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ABSTRACT 
 

 

 

Poly(methyl methacrylate) (PMMA) multi-walled carbon nanotubes (MWCNTs) 

nanocomposites were synthesized by several methods using both pristine and surface 

functionalized carbon nanotubes (CNTs). Fourier transform infrared (FTIR) spectroscopy was 

used to characterize the presence and types of functional groups in functionalized CNTs, while 

the dispersion of CNTs in PMMA was characterized using scanning electron microscopy (SEM). 

The prepared nanocomposites were foamed using carbon dioxide (CO2) as the foaming agent. 

The cell morphology was observed by SEM, and the cell size and cell density were calculated 

via image analysis. It was found that both the synthesis methods and CNTs surface 

functionalization affect the CNTs dispersion in the polymer matrix, which in turn profoundly 

influences the cell nucleation mechanism and cell morphology. The CNTs are efficient 

heterogeneous nucleation agents leading to increased cell density at low particle concentrations. 

A mixed mode of nucleation mechanism was observed in nanocomposite foams in which 

polymer rich and particle rich region co-exist due to insufficient particle dispersion. This leads to 

a bimodal cell size distribution. Uniform dispersion of CNTs can be achieved via synergistic 

combination of improving synthesis methodology and CNT surface functionalization. Foams 

from these nanocomposites exhibit single modal cell size distribution and remarkably increased 

cell density and reduced cell size. An increase in cell density of ~70 times and reduction of cell 

size of ~80% was observed in nanocomposite foam with 1% CNTs.  

The effect of CNT surface functionalization on the tensile properties of the 

PMMA/MWNT nanocomposite and nanocomposite foams were noticed. An increase of ~60% in 

elastic modulus and ~40% increase in the tensile strength was observed in nanocomposite foam 

with 0.5 % functionalized CNTs.  
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CHAPTER 1 

INTRODUCTION       

 

 

1.1 Background and Significance 

Polymer nanocomposites are materials with polymers as the matrix phase with a small 

addition of nanoparticles acting as reinforcement. These materials have drawn a great deal of 

interest in recent years because they possess high potential of achieving great property 

improvement. Polymeric foams, on the other hand, represent a group of polymeric materials with 

gaseous voids in them. These are lightweight materials and have been widely used in various 

applications such as cushioning, insulation, packaging and absorbency [1]. However the 

applications of foam are limited due to their inferior mechanical strength, poor surface quality, 

and low thermal and dimensional stability.  

Microcellular foams with cell sizes less than 10µm and cell densities larger than 10
9
 

cells/cm
3
 have been found recently opening new dimensions in achieving light weight materials 

with excellent mechanical properties [2-6]. However a very narrow operation window [7, 8] is 

available in the production of microcellular foams because a high pressure drop rate and a low 

foaming temperature is required. Hence nucleating agents are added to serve as nucleating sites 

facilitating bubble nucleation process. Various nucleants such as talc [9-11], zinc stearate[11-14], 

calcium carbonate[11] , and calcium stearate[10,11] have been successfully investigated to 

produce microcellular foams with a high cell density and a uniform cell size distribution. 

Recently, nanoparticles have been studied as the foaming nucleants as well. Nanoparticles offer 

unique advantages for controlling both the foam structures and properties compared to their 

micro-sized counterparts. The extremely small particle size assists with generation of very large 

number of nucleants with a relatively low particle loading. Furthermore, the nano-scaled 

dimension, the high aspect ratio, and the large surface area make those particles desirable as 

reinforcing elements for the cell walls. The uses of spherical and plate-like nanonparticles have 

been studied by various researchers and foams in micron range with a controlled cell density 
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have been achieved. Carbon nanotubes (CNTs) represent another type of nanoparticle that offer 

exceptional properties but the use of CNT in polymer foams have not been investigated and is 

the subject of this research.  

This research is the first step to understand the processing-morphology-property 

relationship in novel polymer CNT nanocomposite foam. A successful understanding of this 

relationship may lead to innovation of new foam materials with enhanced mechanical properties 

and added multifunctional characteristic, increasing the applications of foam as structural 

materials. 

 

1.2 Scope and Objective of the Research 

 

The objectives of this research are: i) Test the hypothesis that CNTs will increase cell 

density, enhance mechanical properties and add other functionalities to polymeric foams. ii) If 

the hypothesis holds, quantify the improvements in terms of cell density and mechanical 

properties.  

Poly (methyl methacrylate) (PMMA)/multi-walled carbon nanotubes (MWNTs) 

nanocomposites were synthesized using solvent casting and anti solvent precipitation. Both 

pristine and surface functionalized MWNTs were used to prepare the nanocomposites. The 

nanocomposite foams were prepared in a batch foaming process using environmentally benign 

CO2. The scope of this research is to investigate the effect of CNTs and the processing 

conditions on the foam morphology and properties to establish the process-morphology-property 

relationship. The following tasks were be conducted, 

i) Study the effect of CNT dispersion of foam morphology. 

ii) Study the effect of temperature and pressure as the processing conditions on the foam 

morphology. 

iii) Study the effect of CNT concentration and surface functionalization of the CNTs on 

the foam morphology. 

iv) Measure the mechanical properties of the prepared foams. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Polymer CNT Nanocomposites 
 

2.1.1 Introduction 

 

 Polymer composites are widely used in areas of automotive, aerospace, construction, and 

electronic industries because of their improved mechanical (e.g., stiffness, strength) and 

physical properties over pure polymers. These composites are made using micron-sized 

particulates and long fibers to reinforce the weak polymer matrices. In recent years polymer 

nanocomposites have drawn a great deal of interest because of a high potential of achieving 

property improvement by a small addition of nanoparticles in the polymer matrices. 

Furthermore, this significant improvement in variety of properties is achieved without 

sacrificing the lightweight of polymer matrices.  

 The term nanocomposites usually refer to composites in which at least one phase (the 

filler phase) possesses ultrafine dimensions (order of few nanometers). Generally three different 

types of nanoparticles as shown in Figure 2.1[17] are used to make polymer nanocomposites. 

The first type of nanoparticles has one dimension in the nanometer scale giving them a platelet-

like structure.  The lateral dimensions may be in the range of several hundred nanometers to 

microns, while the thickness is usually less than a few nanometers. Clay and layered 

nanographites are a good example of this type of nanoparticles. Second types of nanoparticles 

have two of their dimensions in the nanometer scale, while the third is larger. Thus these 

particles have an elongated structure. Nanotubes and nanofibers belong to this group. The third 

type of nanoparticles has all three dimensions at the nanometer scale. Some good examples of 

these kinds of nanoparticles are spherical silica particles, nanocrystals, gold and other metal 

nanoparticles. 
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Figure 2.1 Different nanoparticles 

 

2.1.2 CNT and CNT Nanocomposites 

 

The discovery of carbon nanotubes [18] has opened a new dimension in the area of 

nanocomposite research. This tremendous interest in the research community is because of their 

remarkable mechanical, electrical, magnetic, optical and thermal properties [19].  

CNT consist of graphitic sheets, which have been rolled up into a cylindrical shape. The 

length of CNT is in the size of micrometers with diameter up to 100 nm. CNT form bundles, 

which are entangled together in the solid state giving rise to a highly complex network. 

Depending on the factors such as the atomic arrangement, the diameter and length of the tubes, 

and the morphology the properties of nanotubes changes. The arrangement of the hexagonal 

rings along the tubular surface determines whether CNT is metallic or semiconducting. Carbon 

nanotubes (Figure 2.2) [20] exists as single-walled (Figure 2.2a) or multi-walled structures, and 

multi-walled carbon nanotubes (MWCNTs) are simply composed of concentric single-walled 

carbon nanotubes (SWCNTs) (Figure 2.2b). CNFs (Carbon nanofibers), on the other hand 

possess a larger diameter (50-200nm) lying between conventional carbon fibers (5-10µm) and 

CNTs (1-50 nm). The structure of CNFs is similar to that of MWCNT.                                         
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                            (a)                                                                                   (b)         

 

                                            

Figure 2.2 Carbon nanotubes 

 

Physical and mechanical properties of carbon nanotubes have been presented in various 

literatures by theoretical and experimental results. These reports have shown extremely high 

elastic modulus of carbon nanotubes, greater than 1 TPa [21] (the elastic modulus of diamond is 

1.2 TPa) and have reported strengths 10-100 times greater than the strongest steel at a fraction of 

the weight.  A past few years have shown a great deal of effort in the area of polymer CNT 

nanocomposites, spanning a wide range of polymers. Both thermoset and thermoplastic polymers 

have been used in making nanocomposite.  

Nanotube-epoxy composites have been widely studied. Ajayan et al. [118] prepared 

nanocomposites using aligned arrays of MWNT within an epoxy resin matrix. The CNT material 

produced by arch-discharge technique was dispersed in the resin by mechanical mixing. The 

composites were cut into thin slices and the orientation of the nanotubes was observed. Jin et al. 

[5] reported a method to fabricate epoxy-based nanocomposites with mechanically aligned CNT. 

In this method the composites were prepared by casting a suspension of CNT in a solution of a 

thermoplastic polymer in chloroform. The samples were uniaxially stretched at 100°C and were 

found to remain elongated after removal of the load at room temperature. Many research groups 

have been studying the mechanical behavior of the nanotube-based composites. Cooper et al. 

[15, 16] detected a shift of the Raman 2600 cm
-1

 band to a lower wavenumber while studying the 
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stress transfer between the nanotubes and the epoxy matrix. The shift indicates that there is a 

stress transfer and hence reinforcement by the nanotubes. However, other investigators [22, 23] 

observed nearly constant value of Raman peak in tension. 

PMMA/CNT nanocomposites were prepared by ultrasonication and melt blending. The 

composite films showed exceptional mechanical and electrical properties [24]. Alternatively, 

nanotube-PMMA composites were prepared by using coagulation method [25]. After mixing the 

components, the polymer chains were precipitated entrapping the nanotubes and preventing them 

from rebundling.  A variety of hydrocarbon polymers, such as polystyrene [26, 27], 

polypropylene [28], and polyethylene [29] have been used to make nanocomposites and CNTs 

have been successfully dispersed in these matrices. Polystyrene composites prepared by solution 

or shear mixing [30] have shown improved mechanical properties compared to the neat matrix. 

Barraza et al. [4] dispersed nanotubes in a styrene monomer solution, and the mixture was 

subjected to polymerization under emulsion conditions. The final composite exhibited solubility 

in organic solvents, and the electrical resistivity dropped substantially due to the incorporation of 

the tubes. 

2.1.3 Surface Functionalization 

 

 CNTs can be better utilized in composites applications if uniform particle dispersion is 

achieved in the polymer matrix. Furthermore, a strong interfacial bonding is required to obtain an 

efficient load transfer across the polymer-particle interface. However the strong intrinsic van der 

Waals attractions keeps the CNTs tightly entangled together and hence a uniform dispersion is 

not easy to achieve. Additionally the atomically smooth non-reactive surface precludes the 

formation of interfacial bonding between the CNTs and the polymer matrix. Various studies have 

revealed that via appropriate surface chemistry design, it is possible to achieve excellent 

nanotube dispersion as well as improved bonding between nanotube and polymer matrix.  

 There are two widely applied surface modifications: non-covalent [31] and covalent [32-

34]. Non-covalent functionalization relies on the intermolecular interaction. On the other hand 
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covalent functionalization is achieved by covalent attachment of certain functional groups onto 

the tube surfaces. 

 In covalent functionalization, functional groups are introduced to CNTs surface by 

covalent bonds. Oxidation of CNTs is one of the most commonly used strategy for covalent 

funtionalization. A typical oxidation (Figure 2.3) [35] of the CNTs is carried out by strong acid 

such as nitric acid. A variety of functional groups such as hydroxyl, ketone, carboxylic groups 

are generated through this approach. These groups can be utilized further for functionalization. 

Covalent functionalization can greatly improve the dispersion and the efficiency of load transfer 

due to the formation of covalent bonding. However, it creates defects on the carbon nanotube 

surface, lowering its own strength as a reinforcing material. 

 

 
 

 

 
Figure 2.3 Typical surface functionalization of CNTs 

 

          Noncovalent functionalization on the other hand, relies on strong intermolecular 

interaction and will not disturb the intrinsic structures of the CNTs. The non-covalent interaction 

is based on van der Waals forces for π-π stacking, and it is controlled by thermodynamics. 

Surfactants are used to improve dispersion by adsorption onto the CNT surface, and reduction of 
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CNT-CNT interaction. Another typical approach is the use of polycyclic aromatic moiety such as 

pyrene [36, 37]. In this case a strong interaction of pyrene-CNT through π-π stacking (Figure 

2.4) [38] is established leading to enhanced dispersion.      

 

 

 

Figure 2.4 Typical interaction of pyrene-CNT 

 

 

2.1.4 Nanocomposite Preparation 

 

Generally there are three methods to fabricate polymer nanocomposites. These methods 

are solvent blending, melt blending and in-situ polymerization. Each method is discussed briefly 

in sections to follow. In general a well dispersed system is needed for any of above mentioned 

fabrication method. One of the widely used method is ultrasonication. 

Ultrasonication creates localized packets of shear rates around the bundle of nanotubes. 

But this method is only suitable for very low viscous matrix materials and small volumes 

because ultrasonic devices have a high impact of energy, but introduce only low portion of shear 

forces. Also, the effectiveness of the dispersion is limited as the local introduction of the energy 
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leads to a rupture and damage of CNTs reducing the overall aspect ratio [33]. A proper way to 

apply the sonication technique would be to disperse CNTs in an appropriate solvent (i.e. 

chloroform, toluene etc), which allows the agglomerates to be separated due to vibrational 

energy. The suspension can later be mixed with the polymer and the solvent can be evaporated. 

2.1.4.1 Solvent Blending 

 

 In solvent blending, the polymer is first dissolved in a solvent. This is followed by the 

addition of nanoparticles into the polymer solution, which is usually mixed together with the aid 

of ultrasonication. The interactions between the nanotubes and the solvent can be increased by 

the reduction of the van der Waals force among CNTs, and hence facilitating the polymer chains 

to diffuse into the spaces among nanotubes. The unique advantage with is method is that it is 

capable of dispersing CNTs in the polymer matrices while maintaining the aspect ratio of the 

original nanotubes. Additionally, the anisotropic nanotubes can be oriented with the aid of an 

electric or magnetic field. However, a major disadvantage related to this method is the large 

amount of solvent needed, resulting in higher purification costs. This method is especially 

attractive in preparing water soluble polymer-clay nanocomposites, such as polyvinyl alcohol 

(PVA) [39], poly ethylene oxide (PEO) [39], poly acrylic acid (PAA) [40]. The method has also 

been successfully applied with the aid of surfactant and surface modified nanotubes, to produce 

CNTs filled polymers. Some of these polymers include PVA [41, 42], PS [24], PMMA [43], 

polyvinylidene fluoride (PVDF) [119]. 

 

2.1.4.2 Melt Blending 

 

 Melt blending process is carried out by directly mixing the nanoparticles with the molten 

polymers. The mixing occurs either statistically or under high shear. It can be used to produce 

polymer composites on a large scale and is already the most widely used technique to synthesize 

polymer composites. 

 The most common method is of using a twin-screw extruder to blend the polymers with 

the particles. The dispersion of the nanoparticles is found to be affected by the screw design and 
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the residence time. However, excessive shear intensity or back mixing causes a poor mixing. 

This phenomenon is yet not clear. The complexity of the process itself further adds to the 

challenges of the studies on how the process conditions affect the formation of nanocomposites. 

 Up to date, a wide variety of nanocomposites has been prepared via melt blending. Nylon 

6 [44, 45], PS [26, 27], polypropylene (PP) [28, 46], PEO [29, 47], ethylene-vinyl acetate 

copolymer (EVA) [47] are some made from nanoclay-filled systems. Application of CNTs as 

fillers using melt blending have challenges with uniform dispersion of nanotubes into the 

polymer domain due to their high entanglement and strong affinity among tube ropes and 

bundles. Instead, the combination of solvent blending and melt blending offers a more powerful 

dispersion capability [48]. In case of CNFs-filled system, the melt blending offers a feasible and 

low-cost method to incorporate nanoparticles into various polymers, e.g PP [49, 50], poly 

(ethylene terephthalate) (PET) [51], PC [52], etc. 

 The simplicity offered by the melt blending to synthesize nanocomposites is not very 

helpful to achieve a nano-sacled particle dispersion for composite parts composed of a large 

volume of nano-elements and high molecular weight polymers.  

2.1.4.3 In-situ polymerization 

 

 In in-situ polymerization, nanoparticle is dispersed in monomer followed by 

polymerization. The low viscosity of the monomer (as compared to that of polymer melt or 

polymer solution) makes it easy to break the aggregated particles using either sonication or high 

shear mixing. Additionally, the diffusion of monomer into the CNTs bundles causes the 

expansion of the interparticle space due to the growth of the polymer chains. In addition with an 

appropriate surface chemistry modification, it is possible to grow polymer chains directly from 

the nanoparticles surface leading to a significant improvement in the dispersion and interfacial 

bonding between the particles and polymer. 

 Incorporation of nanoparticles in thermosets such as epoxy, in situ polymerization is the 

only viable method [53, 54]. For thermoplastics such as poly (methyl methacrylate) (PMMA) 
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[55, 56], polyimide[57], PS [58, 59] the particle dispersion and the wet ability between the 

particles and polymers has been improved by in-situ polymerization.  

 

2.2 Polymeric Foam 

 

2.2.1 Polymeric Foams and the Foaming Process 

 

Polymeric foams [60, 61] are lightweight structures with a gas phase dispersed in the 

form of bubbles. They have been widely used in various applications such as cushioning, 

insulation, packaging and absorbency. Foams with interconnected pore structures are being 

studied recently for their applications in tissue engineering as scaffolds for cell attachment and 

growth. 

 Various polymers have been used for foam applications, e.g., polyurethane (PU), 

polystyrene (PS), polyolefin (polyethylene (PE) and polypropylene (PP)), poly(vinyl chloride) 

(PVC), polycarbonate (PC), just name a few. In US market PU occupies the largest market share 

(53%) in terms of the amount consumed, while PS is the second (26%) [1]. 

 Polymeric foams can be classified depending on their composition, cell morphology and 

physical properties into two categories, rigid or flexible foams. Rigid foams are used in 

applications such as building insulation, appliances, transportation, packaging, furniture, 

flotation and cushion, and food and drink containers, whereas flexible foams are used as 

furniture, transportation, bedding, carpet underlay, textile, gaskets, sports applications, shock and 

sound attenuation, and shoes. 

 Based on the size of the foam cells, polymer foams are classified as macrocellular 

(>100µm), microcellular (1-100 µm), ultramicrocellular (0.1-1 µm) and nanocellular (0.1-

100nm). 

 Polymer foams can also be defined as either closed cell or open cell foams. A closed cell 

has the foam cells isolated from each other by complete cell walls. Whereas, in open cell foams, 
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cell walls are broken and the structure consists of ribs and struts. Generally, closed cell foams 

have lower permeability, leading to better insulation properties. Open cell foams, on the other 

hand, provide better absorptive capability.  

The foaming process consists of a system composing polymer (or monomer), blowing 

agents, nucleating agent, and other necessary additives (fire retardants, surfactant, catalyst etc). 

Blowing agent plays a vital role in the foam cell morphology.     

         Typically there are two types of blowing agents: physical blowing agents and chemical 

blowing agents. Chemical blowing agents produce gases by chemical reactions or thermal 

decomposition which are trapped within the polymer matrix to form foams.  Physical blowing 

agents consists of volatile chemicals such as chloroflurocarbons (CFCs), hydrocarbons/alcohols, 

and inert gases (CO2, N2, argon). Current concerns with the ozone layer depletion has gradually 

reduced the use of CFCs. Inert gases especially CO2 has become a favorable choice due to its 

environmentally benign and supercritical fluid working properties.  

 

2.2.2 Microcellular Foams 

 

 Plastic foams with cell sizes smaller than 10 µm and cell densities larger than 10
9
 

cells/cm
3
 are defined as microcellular foams [62, 63]. Nam Suh [64] was the first who proposed 

an idea of introducing small bubbles in solid polymers. The rationale is that if the cell size is 

smaller than the critical flaws, which already exist in the bulk polymer matrix and is generally 

introduced in sufficient numbers, then the material density could be reduced while maintaining 

the essential mechanical properties. Microcellular foams compared to conventional polymeric 

foams offer higher impact strength, increased toughness and longer fatigue life [8, 9, 62, 65, 66, 

67].  

Extensive research has been carried out in this area during the past several decades. A 

wide range of polymers such as PS [62, 64], PC [68], and PMMA [69, 70] have been 

successfully synthesized into microcellular parts. 
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2.2.2.1 Synthesis of Microcellular Foams 

 

Microcellular foams can be produced by a batching, semi-continuous, and continuous 

process. Each process mentioned has three basic steps: mixing/saturation, cell nucleation and cell 

growth as shown in Figure 2.5 [71]. 

 

 

 

 

Figure 2.5 Microcellular foaming process 

 

The batch foaming process [68, 72] of polymer materials is carried out by placing the 

polymer samples in a pressurized autoclave and saturating it with the blowing agent at certain 

saturation temperature and saturation pressure. If the temperature at which the polymer is 

saturated is higher than the glass transition temperature, Tg, of the polymer matrix, sudden release 

of pressure would result in super- saturation and cell nucleation and growth. Cell nucleation is 

usually fixed by cooling the materials below its Tg. However when the saturation temperature is 
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lower than Tg, the cell is not able to nucleate and grow after the release of pressure even if the 

gas is in the super saturation state. This is because of the glassy nature (high rigidity) of the 

polymer matrix. An increase in temperature above the Tg can cause foaming. Cell structure is 

again fixed by cooling. The latter method allows an independent manipulation of saturation and 

foaming condition, leading to higher process flexibility. However, diffusion of the gas is 

inevitable while transferring the gas-saturated material to the high temperature environment, 

leading to thick skin region.    

Kumar et al. [73] developed the semi-continuous foaming process. It was used to produce 

polymer sheets in a solid state. In this method, a gas channeling material (gas permeable 

materials) is rolled by interleaving them between layered polymer sheets. Subsequently, the roll 

is saturated with the blowing agent at room temperature. Finally, the pressure is released and the 

saturated polymer sheets are separated from the channeling material. The bubble nucleation and 

growth is induced by pulling the sheets through a heating station. 

 The continuous extrusion foaming process is a attractive method because of its mass 

production features of foamed polymers leading to high productivity, easy control, and flexible 

product shaping [63, 74]. Extrusion foaming can be carried out on either a single-screw extruder 

or twin-screw extruder. During the extrusion, it is better to reduce the temperature profile from 

the hopper to the die. A homogeneous single-phase solution is achieved by mixing the blowing 

agent into the barrel with the polymer. Cell nucleation is induced by either a rapid, large pressure 

drop or a sudden temperature increase through the die. Cells will expand until the extrudate 

temperature is below the glass transition temperature of the polymer. The foam shape and 

expansion sis controlled by a shaping die. The two distinctive characteristics of extrusion 

foaming compared to a batch foaming process is that instead of saturated amount of gas a 

metered amount of gas is mixed with the polymer. Secondly, the driving force for bubble 

nucleation is controlled by the flow instead of the saturation pressure. 
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2.2.2.2 Microcellular Foam Properties 

 

 Many polymers have been synthesized as microcellular foams. However, very limited 

development has taken to understand their mechanical properties. 

 A brief status on the previous research on the mechanical properties of microcellular 

foams can be summarized as follows. In case of most polymers, microcellular foams exhibited 

superior impact strength, toughness and fatigue life compared to solid polymers. The extent of 

improvement differs among different polymers. Further, different research groups have reported 

different results for the same polymer-gas system. To conclude, a direct comparison of the 

mechanical properties between microcellular foams and macrocellular foams with the same 

density is very limited. The review to follow is focused on the impact, tensile, and compressive 

properties. 

The microcellular foams prepared from PVC [75-77] and PC [3] showed an improvement 

in their impact strength. A void fraction of 80% increased the impact strength of PVC foams by 

four times compared to solid PVC [75]. Barlow et al. work on impact strength of PVC reported 

the strength to be a strong function of both the cell density and cell size [3]. There are some 

controversial results as well such as from Kumar et al. [78] reporting lowered impact strength by 

introducing microcellular structure in PVC compared to that of neat PVC. The reason is yet not 

clear. 

Tensile strength and modulus of microcellular foams were studied for PC, ABS, PET and 

PVC [75, 79, 80]. Though not much improvement in these two properties is seen in microcellular 

foams over their bulk counterparts a marginal increase in the relative tensile strength is noticed. 

It was noticed that a linear relationship exists between the tensile strength and the foam density 

for the polymer systems examined. Waldman [79] reported a 400% increase in toughness of PS 

foams compared to solid samples. Additionally, the tensile toughness peaked at a relative foam 

density of 0.75.  

 Arora [2] carried out a systematic study of the compressive behavior of microcellular PS 

foam. An anisotropic model was proposed to describe the effect of cell size and cell shape on the 
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compressive strength. It was reported that the compressive strength of PS foams increases as the 

size of the cell increases. The development of a stable neck in the polymer while subjected to a 

uniaxial tension correlated the phenomenon of heterogeneous, progressive buckling of the 

microcellular structures. From an energy balance consideration, a model was established 

describing the densification process of microcellular foams under compression. 

 The fatigue life characterizing the behavior of materials under repeating external forces 

were studied in case of foams. PC foams with a relative density of 0.9 (10% of the weight of 

reduction) showed the same fatigue life as that of the PC solid. Furthermore, the PC foams 

exhibited a fatigue life one order of magnitude higher than that of solid with an increase of 

relative density to 0.97[72].  

 

2.3 Supercritical CO2 (scCO2) in Foaming 

 

Carbon dioxide is a clean and versatile solvent for the synthesis and processing of a wide 

range of materials. Supercritical (scCO2) as a processing fluid has made noticeable developments 

in the past decade and have been extensively used in a variety of applications such as 

polymerization, polymer fractionation and extraction, impregnation, polymer foaming and 

blending, surface modification, coating and microlithography [14, 81]. A supercritical fluid 

(SCF) as seen in Figure 2.6 [14] may be defined as a substance for which both temperature and 

pressure are both above the critical values. Under supercritical conditions the SCF exhibits gas 

like diffusivity and liquid like density with zero surface tension. The high solvation power and 

fast diffusion are especially beneficial to polymer processing and there is a great deal of research 

in using scCO2 in polymer processing and foaming technology. Additionally, the critical point of 

CO2 is relatively low, 31° C and a pressure of 73.8 bar. Furthermore, CO2 is abundantly 

available at low cost; they are not-toxic, non-flammable, and environmentally benign.  All these 

advantages make ScCO2 a promising blowing agent for polymeric foaming production.  
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Figure 2.6 Schematic pressure-temperature phase diagram for a pure component showing the 

supercritical fluid (SCF) region 

. 

 

2.4 Fundamentals in Physical Foaming Process   

 

The gas foaming process involves several important steps namely, formation of polymer-

foaming agent homogeneous solution, cell nucleation, cell growth, and cell stabilization [106]. 

Each step is described in detail in sections below. 

 

2.4.1 Formation of Polymer/Foaming Agent Homogeneous Solution 

 

Formation of gas/polymer solution is one of the fundamental steps of the gas foaming 

process. Solubility and diffusivity are the two important factors that describe the gas absorption 

behavior into polymers. Solubility denotes the maximum concentration of the gas in the polymer 

which can be described by Henry’s law as, 

C=H.P                                 (1) 

where, P is the pressure, C is solubility of gas in the polymer and H is the Henry constant, which 

is dependent on the temperature. While diffusivity denotes how fast the gas can enter or disperse 

out of the polymer. The diffusivity can be described by Arrhenius relationship as, 
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RT

E
DD aexp0                         (2) 

Where D is the diffusivity, D0 is the diffusion constant, Ea is the activation energy for diffusion 

of a gas in a polymer, R is the gas constant, and T is the absolute temperature. An ideal foaming 

condition is a condition with higher gas solubility in a polymer assisting in greater cell 

nucleation and growth. A higher diffusivity is sought in this step because of a shorten saturation 

time and better productivity. However, this may not assist in cell growth, discussed latter. 

 Both the solubility and diffusivity are highly dependent on the pressure and temperature. 

A lower temperature generally results in a higher solubility, a highly desirable situation. 

However, a decreased processing temperature decreases the diffusivity of gas in polymer 

reducing the productivity. In order to improve the productivity, a higher gas pressure is usually 

used thereby increasing the solubility. Wissinger et al [82, 83] and Zhang [84] reported that in a 

PS-CO2 system there is a linear relationship between the solubility and the saturation pressure 

(Henry’s law). Similar results were noticed in the PP-CO2 system. Handa et al [85] investigated 

the solubility of CO2 in PMMA over a wide range of temperature (0-167
0
C) and pressure up to 

61 atm. They reported that the linear relationship between the solubility and pressure only exists 

at high temperature regions. However, at lower temperature, the solubility was convex towards 

the pressure. 

 Gas solubility being affected by various other factors has been reported in recent research 

studies. Effect of nanoclay on the kinetics of CO2 gas in PMMA was studied by A.Manninen et 

al. [86]. It was reported that diffusivity increased with a higher nanoclay concentration while the 

solubility remained unchanged by the presence of nanoclay. Handa et al. [70, 85] reported that 

the diffusivity of highly pressurized CO2 in PMMA at a lower temperature may be higher than 

that at a higher temperature because of the shifting of the glass transition temperature (Tg). The 

change in crystallinity of semi-crystalline polymer was also found to change the solubility of gas 

in a polymer [87]. 
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Polymers with electron donor groups such as ether, fluro, and carbonyl groups, usually 

exhibits a higher solubility of CO2. Kazarian et al [88] have shown that CO2 can participate in 

Lewis acid-base type interactions with polymers containing electron-donating groups such as 

carbonyls. In this case, CO2 is considered as Lewis acid and the polymer with those functional 

groups as the Lewis base. 

2.4.2 Cell Nucleation 

 

Formation of a gas/polymer solution is followed by a rapid drop in pressure and/or a 

increase in temperature. According to the Henry’s law the solubility decreases during this 

process. The resulting over saturation induces large number of cell nucleation’s because the gas 

tends to escape out of the polymer matrix. The morphology of the final foam product is 

determined by the cell formation in a polymer and hence cell nucleation is of great importance in 

the foaming process. 

 Classical nucleation [11] theory is commonly adopted to explain the nucleation process. 

The theory classifies the cell nucleation into two different types: homogeneous nucleation and 

heterogeneous nucleation. Homogeneous nucleation occurs in a pure gas/polymer solution. There 

are no additional impurities added to the solution. The rate of homogeneous nucleation is 

expressed as, 

)/exp( *

hom00hom kTGCfN                (3) 

where,
 0f  is the frequency factor for homogeneous nucleation a function of both the surface 

tension and the mass of the gas molecule, 0C
 
is the concentration of gas molecules, *

homG is the 

free energy required for the homogeneous nucleation to form a nucleus with critical size,  is the 

Boltzmann’s constant, T is the temperature in Kelvin. The critical nucleation energy is expressed 

as, 
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and the corresponding critical bubble size is, 

               
P

r
2*                                      (5) 

Here,  is the liquid-gas surface tension, and P  is the pressure difference between that of the 

inside of critical nuclei and the surrounding liquid. Assuming the polymer is fully saturated by 

the blowing agent and the partial molar volume of blowing agent in the polymer is zero, P  can 

be taken as the saturation pressure.  

 In the presence of nucleating agents, heterogeneous nucleation takes place in the polymer 

matrix. It occurs at the interface between the polymer/gas solution and the nucleants. The 

heterogeneous nucleation rate is given by [11, 12]: 

)/exp( *

11 kTGCfN hethet
              (6) 

Where, 1f  is the frequency factor, 
1C  is the concentration of the heterogeneous nucleation sites, 

which can be related to the particle concentration. The term *

hetG  is given by, 

  )(
)(3

16 3

2

*
f

P
G bphet                    (7) 

where, bp  is the surface energy of the gas bubble polymer interface, P is gas saturation 

pressure, and )(f is wetting angle geometric factor. 

The homogeneous and heterogeneous nucleations are not different from each other. The 

mixed model describes the nucleation by, 

      hetNNN
'

hom                     (8) 
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where, N is the combined nucleation rate of both homogeneous and heterogeneous nucleation’s, 
'

homN is the modified homogeneous nucleation rate, and hetN  is the heterogeneous nucleation 

rate. Modified homogeneous nucleation rate 
'

homN  can be given by, 

 
kT

G
CfN hom'

00

'

hom exp            (9) 

where 
'

0C  is the concentration of gas molecules in solution after heterogeneous nucleation has 

occurred. 

 The free energy required for heterogeneous nucleation is generally much lower than that 

required for homogeneous nucleation. Therefore, additives such as talc, nano-clay or nanotubes 

can decrease the energy required to create bubbles and therefore promote the cell nucleation. 

However there are certain criteria to be fulfilled for being an ideal nucleant [89]. Three of the 

most important criterion are: first, highest nucleation efficiency can only be achieved when the 

nucleation on the nucleant surface is energetically favored and is relative to homogeneous and 

heterogeneous nucleation; secondly, ideal nucleants have uniform size and surface properties; 

thirdly, ideal nucleants are easily dispersible.   

   

2.4.3 Cell Growth and Cell Stabilization 

 

The process of cell growth involves mass, momentum and heat transfer of the fluid. The 

models describing the cell growth evolve from a basic model [90] used to describe the cell 

growth from a single bubble that is surrounded by an infinite sea of fluid with an infinite amount 

of available gas.  

 

Cells come to close to each other as they grow. A solid wall of polymer separates the 

gaseous phase. The increased pressure inside the bubbles stretches the cell walls to become 

thinner. Ones the pressure inside a cell is high enough it ruptures the cell wall and two adjacent 

bubble becomes a single large bubble. This transformation is referred to as cell coalescence [91]. 
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Cell coalescence adversely affects the cell sizes and hence should be avoided. Decreasing the 

flexibility of the polymer by cooling down the polymer is common way to prevent cell 

coalescence. A drop in temperature below the glass transition temperature (Tg) or the 

crystallization temperature (Tc) fixes the foam morphology.  

2.5 Polymer Nanocomposite Foams 

 Polymer nanocomposite foams are a new class of materials that are lightweight, having 

high strength added with multifunctionality. This standard of materials can be achieved based on 

the combination of implementing functional nanoparticles and polymeric foaming technology 

together in achieving nanocomposite foams. The following discussion briefly discusses the 

impact of nanoparticles on foam morphology and their impact on foam properties. 

 

2.5.1 Effects of Nanoparticles on Foam Morphology 

 

 Nanoclay [92, 93], nanosilica [94] and nano-scaled block copolymers [89, 95] are some 

of the widely studied nanoparticles in foaming technology in earlier years. A very intimate 

contact is established between the particles, the polymer matrix and the gas due to their 

extremely fine dimension. Furthermore, a significantly high effective particle concentration can 

be achieved at a low nominal particle concentration. These two considerations make 

nanoparticles potentially highly efficient as nucleants for polymeric foaming. Various studies 

have reported an improved nucleation efficiency for different polymer/nanoparticle systems at 

very low particle concentrations, e.g., PP/clay [92], PS/clay [96], Nylon/clay [97], PLA/clay 

[98], PC/clay [99], PU/clay [6], PVC/clay [100], and PS/CNFs and PS/CNTs [101,102]. Studies 

on the effect of particle concentration on the foam nucleation were also investigated [100, 103]. 

The cell density was found to increase linearly with the clay concentration at low clay 

concentrations, indicating the dominance of heterogeneous nucleation [100]. 

 The effect of particle dispersion and surface chemistry on the foam morphology was 

studied in detail [17]. It was reported that by proper manipulation of surface chemistry can cause 

decrease in free energy contributing to the increase in cell density and reduction in cell size 
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[104]. Compared to intercalated clay dispersion the exfoliated dispersion exhibited the smallest 

cell size and the largest cell density. In addition, once the organoclay surface was grafted with 

PMMA, the strong affinity between CO2 and the carbonyl groups in PMMA may reduce the 

interfacial tension and further promote bubble nucleation. 

 Similarly thermoset polymers have been studied using nanoparticles and it was found in 

PU nanocomposite foams at 5 wt% clay content that the efficiency of the nanoclay on the size 

reduction was not as strong as that in thermoplastic foams [105]. 

 Furthermore, the nanoparticles tend to result in a reduction in cell size, because more 

bubble start to nucleate, there is a less amount of gas available for the bubble growth. In addition, 

nanoparticles can significantly increase the melt viscosity. Strain induced hardening was 

observed under elongation, as result of the nanoclay alignment [106]. Both hinder growth and 

further contribute to the reduction of cell size. 

 In addition to nanoclay, CNFs and CNTs have also been utilized to prepare foams. A 

system of PS nanocomposite foams [107] incorporating a small amount of nanoparticles showed 

a microcellular cell structure. Compared to the pure PS foam, the addition of 1% wt of CNFs 

leads to an increase of cell density by more than two orders, while the cell size decreases from 20 

to 2.64 µm. CNTs also exhibit a good nucleation effect however there are greater challenges of 

dispersing them into the polymer matrix. J.Lee et al. [104] reported heterogeneous nucleation 

comparing the nucleation efficiencies of CNFs, CNTs and exfoliated nanoclay as listed in table 

1. It was observed that the potential nucleation sites with only 0.1 % weight CNTs (1.59 x 10
15

 

#/cm
3)

 is significantly higher than those of 1 % weight CNFs (1.41 x 10
12

 #/cm
3
) and 5 % weight 

MHABS (5.45 x 10
13 

#/cm
3
). However due to poor dispersion of CNTs compared to CNFs the 

measured cell density was lower. The nucleation efficiency, defined by the ratio of the measured 

cell density to the potential nucleants density is higher in case of CNFs (1.97%) compared to 

CNTs (9.06 x 10
-5 

#/cm
3
).  
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2.5.2 Effects of Nanoparticles on Foam Properties 

  

Various properties including mechanical strengths, barrier performance, fire retardancy, 

dimensional and thermal stabilities, etc. can be effectively improved due to the high aspect ratio 

and the large surface area of nanoparticles. The nanometer dimension of nanoparticle is 

especially beneficial for reinforcing the foam materials, taking into consideration that the 

thickness of cells walls is in the micrometer or sub-micrometer regime.  

 Polymer nanocomposite foams have exhibited substantial improvement in properties 

compared to neat polymer foams. Lee M et al. [100] reported tensile properties of PVC/3% 

Cloisite 30 B nanocomposite foams blown by three parts by weight of CO2. The foams showed 

17.9 % increase of tensile strength, 25.9 % increase of bending strength and 250 % increase of 

the elongation ratio compared to pristine PVC foam. Lee L et al [104] investigated the tensile 

properties of extruded PS/CNFs nanocomposite foams. Figure 2.7 [104] shows the foams 

exhibiting a similar foam density of 0.6-0.7 g/cm
3
, indicating a similar weight reduction 

compared to the bulk PS. However in the neat PS foam, a weight reduction of 37 % sacrifices the 

tensile modulus by 40% from 1.26 GPa to 0.74 GPa. Addition of 1 wt% CNFs improved the 

tensile modulus by 28% from 0.74 GPa to 0.94 GPa. Further addition of fiber of 5 wt% increases 

the tensile modulus to 1.07 GPa, which is comparable to that of the bulk PS (1.26 GPa).  

 

 

Figure 2.7 Tensile modulus of extruded PS and PS/CNF nanocomposite foams 
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It was reported that the compressive strength of PS foams increases as the size of the cell 

increases. As observed in Figure 2.8 [104], in the presence of CNFs (both 1% and 5%), PS 

foams show a higher compressive modulus than that of the PS solid. The result indicates that 

integration of CNFs into the PS foams have a great potential to bridge the gap between the 

lightweight and high strength requirements. The nanofibers can effectively induce the nucleation 

of a large amount of bubbles, providing a comparable weight reduction to the neat PS foams.  

 

 

 
Figure 2.8 Compressive modulus of PS and PS/CNF nanocomposite foams 
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CHAPTER 3 
 

EXPERIMENTAL PROCEDURE 

 

3.1 Materials 

 

The PMMA (Trade name Acrylite) used in the study is from Evonik Industries. Multi-

walled carbon nanotubes (MWCNTs) were purchased from Sigma-Aldrich with more than 95% 

purity. These nanotubes have an inner and outer diameter of 5- 10 nm and 10- 30 nm. The 

nanotubes have a length ranging from 0.5 to 500 µm. Chloroform (HPLC Grade, EMD 

Chemicals Inc.) is used as a solvent in the processing of PMMA. The blowing agent used was 

bone dry grade CO2 (i.e. 99% pure, Air Gas). Concentrated nitric acid and sulphuric acid were 

purchased from Fisher Scientific. 

 

3.2 Synthesis of PMMA/MWCNTs Nanocomposites 

 

The nanocomposites were prepared using two methods: solvent casting and anti-solvent 

precipitation (ASP). Both pristine (pCNTs) and functionalized (fCNTs) were used for the 

nanocomposite synthesis. fCNTs was prepared by oxidization treatment of pCNTs with strong 

acid. In a typical procedure, 2 g of MWCNT was suspended in a mixture of 150 ml of 

concentrated HNO3 and 50 ml of concentrated H2SO4 (3:1) and sonicated for 2 hr. After the 

treatment the MWCNTs are separated by filtration on 0.2 µm PTFE membrane and washed with 

deionized water to remove all the traces of acid. The resulting CNTs were then dried under 

vacuum at 80°C. 
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3.2.1 Solvent Casting Method 

 

PMMA and MWCNT nanocomposites were prepared by solvent casting method. 

Samples containing three different concentrations (1%, 2% and 5%) of MWCNTs with PMMA 

were prepared and used in foaming. Initially solvent casting technique was used to prepare 

composite samples. These samples were further used to make rods using Mixing Extruder (LE-

075, Custom Scientific Instruments). 

 In a typical solvent casting process, 10 g of PMMA pellets was dissolved in 90 g (approx. 

60 ml) of Chloroform and mixed on a magnetic stirrer until PMMA is completely dissolved and 

a homogenous solution is achieved. Three separate samples each with the above mentioned 

polymer solvent solution were made in separate beakers.100 mg of MWCNT was added to 

PMMA solution for 1%, 200 mg was added for 2 % and 500 mg was added for 5 %. After 

mixing the MWCNT for further 10 minutes each sample was sonicated (Misonix Sonicator 

3000) for a period of 1 hr. The power output of the sonicator was set to 10 for a 100 % output. 

The pulse on and pulse off time were 10 sec and 2 sec respectively. The samples were then 

poured in flat pans and kept in hood for a period of 48 hours for the solvent evaporation. This is 

followed by vacuum drying at 110 ° C for 24 hours. 

 The dried sample was extruded using Mixing Extruder (LE-075, Custom Scientific 

Instruments) at 240° C to make rods for the subsequent foaming. The final sample had a mean 

diameter of 1.5 mm and a length of approximately 7 inches. The step by step solvent casting 

method is shown in Figure 3.1. 
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A) Stirrer Mixing          B) Sonication                  C) Casting                 D) Extruding 

 

Figure 3.1 Solvent casting methods 

 

3.2.2 Anti-solvent Precipitation Method (ASP) 

 

Multi-walled carbon nanotubes (MWCNT) were added in chloroform at a concentration 

of 1.66 g/ml achieving a homogeneous solution. Next, an appropriate amount of PMMA was 

added to the solution and mixed on magnetic stirrer until PMMA is completely dissolved. The 

sample was further sonicated for 1hour. The power output of the sonicator was set to 10 for a 

100 % output. The pulse on and pulse off time were 10 sec and 2 sec respectively.  The solution 

was then added drop wise into a large volume of methanol (the solution is continuously stirred 

using mechanical stirrer) to enable co- precipitation of PMMA and the nanoparticles (~ 10 ml of 

methanol is used for every 1ml of solution). The solids were filtered from methanol and dried in 

vacuum at 80° C for 48 hours to ensure complete solvent removal. The process is denoted as 

ASP. 

A modified ASP process was conducted in a slightly different manner and denoted as 

mASP. CNT was suspended and sonicated in chloroform for extended period of time to form a 

stable suspension. PMMA solution is prepared by in a separate container by dissolving PMMA 

in chloroform under magnetic stirrer. The PMMA solution is then added to the CNTs suspension 

and sonication continues for another 20 minutes. The mixture is then added drop-wise to large 

amount of methanol. The remaining steps are similar to the original ASP. 
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3.3 Preparation of PMMA/MWCNT Nanocomposite Foams 

3.3.1 Design and Construction of High Pressure Batch Foaming System 

 

Figure 3.2 [17] and Figure 3.3 show the schematic of high pressure batch foaming 

system and the in-house designed setup. The setup accessories are designed for a pressure ranges 

as high as 103 MPa (15000 psi). Temperature for the system is provided by heat tapes having 

controller with outputs ranging from 0-600 °C (32-1112 °F). The ISCO high pressure syringe 

pump can supply and maintain a constant pressure upto 34.45 MPa (5000 psi). The setup consists  

of two  pressure vessels that can be utilized and controlled seperately.  

                                                                     

 

Figure 3.2 Schematics of batch foaming setup 
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Figure 3.3 Photo of in-house batch foaming setup 

 

3.3.2 Batch Foaming 

 

Batch foaming was conducted in a high pressure vessel that housed the polymer rod. 

Constant temperature was maintained by wrapping heat tape around the entire cell controlled by 

thermocouple and a temperature controller. The temperature accuracy inside the cell was ± 1ºC. 

Gaseous CO2 was fed to the cell from and ISCO-high pressure pump at a fixed pressure.  

             Polymer, MWCNT composite rod with a mean diameter of 1.5 mm and length of 

approximately 7 inches was placed in the pressure vessel. CO2 was fed to the pressure vessel 

using an ISCO high pressure syringe pump and maintained at constant pressure. The system was 

kept at constant temperature (foaming temperature) for 20 hours to allow saturation and 

equilibrium. The pressure was then rapidly released and the foam cells were fixed by cooling 

with an ice and water mixture.  
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3.4 Structural and Morphological Characterization 

 

Nanocomposite and nanocomposite foamed samples were fractured in liquid nitrogen and 

mounted on stubs with carbon tape for Au/Pd sputtering in a Sputter coater. The cylindrical 

shaped samples were pulse-coated for 2 minutes to have enough coating for the scanning 

electron microscope (SEM) analysis. Scanning electron micrograph was taken using JEOL 

(JSM-7401 F) microscope. Images were acquired at an accelerating voltage of 10 kV and a 

working distance of 8 mm. Image analysis on the SEM micrographs is conducted to obtain the 

average cell size and cell density, using Image J. Typically, a micrograph showing more than 50 

bubbles is chosen, and the number of bubbles, n, in the micrograph is determined by the 

software. If the area of the micrograph is A cm
2
 and the magnification factor is M, the cell 

density can be estimated as, 

        

23
2

A

nM
N f                      (10) 

FT-IR spectra of both pCNTs and fCNTs in KBr pellets were recorded by using a Nicolet 

4700 FT-IR spectrometer (Thermo Electron, Co., USA). The scan range was 400-4000 cm
-1

. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Pure PMMA Foams: Effect of Processing Parameters 

 

  Pure PMMA extruded using mixing extruder and were foamed in a batch process over a 

range of pressure and temperature conditions. Figure 4.1 shows the foam morphology of the 

pure polymer foam at different temperatures and a constant pressure of 13.8 MPa. Closed cell 

morphology is seen from the micrographs. As temperature increases, the cell size increases and 

cell density decreases, along with a change of the shape of the bubbles. Under low temperature 

the bubble possesses a spherical shape, which changes to polygonal as temperature increases. 

 

  

(a) (b) 

  

(c) (d) 

 

Figure 4.1  Morphology of Pure PMMA foam; (a) 80°C, (b) 100°C, (c) 120°C, (d) 140°C 
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The solubility of CO2 is a strong function of temperature. A high solubility is seen at low 

temperature, leading to higher nucleation rate and cell density. While nucleation rate determines 

the cell density, cell size and shape are affected by the growth of cells, which in turn is strongly 

influenced by rheological properties of polymer-gas system. Under low temperature, which has a 

higher solubility, the viscosity is more prominent.  The viscosity of the system exhibits an 

exponential decay as temperature increases. Thus cell growth is more favored under higher 

temperature, leading to cell impingement and coalescence, which result in polygonal cell shape. 

4.2 Preparation of Nanocomposites 

 

PMMA MWCNT nanocomposites were prepared by both solvent casting and anti-solvent 

precipitation (ASP) using pristine nanotubes (pCNTs) and were denoted as PMMA-sc-pCNT-x% 

and PMMA-asp-pCNT-x%, respectively, in which sc stands for solvent casting, asp stands for 

anti-solvent precipitation, p indicates pristine CNT, and x denotes the weight concentration of 

CNT in the polymer. For example, PMMA-asp-pCNT-2% would be the PMMA CNT 

nanocomposite prepared using anti-solvent precipitation and pristine CNT with a weight 

concentration of 2 %.  

Due to their large surface area and strong van der Waals interaction, CNTs exist as 

bundles or agglomerates. An efficient dispersion method is of critical importance for achieving 

good dispersion of CNTs in polymers. High power sonication, one of the most commonly used 

methods for nanoparticle dispersion, is often employed in the nanocomposite preparation. 

However, in the solvent casting process, CNT may re-aggregate as solvent evaporated due to 

thermodynamic reasons to reduce the surface free energy. This process may be slowed down or 

prevented by kinetic mechanism, provided the timescale to lock down (freeze) the structure is 

much smaller than that of re-aggregation. Thus, the anti-solvent precipitation process was 

employed. Instead of allowing solvent to evaporate, small drops of the suspension were added to 

an anti-solvent (methanol) in which the polymer is insoluble while the original solvent 

(chloroform) is soluble. It is envisaged that the rapid diffusion of chloroform into methanol leads 

to fast precipitation of small polymer/CNTs particles and slowing down of CNTs re-aggregation. 
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The effect of processing methods on CNT dispersion is investigated and the results are 

shown in Figure 4.2. CNTs aggregates are observed in each case. Apparently neither process 

result in adequate CNT dispersion in the polymer. 

 

  

(a) (b) 

  

(c) (d) 

 

Figure 4.2 Comparison of CNTs dispersion by solvent casting ((a) and (b) and anti-solvent 

precipitation ((c) and (d)). Arrows indicate regions with CNTs aggregates. (a), (c) 10,000x; (b), 

(d) 20,000x 

 

To improve CNTs dispersion, functionalization is routinely conducted to impart 

functionality to enhance the interaction between CNTs and polymers. In this study surface 

functionalization is conducted by using mixed acid as described in the experimental section. The 

functionalized CNTs are denoted as fCNT.  
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The FTIR spectra of both pCNT and fCNT are shown in Figure 4.3. Compared to the 

featureless spectrum of pristine CNTs, the fCNTs show several peaks that are characteristics of 

several types of functional groups (hydroxyl, carboxyl and carbonyl) as previously reported 

[108]. The peak at 1634 cm
-1

 is assigned to the stretching vibration of the carbonyl group present 

in carboxylate (COO
-
). A broad peak at 3435 cm

-1
 corresponds to the stretching vibration of 

hydroxyl group (OH).The peak at 1021 cm
-1

 is assigned to the stretch vibration of C-O group, 

which may come result from either the carboxyl or hydroxyl group attached to CNTs. A small 

peak at 2920 cm
-1

 would result from stretching vibration of corresponds to methyl, consistent 

with the breaking of sp
2
 bond to form sp

3
 bond during acid treatment. The increased polarity and 

the π-π interactions between the nanotubes and constitutive carbonyl unities of PMMA is 

expected to promote CNT dispersion [109]. In addition, the favorable interaction between the 

carbonyl group and CO2 by electron donor acceptor interaction [110], is beneficial for reducing 

contact angle and heterogeneous nucleation free energy [111]. 

                               

Figure 4.3 FTIR spectra of (a) pristine and (b) functionalized CNTs 

. 

 

 Figure 4.4 shows a comparison of the morphology of both pCNTs and fCNTs. The 

CNTs possess similar morphology indicating the condition employed did not cause any 

significant damage or truncation of the CNTs. 
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(a) (b) 

  

(c) (d) 

 

Figure 4.4   Morphology of CNTs before ((a) and (b) and after ((c) and (d) acid treatment; 

magnification: (a), (c) 5000x; (b), (d) 30,000x 

  

 The nanocomposites were prepared using fCNT and ASP. Figure 4.5 shows the SEM 

micrograph of the nanocomposites. While CNT are better dispersed (the bright spots in the 

micrograph), the distribution of CNT is not uniform. Both CNT rich and polymer rich (or CNT 

deficient) regions are present. 
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(a) (b) 

 

 
Figure 4.5 Dispersion and distribution of fCNT in PMMA by ASP; bright spots are fCNTs, 

while arrow indicates polymer rich region. Magnification (a) 10,000x and (b) 20,000x 

 

 

4.3 Nanocomposite Foams: Bimodal Morphology 

 

Both the pure polymer and the nanocomposites were foamed in a batch process over a 

range of temperature and pressure conditions. 

 

4.3.1 Effect of CNT Concentration 

 

The PMMA/MWCNT nanocomposites with different CNT concentrations (1%, 2%, 5%) 

were foamed at 120° C and 13.8MPa, and the respected cell morphology are shown in Figure 

4.6. While the pure PMMA foam exhibits relatively uniform cell size, the nanocomposite foams 

show a bimodal cell size distribution in the presence of pCNT: a large number of small cells are 

interspersed between a small number of big cells. Similar morphology has also been observed in 

EVA/CNT nanocomposite foams [112]. As pCNT concentration further increases to 5% (Figure 

4.6 (d)), cell coalescence and interconnection becomes more prominent. This is similar to the 

results previously reported [113], where the presence of large number of anisotropic 
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nanoparticles may facilitate directional cell growth, leading to enhanced cell impingements and 

wall rupture and cell coalescence. 

  

 

 

 

 

 

 

 

       

 

 

 

 

 

Figure 4.6 Effect of pCNT concentration on PMMA foams; (a) 0%; (b) 1%; (c) 2%; (d) 5 %. 

Foams were prepared at 13.8 MPa and 120°C 

 

To ascertain and confirm the observed bimodal distribution of cell size, the 

nanocomposite PMMA-asp-pCNT-1% was foamed under 13.8 MPa and a series of temperatures, 

and the cell morphologies are shown in Figure 4.7. Bimodal cell size distribution is observed in 

each case, further confirming the observation.  

 

  

(a) (b) 

  

(c) (d) 
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Figure 4.7  Morphology of PMMA-asp-pCNT-1% nanocomposite foams prepared at 13.8 MPa 

and different temperatures, (a) 100 °C; (b) 120 °C; (c) 140 °C. 

 

The cell density, or number of bubbles per unit volume, is largely determined by the 

nucleation step in the foaming process. Nucleation is a classical phenomenon and exists in many 

processes, e.g., vapor condensation, crystallization.  During nucleation, molecules overcome an 

energy barrier and gather together (via local density and energy fluctuation) to form embryos of 

the new phase.  When the sizes of the embryos are smaller than a critical size, an increase of 

embryo size is accompanied by an increase of free energy.  On the other hand, if the size exceeds 

the critical size, further increase of embryo sizes lead to a reduction in free energy.  Thus stable 

nuclei are generated.  Classical nucleation theory [114, 115] was widely used in foaming to 

illustrate experimental phenomena due to its simplicity . According to the classical nucleation 

theory, the homogeneous nucleation rate is expressed as [11]. 

                            
)/exp( *

hom00hom kTGCfN
   (11) 

  

 

Where 0f is the frequency factor representing the frequency that gas molecules joining the 

embryo nucleus, 0C
 
is the concentration of the gas molecules,

 
*

homG  is the Gibbs free energy 

associated with the formation of a nucleus and is given by 

   

(a) (b) (c) 
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Where γbp is the interfacial tension at the gas bubble interface and P  is the pressure exerted by 

the gas on the cell walls.  

In the presence of particles, bubbles form at the polymer-particle interface following 

heterogeneous nucleation mechanism. The nucleation rate is expressed as [11, 12]: 

                            
)/exp( *

11 kTGCfN hethet
           (13) 

 

Where f1 has the similar physical meaning as f0 in homogeneous nucleation; C1 is the 

concentration of heterogeneous nucleation sites, which is directly related to the particle 

concentration. The Gibbs free energy for heterogeneous nucleation *

hetG is given by 

                                

)(
)(3

16 3

2

*
f

P
G bphet           (14) 

 

The presence of an interface thus greatly reduces the free energy for nucleation leading to 

an increase in nucleation rate. 

 

 

 

 

Figure 4.8 Schematics of polymer-gas-particle interface 
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The observed bimodal cell morphology may arise from a mixed mode nucleation 

mechanism in which simultaneous homogeneous and heterogeneous nucleation take place. In the 

PMMA/CNT nanocomposites, the CNTs are not well dispersed and form large aggregates 

(Figure 4.2). CNT rich and CNT deficient (polymer rich) region co-exist. In particle rich region, 

the more energetically favored heterogeneous nucleation dominates and the homogeneous 

nucleation is substantially suppressed, as both processes compete for gas molecules to form 

nuclei. On the other hand, in polymer rich region, the fate of dissolved gas molecules is two-fold. 

Nuclei may form via homogeneous nucleation mechanism, or the dissolved gas may diffuse to 

the formed nuclei (from the heterogeneous nucleation mechanism) to support the growth. 

Despite the high nucleation free energy barrier, it is plausible that homogenous nucleation still 

takes place in polymer rich regime where particles are deficient, but at significantly lower rate. 

On the other hand, majority of the dissolved CO2 may serve as reservoir to supply the growth of 

the limited number of nuclei formed through homogeneous nucleation, rather than forming new 

nuclei. Hence considerably fewer bubbles grow in the polymer rich region with ample supply of 

gas molecules, resulting in larger bubble size. On the other hand, in particle rich region 

simultaneous growth a large number of bubbles leads to substantially smaller bubble size. This 

leads to cells with much larger size. It should be noted that mixed mode nucleation have been 

reported in the literature for polymer foams in the presence of micron sized particles [10]. These 

effects may be more prominent in foaming of nanocomposites because of more technically 

challenging nature of achieving sufficient dispersion of nanoparticles. 

Despite the bimodal cell size distribution result from insufficient CNTs dispersion, 

increased cell density in nanocomposite foams compared to that of the pure PMMA foam 

(Figure 4.6) demonstrates the potential of the nucleation efficiency of CNT, provided a strategy 

for better CNT dispersion can be developed. 
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4.3.2 Effect of CNT Surface Functionalization 

 

To improve CNT dispersion in PMMA, surface functionalization was conducted. The FTIR 

results (Figure 4.3) clearly suggests the introduction of polar groups enhancing the polymer 

CNT interaction. As discussed earlier, the enhanced interaction is beneficial for achieving a more 

uniform CNTs dispersion. Additionally, similar to the previous research on polystyrene nanoclay 

nanocomposite foams [111], a favorable interaction between the CO2 and the CNTs through the 

carbonyl group attached to the CNT surface potentially leads to a reduction in heterogeneous 

nucleation free energy and significantly increases nucleation rate. Thus nanocomposites were 

prepared with the fCNTs using anti-solvent precipitation. A series of foams were prepared at 

various processing conditions and the results are shown in Figure 4.9, Figure 4.10 and Figure 

4.11. Again, a bimodal cell size distribution was observed in each case. 

 

 

 

 

Figure 4.9 Foam morphology of PMMA and nanocomposite foams prepared at 120 °C and 13.8 

MPa; (a) pure PMMA; (b) PMMA-asp-pCNT-1%; (c) PMMA-asp-fCNT-1% 

 

   

(a) (b) (c) 
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(a) (b) (c) 

 

Figure 4.10 Foam morphology of PMMA and nanocomposite foams prepared at 120 °C and 16.5 

MPa; (a) pure PMMA; (b) PMMA-asp-pCNT-1%; (c) PMMA-asp-fCNT-1% 

 

 

   

(a) (b) (c) 

 

 

Figure 4.11 Foam morphology of PMMA and nanocomposite foams prepared at 100 °C and 16.5 

MPa; (a) pure PMMA; (b) PMMA-asp-pCNT-1%; (c) PMMA-asp-fCNT-1% 

 

To obtain more quantitative information on the cell morphology, image analysis was conducted 

to calculate the cell size and cell density of each mode. The results are shown in Table 4.1. 
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Table 4.1 Comparison of cell size and cell density of PMMA CNT nanocomposite foams 

 

Experiment 

condition 

ID 
a
 

Sample 

ID 
b 

Distribution 

Type 
c 

Cell size 1 

(µm) 

Cell density 1 

(cells/cm
3
) 

Cell size 2 

(µm) 

Cell density 

2 (cells/cm
3
) 

I A Mono 21.0 8.0x10
7
 N/A N/A 

B Bi 16.8 1.4x10
8
  33.0 8.0x10

6
 

C Bi 12.8  2.7x10
8
 36.8 8.4x10

5
 

II A Mono 12.7 3.4x10
8
 N/A N/A 

B Bi 7.6 7.6x10
8
  18.6 3.4x10

7
 

C Bi 6.9 1.9x10
9
  15.2 6.8x10

6
 

III A Mono 10.3 5.3x10
8 
 N/A N/A 

B Bi 5.7  2.3x10
9
  17.1 1.5x10

7
 

C Bi 4.7 3.8x10
9
  13.8 9.3x10

6
  

a: experimental conditions: I: 120 C, 13.8 MPa, II: 120 C, 16.5 MPa; III: 100 C, 16.5 MPa 

b: sample ID: A: pure PMMA; B: PMMA-asp-pCNT-1; C: PMMA-asp-fCNT-1 

c: Mono: mono-size distribution; bi: bimodal distribution 

 

To further examine the role of CNTs, the size and density of model 1 cells are normalized 

using values of pure PMMA foam at respective foaming conditions as the reference, and the 

results are shown in Table 4.2, Table 4.3 and Figure 4.12.  

 
Table 4.2 Comparison of Normalized cell size of PMMA and nanocomposite foams 

 

 

 

 

 

 

Experimental 

conditions ID 

I II III 

Sample ID 

A 1 1 1 

B 0.80 0.60 0.55 

C 0.62 0.54 0.46 
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Table 4.3   Comparison of Normalized cell density of PMMA and nanocomposite foams 

 

 

 

 

 

 

Several observations were made on the role of CNT on the reduction of cell size and 

concurrent increase of cell density. First the nucleation effect is more prominent when solubility 

of CO2 in the polymer is higher. For example, at 120 C and 13.8 MPa (condition I), samples B 

and C exhibit .8x and 2.4x increase of cell density compared to the pure PMMA foam. 

Increasing the saturation pressure from 13.8 MPa (I) to 16.5Mpa (II) leads to 1.2x and 4.6x, both 

values higher than those at condition I. Further increase of CO2 solubility by lowering 

temperature from 120 C (II) to 100 C (III) leads to additional enhancement of nucleation 

efficiency (3.3x for sample B and 6.2x for sample C).  

Furthermore the PMMA-fCNT nanocomposite foams consistently show higher cell 

density and more reduction in cell size than PMMA-pCNT foams. These would be due to the 

following reasons.  First the functionalized CNTs are better dispersed (albeit not uniformly) in 

PMMA, leading to increase number of potential nucleation sites. Moreover, the favorable 

interaction between CO2 and the carbonyl group on CNT may result in reduction in the wetting 

angle and nucleation free energy and higher nucleation efficiency. Similar phenomena were 

observed in the previous study where induction of carbonyl group on nanoclay surface leads to 

similar behavior [111].  

 

Experimental 

conditions ID 

I II III 

Sample ID 

A 1 1 1 

B 1.7 2.2 4.3 

C 3.4 5.6 7.2 
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(a) 

                                  

(b) 

Figure 4.12 Comparison of normalized cell size and cell density of PMMA and PMMA 

nanocomposite foams at a series of foaming conditions 

. 

 

Regarding the other mode, the cell size of the nanocomposites foams were larger than 

that of pure PMMA foam, while the cell densities are order of magnitude lower. These are again 

in good agreement with the hypothesis that the large cells result from homogeneous nucleation 
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mechanism, which has much lower rate due to the much higher nucleation free energy and 

therefore being significantly suppressed in the presence to nanoparticles.  

The fundamental reason for the mixed mode nucleation mechanism that leads to the 

bimodal cell size distribution is presence of CNTs rich and CNTs deficient regime due to 

insufficient dispersion of CNTs. To truly utilize the nucleation efficiency of the CNTs, a more 

effective strategy is required for uniform CNTs dispersion.  

 

4.4 Nanocomposite Foams: Mono-modal Morphology 

 

A modified ASP process (mASP) is employed to further improve dispersion. The major 

difference between mASP and the original ASP is that CNT is first dispersed in the solvent by 

sonication followed by addition of the dissolved polymer solution. The low viscosity of solvent 

assists with improved dispersion of CNT than in polymer solution (original ASP). Once 

dispersed and mixed with dissolved polymer, the polymer chains were able to wrap around the 

CNTs and stabilize the dispersion. Similar approaches have been adopted by other researchers 

[104] to prepare PMMA single walled CNT nanocomposites and good dispersion was reported. 

 

                                                            

 
Figure 4.13 Comparison of stability of nanocomposite suspension via ASP (left) and mASP 

(right). Material is PMMA-pCNT-1%. 
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 The uniformity of the CNTs dispersion was significantly improved via the modified 

process. Figure 4.13 shows the comparison of the stability of PMMA-pCNT-1% suspension 

prepared by ASP and mASP. The former process resulted in precipitates exhibiting a grayish 

color indicating possible macroscopic phase separation, which completely settled down the 

bottom of the vial in a matter of minutes. On the other hand, the nanocomposite suspension from 

mASP shows a dark black color, and was extremely stable for an extended period of time. 

Shown in the figure is a sample that was still stable 12 weeks after preparation.  

 In spite of the great improvement of CNT distribution, the CNT rich region is 

nevertheless still present. Figure 4.14 shows SEM micrographs of the nanocomposites and the 

nanocomposite foams. CNTs aggregates were observed in the nanocomposites, and the 

nanocomposite foam exhibited a bimodal distribution of cell size. 

 

        

(a)                                                     (b) 

Figure 4.14 SEM of PMMA-masp-pCNT-1% nanocomposite (a) and nanocomposite foams (b) 

prepared at 120°C and 13.8 MPa 

 

The cell size and cell density of the foam were calculated via image analysis and 

compared to those of the nanocomposite foams by the original ASP. The results are show in 

Table 4.4. Albeit still possessing bimodal distribution, the nanocomposite from mASP process 

yields foam with slight reduction of cell size and increase in cell density.  
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Table 4.4  Effect of nanocomposites processing methods on the foam morphology 

 

Sample  Cell size 

distribution 

type  

Cell size 1 

(µm)  

Cell density 

1 (#/cc
3
)  

Cell size 2 

 (µm)  

Cell density 

2 (#/cc
3
)  

Pure PMMA mono  21.0  8.0x10
7
  N/A  N/A  

PMMA-ASP-

pCNT-1%  

bimodal  16.8 1.4x10
8
  

 

33.0 8.0x10
6
 

PMMA-mASP-

pCNT-1% 

bimodal  11.6  1.7x10
8
  24.7  1.7x10

7
  

 

 CNT dispersion can be improved by either surface functionalization or refinement of 

nanocomposite synthesis methods; however, neither is adequate to produce a nanocomposite 

with uniform CNT dispersion. Further improvement of CNT dispersion may result from the 

combination of the two aspects in nanocomposite preparation. Thus nanocomposites were 

synthesized using fCNT via mASP processes. Two types of fCNT are utilized: one being treated 

with acid for 2 hours and the other for 6 hours. Both suspensions are very stable for extended 

periods of time. The SEM micrographs of the two nanocomposites are shown in Figure 4.15. 

Uniform dispersion of CNTs was observed for both nanocomposites. More CNTs are observed in 

nanocomposite in which CNTs undergo 6 hr acid treatment, suggesting possible breakage and 

shortening of CNTs.  
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(a) (b) 

  

(c) (d) 

  

 

 
Figure 4.15 SEM micrographs showing uniform CNTs dispersion via combination of surface 

functionalization and mASP; (a) and (b): PMMA-mASP-fCNT-1%-2hr, (c) and (d): PMMA-

mASP-fCNT-1%-6hr 

 

 Both nanocomposites were foamed at 13.8 MPa and 120 °C and the cell morphology is 

shown in Figure 4.16 and compared with that of pure PMMA foam at the same processing 

conditions. Both foams show mono sized cell distribution with significantly higher cell density 

and smaller cell size. 
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(a) (b) (c) 

 

Figure 4.16 Morphology of PMMA foams prepared at 120 °C and 13.8 MPa; (a) pure PMMA; 

(b) PMMA-mASP-fCNT-1%-2hr; (c) PMMA-mASP-fCNT-1%-6hr 

 

A detailed analysis of the cell size and cell density is shown in Table 4.5. Compared to 

the pure PMMA foams, the cell size of the nanocomposite foam (PMMA-mASP-fCNT-1%-2hr) 

exhibit a reduction of cell size by ~44% and increase of cell density by 5.6 times. In spite of the 

observed nanotube breakage and shorting by prolonged surface functionalization by acid 

treatment for 6 hours, the CNTs show remarkable nucleation efficiency in the nanocomposite 

foam. At 1% concentration, the cell size is reduced by ~80% (to ~4.5 µm) and cell density 

increases by ~70 times to 5.4x10
9
. Microcellular foams with uniform cell size distribution were 

successfully prepared under rather mild processing condition. The exceptional nucleation 

efficiency may results from a combination of the following two factors: i) the breakage of CNTs 

lead to an increase in effective particle concentration and increase in number of nucleation sites; 

ii) extended functionalization leads to increase of density of the functional groups, which 

improve both particle dispersion and facilitate interaction with CO2 to reduce heterogeneous 

nucleation free energy. 

 

 

 



 
 
 
 

52 

 

Table 4.5 Comparison of characteristics of PMMA and PMMA/CNTs nanocomposite foams 

prepared at 120°C and 13.8 MPa by mASP using fCNT(number in parenthesis show 

quantitatively the reduction of cell size and increase of cell density) 

 

 

Sample Cell size distribution 

type 

Cell size (µm) Cell density (#/cc
3
) 

Pure PMMA                   mono 21.0 8.0x10
7
 

PMMA-mASP-fCNT-

1%-2hr 

mono 11.6  

(~ 44 %) 

4.5x10
8
  

(5.6x) 

PMMA-mASP-fCNT-

1%-6hr 

mono 4.5  

(~ 78 %) 

5.4x10
9  

(67.5x) 

 

 

4.5 Design and Analysis of Experiments for the Cell Size Comparison 

 

The major goal of the designed experiment is to conduct a statistical analysis procedure 

of the cell size distribution (bimodal morphology). The objective is to distinguish between the 

cell size distributions achieved at the polymer rich region as compared to those formed with 

CNTs as the nucleating agent. The data generated from the image analysis of the SEM images 

are incorporated to carry out the analysis. Design Expert version 6 is used to conduct the 

analysis. 

 

4.5.1 Response Selection  

 

Two parameters are selected as response: (1) Small cell size (cell size 1), (2) Large cell 

size (cell size 2). Based on the discussion in section 4.3 a bimodal cell size distribution is seen in 

the final foam morphology with the addition of CNTs. This is caused by contrast effect of CNT 

rich and CNT deficient (polymer rich) regions. The small cell size is generated at CNT rich 
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region whereas the large cell size is at the polymer rich region. Thus the small cell and large cell 

sizes are considered as the two responses. 

 

4.5.2 Choice of Factors  

 

The factors in this experiment consist of the following quantitative factors: (1) Pressure 

(13.8 and 16.5 MPa), (2) Temperature (100°C and 120°C) and (3) Formulation (0, +1, -1). The 

formulation consists of three levels: Pure PMMA (0), Pristine CNT (-1) and Acid treated CNT 

(+1).  

 

4.5.3 Choice of Experiments  

A full factorial 2
2
 x 3 design was employed in this research (Table 4.6). Factors pressure 

and temperature are set at two levels while formulation is set at three levels as described in 

section 4.6.2.  

Table 4.6 Full factorial design generated by Design Expert 

 

Std Run Block Factor 1  

Pressure 

(MPa)         

Factor 2  

Temperature 

(°C)         

Factor 3 

Formulation 

Response 1 

Small cell size 

(µm) 

Response 2 

Large cell size 

(µm) 

5 1 Block 1 13.8 100 -1 5.19 16.67 

2 2 Block 1 16.5 100 0 10.34 0 

10 3 Block 1 16.5 100 1 4.74 13.78 

6 4 Block 1 16.5 100 -1 5.69 17.11 

12 5 Block 1 16.5 120 1 6.86 15.18 

3 6 Block 1 13.8 120 0 21 0 

11 7 Block 1 13.8 120 1 13.01 36.84 

9 8 Block 1 13.8 100 1 4.61 32.15 

4 9 Block 1 16.5 120 0 12.65 0 

7 10 Block 1 13.8 120 -1 16.78 33.03 

1 11 Block 1 13.8 100 0 13.8 0 

8 12 Block 1 16.5 120 -1 7.55 18.56 
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4.5.4 DOE Analysis Results and Discussion 

 

The effect of individual factors on the responses was analyzed using the one factor plot 

generated by Design Expert. The one factor plot on the small cells (cell size 1) is as shown in 

Figure 4.17.   

 

 

            

(a)                                              (b)                                                   (c)  

 
Figure 4.17 One factor plot on the small cells 

 

Statistically, the effect of pressure leading to an increase in CO2 solubility can be seen 

with a drop in small cell size with an increase in pressure from 13.8 MPa to 16.5 MPa (Figure 

4.17a). The increase in temperature from 100 °C to 120 ° C leads to an increase in size of the 

small cells (Figure 4.17b). This would be attributed to change in viscocity of the polymer 

causing free motion of the CO2 molecules in the enclosed cells leading to increase in the cell 

size. However comparing the effect of addition of 1 % CNTs (both pristine and functionalized) 

to those cell size formed in pure PMMA show smaller cell sizes (Figure 4.17c). This supports 

the hypothesis set earlier suggesting the formation of small bubbles from the CNTs rich region 

with the heterogeneous nucleation mechanism the dominant mode of nucleation.  

Similarly, the one factor plot of the large cells (cell size 2) is shown in Figure 4.18. The 

large cells seen in the bimodal cell morphology are hypothesized to arise from the polymer rich 
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region initiated by homogeneous nucleation mechanism. The effect of increase in pressure from 

13.8 MPa to 16.5 MPa leads to higher solubility of CO2 in PMMA resulting in reduced size of 

the large cell size (Figure 4.18a). However the increase in temperature from 100°C to 120°C 

doesn’t cause significant growth in the size of the large cells (Figure 4.18b). This effect supports 

the hypothesis that the excess CO2 gas surrounding the few formed nuclei act as a reservior 

leading to their growth into large cells. Finally, in presence of 1 % CNTs (both pristine and 

functionalized) the cell size are large then the cells formed in pure PMMA (Figure 4.18c). This 

suggest the formation of large cells in the polymer rich via homogeneous nucleation mechanism.    

 

 

        

(a)                                                   (b)                                                     (c)                                      

 
Figure 4.18 One factor plot on the large cells 

 

4.6 Conclusions 

 

In this study, PMMA MWCNT nanocomposites were synthesized and novel PMMA 

MWCNTs nanocomposite foams were prepared in a batch foaming process using carbon dioxide 

as the foaming agent over wide range of foaming conditions. It was observed that CNT has 

profound influence on the foam morphology. It was observed that the CNTs are efficient 

nucleation agent and the nucleation efficiency greatly depends on the dispersion of CNT in the 

polymer matrix. Bimodal cell size distribution is observed in the nanocomposite foams as a 
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result of mixed mode of nucleation, which in turn results from the co-existence of CNT rich and 

CNT deficient (polymer rich) region due to insufficient CNT dispersion. By appropriate CNT 

surface functionalization and process improvement in nanocomposite synthesis, uniform CNT 

dispersion in PMMA is achieved and outstanding nucleation efficiency of CNT is observed in 

the nanocomposites foams (~80 times increase in cell density in the presence of 1% CNT). 

Microcellular nanocomposite foams were prepared. 

The DOE analysis carried by Design Expert statistical software package further 

confirmed the nucleation efficiency of CNTs leading to increase in cell density and reduction in 

cell size. The analysis also provided statistical insights regarding the formation of large bubbles 

via homogeneous nucleation mechanism confirming the mixed nucleation mechanism due to 

insufficient dispersion of CNTs. 
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CHAPTER 5 

 

MECHANICAL PROPERTIES OF PMMA/MWCNT 

NANOCOMPOISTE FOAMS 

 

5.1 Introduction 

 

Microcellular morphologies have been of great interest to researchers in recent years because of 

their unique microstructure leading to enhanced mechanical properties. These microcellular 

foams have a great potential for applications such as packaging, insulation, automotive and 

aircraft industries, and structural components. Nanoparticles have been added to further improve 

the mechanical properties of the microcellular foams. In recent years, nanoclays and various 

other nanoparticles [111,113] have been used as reinforcements for polymeric foams. This is 

achieved due to the fact that the nanoparticles can be completely embedded in the polymer 

matrix without disrupting its cellular structure. However CNF- or CNT-reinforced polymeric 

foams have received minimal attention even though initial investigations are reported on 

CNT/polystyrene [104,107], CNF/PEEK systems [117]. The excellent mechanical properties and 

high aspect ratios of the carbon nanostructures have shown a great potential both in modifying 

the foaming processes and to enhance the mechanical properties of the final cellular composites.  

 

5.2 Experimental Procedure 

 

5.2.1 Preparation of PMMA/CNT nanocomposite 

 

The PMMA/CNT nanocomposites were prepared using the modified ASP process as discussed 

in section 3.2.2. The prepared nanocomposites were molded to final shape and size for 

measuring the tensile properties. A 0.5 mm thick mold made from aluminum plate was used to 
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make the nanocomposites in dog bone shape. The dimension of the final nanocomposite was 

determined based on ASTM D 638 standard for specimen thickness less than 4 mm. The 

nanocomposites were hot pressed in the mold between two stainless steel plates to the final shape 

(Figure 5.1).  

 

 

 
Figure 5.1 Nanocomposite for tensile property measurement 

 

5.2.2 Foaming procedure 

 

The PMMA/CNT nanocomposite foams were produced using the one-step batch process method. 

The batch foaming was conducted in a high pressure system as shown in Figure 3.2. Samples 

were placed in respective mold and the molds were placed in the high pressure vessel. CO2 was 

fed to the pressure vessel using an ISCO high pressure syringe pump and maintained at constant 

pressure of 20.68 MPa. The system was kept at constant temperature of 120°C for 20 hours to 

allow CO2 saturation and equilibrium. The pressure was then rapidly released and the foam 

morphology was fixed by cooling with an ice and water mixture. 

 

 

 



 
 
 
 

59 

 

5.2.3 Tensile testing 

The tensile property of the foam was determined using an Instron tensile testing machine (Figure 

5.2) and ASTM D638 was used as a guide for testing. Due to long duration of processing a 

sample, three samples of each kind were tested. Both bulk and foam samples were tested. The 

dimensions of the sample are detailed in section 5.3.1 based on ASTM standard. The gauge 

length of 10 mm was set and the samples were tested at a constant speed of 1 mm/min.   

 

 
 

 

 
Figure 5.2 Instron tensile testing setup 

 

 

5.3 Results and discussion 

 

5.3.1 Mold design for foaming 

 

 Foaming a bulk sample desired for mechanical testing is not a trivial task. One of the 

challenges is to control the expansion to achieve the final sample to the desired shape and size. 

To overcome this challenge special mold are designed (Figure 5.3a). For foam samples to be 

used for tensile property measurement a cylindrical stainless steel rod 3.59 inches in length and 

0.67 inches in diameter was cut into half and the desired dog bone shaped mold was cut on one 

of the flat surface. The length and width of the mold was 2.90 inches and 0.37 inches 



 
 
 
 

60 

 

respectively and the depth of the mold was 1 mm giving a 100 % expansion to the final foam 

sample. The other half of the rod was mirror finished to create a very smooth surface. Both these 

semi-circular rods were tapped and bolted to each other with four bolts creating a strong 

clamping force. This prevents them from being separated during expansion process caused by the 

enormous force of expansion. The final foam sample is as per the designed shape and dimensions 

(Figure 5.3b). 

  

 

           

(a)                                                     (b) 

 

Figure 5.3 Tensile sample foaming mold 

 

5.3.2 Tensile properties  

 

The measured properties of the PMMA/MWNT nanocomposite and nanocomposite 

foams included the elastic modulus and tensile strength. The detailed tensile properties of the 

bulk specimens are shown in Table 5.1. For the bulk samples, the modulus of the 

nanocomposites increased slightly with addition of both 0.5 % and 1 % weight concentration of 

nanotubes. The nanocomposite PMMA-fCNT-0.5%-6hr showed the best with 7 % increase 

(Figure 5.4a) in the modulus. Similarly the strength of the bulk samples increased with addition 
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of both 0.5 % and 1 % weight concentration of nanotube. The nanocomposite PMMA-fCNT-1%-

6hr had a 14 % increase (Figure 5.4b) in strength compared to pure PMMA. 

 

Table 5.1  Tensile test data of bulk samples 

 

Sample Modulus (GPa) Tensile strength (MPa) 

Pure PMMA 2.94±0.22 53.21±2.36 

PMMA-pCNT-1% 3.01±0.17 53.93±1.85 

PMMA-fCNT-1% 3.12±0.11 60.71±4.66 

PMMA-pCNT-0.5% 2.86±0.11 60.83±0.22 

PMMA-fCNT-0.5% 3.14±0.21 55.89±3.65 
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(b) 

 

Figure 5.4 Tensile properties of bulk samples; (a) modulus (GPa), (b) strength (MPa) 

 

 

However the PMMA nanocomposite foams showed a contrasting effect with the addition of 0.5 

% and 1 % CNTs. The detailed tensile properties of the foamed specimen’s are shown in Table 

5.2. Both PMMA-pCNT-1% and PMMA-fCNT-1%-6hr nanocomposites showed a drop in 

modulus and strength. The modulus decreased by ~ 13 % in both the cases, while the strength 

dropped by ~ 20 % and ~ 7 % respectively (Figure 5.5a). On the other hand both PMMA-pCNT-

0.5% and PMMA-fCNT-0.5%-6hr showed an increase in modulus and strength of the 

nanocomposite foams. The nanocomposite PMMA-fCNT-0.5%-6hr showed an increase of ~ 60 

% and ~ 38 % (Figure 5.5b) in the modulus and strength compared to the pure PMMA foam. 

Therefore, the effects of CNTs on the tensile properties were substantially influenced by the 

CNTs dispersion. While the lower weight concentration (0.5%) of nanotubes with their 

functionalization had a better chance of dispersion compared to the higher concentration (1%). 

The CNTs can be very efficient reinforcements provided they are properly dispersed. On the 

other hand poor dispersion may actually serve as flaws and stress concentrators, leading to a 

reduction in properties.  
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Table 5.2 Tensile test data of foam samples 

 

Sample Modulus (GPa) Tensile strength (MPa) 

Pure PMMA 0.91±0.06 17.83±1.27 

PMMA-pCNT-1% 0.79±0.07 14.34±1.80 

PMMA-fCNT-1% 0.79±0.15 16.52±2.46 

PMMA-pCNT-0.5% 0.95±0.08 18.84±0.32 

PMMA-fCNT-0.5% 1.45±0.30 24.94±0.44 
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(b) 

 

Figure 5.5 Tensile properties of foam samples; (a) modulus (GPa), (b) strength (MPa) 
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS 

 
6.1 Conclusions 

In this study, PMMA MWCNT nanocomposites were synthesized and novel PMMA 

MWCNTs nanocomposite foams were prepared in a batch foaming process using carbon dioxide 

as the foaming agent over wide range of foaming conditions. It was observed that CNT has 

profound influence on the foam morphology. It was observed that the CNTs are efficient 

nucleation agent and the nucleation efficiency greatly depends on the dispersion of CNT in the 

polymer matrix. Bimodal cell size distribution is observed in the nanocomposite foams as a 

result of mixed mode of nucleation, which in turn results from the co-existence of CNT rich and 

CNT deficient (polymer rich) region due to insufficient CNT dispersion. By appropriate CNT 

surface functionalization and process improvement in nanocomposite synthesis, uniform CNT 

dispersion in PMMA is achieved and outstanding nucleation efficiency of CNT is observed in 

the nanocomposites foams (~80 times increase in cell density in the presence of 1% CNT). 

Microcellular nanocomposite foams were prepared. 

 The tensile properties of the bulk and foam samples were measured. The surface 

functionalization of CNTs leads to improved dispersion and a probable good bonding between 

the PMMA and CNT. The effectiveness of this functioalization could be seen with improved 

tensile properties of both the bulk and foam samples. By adding in only 0.5 % fCNTs the 

modulus of the foam increased by ~60 % and tensile strength by ~40%. On the other hand 

addition of 1 % fCNTs showed a slight drop in the modulus and tensile strength of foam 

samples. Though higher concentration of CNTs should work as better reinforcement to enhance 

the tensile property, dispersion becomes more challenging with increase in concentration. 

Furthermore well dispersed CNTs can be very efficient reinforcement; poorly dispersed 

nanoparticles may actually serve as flaws and stress concentrators, leading to a reduction in 

properties. 
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6.2 Recommendations   

 

The current study conducted was limited in its range of processing conditions of pressure 

and temperature.  Future work could prepare a detailed study and expand the property and 

morphology database at a range of pressure and temperature conditions. Furthermore, other 

polymers such as polystyrene (PS) and polycarbonate (PC) can be studied to prepare CNTs 

nanocomposite foams. This study can be extended further to create polymer CNTs 

nanocomposite foams in specialty applications such as EMI shielding, acoustic damping, barrier 

for gas and UV, optical applications, flame resistance, electrical and thermal applications.  
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