 10 µm or less from glassy polymers in the 

presence of scCO2. These techniques all operate on a similar set of process principles:  

(i) a polymer melt is first saturated with an inert gas under high pressure and 

then thoroughly mixed to ensure formation of a homogeneous polymer/gas 

solution;  

(ii) the solution is quenched, typically by a rapid pressure drop, into a state of 

supersaturation, which promotes gas bubble nucleation in the polymer 

matrix; and 

(iii) the bubble nuclei grow to form stable cells that are frozen-in as the 

temperature of the polymer melt is quickly reduced below the glass 

transition temperature (Tg) of the plasticized polymer so that the polymer 

chains undergo vitrification.2  
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Polymer foaming studies based on these general principles have been successfully 

performed using scCO2 as a blowing agent for glassy thermoplastics such as polystyrene 

(PS),7-8 polycarbonate (PC),5 polysulfone (PSU),6 poly(methyl methacrylate) (PMMA)4 

and poly(ether imide), 9  as well as for a few semicrystalline thermoplastics, e.g., 

polyethylene terephthalate (PET)10 and polyamide (PA).11 The foamed structures may 

exhibit either wholly closed or open pore cells, or a mixture thereof, depending on the 

processing conditions and physical properties of the polymer employed. Closed cell 

foams are particularly beneficial in technologies requiring lightweight barrier or high-

strength materials without unobstructed diffusive pathways. Examples of such 

applications include insulation, packaging, automotive parts and construction.12-13 

Polymer foams possessing an interconnected, or open, cell morphology are of growing 

interest in commercial technologies such as separations membranes, catalyst supports, 

tissue scaffolds and drug-release substrates.14-15 Most foaming studies performed to date 

have focused on (i) discerning the foamability of a given bulk polymer and (ii) tailoring 

the final foam morphology through the systematic use of process variables such as 

saturation pressure, saturation time and foaming temperature. In this fashion, Krause et 

al.6 have demonstrated the utility of generating "foam diagrams," as well as the existence 

of a critical scCO2 concentration required to switch from closed- to open-cell 

morphologies. 

Development of porous polymer thin films has become increasingly important due 

to the number of emergent technologies based on such materials. Of particular interest 

in this vein are low-k dielectric materials,16-20 optical devices21-22 and drug-delivery 

devices.15 As described by Hawker et al.,16 ongoing efforts designed to induce uniform 
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nanoscale porosity in polymer films rely on a variety of preparation strategies based on 

the self-assembly of block copolymers, nanoscopic templating using dentritic polymers 

or phase inversion of polymer solutions. These methods make extensive use of organic 

solvents in multiple steps, and purification of the final product remains problematic. In 

marked contrast, the complementary development of a polymer foaming process that is 

free from volatile organic compounds (VOCs), using instead scCO2 as a physical blowing 

agent, to generate nanoporous polymer films appears highly attractive. Recent results 

reported by Krause et al.23 confirm the formation of open-cell nanoporous morphologies 

in PSU/polyimide blends subjected to scCO2 foaming. In this work, we introduce a 

novel protocol by which PMMA thin films can be controllably foamed by isothermal 

pressure-induced phase separation in the presence of scCO2 over a wide range of 

operating conditions. Results obtained during this study clearly show that, by 

constraining CO2 surface diffusion through the use of impenetrable barriers positioned 

on each side of the polymer film, uniform, closed-cell foam morphologies can be 

routinely produced. Such surface-mediated homogeneous nucleation is examined in the 

context of classical nucleation theory (CNT) modified accordingly to account for scCO2 

as the physical blowing agent, and predicted pore cell densities are found to compare 

favorably with experimental results.  

  

3.2 THEORETICAL BACKGROUND 

The mechanism of microcellular foaming in polymers has been generally described 

by homogeneous classical nucleation and growth models.24-30 Regrettably, the outcome 

of studies investigating the mechanism of polymer foaming remains somewhat 
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confusing, since experimental evidence is largely inconclusive.4,24,31 In the present work, 

we seek to extend the CNT to scCO2-induced foaming of polymer thin films by 

accounting for the effect of compressible scCO2 on various physical aspects of the 

system, such as surface tension. In the framework of CNT, the rate of homogeneous 

nucleation is given by29  
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where Nh is the rate at which the number of bubble nuclei are generated per unit 

volume, C is the blowing agent density, f is the frequency factor of blowing agent 

molecules, k is the Boltzmann constant and T denotes absolute temperature. The term 

∆Gh is the energy barrier for homogeneous nucleation and can be written as29 
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where ∆P is the magnitude of the pressure quench and γbp is the interfacial tension at the 

polymer-scCO2 interface.  

 The interfacial tension can be accurately embodied by combining the Cahn-Hilliard 

gradient model and a suitable equation of state.32 For this purpose, the Sanchez-

Lacombe equation of state,33 a variant of the lattice-fluid equation of state,33 is utilized 

hereafter to describe system properties such as density or composition as functions of 

pressure and temperature, viz.,33  
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where r is the number of occupied lattice sites, and ρ~ , P~  and T~ represent reduced 

density, pressure and temperature respectively. The Sanchez-Lacombe equation of state 



 

 71 

describes density-dependent thermodynamic quantities by incorporating vacant sites in 

a lattice containing polymer and diluent molecules. A detailed discussion of the 

application of the Sanchez-Lacombe equation of state to polymer-scCO2 systems is 

available elsewhere.33 

In the case of a phase-separated binary polymer-scCO2 system, the interfacial tension 

is expressed as32 
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Here, ∆ρi is the density difference of component i (i = 1 or 2) partitioned between the two 

coexisting phases (I and II), 
~
ρ  is the reduced density from the equation of state, φi is the 

volume fraction of species i, κij is the interaction parameter between species i and j, and 

*
,imv  is the characteristic unit volume of species i. The change in interfacial free energy 

density (∆a) is the difference between the actual interfacial free energy density and that 

which would exist if each phase was separated by a line of zero thickness,32 i.e., 
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where e
iµ  is the equilibrium chemical potential of component i. The term g signifies the 

molar Gibbs free energy of a homogeneous interfacial region and is given by32 
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Combining Eqs. 4-6 and integrating (by Monte Carlo routines) in combination with 

appropriate mixing rules for the mixed interfacial region (determined from the Sanchez 

Lacombe equation of state) yields predictions for PMMA-scCO2 interfacial tension as a 

function of system temperature and pressure.  

The frequency factor of gas molecules f can be written as29 

( ) impc RrZf 34π=         (7) 

where Z is the Zeldovich factor accounting for cell coalescence, Rimp is the rate of 

impingement of gas molecules per unit area, and rc is the critical nucleus radius,29 

P
r bp

c ∆
=

γ2
         (8) 

It follows that the theoretical cell density Nth can be ascertained directly from29 

 ∫=
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        (9) 

where Psat is the saturation pressure of the blowing agent, Patm is atmospheric pressure, 

and dP/dt identifies the pressure drop rate. Equations 1-9 constitute the complete 

framework for the modified CNT proposed here. Within the context of this framework, 

the term ZRimp serves as a fitted parameter, while pure component properties (e.g., 

surface tension and density) are obtained from tabulated sources.34 The density of the 

polymer-scCO2 mixture, computed from the Sanchez-Lacombe equation of state, is 

combined with the composition of the mixture to yield the number density of blowing 

agent molecules (C) in the swollen polymer network. Thus, values of Nth can therefore be 

predicted in terms of temperature, pressure and depressurization rate for any given 
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polymer-scCO2 system insofar as (i) the polymer resides in the melt state and (ii) 

accurate pure-component properties are available. 

 

3.3 EXPERIMENTAL 

3.3.1 Materials 

The PMMA (Plexiglas VM-100) employed in this study was kindly provided in pellet 

form by Elf Atochem N.A. (King of Prussia, PA) and was purified prior to foaming. 

Physical properties of this polymer are listed in Table 3.1. Carbon dioxide (>99.8% pure) 

was obtained from National Specialty Gases (Durham, NC), whereas toluene (99.98% 

pure) was purchased from Aldrich Chemicals (St. Louis, MO) and used as-received.  

 

3.3.2 Sample Preparation 

A 10 wt% solution of PMMA in toluene was prepared by dissolving the polymer for 

12 h. The solution was subsequently filtered using 0.45 µm filters purchased from 

Sigma-Aldrich. Pure PMMA was precipitated from the solution and re-dissolved in 

toluene at a concentration of 30 wt% PMMA. Thin films measuring 95-100 µm thick were 

produced by casting this solution on a glass plate with a Universal Blade Applicator 

(Gardco Corp., Miami, Florida). The cast films were permitted to dry for 48 h at ambient 

temperature and then placed under vacuum at 40°C for another 24 h. Densified PMMA 

films were removed from the glass plate by immersing the plate in water, and the free-

standing films were subjected to further vacuum drying at 40°C for an additional 12 h to 

remove residual water or solvent.  
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3.3.3 Batch Foaming 

The batch foaming assembly, schematically depicted in Fig. 3.1, consisted of a high-

pressure view cell that housed the polymer films. The films were either sandwiched in a 

foaming die (explained later) or left free-standing. A homogeneous temperature 

distribution in the cell was ensured by placing the entire cell in an oven with a cascade 

control of heating and cooling elements. The temperature accuracy in the cell was 

±0.5ºC. Gaseous CO2 was fed to the cell from an ISCO high-pressure pump at a fixed 

pressure. While a pressure transducer continually monitored the cell pressure, a 

computer-interfaced control valve regulated the overall system pressure. Desired 

pressure and temperature conditions were accurately maintained by a Bridgeview 

process control algorithm in conjunction with a Fieldpoint data acquisition system. The 

interfaced control valve assembly in this configuration also permitted systematic 

variation of dP/dt to alter the rate of bubble nucleation. 

The dried polymer films were cut into 1.3 cm x 2.5 cm rectangles for foaming 

experiments. Once the cell was heated to a desired foaming temperature, the sample was 

saturated with scCO2 for a desired amount of time (6 h was found to be sufficient for this 

purpose) at an elevated pressure ranging between 6.89 and 34.5 MPa. After this time, the 

foaming cell was depressurized rapidly under isothermal conditions to promote 

pressure-induced phase separation of scCO2 from the PMMA to yield the final foam. 

 

3.3.4 Foam Characterization 

Foamed samples were dried under vacuum at 50°C for 24 h, fractured in liquid 

nitrogen and mounted on stubs with carbon tape for Au/Pd sputtering in a Hummer 5 
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Sputtering System (Anatech LTD, Springfield, VA). The films were pulse-coated with 25 

nm of Au/Pd to avoid surface modification, dried under vacuum for an additional 24 h 

and examined by scanning electron microscopy (SEM) with a Philips 505T microscope 

(FEI Co., Hillsboro, OR). Images were acquired at an accelerating voltage of 10-15 kV 

and a working distance of 15 mm. Secondary electron images were subsequently 

analyzed for cell diameters, cell densities and the thickness of the unfoamed outer skin. 

While the cell diameter was taken as the average of two cell dimensions, the cell density 

was calculated using the method of Kumar and Suh.5 

 

3.4 RESULTS and DISCUSSION 

Our attempt to produce foamed thin films using principles12 established for foaming 

bulk polymers is illustrated in Figure 3.2a, which shows a representative image acquired 

from a PMMA film foamed in scCO2 at 31.0 MPa and 50ºC. The foamed film can be 

readily characterized by three distinct regions: (i) a microcellular core, (ii) a transition 

zone between the core and unfoamed skin and (iii) relatively thick unfoamed surface 

skins accounting for almost 70% of the film thickness. The microcellular core possesses a 

mean cell diameter of about 1 µm and a cell density of ca. 1011 cells/cm3. An enlargement 

of the same foam more clearly showing the transition zone and the unfoamed skin 

morphology is provided for examination in Fig. 3.2b. Attempts to improve the foaming 

process (i.e., reduce cell size and increase cell density) by varying temperature and 

saturation pressure do not yield substantial improvements in the ultimate foam 

morphology.  
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3.4.1 Diffusion-Controlled Foaming 

A better understanding of the results displayed in Fig. 3.2 can be achieved by 

recognizing the fundamental difference between foaming bulk polymers and thin 

polymer films. An illustration of the foaming process in thin films is provided in Fig. 3.3. 

Production of a polymer foam generally follows a prescribed series of events: (i) the 

formation of bubbles in the (usually molten) polymer phase, (ii) growth and stabilization 

of the bubbles as the viscosity of the polymer-rich phase increases, and (iii) solidification 

of the polymer as the continuous phase. Each step in this series is crucial to the ultimate 

development of the final foam morphology and can be related back to the CNT. The 

formation of discrete CO2 bubbles induced by a sudden change in the pressure of the 

supersaturated PMMA-scCO2 solution upon cell depressurization constitutes a good 

example of nucleation whereby a new phase is created within the swollen polymer. 

When a CO2 nucleus forms, it is spherical in shape to minimize the interfacial energy 

between the CO2-rich nucleus and the higher-viscosity molten polymer matrix. As the 

solubility of CO2 in the polymer decreases and more CO2 molecules come out of 

solution, three scenarios arise.  

If, in Scenario I, the degree of supersaturation is sufficiently high so that the energy 

barrier required for the formation of additional CO2 nuclei is overcome, new stable 

nuclei develop. In the absence of such supersaturation (Scenario II), CO2 molecules 

diffuse into already existing gas bubbles, thereby causing them to grow. Scenario III 

witnesses the migration of CO2 molecules to external surfaces where they can exit the 

polymer matrix altogether. These three processes are competitive and depend on a 

variety of factors such as the quantity of CO2 molecules available for nucleation, the rate 
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at with CO2 is available, the physical characteristics of the polymer-rich phase, and the 

interactions between the two phases. The CO2 bubbles generated during the course of 

foaming must be stabilized as the viscosity of the polymer-rich phase increases rapidly 

to form a final solidified foam morphology. While we recognize that it is certainly 

possible to stabilize, as well as promote, CO2 nuclei through the judicious use of physical 

additives (to induce heterogeneous nucleation or interfacial modification), we do not 

address these issues here. A detailed discussion of interactive and non-interactive 

nanoscale additives to promote CO2 nucleation is forthcoming.35 

In the present case of foaming polymer thin films possessing a very low thickness-to-

length/width aspect ratio (typically between 0.004 and 0.008), CO2 diffusion from the 

film surfaces occurs on the same time scale as pore cell growth. Due to the relatively 

large surface areas, CO2 migration to the external surfaces depletes the available CO2 

supply required for additional nucleation and cell growth. It should be kept in mind that 

the amount of CO2 initially available within the CO2-swollen specimen is severely 

limited due to the small size and mass of the thin film. These two opposing transport 

mechanisms — surface diffusion and pore cell growth — are responsible for 

considerable heterogeneity in material properties (e.g., viscosity, Tg, CO2 concentration 

and diffusion coefficients) along the axis normal to the film surface. Such heterogeneity, 

combined with varying processing conditions (such as differences in foaming 

temperature, as depicted in Fig. 3.3), yield highly non-uniform foam morphologies. 

High-temperature foaming results in the formation of a foam characterized by large, 

polydisperse cells and irregular skin thickness with discontinuous surfaces. At lower 

foaming temperatures (closer to the Tg of the polymer-gas solution), a foam exhibiting a 
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relatively uniform microcellular core and a smooth integral skin is achieved (see Fig. 

3.2). The SEM images presented in Fig. 3.4 show PMMA thin films foamed at two 

different temperatures (80ºC in Fig. 3.4a and 40ºC in Fig. 3.4b) at the same pressure (34.5 

MPa). These foamed morphologies are exemplary of the two regimes portrayed in Fig. 

3.3. A more detailed description of the effect of foaming conditions will be presented in a 

later section of this work. 

In light of these observations, restricting CO2 surface diffusion is anticipated to 

increase the availability of CO2 for cell nucleation and subsequent growth, as well as for 

enhanced cell uniformity. To test this hypothesis, a foaming die has been designed and 

machined from North Carolina State University Burlington Laboratories Machine Shop 

with smooth planar surfaces which, when used to sandwich the polymer thin film, 

serves as a physical barrier to CO2 diffusion from the film surfaces. Thus, during the 

depressurization stage of the foaming process, CO2 molecules may only escape from the 

film through the relatively thin edges, thereby increasing the residence time of CO2 

within the CO2-swollen polymer matrix. Figure 3.5a shows a micrograph of a PMMA 

film foamed under identical conditions as the one displayed in Fig. 3.2, but in the 

presence of our surface-diffusion barrier. The difference in foam morphology is obvious. 

Distinguishing characteristics of the surface-constrained foam are tremendous cell 

uniformity and an ultrathin layer (corresponding to a single layer of cells) of unfoamed 

skin with a smooth integral surface, as evidenced in Fig. 3.5b. Confinement of the 

polymer thin film in the impenetrable foaming die appears to (i) eliminate property 

gradients across the film thickness and (ii) promote uniform cell growth, thereby 

yielding a fully microcellular foamed film with an ultrathin skin. 
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3.4.2 Governing System Parameters 

Factors influencing the nucleation and growth of stable CO2 nuclei in our system 

include the following: (i) the degree of saturation afforded by the CO2 pressure within 

the cell, (ii) the depressurization profile generated by the control valve, (iii) the 

saturation (residence) time of a specimen in the cell, (iv) the temperature at which 

foaming is performed, and (v) the physical characteristics of the polymer employed 

(including viscosity, shear stress and Tg). The role that each of these factors plays with 

regard to foam morphology has been systematically studied to not only test theoretical 

predictions but also elucidate the mechanism of foaming polymer thin films.  

 

3.4.2.1 Effect of Saturation Time 

Sensible correlation of cell density variation with key system parameters requires 

that scCO2 sorption into the polymer is permitted to attain its thermodynamic solubility. 

By doing so, a reasonably uniform cell morphology without undesirable concentration 

gradients is expected. Diffusion-regulated foaming has been performed at a constant 

temperature of 40ºC and a scCO2 saturation pressure of 34.5 MPa for varying exposure 

times ranging from 15 min to 24 h. The corresponding cell densities are provided as a 

function of exposure time in Fig. 3.6 and clearly reveal that CO2 sorption reaches its 

equilibrium solubility at an exposure time of about 1 h. Although it was not measured 

here, the saturation time of scCO2 in unconstrained polymer thin films is anticipated to 

be shorter due to the greater surface area available for diffusion. In marked contrast, the 

saturation time measured4 from bulk foaming studies of 2 mm thick PMMA discs is 
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about 22 h. This profound difference in saturation times is immediately attributed to 

film thickness, which scales as time1/2 if the diffusion coefficient depends only on 

temperature and pressure and edge effects are negligible. In this case, the saturation 

time predicted for an unconstrained PMMA film measuring 100 µm thick is estimated to 

be only 0.055 h, which confirms that the planar barriers have a tremendous effect on CO2 

diffusion. To ensure that the thin films have reached their CO2 solubility limit 

throughout the remainder of this study, we have elected to use a constant saturation 

time of 8 h.  

 

3.4.2.2 Effect of Saturation Pressure 

 Figures 3.7 and 3.8 show a sequence of SEM images illustrating the typical foam 

morphology generated in pressure quenches conducted isothermally at a temperature of 

40ºC, a saturation time of 8 h and a rapid pressure quench rate of 6.89 MPa/s. The 

saturation pressure has been incrementally varied from 5.52 MPa (under liquid CO2 

conditions) to 34.5 MPa (under scCO2 conditions). All the foamed films exhibit a 

remarkably uniform foam morphology and an unfoamed skin, the thickness of which 

depends on the saturation pressure. While no foaming is observed at 5.52 MPa, bubble 

nucleation is detected at 6.89 MPa, which is close to the critical pressure of CO2 (7.38 

MPa) in the liquid regime. A sharp increase in the extent of bubble nucleation occurs at 

10.3 MPa, at which the cell density increases by over 3 orders of magnitude relative to 

lower pressures. This transition differs from results reported4 for bulk PMMA foamed 

with scCO2, wherein high levels of cell nucleation (~1011 cells/cm3) are achieved at 

saturation pressures in excess of 27.6 MPa. The images presented in Fig. 3.8 are 
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enlargements of those in Fig. 3.7 and more clearly reveal the fine differences in pore cell 

size and shape that accompany an increase in saturation pressure. Since the saturation 

pressure is a measure of the amount of scCO2 available for cell nucleation and growth, a 

low saturation pressure means limited availability of scCO2 for this purpose. This 

relationship is consistent with the foam morphologies, composed of isolated and nearly 

spherical pore cells, observed at low saturation pressures. As the scCO2 pressure is 

increased (>24.1 MPa) and the amount of gas and the rate at which the CO2 molecules 

are available for nucleation likewise increase, billions of cells nucleate rapidly.  

As the pore cells grow, the foam expands, and the molten polymer-rich phase 

between the cells thins due to drainage. Continued pore cell growth is accompanied by a 

reduction in the intercellular distance, in which case the pore cells eventually lose their 

spherical shape and assume a close packing arrangement that is the most energetically 

favorable at the time of retrograde vitrification of the polymer. The foam morphology at 

a saturation pressure of 34.5 MPa consists of fine pore cells separated by thin flat struts 

shared by neighboring cells. Foaming constrained PMMA thin films under the operating 

conditions listed above yields pore cells with diameters ranging from 100 to 400 nm. 

Figure 3.8c confirms the existence of a closed-cell nanoporous morphology that is 

obtained by surface-mediated scCO2 diffusion control during foaming at high scCO2 

pressures. This observation is in striking contrast to recent results9,23 from impendent 

studies that indicate the formation of a bicontinuous open-cell nanoporous morphology 

in polysulfone and polyetherimide systems foamed at high scCO2 concentrations. Pore 

cell densities and sizes extracted from images such as those presented in Figs. 3.7 and 3.8 

for the PMMA-CO2 system are displayed as a function of pressure in Figs. 3.9a and 3.9b, 
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respectively. Variation in scCO2 pressure is responsible for pore cell densities that vary 

by as much as 4 orders of magnitude. Similarly, average cell sizes range from 30 µm to 

less than 250 nm as the concentration of scCO2 is increased with increasing pressure.  

Two other noteworthy characteristics warrant discussion at this juncture. The first is 

the thickness of the unfoamed skin evident in these specimens. The thickness appears to 

measure on the same length scale as a single layer of pore cells at each operating 

pressure examined and therefore varies accordingly. The second is the rapid increase in 

pore cell density with increasing CO2 pressure between 6.89 and 13.8 MPa. This trend is 

captured in the modified CNT. The solid line included in Fig. 3.9a denotes the predicted 

effect of scCO2 pressure on pore cell density of the foamed films and demonstrates 

excellent agreement between predictions from the theoretical framework proposed here 

and experimental observations, especially at high pressures (since the polymer-CO2 

solution is liquid-like at these conditions). The Sanchez-Lacombe equation of state, as 

well as the interfacial tension expressions employed here, offer better predictions for 

homogeneous polymer melts.  

 

3.4.2.3 Effect of Temperature 

The temperature at which polymer foaming is conducted generally constitutes a 

very important design consideration, since the extent of foaming, commonly expressed 

in terms of the pore cell size (and its distribution), is dictated by how far the polymer-

CO2 solution is removed from its Tg. For this reason, we have investigated the effect of 

temperature on foaming PMMA thin films at a constant saturation pressure of 34.5 MPa, 

a saturation time of 8 h and a pressure quench rate of 6.89 MPa/s. The foaming 
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temperature has been varied from ambient temperature (25ºC), which is just below the 

critical temperature of CO2 (31.1°C), to a maximum temperature of 120ºC. The SEM 

images presented in Figs. 3.10 and 3.11 are representative of foamed morphologies 

generated at three different temperatures, and the corresponding cell densities and 

mean cell diameters are provided as a function of temperature in Figs. 3.12a and 3.12b, 

respectively. No foaming is observed at the lowest temperature, even at higher scCO2 

pressures. Previous efforts by Goel and Beckman4 have shown that the Tg of PMMA can 

drop to as low as 32ºC when exposed to sufficiently high scCO2 pressures. Foaming first 

occurs when the temperature is increased to 35ºC, and cell densities appear to reach a 

maximum in the vicinity of 40ºC (Zone I) before decreasing monotonically with 

increasing temperature up to 120ºC (Zone II). Similar variation in pore cell density has 

been recently reported by Krause et al.6 in their efforts to foam amorphous high-Tg 

polymers with scCO2.  

The initial increase in cell density in Zone I can be explained on the basis of the 

proximity of the foaming temperature to the Tg of the polymer. Under these conditions, 

the polymer exists in a leathery state, in which polymer chain motion is limited. Chain 

immobilization generally inhibits foaming for two reasons: (i) the solubility of CO2 in the 

polymer is reduced, and (ii) expansion of CO2 bubbles during foaming is hindered. The 

decrease in cell density at temperatures substantially higher than the Tg of the scCO2-

plasticized polymer in Zone II is a well-established phenomenon in the microcellular 

foaming of bulk polymers.3 An increase in temperature in this regime serves to decrease 

the polymer melt strength, which is required to provide extensional resistance to the 

expanding CO2 bubbles. Without sufficient melt strength, the cells grow rapidly and 
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coalesce to form entropically-favored larger cells, thereby resulting in a net reduction in 

pore cell density.  

As in the previous section designed to examine the variation in pore cell morphology 

with pressure, a clear difference is apparent in the pore cell morphology within these 

two zones. At the lowest temperatures probed, tiny spherical cells appear surrounded 

by relatively thick cell walls. This morphology reflects the leathery nature of the 

plasticized PMMA encountered during foaming. At temperatures slightly higher than 

the Tg of the solution (> 40ºC), a large number of pore cells exhibiting size and shape 

uniformity with relatively thin cell walls is observed. At very high temperatures, 

however, the cells appear distorted due to the high rate of cell coalescence and long 

growth time afforded by the relatively low polymer viscosity prior to retrograde 

vitrification. Pore cell densities predicted from the modified CNT framework developed 

here are included in Fig. 3.12a and confirm good agreement with the experimental data. 

While the predictions clearly indicate that the pore cell density decreases with increasing 

temperature in Zone II, they become increasingly less accurate at low temperatures in 

Zone I. Recall that, in this zone, the plasticized PMMA behaves as a viscoelastic solid 

and not as a completely molten polymer. Such deviation may introduce errors in the 

Sanchez-Lacombe equation of state. 

 

3.4.2.4 Effect of Rate of Pressure Quench 

The rate of depressurization also constitutes an important system variable, as it 

limits the rate at which CO2 is available for nuclei formation upon phase separation. The 

rate of depressurization (dP/dt) represents the driving force for nucleation. As such, the 
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pore cell density is expected to increase with increasing pressure quench rate, according 

to CNT predictions. To test this hypothesis, we have investigated diffusion-controlled 

PMMA thin films generated at a constant temperature of 40ºC, a scCO2 pressure of 34.5 

MPa and a saturation period of 8 h. In this series, the depressurization rate is varied (by 

the control valve assembly) from 6.89 to 0.345 MPa/s in non-linear increments 

(expressed in MPa/s): 6.89, 3.45, 1.72, 0.689 and 0.345. Figure 3.13 shows the measured 

dependence of pore cell density on pressure release rate. As expected on the basis of 

theoretical considerations, the highest cell nucleation densities coincide with the fastest 

depressurization rate explored. The relatively small number of large pore cells that 

accompanies low depressurization rates reflects the increase in coalescence time. 

Although a large number of pore cells nucleate at the beginning of the foaming process, 

an increase in foaming time results in increased pore cell coalescence as CO2 molecules 

from many small cells merge into larger pore cells with lower overall surface area per 

unit volume. In this case, the foaming time can be envisaged as the time available for the 

morphology of the foam to evolve from initial nucleation to the end of the growth 

period upon vitrification of the polymer. Hence, faster depressurization rates necessarily 

reduce this time interval and prevent substantial coalescence before the polymer 

undergoes retrograde vitrification.  

 

3.5 CONCLUSIONS 

Polymer foams are ubiquitous in numerous technologies, and a novel process 

strategy designed to produce tailored microcellular foams in PMMA thin films has been 

developed. This method restricts the outward diffusion of an environmentally-friendly 

blowing agent (i.e., scCO2) to the film edges, thereby permitting retention of the gas for 
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pore cell development even at relatively low CO2 saturation pressures and high foaming 

temperatures. The resultant foams not only exhibit remarkably uniform pore 

morphologies at sub-micron length scales, but also possess amazingly thin unfoamed 

skins. Judicious combination of surface diffusion control of the blowing agent with other 

system parameters such as saturation pressure and temperature provide excellent 

control of pore cell densities and diameters. An increase in cell density and a 

corresponding reduction in cell diameter are experimentally observed with increases in 

saturation pressure, saturation time and rate of depressurization, as well as with a 

decrease in temperature. A narrow temperature-pressure window exists in which 

uniform closed-cell foam morphologies measuring on the order of 100 nm are obtained 

in these polymer thin films. This result differs from that of Krause et al.,9,23 who have 

previously provided evidence for open-cell foam morphologies in such films. Classical 

nucleation theory is extended to take into account the compressible nature of CO2. This 

modified theoretical framework yields accurate predictions of cell nucleation density as 

a function of temperature and pressure. The experimental and theoretical results 

provided in this study clearly indicate that scCO2-based polymer foaming constitutes a 

promising and versatile route to the tunable production of novel polymeric materials. 
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Table 3.1  Characteristics of the polymer employed in this study 

 

Polymer Mna Mwa  Mw/Mn Densityb Tg (°C) 
PMMA 70,000 107,000 1.53 1.18 101 

 

a Measured by gel permeation chromatography. 

b Evaluated at 25°C. 
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List of Figure Captions 
 
Figure 3.1 Schematic illustration of the batch foaming set-up. 
 
Figure 3.2 SEM micrographs of coated PMMA film foamed at foaming temperature of 
50°C, scCO2 saturation pressure of 31.02 MPa, saturation time of 8 hrs and a pressure 
quench rate of 6.89 MPa/sec without diffusion control at a magnification of (a) 500 and 
(b) 1200 
 
Figure 3.3 Schematic diagram of the foaming process for thin polymer films.  
  
Figure 3.4 SEM micrographs of coated PMMA film foamed at a scCO2 saturation 
pressure of 34.47 MPa, saturation time of 8 hrs and a pressure quench rate of 6.89 
MPa/sec without diffusion control at a foaming temperature of (a) 80°C and (b) 40°C 
 
Figure 3.5  SEM micrographs of coated PMMA film foamed at foaming temperature of 
50°C, scCO2 saturation pressure of 31.02 MPa, saturation time of 8 hrs and a pressure 
quench rate of 6.89 MPa/sec with diffusion control at a magnification of (a) 500 and (b) 
1500 
 
Figure 3.6  Dependence of cell nucleation density on sample saturation time. Solid line 
serves a guide to the eye.  
 
Figure 3.7  Dependence of cell nucleation density on scCO2 saturation pressure. SEM 
micrographs of coated PMMA film foamed at foaming temperature of 40°C, saturation 
time of 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion control at a 
scCO2 saturation pressure of (a) 6.89 MPa (b) 17.24 MPa and (c) 34.47 MPa 
  
Figure 3.8 SEM micrographs of coated PMMA film foamed at foaming temperature of 
40°C, saturation time of 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion 
control at a scCO2 saturation pressure of (a) 6.89 MPa (b) 17.24 MPa and (c) 34.47 MPa at 
higher magnification than those presented in Figure 3.7.  
 
Figure 3.9  (a) Foam cell density and (b) average cell diameter presented as a function of 
scCO2 saturation pressure. Solid line in (a) is calculation using modified nucleation 
theory.  
 
Figure 3.10  Dependence of cell nucleation density on foaming temperature. SEM 
micrographs of coated PMMA film foamed at a scCO2 saturation pressure of 34.47 MPa, 
saturation time of 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion 
control at a foaming temperature of (a) 35°C, (b) 80°C and (b) 120°C.  
 
Figure 3.11  Dependence of cell nucleation density on foaming temperature. SEM 
micrographs of coated PMMA film foamed at a scCO2 saturation pressure of 34.47 MPa, 
saturation time of 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion 
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control at a foaming temperature of (a) 35°C, (b) 80°C and (c) 120°C at higher 
magnification than those presented in Figure 3.10.  
  
Figure 3.12  (a) Foam cell density and (b) average cell diameter presented as a function of 
foaming temperature. Solid line in (a) is calculation using modified nucleation theory. 
 
Figure 3.13  Dependence of cell nucleation density on rate of depressurization of the 
foaming cell. Solid line serves a guide to the eye. 



Figure 3.1: Schematic illustration of the batch foaming set-up.
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Figure 3.2: SEM micrographs of coated PMMA film foamed at foaming temperature of 50°C, scCO 2 saturation pressure of 31.02 
MPa, saturation time of 8 hrs and a pressure quench rate of 6.89 MPa/sec without diffusion control at a magnification of (a) 500 and 
(b) 1200 

a b 

10µµm 2µµm
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Figure 3.3: Schematic diagram of the foaming process for thin polymer films.
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Figure 3.4: SEM micrographs of coated PMMA film foamed at a scCO 2 saturation pressure of 34.47 MPa, saturation time of 8 hrs 
and a pressure quench rate of 6.89 MPa/sec without diffusion control at a foaming temperature of (a) 80°C and (b) 40°C 
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10µµm10µµm
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Figure 3.5: SEM micrographs of coated PMMA film foamed at foaming temperature of 50°C, scCO 2 saturation pressure of 31.02 
MPa, saturation time of 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion control at a magnification of (a) 500 and (b) 
1500 

a b 10µµm 2µµm 
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Figure 3.6: Dependence of cell nucleation density on sample saturation time. 
Solid line serves as guide to the eye. 
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Figure 3.7: Dependence of cell nucleation density on scCO 2 saturation pressure. SEM micrographs of coated PMMA film foamed at 
foaming temperature of 40°C, saturation time of 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion control at a scCO2 
saturation pressure of (a) 6.89 MPa (b) 17.24 psi and (c) 34.47 MPa 
 
 

a b c 

10µµm



a b c

Figure 3.8: SEM micrographs of coated PMMA film foamed at foaming temperature of 40°C, saturation time of
 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion control at a scCO2 saturation pressure of (a) 6.89 MPa 
(b) 17.23 MPa and (c) 34.47 MPa at higher magnification than those presented in Figure 3.7. 
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Figure 3.9  (a) Foam cell density and (b) average cell diameter presented as a function of scCO 2 
saturation pressure. Solid line in (a) is calculation using modified nucleation theory. 
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Figure 3.10: Dependence of cell nucleation density on foaming temperature. SEM micrographs of coated 
PMMA film foamed at a scCO2 saturation pressure of 34.47 MPa, saturation time of 8 hrs and a pressure 
quench rate of 6.89 MPa/sec with diffusion control at a foaming temperature of (a) 35°C, (b) 80°C and (b) 120°C. 
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Figure 3.11: Dependence of cell nucleation density on foaming temperature. SEM micrographs of coated 
PMMA film foamed at a scCO2 saturation pressure of 34.47 MPa, saturation time of 8 hrs and a pressure 
quench rate of 6.89 MPa/sec with diffusion control at a foaming temperature of (a) 35°C, (b) 80°C and (c) 120°C
at a higher magnification than those presented in Figure 3.10
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Figure 3.12: (a) Foam cell density and (b) average cell diameter presented as a function of 
foaming temperature. Solid line in (a) is calculation using modified nucleation theory. 
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Figure 3.13:  Dependence of cell nucleation density on rate of 
depressurization of the foaming cell. Solid line serves a guide to the eye. 
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CHAPTER 4 
 

CONTROLLED FOAMING OF THIN POLYMER FILMS THROUGH THE 
ADDITION OF NANOFILLERS AND POLYMERIC SURFACTANTS 

 

ABSTRACT 

The development of novel lightweight and multifunctional materials derived from 

designer polymer foams is crucial to the success of a variety of emergent technologies. In 

this work, we investigate the synergistic use of nanoscale additives and surface barriers 

to control nucleation in polymer thin films exposed to high-pressure CO2. Poly(methyl 

methacrylate) (PMMA) films constrained between impenetrable plates and impregnated 

with colloidal silica or a tailored CO2-philic surfactant, such as PMMA-g-

poly(dimethylsiloxane) (PMMA-g-PDMS) or PMMA-b-poly(1,1-dihydroperfluorooctyl 

methacrylate) (PMMA-b-PFOMA), yield an array of micro- and nanocellular foam 

morphologies even in the presence of liquid CO2. Results presented here demonstrate 

that a CO2-philic surfactant affords better control over foam nucleation relative to an 

inert particulate, such as colloidal silica. Moreover, CO2-compatibilty of the surfactant in 

the polymer matrix is found to be a necessary, but not sufficient, condition for optimum 

foaming. Addition of ~2 wt% of a low-molecular-weight PMMA-b-PFOMA diblock 

copolymer possessing a CO2-soluble block (PFOMA) and a matrix-miscible block 

(PMMA) yields the most dramatic improvement in cell nucleation density. Inclusion of 

these additives in the polymer matrix serves to enhance foaming through concurrent 

heterogeneous nucleation and/or interfacial tension reduction between the polymer and 

CO2. 
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4.1 INTRODUCTION 

Additives such as nucleating agents, surfactants, plasticizing agents, toughening 

agents, dyes, colorants, flame retardants, antibacterial agents and stabilizing agents are 

typically employed in the foaming industry to enhance product functionality1 or achieve 

lower product densities.2 Microcellular polymer foams constitute a specific class of 

foams with cell sizes measuring on the order of 10 µm or less with (i) substantially lower 

densities than conventional foams and (ii) superior mechanical properties.3 The obvious 

advantages afforded by this novel class of materials have prompted numerous studies of 

microcellular polymer foaming, addressing material considerations,4 as well as process 

development4,5,6,7 and optimization.8 Of particular interest in the present work is the use 

of supercritical carbon dioxide (scCO2) as a physical blowing agent to generate such 

foams. Generally speaking, scCO2 is inexpensive, abundant, and environmentally 

benign.9 Because its density and, hence, solvency are readily tuned by adjusting 

pressure,10 scCO2 can be used to facilitate production of designer foams with controlled 

pore cell size and connectedness.6 Most glassy and some semicrystalline thermoplastics 

are amenable to foaming in the presence of scCO2, as recently described elsewhere.4 

The pioneering efforts of Colton and Suh11,12 have sought to elucidate the mechanism 

of nucleation in bicomponent thermoplastic foams, such as polystyrene modified with 

zinc stearate. Their results reveal that a substantial increase in pore cell population can 

be achieved through incorporation of a small amount of an additive (at a concentration 

level below its solubility limit) in combination with a high saturation pressure of the 

blowing agent. These effects are synergistic in that they serve to lower the interfacial 

tension and intermolecular potential energy, thereby reducing the activation energy 
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barrier for nucleation and increasing number of small pore cells. Ramesh and 

Campbell13 have examined polystyrene modified with polybutadiene particles and 

consequently developed a theoretical formalism to help explain the mechanism of 

heterogeneous nucleation in polymer foaming. In this case, bubble nucleation is related 

to the survival of pre-existing voids established by the particles rather than to the 

formation of a new phase induced by the blowing agent. Stafford et al.14 have 

demonstrated that, while a change in polymer molecular weight or polydispersity does 

not have a pronounced effect on nucleation in scCO2-foamed polystyrene, addition of a 

low-molecular-weight oligomer can be used to increase the pore cell size. While studies 

such as these provide fundamental insight into the role of heterogeneous nucleation in 

polymer foaming, they do not address the importance of additive size, shape, porosity 

and chemical affinity for the blowing agent on foaming polymers in general and, more 

specifically, polymer thin films in the presence of diffusion barriers. The purpose of the 

present work is to examine the efficacy of nanoscale inorganic fillers and polymer 

surfactants as means of improving bubble nucleation in amorphous polymer thin films 

foamed with scCO2. 

While inorganic fillers vary considerably in size and chemistry, they can be 

commonly classified according to shape as particulate, fibril and sheet. In this work, a 

particulate filler is selected due primarily to its ease of dispersion within the polymer of 

interest. Polymeric surfactants such as block and graft copolymers have been used 

extensively to form self-organized (nanostructured) polymer media alone15,16 and in 

conjunction with various solvents17 and homopolymers.18,19,20 The fundamental 

principles underlying such molecular self-organization have been successfully 
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translated to systems containing scCO2 as the solvent, resulting in the formation of 

micelles,21 microemulsions22,23 and latex particles.24 The use of polymeric surfactants 

exhibiting affinity for CO2 continues to (i) gain widespread attention in an 

environmentally-conscious society and (ii) open new doors to technologies that require 

reduced interfacial tension at the polymer/CO2 interface and involve 

polymerizations,10,24 cleaning,25 solvent-free coating,26 polymer processing4 and 

separations.25 Much of this success stems from the free-radical synthesis10 of copolymers 

composed of CO2-philic moieties such as 1,1-dihydroperfluorooctyl acrylate (FOA). The 

main approaches currently adopted in the ongoing development25 of these and related 

polymeric surfactants make use of (i) CO2-philic polymers, as well as low-molar-mass 

compounds, modified with polymerizable groups to form graft copolymers in-situ, and 

(ii) designer block (and graft) copolymers consisting of CO2-philic and CO2-phobic 

sequences.  

In this work, we explore the utility of foaming poly( methyl methacrylate) (PMMA) 

thin films with scCO2 in the presence of a nanoscale inorganic filler and nonionic CO2-

philic surfactants. Previously, we have provided evidence confirming that surface-

mediated CO2 diffusion (achieved through the use of physical constraints) profoundly 

improves the morphology of PMMA thin films foamed with scCO2.28 Incorporation of 

either a hard (inorganic filler) or soft (polymer surfactant) additive to such films is 

expected to provide internal diffusion barriers, promote nucleation and, ultimately, 

attenuate this effect and open new avenues of opportunity to polymer foams exhibiting 

nanoporous morphologies.  
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4.2 THEORY 

The general principles of classical nucleation theory (CNT) provide a good 

fundamental basis for understanding the stability and growth of bubbles during the 

foaming of liquids and, more specifically, molten polymers. Dispersing a predetermined 

volume of blowing agent in a unit volume of liquid requires an increase in the free 

energy of the system by an amount ∆E, which can be written as29 

AE γ=∆          (1) 

where γ is the interfacial tension between the blowing agent (CO2 in the present work) 

and the polymer, and A is the total interfacial area. According to CNT, the rate of 

homogenous nucleation is thermally activated and can be described by28 






 ∆
−=

kT
GCfN h

h exp        (2)  

where Nh is the rate at which the number density of discrete nuclei is generated during 

homogeneous nucleation, C is the concentration of the blowing agent in the foaming 

medium, f represents the frequency factor of the blowing agent, k is the Boltzmann 

constant, and T denotes absolute temperature. The free-energy contribution (∆Gh) 

corresponds to the energy barrier that exists for homogeneous nucleation and is given 

by28 

 3

3

3
16

P
Gh ∆

=∆
πγ

        (3) 

where ∆P is the magnitude of the pressure quench responsible for initiating bubble 

formation. The magnitude of the critical radius of nucleation (rc) that occurs upon phase 

separation of the blowing agent from the polymer-rich phase can be determined from28  
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P
r c ∆

= γ2          (4) 

 A simplistic picture dictated by Eqs. 1-3 is that an increase in the number density of 

small bubbles requires an accompanying reduction in ∆Gh, which can be realized 

through a decrease in γ or an increase in ∆P or a combination thereof. While ∆P can be 

adjusted as a system parameter during the foaming process, γ is lowered by either a 

reduction in temperature or addition of a surface tension depressant. For a given value 

of ∆E/∆P, a decrease in γ promotes an increase in both the number density (Nh) of 

smaller cells and the interfacial area (A) between the CO2-rich and polymer-rich phases. 

The size of the stable bubble nuclei varies with time in the growth phase due to diffusion 

of available CO2 into existing nuclei and entropy-driven coalescence of neighboring pore 

cells into larger cells. The difference in pressure ∆p* between two adjacent bubbles of 

radii 1r  and 2r  is given by29 







−=∆

21

2
*

112
rr

p γ         (5) 

According to Eq. 5, lower values of γ favor lower pressure differences between co-

existing pore cells and therefore promote less pore cell coalescence, resulting in a large 

number of small pore cells.  

Another important aspect influencing the stability of pore cells is cell wall rupture. 

As more CO2 molecules diffuse into existing nuclei, the nuclei expand and the polymer-

rich layer surrounding the bubble thins. If the polymer inherently possesses a low 

extensional viscosity (which provides resistance to expansion), wall rupture eventually 

occurs. Addition of a CO2-philic surfactant at a sufficiently high concentration can 
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inhibit this phenomenon by selectively adsorbing at the polymer-CO2 interface. In this 

case, γ is discerned by the type and amount of adsorbed solute from the Gibbs theorem:29 

∑Γ−=
i

iidd µγ          (6) 

where Γi and µi are the surface excess and chemical potential, respectively, of species i. 

When a small amount of surfactant is added, the resultant increase in surface area 

decreases Γ. As a cell wall expands and the local concentration of adsorbed surfactant 

decreases, the system responds to restore interfacial stability by two possible 

mechanisms: (i) the surface layer surrounding the bubble flows from an area of lower γ 

to one of higher γ (the Marangoni effect); or (ii) surfactants residing in the polymer-rich 

phase migrate to the interface and restore the requisite local concentration (the Gibbs 

effect). The first mechanism is accompanied by surface flow dragging underlying layers 

and promotes an increase in cell wall resilience. Although the Gibbs effect also results in 

lower interfacial tension, the replacement surfactant molecules arriving from the bulk 

polymer-rich phase do not serve to increase the extensional resistance of the polymer. 

Competition between these two mechanisms suggests that a suitable surfactant added at 

an optimum concentration, combined with an acceptably low diffusion rate (which is 

sensitive to factors such as system temperature and pressure), could stabilize small 

nuclei. If the diffusion rate or surfactant concentration is too high, however, the Gibbs 

effect will dominate and provide no additional benefit. While these considerations have 

been described in terms of a surfactant species, they are generally valid for any additive 

(including a particulate filler) that is surface-active and depresses interfacial tension. 

 

4.3 EXPERIMENTAL SECTION 
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4.3.1 Materials 

 The PMMA (Plexiglas VM-100, with Mn = 70,000 and Mw = 107,000, according to GPC, 

and ρ = 1.18 g/cm3 at 25°C) employed in this study was kindly provided in pellet form 

by Elf Atochem N.A. (King of Prussia, PA) and was purified according to the procedure 

described elsewhere.26 Nanosilica possessing a mean particle diameter of 10-12 nm and 

dispersed at 30 wt% in methyl ethyl ketone was purchased from Nissan Chemicals 

(Houston, TX). Zonyl® FSO-100 and FSN-100 fluorosurfactants were generously 

provided by DuPont (Wilmington, DE). The PDMS macromonomer (Mn = 10,000) with a 

monomethacrylate endgroup, methyl methacrylate (MMA) monomer and 1,1-

dihydroperfluorooctyl methacrylate (FOMA) monomer used in the copolymer synthesis 

were purchased from Aldrich Chemicals (St. Louis, MO). Table 4.1 lists details of the 

surfactant architectures. Carbon dioxide (>99.8% pure) was obtained from National 

Specialty Gases (Durham, NC), and reagent-grade toluene (99.98% pure) was purchased 

from Aldrich Chemicals and used as-received.   

 

4.3.2 Surfactant Synthesis 

4.3.2.1  PMMA-g-PDMS (GCP) 

The synthesis of PDMS-based graft copolymers by the macromonomer technique 

employed here was previously detailed.30 The graft copolymer was produced by free 

radical copolymerization of the PDMS macromonomer with deinhibited MMA (50/50 

mol%) in degassed toluene at 65°C for 50 h in the presence of 0.1 wt% 2,2-

asobisisobutyronitrile (AIBN) as initiator. The copolymerization was performed at <15 

wt% solids under an Ar atmosphere, and the reaction product was precipitated with 
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excess methanol and dried under vacuum at 30°C. Graft copolymer molecules were 

isolated by removing PDMS and PMMA homopolymers by Soxhlet extraction from the 

precipitated mixture with n-hexane and acetonitrile, respectively, for 24 h. The 

composition of the graft copolymer was determined from 1H NMR (see Table 4.1), and 

the graft ratio was determined to be about 0.5. The molecular weights (Mn) of the PMMA 

backbone and PDMS grafts were determined from GPC to be 40,000 and 10,000 

respectively. 

 

4.3.2.2  PMMA-b-PFOMA (BCP1) 

A highly asymmetric, moderate-molecular-weight PMMA-b-PFOMA diblock 

copolymer (BCP1) with block weights of 30,000 (PMMA) and 3,000 (PFOMA) was 

synthesized by atom transfer radical polymerization (ATRP).31 The copolymer was 

produced via the formation of a PMMA macroinitiator and subsequent addition of 

FOMA monomer to the macroinitiator. The PMMA macroinitiator was prepared as 

follows. A round bottom flask containing 0.024 mmol CuBr and 0.050 mmol 4, 4’ 

dinonyl-2-2’-dipyridyl (dnbpy) was degassed prior to the addition of 20 mL degassed 

toluene and further degassing. The active catalyst formed a brown solution to which 

was added 90 mmol degassed monomer. A second smaller round bottom flask was 

degassed and subsequently filled with 9.3 mmol degassed monomer, followed by 0.051 

mmol ethyl 2-bromoisobutyrate as initiator. The flask containing the catalyst was heated 

to 90°C, at which point the initiator/monomer solution in the small flask was then 

administered. The reaction mixture remained at temperature for 16 h and was 

continuously monitored by NMR.  
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After this time, the PMMA macroinitiator was precipitated into methanol, dried and 

purified (through dissolution in THF, contact with an alumina column and re-

precipitation) to remove residual copper salts and ligand. According to GPC analysis 

(using polystyrene standards and corrected to PMMA via the Mark-Houwink-Sakurado 

constants), the molecular weight of the resultant PMMA macroinitiator was determined 

to be 30,000 with a polydispersity of 1.14. To synthesize the PMMA-b-PFOMA diblock 

copolymer, 0.042 mmol PMMA macroinitiator was dissolved into trifluorotoluene, and 

the solution was degassed. Another round bottom flask was charged with 0.043 mmol 

dnbpy and 0.021 mmol CuBr and likewise degassed prior to addition of 0.9 mmol 

degassed, deinhibited FOMA monomer and 2 mL trifluorotoluene. The flask was heated 

to 90°C, followed by cannulation of the PMMA macroinitator solution. The reaction 

proceeded for 16 h, and the polymer product was precipitated into hexanes and dried in 

a vacuum oven at 30°C overnight. On the basis of the ratio of PMMA to PFOMA 

determined by 1H NMR, the molecular weight of the PFOMA block was determined to 

be 3,000. 

 

4.3.2.3 PMMA-b-PFOMA (BCP2) 

A higher molecular weight PMMA-b-PFOMA diblock copolymer with block weights 

of 110,000 (PMMA) and 50,000 (PFOMA) was also synthesized by reversible addition 

fragmentation transfer (RAFT) polymerization.32 As with BCP1, the block copolymer is 

synthesized by formation of a PMMA macroinitiator and subsequent addition of FOMA 

monomer to the macroinitiator. In this case, the PMMA macroinitiator was prepared by 

adding 75 mmol deinhibited MMA, 0.012 mmol of AIBN and 0.08 mmol 2-
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(ethoxycarbonyl)prop-2-yl dithiobenzoate (as the chain transfer agent) to 8.5 mL 

benzene to form a homogeneous solution, which was degassed with an Ar purge for 20 

min and subsequently heated to 70°C for 16 h. The solution was cooled and precipitated 

into hexanes, and the PMMA macroinitiator was collected and dried in a vacuum oven 

overnight. The molecular weight of the PMMA macroinitiator was found by GPC to be 

110,000 (on the basis of polystyrene standards and corrected to PMMA via the Mark-

Houwink-Sakurado constants), and its polydispersity was 1.20. The block copolymer 

was generated by dissolving 0.04 mmol PMMA macroinitiator in 10 mL trifluorotoluene 

and then adding 0.012 mmol AIBN and 5.0 mmol FOMA monomer. The homogeneous 

solution was degassed and heated to 65°C for 16 h, and the resultant copolymer was 

precipitated into hexanes and dried in a vacuum oven at 30°C overnight. On the basis of 

the ratio of PMMA to PFOMA determined by 1H NMR, the molecular weight of the 

PFOMA block was determined to be 50,000. 

 
4.3.3 Sample Preparation  

 

Solutions of 10 wt% PMMA in toluene were prepared by dissolving the polymer for 

12 h. They were then filtered using 0.45 µm filters purchased from Sigma-Aldrich. Pure 

PMMA was precipitated from the solution and re-dissolved with 0.5, 1.0, 2.0 or 5.0 wt% 

of one of the purified surfactants at a solution concentration of ~30 wt% polymer. The 

GCP and BCP1 copolymers were completely soluble in toluene, whereas the BCP2 

copolymer was only partially soluble due to the higher molecular weight PFOMA block. 

In this case, the solubility problem was overcome by using a mixture of solvents, toluene 

and its fluorinated analog 1,1,1-trifluorotoluene. Specimens containing nanosilica were 
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dissolved in methyl ethyl ketone to ensure uniform filler dispersion. Films measuring 

95-100 µm thick were produced by casting the dissolved PMMA with and without 

filler/surfactant on a glass plate with a Universal Blade Applicator (Gardco Corp., 

Miami, Florida). The cast films were dried for 48 h at ambient temperature and then 

placed under vacuum at 40°C for another 24 h. Densified films were removed from the 

glass plate by immersing the plate in water, and the free-standing films were subjected 

to further vacuum drying at 40°C for an additional 12 h to remove residual water or 

solvent.  

4.3.4 Batch Foaming 

The batch foaming assembly, schematically depicted in Fig. 4.1, consisted of a high-

pressure view cell that housed the polymer films sandwiched in a foaming die to restrict 

surface diffusion.26 A homogeneous temperature distribution in the cell was ensured by 

placing the entire cell in an oven with a cascade control of heating and cooling elements. 

The temperature accuracy in the cell was ±0.5ºC. Gaseous CO2 was fed to the cell from 

an ISCO high-pressure pump at a fixed pressure. While a pressure transducer 

continually monitored the cell pressure, a computer-interfaced control valve regulated 

the overall system pressure. Desired pressure and temperature conditions were 

accurately maintained by a Bridgeview process control algorithm in conjunction with a 

Fieldpoint data acquisition system. The dried polymer films were cut into 1.3 cm x 2.5 

cm rectangles for foaming experiments. Once the cell was heated to a desired foaming 

temperature, the sample was saturated with scCO2 for 6 h at an elevated pressure 

ranging between 6.89 and 34.5 MPa. After this time, the foaming cell was depressurized 
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rapidly under isothermal conditions to promote pressure-induced phase separation of 

scCO2 from the polymer-rich matrix to yield the final foam. 

 

4.3.5 Foam Characterization 

Foamed samples were dried under vacuum at 50°C for 24 h, fractured in liquid 

nitrogen and mounted on stubs with carbon tape for Au/Pd sputtering in a Hummer 5 

Sputtering System (Anatech LTD, Springfield, VA). The films were pulse-coated with 25 

nm of Au/Pd to avoid surface modification, dried under vacuum for an additional 24 h 

and examined by scanning electron microscopy (SEM) with a Philips 505T microscope 

(FEI Co., Hillsboro, OR). Images were acquired at an accelerating voltage of 10-15 kV 

and a working distance of 15 mm. Secondary electron images were subsequently 

analyzed for cell diameters, cell densities and the thickness of the unfoamed outer skin. 

While the cell diameter was taken as the average of two cell dimensions, the cell density 

was calculated using the method described elsewhere.7 Electron-transparent specimens 

for analysis by transmission electron microscopy (TEM) were prepared by either 

solution (spin)casting on rocksalt, followed by substrate dissolution in water, or 

ultramicrotomy of bulk specimens. Images were collected on a Zeiss EM902 electron 

spectroscopic microscope operated at 80 kV and energy-loss settings ranging from 0 to 

200 eV. Foam densities were measured from the volume of water displaced by a foam of 

known mass (attached to a sinker) according to Archimedes principle. 

 

4.4 RESULTS AND DISCUSSION 
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The polymer foaming conducted in this study has been conducted in a special 

foaming die designed to minimize surface diffusion of CO2 from the thin films upon 

depressurization. Details of the relevant experimental procedure and an in-depth 

discussion of its utility relative to non-constrained foaming of PMMA thin films are 

available elsewhere.28 Our choices of additives to probe the efficacy of heterogeneous 

nucleation in PMMA thin films cover a wide range of materials with different 

properties, thereby permitting identification of the key factors to be considered further 

in such multicomponent design. The colloidal nanosilica particles behave as hard, 

nonporous fillers to which PMMA chains can physically adhere. The Zonyl® 

fluorosurfactants with a CO2-compatible PTFE moiety, as well as the block and graft 

copolymers synthesized here with high CO2-philicity due to the presence of PDMS and 

PFOMA sequences,9 are examples of bifunctional molecules that can self-organize at 

relatively low concentrations (a few percent by weight) in PMMA to form soft 

nanostructural elements such as micelles.21 Moreover, the effects of copolymer molecular 

architecture and molecular weight on heterogeneous polymer foaming can be further 

elucidated with the materials employed in this study. 

 

4.4.1 Nanosilica Particulates 

Inorganic fillers such as talc are traditionally used as nucleating agents to enhance 

nucleation rates in bulk polymer foaming, reduce pore cell size and increase pore cell 

density.2 In this same vein, uniformly distributed nanosilica particles provide internal 

surfaces and, hence, a viable source for heterogeneous bubble nucleation throughout the 

polymer matrix. The colloidal nanosilica particles chosen for this purpose inherently 
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possess a negative double-layer charge on their surface, in which case they do not tend 

to agglomerate. Figure 4.2 shows a schematic illustration of the concurrent nucleation 

mechanisms, homogeneous and heterogeneous, that are anticipated to occur upon phase 

separation of the polymer-CO2 solution. Homogeneous nucleation, on one hand, occurs 

when a stable CO2 nucleus forms in the bulk plasticized polymer once the bubble radius 

exceeds rc (see Eq. 4). Heterogeneous nucleation, on the other hand, occurs when CO2 

bubbles nucleate more readily on the surfaces of the dispersed nanoparticles. Since the 

concentration of nanosilica added is relatively low (<12 wt%), the mechanism of 

homogeneous nucleation might be expected to dominate the foaming process. Note that, 

since the mass densities of the PMMA and nanosilica are about 1.18 and 2.1 g/cm3, 

respectively, at ambient temperature, 12 wt% nanosilica corresponds to only 7 vol% in 

these hybrid materials. It must be recognized, however, that both mechanisms compete 

for available CO2 molecules as the molecules exit from the polymer phase during system 

depressurization. Heterogeneous nucleation is energetically favored over homogeneous 

nucleation since it typically possesses a lower activation energy barrier. For this reason, 

heterogeneous nucleation is expected to deplete the concentration of CO2 available for 

homogeneous nucleation and consequently establish itself as the dominant mechanism 

of foaming in these PMMA/nanosilica composites. 

Hybrid materials have been prepared at different concentrations of nanosilica (in 

wt%) — 0, 1, 5, 8 and 12 —to discern the effect of filler concentration on pore cell size 

and density. Two independent, but complementary, series of tests have been performed 

in which (i) the time for CO2 film saturation is fixed at 8 h, (ii) the rate of CO2 

depressurization is held constant at 6.89 MPa/s and (iii) either the saturation pressure or 
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foaming temperature is systematically varied. The influence of CO2 pressure on pore cell 

morphology is clearly evident in SEM images acquired at two different foaming 

conditions (low temperature/pressure at 40°C/17.2 MPa and high temperature/ 

pressure at 120°C/34.5 MPa) and displayed in Fig. 4.3.  An increase in nanosilica 

concentration profoundly reduces the pore cell diameter and, hence, increases the pore 

cell density at constant temperature and pressure conditions. Values of the pore cell 

density and diameter extracted from images such as these at a constant temperature of 

40°C are presented as a function of CO2 pressure in Figs. 4.4a and 4.4b, respectively, and 

clearly reveal that the nanosilica markedly impacts the cell morphology at low 

saturation pressures (<10.3 MPa). A less pronounced effect of filler on pore cell density 

and size is observed at higher pressures, which is consistent with the competition 

between homogeneous and heterogeneous nucleation mechanisms discussed earlier. A 

low saturation pressure means a smaller population of CO2 molecules is available for 

bubble nucleation. The presence of nanosilica particles decreases the energy barrier for 

nucleation so that more nuclei form by heterogeneous nucleation relative to homogene-

ous nucleation alone (in the neat PMMA). This explanation requires that the pore cells 

must be smaller in nanosilica-containing foams at the same low pressure, which is 

evident in Fig. 4.4b. At higher pressures, the availability of CO2 (C) and, by Eq. 2, Nh 

both increase, in which case the competition between homogeneous and heterogeneous 

nucleation lessens until it is no longer discernible, which is likewise apparent in Fig. 4.4.  

Another interesting trend seen in Fig. 4.4 and explicitly presented for low-to-

moderate pressures in Fig. 4.5 is the variation of pore cell density and size with 

increasing nanosilica concentration at constant pressure. The cell densities 
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monotonously increase with increasing nanosilica concentration up to about 8 wt%. 

Below this threshold, the nanosilica particles exist as single particles, in which case each 

particle can participate in heterogeneous nucleation. An increase in nanosilica 

concentration under these conditions serves to increase the number of heterogeneous 

nucleation sites and decrease the mean pore cell diameter. At higher concentrations, 

however, the nanosilica particles are sufficiently numerous to form multiparticle 

aggregates. Such aggregates can be envisaged as being equivalent to larger silica 

particles, which would reduce the active number of sites available for heterogeneous 

nucleation of CO2 bubbles at a given filler concentration. 

Another aspect of the present work is to ascertain the effect of foaming temperature, 

varied from 40 to 120ºC, on pore cell density and size at variable nanosilica 

concentrations and a constant saturation pressure of 34.5 MPa. Figure 4.6 confirms that 

the nanosilica particles effectively stabilize bubble nuclei, resulting in a higher pore cell 

density (Fig. 4.6a) and smaller pore cell sizes (Fig. 4.6b), especially at elevated 

temperatures. Recall that high foaming temperatures expedite cell coalescence due to 

reduced melt strength of the pore cell walls. The presence of nanosilica particles appears 

to toughen the polymer matrix and increase its overall resilience to CO2-induced 

expansion. This postulated mechanism is responsible for increasing the pore cell density 

by about two orders of magnitude at 120°C (see Fig. 4.6a). As before, a concentration of 

~8 wt% nanosilica is found to promote the greatest improvements in both pore cell 

density and size, as evidenced by the dependence of pore cell diameter on nanosilica 

concentration at 120°C. One last feature that warrants mention with regard to the 

nanosilica-modified thin-film foams is the thickness of the unfoamed skin. The images 
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provided in Fig. 4.3 reveal that this distinct region is consistently less than 1-2 µm thick, 

which differs markedly from that observed in foams prepared from the neat 

homopolymer. In the case of foamed PMMA thin films, the thickness of the unfoamed 

skin typically measures on the order of the mean pore cell diameter, which can be as 

large as ~30 µm at low saturation pressures (see Fig. 4.4b). 

 

4.4.2 Zonyl Surfactants 

The commercially available Zonyl® surfactants are ethoxylated nonionic 

fluorosurfactants composed of short PTFE and PEG sequences. They are used 

extensively in a diverse range of coating, printing, textile and chemical technologies due 

primarily to the low surface energy of the PTFE moiety (which is also CO2 compatible). 

According to the manufacturer, the general molecular architecture of these surfactants is  

RfCH2CH2O(CH2CH2O)xH, where Rf=F(CF2CF2)y 

where the ranges of x and y are 0-15 and 1-7, respectively, for Zonyl® FSO-100, and 0-25 

and 1-9, respectively, for Zonyl® FSN-100. The images displayed in Fig. 4.7 show 

polymer thin films containing 2 wt% of each surfactant and foamed with CO2 at 40°C 

and 17.2 MPa. These images reveal that addition of the FSO-100 surfactant (Fig. 4.7b) 

induces a nearly bimodal distribution in the diameter of the pore cells, with the larger 

cells measuring on the same size as those in the neat PMMA foam (Fig. 4.7a).  

Incorporation of the FSN-100 surfactant (Fig. 4.7c) has no significant impact on foam 

morphology under the conditions shown. Variation of surfactant concentration in 

conjunction with foaming temperature and saturation pressure does not produce foam 

morphologies that are substantially different from those provided in Fig. 4.7. These 
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results provide evidence to indicate that CO2 compatibility is a necessary, but not 

sufficient, condition for controlling heterogeneous nucleation in diffusion-controlled 

polymer thin films.  

While the low-molar-mass PTFE moieties of the surfactants are certainly CO2-

compatible, the PEG segments may also exhibit chemical affinity for CO2, as suggested33 

by unusually high CO2 permeability relative to other common gases. Moreover, the PEG 

segments may also chemically interact with PMMA, since the Flory-Huggins interaction 

parameter (χ) for poly(ethylene oxide)/PMMA blends is reported to be –0.0021, 

independent of temperature. If these PMMA/surfactant systems exhibit complex 

molecular interplay, it is reasonable to expect that the surfactant molecules may be 

prevented from fulfilling either of their requisite functions described earlier, namely, the 

molecules may be unable to (i) migrate to the polymer-CO2 interface to reduce interfacial 

tension or (ii) form micelles that can act as heterogeneous nucleation sites in the polymer 

matrix. It is interesting to note in summary that the FSO-100 surfactant possessing the 

generally shorter PEG segments does have a noticeable effect on foam morphology in 

Fig. 4.7b: it stabilizes a relative large population of pore cells that are less than half the 

size of those in the neat PMMA thin films. This observation confirms that the strategy 

proposed here to use CO2-compatible surfactants as a means by which to tailor foam 

morphologies is feasible if properly designed. With this goal in mind, we now turn our 

attention to foaming polymer thin films containing macromolecular surfactants.  

 

4.4.3 Graft and Block Copolymers (GCP, BCP1 and BCP2) 
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   In this section, we explore the use of bifunctional macromolecules 

consisting of CO2-philic and PMMA-compatible sequences to ensure that the copolymer 

influences the polymer-CO2 interface during foaming. In the case of the PMMA-g-PDMS 

graft copolymer, the PDMS grafts are CO2-philic, but their molecular weight is 

sufficiently high (10,000) so that they are not soluble in CO2.25 The solubility of the CO2-

philic sequence in CO2 constitutes an important consideration here to preclude 

unintentional extraction of the copolymer, followed by possible micellization, in CO2. 

Since the PFOMA blocks of the two PMMA-b-PFOMA diblock copolymers are entirely 

soluble in CO2 at any given molecular weight,25 the molecular weights of the CO2-

insoluble PMMA blocks have been designed to be sufficiently large (50,000 and 110,000) 

relative to the corresponding PFOMA blocks (3,000 and 30,000, respectively) to inhibit 

undesirable extraction during CO2 foaming. Complete insolubility of these three 

copolymers at the highest temperature (120°C) and CO2 pressure (34.5 MPa) examined 

during the course of this study has been confirmed by gravimetric analysis performed 

on each of the copolymers before and after exposure to CO2 for 8 h. 

 Due to the quantity of material available, the foaming tests conducted here employ 

four concentrations of each copolymer (in wt%) — 0.5, 1, 2 and 5 — at a constant 

temperature and pressure quench rate of 40°C and 6.89 MPa/s, respectively. To 

ascertain the role of CO2 concentration (C in Eq. 2) in foaming these PMMA/copolymer 

systems, the saturation pressure is systematically varied from 6.89 to 34.5 MPa. The SEM 

images presented in Fig. 4.8, as well as the corresponding enlargements included in Fig. 

4.9, demonstrate that the foam morphologies generated in PMMA modified with 2 wt% 

of the PMMA-g-PDMS copolymer (Figs. 4.8b and 4.9b) and the moderate-molecular-



 

 126 

weight PMMA-b-PFOMA(1) copolymer (Figs. 4.8c and 4.9c) differ dramatically from 

that achieved in the neat PMMA homopolymer (Figs. 4.8a and 4.9a) at a fixed saturation 

pressure of 6.89 MPa. The pore cells in the foamed PMMA thin film measure on the 

order of several tens of micrometers across, whereas those in the films containing either 

copolymer measure on the order of several micrometers, thereby confirming about an 

order of magnitude reduction in pore cell size and a correspondingly pronounced 

increase in pore cell density under identical foaming conditions. A distinguishing 

feature of the surfactant-modified foams compared with the foams generated in 

nanosilica-modified PMMA at moderate saturation pressures (Fig. 4.3) is the 

considerable size polydispersity evident in Figs. 4.8 and 4.9. In the copolymer-modified 

foams, pore cell diameters vary from 1 to 5 µm, in contrast to a range of 20 µm in the 

foam containing 1 wt% nanosilica and prepared at 40°C and 6.89 MPa.  

 Close examination of the images provided in Fig. 4.9 reveals that the pore cells in the 

foams containing the PMMA-g-PDMS graft copolymer exhibit small inclusions that 

appear to adhere to the cell walls. While the precise identity of these inclusions is not 

known, suffice it to say that, since they are not evident in any of the foams examined 

here, they must somehow be related to the graft copolymer. To better understand the 

role of copolymer addition on the production of the foam morphologies seen in Figs. 4.8 

and 4.9, TEM images have been acquired from thin films of the neat PMMA-g-PDMS 

and PMMA-b-PFOMA(1) copolymers, as well as blends of the copolymers with PMMA 

at two of the copolymer concentrations examined here: 0.5 and 2 wt%. The images 

displayed in Figs. 4.10 and 4.11 show the morphologies of the neat graft and block 

copolymers and their PMMA blends, respectively, and confirm that these copolymers 
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are microphase-separated, in agreement with previous efforts34 examining polystyrene-

b-PFOA diblock copolymers, and that they likewise form discrete micelles in PMMA. 

The observation that neither copolymer forms an ordered (periodic) block copolymer 

morphology (e.g., spheres on a body-centered cubic lattice, cylinders on a hexagonal 

lattice or alternating lamellae) may reflect the molecular polydispersity of the 

copolymers or the thin-film preparation method utilized here. The measured diameters 

of the micelles evident in the homopolymer/copolymer blends are 20-40 nm (graft) and 

25-50 nm (diblock), in which case the inclusions visible in Fig. 4.9b cannot represent 

single PMMA-g-PDMS copolymer micelles. This comparison suggests that the PMMA/ 

copolymer blends undergo internal phase rearrangement during foaming. 

Upon increasing the saturation pressure from 6.89 MPa in Figs. 4.7 and 4.8 to 34.5 

MPa in Figs. 4.12 and 4.13 at a constant temperature of 40°C, the foam morphologies are 

seen to improve substantially. As before, an increase in pressure is accompanied by an 

increase in CO2 available for generating bubble nuclei under the present diffusion-

controlled28 conditions, and the impact of heterogeneous nucleation becomes less 

discernible relative to homogeneous nucleation (see Fig. 4.12). The enlargements 

presented in Fig. 4.13 clearly demonstrate, however, that the pore cell morphologies 

differ, depending on the composition of the polymer matrix. Figure 4.13a shows that the 

pore cells appear somewhat polyhedral due to packing-induced deformation of the 

initially spheroidal pore cells. Addition of 2 wt% PMMA-g-PDMS graft copolymer 

yields a closed-cell foam morphology with larger, polyhedral-like pore cells and finer 

cell walls (see Fig. 13b). The inclusions evident in this figure are comparable to those 

noticed in Fig. 9b, and a high-magnification image (Fig. 4.14) reveals the existence of 
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fibrillar elements measuring on the order of 25-50 nm in thickness. The PMMA-b-

PFOMA(1) diblock copolymer stabilizes a unique foam morphology (see Fig. 4.13c) that 

consists of ellipsoidal, rather than polyhedral, pore cells, which are more reminiscent of 

the embryonic bubble nuclei. This morphological change confirms that the copolymer 

molecules are most likely responsible for stabilizing most of the growing bubble nuclei, 

relieving the PMMA matrix from a great deal of extensional flow and rearrangement.  

While an increase in CO2 pressure generally promotes greater pore cell uniformity 

and smaller pore cell sizes (compare Figs. 4.8 and 4.12), particular attention is drawn to 

the PMMA/PMMA-b-PFOMA(1) system in which pore cell diameters measuring less 

than 100 nm are realized in Fig. 4.13c. Another interesting observation that warrants 

mention here is the dependence of foam morphology on copolymer concentration. In the 

case of the PMMA-b-PFOMA(1) copolymer, variation in copolymer concentration from 

0.5 to 2 wt% does not have a profound effect on pore cell size or density. This is not true 

for blends consisting of the PMMA-g-PDMS copolymer. Figure 4.15 shows the foam 

morphologies of PMMA blends with 0.5 wt% PMMA-g-PDMS copolymer at 40°C and 

34.5 MPa. At this copolymer concentration (as well as at 1 wt%, data not shown), a 

bimodal pore cell distribution evolves with pore cells measuring on the order of ca. 0.5-1 

µm and 5-10 µm. This observation provides additional evidence for concurrent 

homogeneous and heterogeneous nucleation, even at the high saturation pressure 

employed. Not mentioned thus far is use of the PMMA-b-PFOMA(2) copolymer. 

Regrettably, at a concentration of 2 wt% and a foaming temperature and pressure of 

40°C and 34.5 MPa, respectively, this copolymer promotes a tremendous net reduction 

in nucleation, resulting in the irregular foam morphology displayed in Fig. 4.16. This 
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foam consists of highly interconnected pore cells whose walls appear punctured with 

small holes measuring on the order of a few micrometers in diameter. It is important to 

recognize that all the foamed polymer thin films produced in this study, with the 

exception of those modified with the PMMA-b-PFOMA(2) copolymer, possess closed 

pore cells.  

A possible explanation for the diverse morphologies observed in foams containing 

the graft and block copolymers synthesized here stems from the mechanism by which 

nucleation sites form. Figure 4.17 is a schematic diagram of this mechanism wherein 

linear surfactant molecules either disperse molecularly or form micelles in the polymer 

matrix during specimen preparation. When a homopolymer/copolymer thin film is 

saturated in CO2 for an extended period of time at a temperature above the glass 

transition temperature (Tg) of the CO2-plasticized polymer matrix, the surfactant 

molecules diffuse through the polymer matrix and self-organize into 

thermodynamically-stable swollen micelles.21 As depicted in Fig. 4.17, the CO2-philic 

moieties of the surfactant molecules comprise the core of the micelle. In the same 

manner as impenetrable nanosilica particles, these micelles consequently act as 

heterogeneous nucleation sites within the polymer matrix. When a bubble nucleates 

using these micelles as an internal, penetrable surface, the surfactant molecules diffuse 

and re-orient themselves along the polymer-CO2 interface in such fashion to reduce the 

interfacial tension.35 The molecular weight (M) of the polymer backbone reduces the 

effective diffusion coefficient (D) of the surfactant molecule according to D~M-2 

(assuming reptative dynamics of a linear chain in a concentrated polymer solution) and 

therefore hampers the ability of the copolymer to form micelles.  
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On the basis of this consideration, addition of the high-molecular-weight PMMA-b-

PFOMA(2) diblock copolymer may not greatly enhance bubble nucleation. Images such 

as the one included in Fig. 4.16 confirm this expectation. In the case of the PMMA-g-

PDMS graft copolymer, its synthesis is not very tightly controlled, in which case a 

variety of grafted chain architectures is possible. Moreover, diffusion of a graft 

copolymer through a concentrated polymer matrix is sterically hindered, which will 

likewise reduce D. As observed in the foams containing this copolymer, such molecular 

and diffusional heterogeneity appears to be responsible for stabilizing foams with lower 

pore cell densities and anomalous inclusions relative to foams produced from the parent 

PMMA homopolymer. The most consistent and promising results have been obtained 

with the modest-molecular-weight linear PMMA-b-PFOMA(1) copolymer at all the 

concentrations examined here. These comparative results indicate that a modest-

molecular-weight surfactant composed of a CO2-soluble block and a polymer-

compatible block produces the most pronounced improvement in pore cell nucleation at 

a reasonably low concentration (<2 wt%).  

 

4.4.4 Foaming PMMA under Liquid CO2 conditions 

Earlier attempts to foam PMMA thin films using surface diffusion barriers show no 

evidence of cell nucleation at CO2 pressures lower than 6.89 MPa at temperatures above 

35ºC. At these conditions, PMMA is not sufficiently plasticized by CO2 to form a liquid 

phase. In this section, we explore the effect of adding the PMMA-g-PDMS and PMMA-b-

PFOMA(1) copolymers on foaming PMMA under these conditions. The SEM images 

provided in Fig. 4.18 show thin films of PMMA and PMMA modified with 2 wt% of 
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each copolymer, as well as different concentrations of nanosilica upon exposure to liquid 

CO2 at 30ºC and 6.20 MPa. Since PMMA is in the solid (or perhaps leathery) state, there 

is no evidence of bubble formation in Fig. 4.18a. Incorporation of 1-8 wt% nanosilica in 

Figs. 4.18d-f modestly improves cell nucleation, yielding pore cell sizes measuring on 

the order of tens of micrometers across. While such improvement is encouraging, the 

degree of improvement is far from what has been achieved at higher temperatures and 

pressures. Thin films containing one of the two copolymers investigated here (Figs. 

4.18b and 4.18c) clearly show remarkable foam morphologies characterized by a large 

number of fine pore cells measuring on the order of 1-10 µm. In this case, we do not 

expect significant diffusion of copolymer molecules in the solid polymer matrix, in 

which case extant micelles most likely serve as CO2 reservoirs during CO2 exposure. 

Upon pressure quenching, the polymer matrix undergoes rapid retrograde vitrification, 

thereby trapping the CO2 molecules in the matrix to form nuclei that grow into the 

observed pore cells. 

 

4.5 CONCLUSIONS 

Novel microporous polymer thin films have been produced using a combination of 

external diffusion control to enhance homogeneous nucleation during depressurization 

and physical additives to provide hard and soft internal surfaces for concurrent 

heterogeneous nucleation. The additives examined here include nanosilica, an example 

of a nonporous inorganic additive. We have developed a new processing strategy to 

produce micro- and nanoporous thin polymer films using a gas foaming process with 

CO2. The strategy involves combining surface CO2 diffusion control with the addition of 
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a nanoscale filler or a tailored nonionic surfactant to promote very high levels of 

nucleation in the polymer films. Results from our work indicate that an optimal 

concentration (~ 2 wt%) of a low molecular weight surfactant with a CO2-soluble block 

(BCP1) provides for the highest improvement in cell nucleation densities even with 

liquid CO2. Addition of the surfactant offers leverage of using the polymer-gas 

interfacial tension as a tunable parameter to control nucleation in polymers along with 

traditional operating parameters such as foaming temperature and CO2 saturation 

pressure.  
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Table 4.2 Surfactant Characteristics  
 

Surfactant Mna  Mw/Mn 
PMMA-g-PDMS (GCP) 40k-g-10k 1.46 

PMMA-b-PFOMA (BCP1) 29k-b-3.5k 1.14 
PMMA-b-PFOMA (BCP2) 110k-b-50k 1.2 

 

a Measured by gel permeation chromatography. 
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List of figure captions 
 
Figure 4.1 Schematic illustration of the batch foaming set-up. 
 
Figure 4.2 Schematic of mixes modes of foam nucleation in the presence of inert filler  
 
Figure 4.3 SEM micrographs of coated PMMA film with colloidal nanosilica foamed 
with saturation time of 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion 
control  at (i) 34.47 MPa and 120ºC and (ii) 17.23 MPa and 40ºC. 
 
Figure 4.4 (a) Foam cell density and (b) average cell diameter presented as a function of 
scCO2 saturation pressure with the addition of colloidal nanosilica. Solid lines serve as 
guides to the eye. 
 
Figure 4.5 (a) Foam cell density and (b) average cell diameter presented as a function of 
nanosilica concentration at a constant pressure of 17.23 MPa and foaming temperature of 
40ºC. 
  
Figure 4.6 (a) Foam cell density and (b) average cell diameter presented as a function of 
foaming temperature with the addition of colloidal nanosilica. Solid lines serve as 
guides to the eye. 
 
Figure 4.7  SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% FSO 100 and 
(c) PMMA with 2 wt% FSN 100 films foamed at saturation pressure of 17.23 MPa, 
foaming temperature of 40ºC, saturation time of 8 hrs and a pressure quench rate of 6.89 
MPa/sec with diffusion control.  
   
Figure 4.8 SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% GCP and (c) 
PMMA with 2 wt% BCP1 foamed at foaming temperature of 40°C, saturation time of 8 
hrs, a pressure quench rate of 6.89 MPa/sec with diffusion control and a scCO2 
saturation pressure of 6.89 MPa. 
 
Figure 4.9  SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% GCP and (c) 
PMMA with 2 wt% BCP1 foamed at foaming temperature of 40°C, saturation time of 8 
hrs, a pressure quench rate of 6.89 MPa/sec with diffusion control and a scCO2 
saturation pressure of 6.89 MPa at higher magnification than those presented in Figure 
4.8.  
 
Figure 4.10 TEM images of (a) neat GCP; 150 eV energy loss and blends of PMMA with 
(b) 1 wt% GCP; 150 eV energy loss, (c) 5 wt% GCP; 0 eV energy loss and (d) matched 
image in 4.10 (c); 150 eV energy loss. 
 
Figure 4.11 TEM images of (a) neat BCP1; 0 eV energy loss and blends of PMMA with 
(b) 1 wt% BCP1; 0 eV energy loss and (c) matched image to Fig. 4.11(b); 150 eV energy 
loss. 
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Figure 4.12  SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% GCP and (c) 
PMMA with 2 wt% BCP1 foamed at foaming temperature of 40°C, saturation time of 8 
hrs, a pressure quench rate of 6.89 MPa/sec with diffusion control and a scCO2 
saturation pressure of 34.47 MPa. 
 
Figure 4.13  SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% GCP and (c) 
PMMA with 2 wt% BCP1 foamed at foaming temperature of 40°C, saturation time of 8 
hrs, a pressure quench rate of 6.89 MPa/sec with diffusion control and a scCO2 
saturation pressure of 34.47 MPa at higher magnification than those presented in Figure 
4.12.  
 
Figure 4.14  SEM micrographs of coated PMMA with 2 wt% GCP foamed at foaming 
temperature of 40°C, saturation time of 8 hrs, a pressure quench rate of 6.89 MPa/sec 
with diffusion control and a scCO2 saturation pressure of (a) 6.89 MPa and (b) 34.47 
MPa. 
 
Figure 4.15 SEM micrographs of coated PMMA with 0.5 wt% GCP foamed at foaming 
temperature of 40°C, saturation time of 8 hrs, a pressure quench rate of 6.89 MPa/sec 
with diffusion control and a scCO2 saturation pressure of 34.47 MPa at (a) lower 
magnification and (b) higher magnification. 
 
Figure 4.16  SEM micrograph of coated PMMA with 2 wt% BCP2 foamed at foaming 
temperature of 40°C, saturation time of 8 hrs, a pressure quench rate of 6.89 MPa/sec 
with diffusion control and a scCO2 saturation pressure of 34.47 MPa. 
 
Figure 4.17  Schematic of the mechanism of formation of surfactant micelles as 
heterogeneous nucleation sites. 
 
Figure 4.18 SEM micrograph of coated (a) PMMA, (b) PMMA with 2 wt% GCP, (c) 
PMMA with 2 wt% BCP2, (d) PMMA with 1 wt% colloidal nanosilica, (e) PMMA with 5 
wt% colloidal nanosilica and (f) PMMA with 8 wt% colloidal nanosilica films foamed at 
foaming temperature of 30°C, saturation time of 8 hrs, a pressure quench rate of 6.89 
MPa/sec with diffusion control and a scCO2 saturation pressure of 6.20 MPa. 
 
 
 
 
 

 

 



Figure 4.1: Schematic illustration of the batch foaming set-up.
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Figure 4.2: Schematic of mixes modes of foam nucleation in the presence of inert filler 
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Figure 4.3: SEM micrographs of coated PMMA film with colloidal silica foamed with saturation time of 8 hrs and
 a pressure quench rate of 6.89 MPa/sec with diffusion control  at (i) 34.47 MPa and 120ºC and (ii) 17.23 MPa and 40ºC.
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Figure 4.4: (a) Foam cell density and (b) average cell diameter presented as a function
of scCO2 saturation pressure with the addition of colloidal silica. Solid lines serve as
guides to the eye
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Figure 4.5: (a) Foam cell density and (b) average cell diameter presented as a function of 
nanosilica concentration at a constant pressure of 17.23 MPa and a foaming temperature 
of 40ºC. 
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Figure 4.6: (a) Foam cell density and (b) average cell diameter presented as a function of
foaming temperature with the addition of colloidal silica. Solid lines serve as guides to
the eye.
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Figure 4.7: SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% FSO 100 and (c) PMMA with 
2 wt% FSN 100 films foamed at saturation pressure of 17.23 MPa, foaming temperature of 40ºC, 
saturation time of 8 hrs and a pressure quench rate of 6.89 MPa/sec with diffusion control. 
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a b c

Figure 4.8: SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% GCP and (c) PMMA with 
2 wt% BCP1 foamed at foaming temperature of 40°C, saturation time of 8 hrs, a pressure quench rate 
of 6.89 MPa/sec with diffusion control and a scCO2 saturation pressure of 6.89 MPa.
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Figure 4.9: SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% GCP and (c) PMMA with 
2 wt% BCP1 foamed at foaming temperature of 40°C, saturation time of 8 hrs, a pressure quench rate 
of 6.89 MPa/sec with diffusion control and a scCO2 saturation pressure of 6.89 MPa at a higher 
magnification than those presented in Figure 4.8

147



a

c

b

d

100 nm    

500 nm     500 nm     

200 nm     

Figure 4.10: TEM images of (a) neat GCP; 150 eV energy loss and blends of PMMA with (b) 1 wt% GCP; 150 eV 
energy loss,(c) 5 wt% GCP; 0 eV energy loss and (d) matched image in 4.10 (c); 150 eV energy loss.
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Figure 4.11: TEM images of (a) neat BCP1; 0 eV energy loss and 
blends of PMMA with (b) 1 wt% BCP1; 0 eV energy loss and 
(c) matched image to Fig. 4.11(b); 150 eV energy loss.
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Figure 4.12: SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% GCP and (c) PMMA with 
2 wt% BCP1 foamed at foaming temperature of 40°C, saturation time of 8 hrs, a pressure quench rate of 
6.89 MPa/sec with diffusion control and a scCO2 saturation pressure of 34.47 MPa.
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Figure 4.13: SEM micrographs of coated (a) PMMA (b) PMMA with 2 wt% GCP and (c) PMMA with 
2 wt% BCP1 foamed at foaming temperature of 40°C, saturation time of 8 hrs, a pressure quench rate of 
6.89 MPa/sec with diffusion control and a scCO2 saturation pressure of 34.47 MPa at a higher magnification
than those presented in Figure 4.12
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Figure 4.14: SEM micrographs of coated PMMA with 2 wt% GCP foamed at foaming temperature of 
40°C, saturation time of 8 hrs, a pressure quench rate of 6.89 MPa/sec with diffusion control and a scCO2 
saturation pressure of (a) 6.89 MPa and (b) 34.47 MPa.
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Figure 4.15: SEM micrographs of coated PMMA with 0.5 wt% GCP foamed at foaming temperature of 40°C, 
saturation time of 8 hrs, a pressure quench rate of 6.89 MPa/sec with diffusion control and a scCO2 saturation
 pressure of 34.47 MPa at (a) lower magnification and (b) higher magnification.
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Figure 4.16: SEM micrograph of coated PMMA with 2 wt% BCP2 foamed at foaming 
temperature of 40°C, saturation time of 8 hrs, a pressure quench rate of 6.89 MPa/sec
 with diffusion control and a scCO2 saturation pressure of 34.47 MPa.
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Figure 4.17  Schematic of the mechanism of formation of 
surfactant micelles as heterogeneous nucleation sites. 
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Figure 4.18: SEM micrograph of coated (a) PMMA, (b) PMMA with 2 wt% GCP, (c)  PMMA with 2 wt% BCP2, 
(d) PMMA with 1 wt% colloidal silica, (e) PMMA with 5 wt% colloidal silical and (f) PMMA with 8 wt% colloidal
 silica films foamed at foaming temperature of 30°C, saturation time of 8 hrs, a pressure quench rate of 6.89 MPa/sec
 with diffusion control and a scCO2 saturation pressure of 6.20 MPa.
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CHAPTER 5 
LOW-TEMPERATURE, SURFACE-MEDIATED FOAMING  

OF POLYMER FILMS 

 

ABSTRACT 

 Polymer foams show tremendous promise over their dense analogs in terms of 

material, cost, weight and waste reduction, as well as property enhancement, multiple 

functionality and post-use recyclability. In this work, we show that ultraporous polymer 

films, which are of growing importance in technologies such as microelectronics and 

biotechnology, can be controllably produced with high-pressure CO2 by physically 

constraining the film surfaces. Vastly improved cell densities reflect a substantive 

reduction in the rate of CO2 diffusion from the film upon depressurization. Such surface-

mediated foaming is extended to include internal surfaces by dispersing nonporous 

silica nanoparticles or CO2-philic polymer surfactants in the polymer matrix. A dramatic 

increase in cell density is thereby achieved at low foaming temperatures. Our findings 

confirm that the surfactants likewise permit polymer foaming at low pressures where 

CO2 exists as a liquid. 



 

 158 

 Highly porous materials have attracted broad interest as supports for smart 

membranes,1-3 fuel cells,4 reflective displays5 and sensors.6 Depending on the size scale 

and regularity of the pore size and position, such materials may also serve as optical 

devices7-10 and templates.11 The benefits of using polymeric materials directly in such 

emergent technologies include low cost and weight, versatility, mechanical robustness 

and facile processability. Thermoplastic polymers, produced at an annual volume of ~30 

million kilograms in the U.S. alone,12 are ideally suited for diverse technologies wherein 

dimensional stability, mechanical rigidity and recyclability constitute important design 

criteria. Porous foams derived from various thermoplastic polymers augment many of 

the above benefits by reducing bulk density and, hence, the amount of requisite 

material, as well as the corresponding cost and weight.13-14 Moreover, foams account for 

less material waste and energy consumption incurred during processing and after 

disposal, both of which are becoming increasingly important from an environmental 

standpoint. In several instances, polymer foams exhibit superior mechanical properties, 

such as increased impact strength and stiffness-to-weight ratio, relative to their dense 

counterparts15 and, for this reason, are used in building and automotive construction. 

Similarly, polymer foams commonly serve as insulation and packaging media.  

 Foaming polymers in a batch or continuous process generally requires physical 

dissolution of an inert gas or vapor (the "blowing agent") in a molten polymer to form a 

homogeneous solution, which is subsequently subjected to a rapid pressure quench to 

generate a supersaturated solution. Bubble nucleation within the polymer matrix ensues 

according to the mechanism embodied in classical nucleation theory (CNT) 16 and is 

responsible for the development of cells that grow until the temperature of the polymer 
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is sufficiently reduced to lock-in the cell morphology. For amorphous (glassy) 

thermoplastics, the temperature at which this occurs is the glass transition temperature 

(Tg). While many blowing agents are commercially used to produce polymer foams, one 

that has attracted widespread interest is high-pressure CO2, since it is readily available, 

inexpensive and environmentally benign. Another desirable attribute of CO2 is that it is 

not combustible, unlike some of the organic compounds currently used for this purpose. 

Moreover, CO2 exhibits tunable liquid-like solubility, but gas-like viscosity, under 

supercritical fluid conditions,17  which can be accessed due to the relatively low critical 

point at Tc = 31.1°C and Pc = 72.8 atm.18  It is well-known that the thermal19 and 

rheological20-21 properties of polymers are strongly influenced by exposure to CO2, and 

several independent studies13-16,22-25 have demonstrated that microcellular polymer foams 

with cell densities exceeding 109 cells/cm3 can be generated by subjecting bulk polymers 

to high-pressure CO2. 

 While most endeavors to foam polymers have traditionally focused on bulk systems, 

there is considerable and growing interest in controllably producing porous polymer 

films for use in the microelectronics industry. Similarly, such films have attracted 

attention as drug-release vehicles and tissue scaffolds, depending on cell size and 

connectivity (open vs. closed cell morphology). Efforts specifically designed to produce 

nanoporous polymer films with a low dielectric constant (k) conventionally rely on 

several multistage strategies,26 such as the self-organization of block copolymer 

molecules. Selective removal of the dispersed component through chemical, radiation or 

thermal treatment renders an ultraporous polymer film.27  Recent studies28 confirm, 

however, that low-k nanoporous polymers (k = 1.77) can likewise be generated by single-
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step foaming with CO2 as the physical blowing agent. Attempts to prepare, in systematic 

fashion, polymer films possessing ultraporous morphologies are often thwarted by cell 

coalescence that occurs as growing cells impinge upon each other and cell walls rupture 

during CO2 depressurization.  

 The depressurization step in foaming occurs primarily by rapid diffusion of the 

blowing agent from the film surface, since the area afforded by the film edges is 

negligible in comparison. This scenario is illustrated in Fig. 5.1a, which shows a 

schematic diagram of the conventional depressurization process and a scanning electron 

microscopy (SEM) image of a corresponding poly(methyl methacrylate) (PMMA) film 

foamed with CO2 at 340 atm and 40°C. Large cells measuring on the order of 10 µm in 

diameter are evident in this image. To reduce the extent to which individual cells 

coalesce during depressurization and thereby retain an ultraporous polymer film, we 

propose an innovative strategy in which a physical, CO2-impermeable surface barrier is 

used to slow the rate at which CO2 diffuses from the film. In this case, CO2 can only 

escape from the film edges, which should increase the residence time of CO2 in the film, 

and eliminate property and morphology gradients along the surface normal. We further 

explore the benefit of such surface-mediated foaming through the physical addition of 

hard (rigid and impermeable) siliceous nanoparticles and soft (flexible and permeable) 

polymer surfactants to the polymer matrix. These additives provide a large population 

of internal surfaces for the concurrent heterogeneous nucleation of CO2 bubbles.  

Atactic PMMA (Mn = 70 kg/mol, Mw = 107 kg/mol) was provided by Elf Atochem 

N.A. (King of Prussia, PA) and purified prior to use. Colloidal silica possessing a 

hydroxyl-terminated surface and a mean particle diameter of 10-12 nm was obtained 
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from Nissan Chemicals (Houston, TX). A polydimethylsiloxane (PDMS) macromonomer 

(Mn = 10 kg/mol) with a monomethacrylate endgroup, methyl methacrylate (MMA) 

monomer and 1,1-dihydroperfluorooctyl methacrylate (FOMA) monomer used in the 

surfactant synthesis were supplied by Aldrich Chemicals (St. Louis, MO). Carbon 

dioxide (>99.8% pure) was obtained from National Specialty Gases (Durham, NC), and 

reagent-grade toluene (99.98% pure) was purchased from Aldrich Chemicals and used 

as-received. The synthesis of PDMS-based graft copolymers by the macromonomer 

technique employed here was described earlier.29  The graft copolymer was produced by 

free radical copolymerization of the PDMS macromonomer with deinhibited MMA in 

the presence of 2,2-asobisisobutyronitrile as initiator. The mean graft ratio of the 

resultant graft copolymer was determined from 1H NMR to be ~0.5. According to GPC 

analysis, Mn of the PMMA backbone was 40 kg/mol. An asymmetric block copolymer 

composed of PMMA and poly(1,1-dihydroperfluorooctyl methacrylate) (PFOMA) was 

synthesized by atom transfer radical polymerization (ATRP).30  The copolymer was 

produced via formation of a PMMA macroinitiator and subsequent addition of FOMA 

monomer to the macroinitiator. The number-average molecular weights of the PMMA 

and PFOMA blocks were determined from 1H NMR and GPC to be 30 and 3 kg/mol, 

respectively.  

 Films measuring 50 to 100 µm thick, as discerned by profilometry, were prepared by 

casting a concentrated PMMA/toluene solution on a glass plate. Cast films were dried 

for 48 h at ambient temperature and then placed under vacuum at 40°C for another 24 h. 

Densified PMMA films were removed from the glass plate, and the free-standing films 

were subjected to further vacuum drying at 40°C for an additional 12 h and then cut into 
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1.3 cm x 2.5 cm rectangles. Each rectangular specimen was tightly sandwiched between 

two smooth stainless steel plates in a homemade foaming die. The die was inserted into 

a high-pressure view chamber, which is designed to achieve uniform heating (±0.5°C) 

and connected to an ISCO high-pressure pump. The conditions within the chamber, as 

well as the depressurization rate, were computer-controlled. Upon reaching a desired 

foaming temperature, each specimen was saturated with CO2 for 6 h at pressures 

ranging from 61.2 to 340 atm. After this time, the chamber was depressurized rapidly 

under isothermal conditions and then quiescently cooled to yield the final foam. 

 Figure 5.1b shows the same PMMA film used to produce Fig. 5.1a after surface-

mediated foaming (depicted in the accompanying illustration). The dramatic reduction 

in cell size (to <1 µm) and corresponding increase in cell density (to ~5 x 1011 cells/cm3) 

are immediately evident upon comparing the two images. Another feature of interest is 

the cell shape. In Fig. 5.1a, the large cells remain circular in cross-section after 

coalescence of smaller cells. This shape is consistent with the lowest surface-to-volume 

ratio attainable for a dispersion. Close examination of the foam morphology displayed 

in Fig. 5.1b reveals that the cells appear polygonal, indicating that the cell walls undergo 

extensional deformation, but not much rupture, as the cells grow during hindered CO2 

removal from the confined film. The effects of CO2 pressure under isothermal conditions 

(40°C) and temperature under isobaric conditions (340 atm) on cell density (N) are 

presented in Fig. 5.2 and clearly show that N is maximized at low foaming temperature 

and high CO2 pressure. The low temperature (near the Tg of the CO2-plasticized polymer 

solution) expedites polymer vitrification and, consequently, solidification of a desired 

foam morphology. High CO2 pressures provide a large supply of CO2 molecules, which 
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can form a large number of cell nuclei upon depressurization. On the basis of this 

comparison, all further studies will be performed at low temperature (40°C) and high 

pressure (170-340 atm). 

 The curves included in Fig. 5.2 correspond to predictions from a version of classical 

nucleation theory (CNT) 16 modified to account for the PMMA/CO2 surface tension (γ). 

Generally speaking, the rate of homogeneous nucleation of cells per unit volume (Nh) is 

given by23 

  

  
Nh = Cf exp –

∆Gh
kT        

 (1) 

where C is the concentration of CO2 molecules in the polymer solution, k is the 

Boltzmann constant and T denotes absolute temperature. The energy barrier for 

homogeneous nucleation (∆Gh) can be expressed as23  

  

  
∆Gh =

16πγ3

3∆P3
         (2) 

where ∆P represents the magnitude of the pressure quench during depressurization. The 

collision frequency of CO2 molecules (f) is determined from 4πrc3ZRimp, where Z is the 

Zeldovich factor accounting for cell coalescence, Rimp is the rate of impingement of gas 

molecules per unit area, and rc is the critical nucleus radius (= 2γ/∆P). Unlike CNT, γ is 

explicitly calculated from the Sanchez-Lacombe equation of state developed for 

compressible polymer systems.31 The theoretical cell density is ascertained from23 

 

 
N =

Nh
(dP/dt)

dP
Psat

Patm

        (3) 
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where Psat is the saturation pressure of CO2, Patm is atmospheric pressure and dP/dt 

identifies the pressure quench rate (maintained at 68.0 atm/s). The favorable agreement 

between experimental and predicted cell densities in Fig. 5.2 confirms that this 

theoretical framework exemplifies the underlying physical mechanism of pore cell 

development in the present surface-mediated foams.  

 To ascertain if the surface-mediated foaming concept can be further improved 

through the addition of internal surfaces to induce heterogeneous nucleation, PMMA 

films containing different concentrations of nanosilica particles have been exposed to 

high-pressure CO2. Representative nanocomposite foams generated at 40°C and 170 atm 

with 0 to 8 wt% nanosilica are displayed in Fig. 5.3a-c and reveal that the nanosilica 

amplifies the effect of the external surface confinement imposed. While the mean cell 

diameter of the foam is insensitive to nanosilica content, the cell density increases 

noticeably. Values of N extracted from images such as these are presented as functions 

of nanosilica concentration and CO2 pressure at 40°C in Fig. 5.3d, and clearly 

demonstrate that N increases systematically with increasing nanosilica concentration up 

to 8 wt% — abruptly at low pressures, but more modestly at high pressures. This 

observed trend reflects the relative importance of heterogeneous nucleation, which 

dominates over homogeneous nucleation in the event that the amount of CO2 available 

for bubble nucleation is limited (at low CO2 pressures). At higher pressures, both 

mechanisms appear to be of comparable significance.  

 Addition of 0.5-2.0 wt% graft or diblock copolymer surfactant to the PMMA prior to 

film casting results in the formation of dispersed micelles with CO2-philic cores, which 

serve as nanoscale reservoirs for CO2 during foaming. The surface-mediated foam 
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morphologies of these blends are strikingly similar to those of the nanocomposites at 

40°C and high CO2 pressures (under supercritical conditions), in which case we now 

turn our attention to low pressures. Under these conditions, the influence of the polymer 

surfactants is profound, as evidenced by the SEM images displayed in Fig. 5.4. This 

series clearly shows that, at liquid CO2 conditions (30°C and 61.2 atm), the neat PMMA 

films (Fig. 5.4a) do not foam even with surface confinement. Addition of up to 8 wt% 

nanosilica (Fig. 5.4b) promotes limited nucleation with small cells coalescing into a few 

large ones. In marked contrast, incorporation of 2 wt% graft or diblock copolymer (Figs. 

5.4c or 5.4d, respectively) yields a remarkably well-defined microcellular foam 

morphology with cell diameters measuring on the order of 1-5 µm. 

 We have shown that surface-mediated foaming of polymer films is generally 

applicable to polymers that are amenable to foaming, as well as to environmentally-

benign blowing agents such as CO2. The fundamental premise underlying this 

methodology is that smaller and more numerous cells can be retained in the final foam 

by limiting the mass transfer rate of CO2 during depressurization. We have used solid, 

impermeable plates for this purpose, but the concept readily extends to various mold 

geometries and laminate structures. An unforeseen benefit of our approach to foaming 

polymer films is that the nonporous skin layer located at both polymer/plate surfaces is 

surprisingly thin (about one cell diameter thick), if existent at all, which not only serves 

to reduce the dielectric constant and dissipation factor of the polymer, but also permits 

closer examination of surface bubbles,32  as well as the response of polymer thin films to 

a compressible fluid.33  Physical addition of hard nanoparticles or soft surfactants to the 

polymer matrix results in the formation of internal surfaces that promote concurrent 
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heterogeneous nucleation, the results of which are more pronounced at low pressures 

and temperatures. Such operating conditions are of crucial commercial consideration 

since they require minimal energy consumption and capital investment. While ongoing 

efforts have focused on multistage methods to harness ultraporous polymer films,26-27 

we have demonstrated that single-step foaming methods can be greatly enhanced and 

likewise used to generate such films by carefully regulating the fundamental mechanism 

by which foaming occurs. 

 This study was supported by the Kenan Center for the Utilization of Carbon Dioxide 

in Manufacturing and the STC Program of the National Science Foundation under 

Agreement No. CHE-9876674. 
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List of figure captions 

Figure 5.1. SEM images of PMMA films foamed (a) without and (b) with surface 

confinement, schematically depicted in the accompanying illustrations, in 

supercritical CO2 at 40°C and 340 atm. The foamed film has been cross-

fractured in liquid nitrogen, pulse-coated with ~25 nm of Au/Pd and imaged 

on a Philips 505T electron microscope (FEI Co., Hillsboro, OR) operated at an 

accelerating voltage of 10-12 kV.  

 

Figure 5.2. Cell densities (N) of PMMA films subjected to surface-mediated foaming in 

CO2 under conditions of constant temperature (40°C, O) or constant pressure 

(340 atm, ∆). The solid lines denote predictions from the CNT, whereas the 

dashed lines identify predictions from the modified CNT described in the 

text, in which the 

interfacial  

 

tension is determined from . Here, ∆ρi is the density difference of component 

i (i=1 for CO2 and i=2 for PMMA) partitioned between two coexisting phases 

(I and II), ρ  is the reduced density from an equation of state, φi is the volume 

fraction of species i, κii is the self-interaction parameter for species i, v1 is the 

solvent unit volume and ∆a is the difference between the actual interfacial 

free energy density and that which would exist if each phase was separated 

by a line of zero thickness (31). Experimental cell densities are computed 

  
γ =

21/2

v1
κ11

1/2 + κ22
1/2 ∆ρ2/∆ρ1 ρ∆a1/2 dφ1

φ1
I

φ1
II
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from SEM images according to the procedure proposed by Kumar and Suh 

(22). 

 

Figure 5.3. SEM images of surface-confined PMMA films containing different 

concentrations of nanosilica (in wt%) — (a) 0, (b) 5 and (c) 8 — and foamed in 

supercritical CO2 at 40°C and 170 atm. The dependence of cell density on 

foaming pressure is provided in (d) for four nanosilica concentrations (see 

the legend). Cell densities extracted from images such as those displayed in 

(a-c) are identified by the rectangle. 

 

Figure 5.4. SEM images of surface-confined PMMA films containing different additives 

— (a) no additive, (b) 8 wt% nanosilica, (c) 2 wt% PMMA-g-PDMS graft 

copolymer synthesized by macromonomer free radical polymerization and 

(d) 2 wt% PMMA-b-PFOMA diblock copolymer synthesized by ATRP — and 

foamed in liquid CO2 at 30°C and 61.2 atm. 

 



10 µm

a b

1 µm

Figure 5.1 SEM images of PMMA films foamed (a) without and (b) with
surface confinement, schematically depicted in the accompanying
illustrations, in supercritical CO2 at 40°C and 340 atm. The foamed film has
been cross-fractured in liquid nitrogen, pulse-coated with ~25 nm of Au/Pd
and imaged on a Philips 505T electron microscope  (FEI Co., Hillsboro, OR)
operated at an accelerating voltage of 10-12 kV
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Figure 5.2 Cell densities (N) of PMMA films subjected to surface-mediated
foaming in CO2 under conditions of constant temperature (40°C, O) or
constant pressure (340 atm, ∆). The solid lines denote predictions from the
CNT, whereas the dashed lines identify predictions from the modified CNT
described in the text, in which the interfacial tension is determined from

Here, ∆ρi is the density difference of component i (i=1 for CO2
and i=2 for PMMA) partitioned between two coexisting phases
(I and II),  is the reduced density from an equation of state, φi is the volume
fraction of species i, κii is the self-interaction parameter for species i, v1 is
the solvent unit volume and ∆a is the difference between the actual
interfacial free energy density and that which would exist if each phase was
separated by a line of zero thickness. Experimental cell densities are
computed from SEM images according to the procedure proposed by
Kumar and Suh
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Figure 5.3 SEM images of surface-confined PMMA films containing
different concentrations of nanosilica (in wt%) —(a) 0, (b) 5 and (c) 8 —
and foamed in supercritical CO2 at 40°C and 170 atm. The dependence of
cell density on foaming pressure is provided in (d) for four nanosilica
concentrations (see the legend). Cell densities extracted from images such
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Figure 5.4  SEM images of surface-confined PMMA films containing 
different additives — (a) no additive, (b) 8 wt% nanosilica, 
(c) 2 wt% PMMA-g-PDMS graft copolymer synthesized 
by macromonomer free radical polymerization and (d) 2 wt% 
PMMA-b-PFOMA diblock copolymer synthesized by ATRP — 
and foamed in liquid CO2 at 30°C and 61.2 atm.
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CHAPTER 6 
 

CONCLUSIONS AND FUTURE DIRECTIONS 
 

 
6.1 CONCLUSIONS 
 

The research presented in this dissertation has focused on foaming of polymers with 

supercritical carbon dioxide (scCO2) with specific emphasis on the use of polymer 

blending and introduction of hard/soft surfaces as a processing strategy to generate 

novel porous polymeric micro- and nano-structures. 

Efficacy of scCO2 as a good blowing agent for polymeric foam generation was 

studied by designing and constructing novel continuous and batch foaming devices. A 

continuous extrusion-based microcellular foaming device was built in the laboratory 

and microcellular foams of amorphous thermoplastics such as polystyrene (PS) and 

poly(methyl methacrylate) (PMMA) were generated with scCO2. The foaming process 

was optimized to understand the effect of different operating variables such as residence 

time (extrusion rate), scCO2 injection pressure, extruder temperature profile, foaming 

section temperature profile and nozzle diameter on controlling final foam morphology. 

The first challenge that was addressed in this project was to develop a methodology for 

continuous generation of microcellular foams with semi-crystalline polymers. Poly( 

vinylidene fluoride) (PVDF) was chosen as a model semicrystalline polymer for the 

study. We developed a novel processing strategy for generation of controlled foamed 

structures with PVDF via blending with a compatible amorphous polymer, PMMA. 

Addition of PMMA to PVDF increases the solubility of scCO2 from 2.0 wt% in neat 

PVDF to at least 6.0 wt% in PVDF/PMMA blends. Elimination or reduction of the PVDF 
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melting point coupled with scCO2-induced plasticization in the miscible blends result in 

production of uniform microcellular foams with cell densities over 1010 cells/cm3, 

material densities reductions of up to 70% and cell diameters on the order of 10 µm. 

The next phase of the project focused on extending traditional foaming processes to 

generate micro- and nanoporous thin polymer films with scCO2. A batch foaming device 

with precise control of operating variables such as foaming temperature, CO2 saturation 

pressure and CO2 pressure quench rate using a computer controlled data acquisition 

system was constructed for relevant experimentation. Results from our preliminary 

experiments with PMMA films measuring 100 µm in thickness indicated that control of 

CO2 diffusion from the film surfaces was the most critical parameter to affect foaming. A 

foaming die consisting of impenetrable smooth surfaces was designed that could fit into 

the batch foaming cell. Experiments with the PMMA films constrained physically in the 

foaming die in combination with variations in the operating variables mentioned above 

yielded an array of uniform micro- and nano-cellular foams with thin unfoamed skins. 

In an attempt to understand the mechanism involved in foaming thin polymer films, a 

mathematical model based on classical nucleation theory taking into account the 

compressible nature of CO2 was developed. The mathematical model incorporated a 

gradient model in conjunction with Sanchez-Lacombe EOS to account for the PMMA-

CO2 interfacial properties. The model predictions of variation of cell nucleation densities 

with foaming temperature and CO2 saturation pressure matched well experimental 

results using the PMMA-CO2 system.  

The final part of the research project examined bubble nucleation in the thin polymer 

films via addition of either inert nanoscale fillers or tailored nonionic surfactants. The 
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rationale behind using additives was to abet homogeneous nucleation in the PMMA-CO2 

system by either introduction of heterogeneous nucleation sites or favorably affecting the 

PMMA-CO2 interfacial properties or a mixture of the both.  The PMMA films 

impregnated with colloidal silica particles measuring 10-12 nm in diameter showed a 

remarkable increase in cell nucleation rates even at low CO2 saturation pressure. Uniform 

porous morphologies with ultrathin unfoamed skins were obtained. Experiments were 

also conducted with CO2-compatible Zonyl nonionic fluorosurfactants available 

commercially for Dupont. As the addition of these surfactants didn’t show any significant 

effect on foam nucleation, a set of tailored surfactants with CO2-philicity and also 

capable of interacting favorably with the polymer matrix were synthesized in our 

laboratory. Graft copolymers (PMMA-g-PDMS) of PMMA and poly (dimethyl siloxane) 

(PDMS) and block copolymers (PMMA-b-PFOMA) of PMMA and poly (1,1-

dihydroperfluorooctyl methacrylate) (PFOMA) were prepared, with the 

siloxane/fluoropolymer block being CO2-philic. The molecular architecture of the 

PMMA-b-PFOMA was also varied by changing the molecular weights of the blocks. 

Results from our surfactant based experiments show that the addition of a low molecular 

weight block copolymer (PMMA-b-PFOMA) with a CO2-soluble block (PFOMA) and a 

polymer-miscible block (PMMA) provides for the highest improvement in cell nucleation 

densities in the thin PMMA films. 
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6.2 FUTURE DIRECTIONS 
 

The work set forth in this dissertation can be used as a building block for further 

studies in developing novel materials and new processing strategies in the field of 

foaming polymers with carbon dioxide.  

The design of the extrusion-based microcellular foaming device could be modified to 

generate in continuous fashion foamed nanocomposites with enhanced mechanical 

properties. Results from research on the role of additives and surfactants can be used to 

disperse toughening materials such as exfoliated nanoclays in the polymer matrix 

preferably in a twin-screw extruder. The design of such materials with controlled 

properties requires a fundamental understanding of the modification of polymer 

structure and dynamics by interactions at the organic-inorganic interface. The central 

idea is to generate a microcellular polymeric foam morphology in a gallery of spaced out 

filler particles using scCO2 as the blowing agent.  Foam formation would be controlled 

by two factors: (a) homogenous nucleation of gas embryos between the filler layers, and 

(b) heterogeneous gas nucleation on the filler particles themselves. A detailed study 

regarding the feasibility of an extrusion-based scCO2-assisted powder coating 

technology based on our experiments with PVDF needs to be undertaken. Such a 

technology would be a boost to the coatings industry, which is plagued by 

environmental problems associated with organic solvent usage.  

Generation of porous thin films using scCO2 is relatively a new area of research. 

Considerable work remains to be done experimentally and theoretically, which could 

result in CO2-based polymer foaming being used to synthesize novel materials such as 

low-k dielectrics, drug delivery devices, biodegradable scaffolds for tissue engineering 
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and high temperature ceramic foams. The theoretical model developed in this 

dissertation predicts nucleation densities as a function of foaming temperature and CO2 

pressure. Cell growth models based on CO2 diffusion into nuclei can be incorporated 

into the nucleation model to be able to predict final cell structure and properties. An 

interesting question that can be addressed experimentally is whether CO2 bubbles on the 

order of 10-20 nm can be uniformly dispersed in a polymer film with thickness on the 

order of 100-500 nm. We have observed that CO2 bubbles on the size scales mentioned 

above can be isolated successfully in the polymer matrix but void volume in the film is 

very low. Further process development using high Tg polymers could lead to 

manufacture of the next generation low-k dielectrics using a CO2-facilitated foaming 

process. Another interesting area is the formation of porous scaffolds of biomaterials for 

tissue engineering applications. A single step process using scCO2 can be thought of 

where a variety of impregnable species such as growth factors can be uniformly mixed 

with a polymer in a high pressure CO2 environment followed by depressurization 

leading to a controlled foamed scaffold structure. Figure 6.1 shows electron micrographs 

of foamed structures generated using biodegradable polymers, viz. polycaprolactone, 

polylactic acid and copolymer of lactic and glycolic acid at a foaming temperature of 

60ºC, saturation pressure of 6.89 MPa, saturation time of 8 hrs and a pressure quench 

rate of 6.89 MPa/sec. These polymers are amenable to foaming with CO2 and 

plasticization with CO2 can be used advantageously to process them at temperatures low 

enough to allow incorporation of live species into the scaffolds.  
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List of Figure Captions 

Figure 6.1  SEM micrographs of uncoated (a) PCL, (b) PLGA and (C) PDLLA disks 
foamed at a foaming temperature of 60ºC, saturation pressure of 6.89 MPa, saturation 
time of 8 hrs and a pressure quench rate of 6.89 MPa/sec. 
 

 



a b c

Figure 6.1: SEM micrographs of uncoated (a) PCL, (b) PLGA and (C) PDLLA disks foamed at a foaming 
temperature of 60ºC, saturation pressure of 1000 psi, saturation time of 8 hrs and a pressure quench rate of 1000 psi/sec.
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