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Open celled micro and nano foams fabricated from polymers and metals have 

attracted tremendous attention in the recent past because of their applications in numerous 

areas such as catalyst carriers, filtration media, ion exchange membranes and tissue 

engineering scaffolds. In this study open celled polymer micro- and nano foams with 

controllable pore size and porosity were fabricated via solid state foaming of immiscible 

blends. The polymer foams were used as templates for fabricating nickel foams using an 

ethanol based electroless plating process. Thermal conductivity of micro- and nano foams 

was studied as a function of pore size and porosity using finite element and molecular 

dynamics based models. The effect of pore size and porosity on performance of phase 

change material infiltrated metal foams for thermal management was investigated via 

numerical models. 

Open celled micro foams were fabricated via solid state foaming of ethylene acrylic 

acid (EAA) and polystyrene (PS) co-continuous blends. Blending temperature was the 

main parameters affecting the formation of co-continuous structure. Gas saturation and 

foaming studies were performed to determine ideal processing conditions for the blend. 

The results indicated that saturation pressure and foaming temperature were major process 

parameters determining the porosity of the foamed samples. Open celled polymer 
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templates were obtained by selective extraction of PS phase using dichloromethane 

(DCM). Foaming resulted in faster extraction of PS and also in a higher porosity. 

Open celled nano foams were fabricated via solid state foaming of polyetherimide 

(PEI) and polyethersulfone (PES). The effect of process parameters namely saturation 

pressure and temperature, desorption time, and foaming temperature and time on porosity 

and pore size was studied. A high gas concentration and foaming temperature were 

required to obtain nano pore-sized foams. Throughout the cross section there existed 

regions with varying pore size and porosity and solid skins at the surface regions of the 

foam. A solvent surface dissolution process using dimethylformamide (DMF) was 

employed to access the internal porous structure. 

Micro- and nano cellular nickel foams were fabricated from EAA and PES 

templates via electroless plating. The structure of the nickel foams was an inverse of the 

polymer templates. Ethanol based electroless plating solutions were used to ensure 

infiltration into the porous structure because of the small pore sizes. 

Finite element and molecular dynamics based models were developed to predict 

thermal conductivity of polymer foams as a function of pore size and porosity. Pore sizes 

ranging from 1 nm to 1 mm were studied. Models were partially validated using 

experimental data. The results showed that pore size has significant effect on thermal 

conductivity even for microcellular and conventional foams. When the pore size is reduced 

to the nanometer scale, the thermal conductivity of the nano foam dramatically reduces and 

the value could be lower than that of air for certain porosity levels. The extremely low 

thermal conductivity of polymer nanofoams is possibly due to increased phonon-phonon 

scattering in the solid phases of the polymer matrix in addition to low thermal conductivity 

of gas trapped in nano sized pores.  
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Finite element based models were also developed to study the effect of pore size 

and porosity on performance of phase change material infiltrated metal foams for thermal 

management applications. The results showed that foams with smaller pore sizes can delay 

the temperature rise of the heat source for an extended period of time by rapidly dissipating 

heat in the phase change material. The lower temperatures resulting from the use of a 

smaller pore size metal foam could significantly increase the lifetime of IC chips. 
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Chapter 1. Introduction 

1.1 MOTIVATION OF THIS RESEARCH 

Porous media is an important class of material owing to its applications in numerous 

fields such as functional material design, thermal management of micro systems, catalytic 

surfaces for chemical reactions and bio-medical engineering [1, 2]. High porosity materials 

fabricated from polymers and metals are a new class of porous materials that have low 

densities and exclusive transport properties resulting in interesting applications. For 

example, polymer foams find applications as highly thermal insulating material and as 

templates for metal foams. Metal foams have been used as compact heat exchangers in the 

microelectronics industry and in particular nickel foams as substrates for growing graphene 

networks [2-4].  

The current bulk fabrication techniques for open celled polymer and metal foams 

are capable of fabricating foams with pore sizes on the level of hundreds of micrometers 

to millimeters [5-12]. The techniques for fabricating smaller pore size foams are limited 

either to a narrow pore size and porosity range or thin layers only. It is expected that when 

the pore size becomes smaller, the foams would exhibit distinct thermal, electrical, and 

mechanical properties combined with ultra-low density and high surface area. This would 

not only lead to new applications but also enhance performance of existing foam based 

devices. Therefore, there is a need for new fabrication techniques for open celled polymer 

foams with ability to vary porosity and pore size from nano- to micro meter scale. The 

polymer foams could be further used as templates to fabricate metal foams. 

The thermal conductivity of polymer foams is of significant interest for many 

applications. It is expected that when the pore size is reduced to a value comparable to the 

mean free path of heat carriers, the thermal conductivity of such foams would approach 
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values closer to that of air. Even though thermal conductivity of polymer foams has been 

studied extensively in the past, most of the understanding and models were developed for 

conventional polymer foams with pore sizes on the order of hundreds of micrometers. The 

pore size and porosity effect on thermal conductivity of polymer foams especially when 

the pore size is reduced to nanometer scale has not been adequately studied [13-15]. 

Therefore, a model to characterize the effect of pore size and porosity on thermal 

conductivity of micro and nano pore sized polymer foams would provide valuable insight 

into the insulation capability of nano porous materials. 

One of the applications of metal foams is to be used as a skeleton for infiltrating 

phase change material (PCM) for thermal management applications. Phase change 

materials suffer from inherently low thermal conductivity resulting in slow heat dissipation 

rate. Metal foams have been used to enhance the effective thermal conductivity of the 

metal-foam-PCM composite. However, majority of the current studies, both experimental 

and numerical have been focused on demonstrating the performance improvement obtained 

with metal foams. The effect of foam morphology such as pore size and porosity on melting 

behavior of phase change material has not been studied with various heating and cooling 

conditions. With the development of fabrication techniques for micro cellular metal foams 

in this study, it would be interesting to investigate the effect of small pore size on the 

performance of PCM infiltrated metal foams due to their high surface areas. A few degrees 

of temperature difference may be critical, e.g., for the life of microelectronic chips due to 

the exponentially increasing relationship between the failure rate and chip temperature 

[16]. Therefore, a model to study the effect of pore size and porosity on thermal 

performance of phase change material infiltrated metal foams is necessary. 
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1.2 RESEARCH OBJECTIVES 

The goal of this research is to fabricate open celled, micro- and nano pore-sized 

polymer and metal foams and characterize the effect of pore size and porosity on properties 

especially thermal conductivity though both experimental and modeling efforts. The 

following objectives have been identified: 

 To develop a novel fabrication technique for open celled, and micro- and nano pore-

sized polymer foams with controllable pore size and porosity, 

 To study the feasibility of using polymer foams as templates for fabricating nickel 

foams using electroless plating, 

 To investigate the thermal conductivity of micro- and nano pore sized polymer 

foams as function of pore size and porosity through finite element and molecular 

dynamics modeling, and    

 To develop a finite model to study the pore size and porosity effect on the 

performance of phase change material infiltrated metal foams. 
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1.3 ORGANIZATION OF THIS DISSERTATION 

This dissertation is organized into eight chapters. Chapter 1 is a brief introduction 

to this study followed by motivation and objectives. Chapter 2 is literature review on state-

of-the-art fabrication techniques for open celled polymer and nickel foams, modeling 

efforts to predict thermal conductivity of polymer foams, and studies on understanding 

pore size and porosity effect on the performance of phase change material infiltrated metal 

foams. In Chapter 3, fabrication of open celled micro foams using solid state foaming of 

immiscible blends is presented. In Chapter 4, fabrication of polymer nano foams using 

solid state foaming and surface solvent removing is discussed. In Chapter 5, fabrication of 

nickel foams using the polymer foams fabricated in study as templates via electroless 

plating is reported. Chapter 6 discusses finite element and molecular dynamics based 

models to investigate the thermal conductivity of polymer foams. Chapter 7 presents a 

numerical model to study the pore size and porosity effect on the performance of phase 

change material infiltrated metal foams for thermal management applications. Finally, 

Chapter 8 provides a summary of current work and recommendations for future work. 
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Chapter 2. Literature Review 

2.1 POLYMER FOAMS 

Polymer foams have gained wide spread attention in the recent past because of the 

numerous advantages they offer compared to solid polymers. The major benefit that arises 

from their use is the ability to modify morphology to meet the requirements of a particular 

application [17]. Polymer foams are essentially two phase materials: the polymer matrix 

being one phase and gas trapped in the matrix being the second phase. Polymer foams can 

be classified in multiple ways. One way of characterizing them is based on their pore size. 

Foams with pore sizes in the range of 1 µm to 100 µm are known as microcellular foams. 

Foams which have pore sizes in the nanometer range are known as nano foams and results 

on these types of foams are limited. Another way of classifying foams is based on 

interconnectivity between adjacent cells. Foams with interconnected cells are known as 

open celled foams whereas foams with disconnected cells are known as closed celled 

foams. Figure 2-1 shows examples of open and close celled foams. In general both open 

and closed cells exist within the same structure. The foams are referred to as either open or 

closed celled based on which of them has a higher fraction in the structure. Open celled 

polymer foams provide a continuous path for fluid flow owing to their interconnected 

structure. This results in special applications, such as scaffolds for tissue engineering, 

templates for metal foams, and catalytic surfaces for chemical reactions [1, 2]. Open celled 

polymer foams are the main topic of interest of this dissertation. 
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 (a) 

 

    

(b) 

Figure 2-1. Scanning electron microscope images of (a) an open and (b) a close celled 

polymer foam [13]  
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2.2 FABRICATION TECHNIQUES FOR OPEN CELLED POROUS POLYMERS 

A variety of techniques exist to fabricate open celled porous polymers such as 

solvent casting and particulate leaching, melt molding and particulate leaching, solution 

casting, thermal induced phase separation, inter-polymer blending, polymer resin grafting, 

soft polymer blending, block co-polymer technique and solid state foaming. A review of 

these techniques is provided in this section. 

2.2.1 Solvent casting and particulate leaching 

In solvent casting, a polymer, salt and solvent are mixed together initially. The 

mixture is let to evaporate in a mold with the desired geometry. Once the solvent evaporates 

fully, the salt is dissolved out resulting in a porous structure. Solvent casting and particulate 

leaching has been used to produce open celled porous polymers with porosity and pore size 

ranging from 47-97% and 17 µm-2.2 mm, respectively. The shortcomings of this technique 

include lower interconnectivity, no control over pore shape, residual salt and use of highly 

toxic solvents. Liao et al. [18] used solvent casting to fabricate a porous scaffold from 

poly(L-lactic-co-glycolic acid) (PLGA) and sodium chloride (NaCl) particles. The scaffold 

had a porosity of 85% and pore size from 250-500 µm. Gong et al. [19] fabricated a porous 

scaffold from poly-lactic acid (PLA) and NaCl mixture using combined solvent casting 

and porogen leaching. The scaffold had porosity in excess of 85% and pore size                 

166-450 µm.  

2.2.2 Melt molding and particulate leaching 

In melt molding and particulate leaching, a polymer, solvent and particulate are 

injection molded into the desired shape. The solvent is allowed to evaporate and the 

particulate matter is then leached out from the molded sample. This technique can be 

employed without solvent also as the polymer mixture can be in dry form for injection 
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molding. This technique has been used to generate porous polymers with porosities ranging 

from 36 – 94%. Wu et al. [20] fabricated highly porous poly(D,L-lactide-co-glycolide) 

(PLGA) using injection molding combined with particulate leaching. The resulting 

porosity was in excess of 85% and pore size from 180-450 µm. Cui et al. [21] fabricated 

porous polymers from poly(ε-caprolactone) (PCL) and sodium chloride (NaCl), 

poly(ethylene-oxide) (PEO) and NaCl, and PCL, PEO, and hydroxyapatite(HA) 

composites. The maximum porosity obtained was 64% and pore size was under 5 µm. The 

disadvantage of this technique is that pore size is dependent on the salt particles used and 

pore shape is an inverse of the shape of the salt particle. In addition, there could be residue 

salt particles trapped in the matrix, not accessible during the leaching process. 

2.2.3 Solution casting 

In solution casting, polymers dissolved in a solvent are cast into a desired shape. 

Phase separation induced by evaporation of the solvent results in a porous structure. 

Solution casting has been used to fabricate foams with porosity in excess of 50% and             

5 – 15 µm pore size. The disadvantages of this technique include use of solvents, only thin 

films being fabricated, and non-porous surface. Zhao et al. [22] fabricated porous 

poly(vinylidene fluoride)(PVDF) membrane via phase inversion of casting solution 

containing PVDF, hyperbranched polyglycerol and N,N-dimethylacetamide. The 

membranes had a maximum porosity of 75% and pore size less than 20 µm. Kim et al. [23] 

fabricated porous membrane with pore size around 1 µm using polystyrene (PS), 

poly(ethylene glycol)(PEG) and chloroform as the solvent. 

2.2.4 Thermally induced phase separation 

In the thermally induced phase separation method, a polymer is dissolved in a 

solvent at high temperature. As the system is allowed to cool down, phase separation occurs 
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in it. The solvent phase is extracted from the solidified polymer, resulting in a porous 

structure. This technique yields foams with porosity in excess of 50% and pore size             

1–150 µm. Zhang et al. [24] fabricated porous films via thermally induced phase separation 

of a mixture of polyethylene-grafted-maleic anhydride, di-n-octyl phthalate and methanol. 

The films had maximum porosity and pore size of 63% and 2.5 µm, respectively. Ding et 

al. [25] prepared porous polymer from polyether ether ketone (PEEK), polyphenylene 

sulfide (PPS), and diphenyl ketone (Ph2CO) system. The porous structure had a maximum 

porosity of 87% and the pore size was less than 10 µm. The disadvantages of this technique 

are large variation in pore size and the use of toxic solvents. 

2.2.5 Immiscible polymer blending 

In polymer blending, two or more immiscible polymers are melt-blended to form a 

co-continuous structure. One or more phases are extracted using a suitable solvent resulting 

in the formation of an interconnected porous structure. This technique generally results in 

porous polymers having a pore size on the order of tens of micrometers and porosity about 

50%. Sarazin and Favis [26] fabricated porous poly(L-lactide) (PLA) via immiscible 

blending and solvent extraction of PLA and PS blend. The resulting pore size ranged from 

1-72 µm and the maximum porosity was 74%. Virgilio et al. [27] fabricated ultra-porous 

scaffolds via melt processing of quaternary blends of ethylene propylene diene 

rubber/PCL/PS/PLA. The scaffolds had a maximum porosity of 95% and pore size of          

5-100 µm. The shortcoming of this technique is that it offers no direct control over pore 

size and porosity. 

2.2.6 Block co-polymers 

Block co-polymer refers to a structure where two monomers are arranged in an 

alternating fashion connected by covalent bonds. Block co-polymers are fabricated using 
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controlled polymerization of the monomers. One of the monomers is extracted resulting in 

a nano porous structure. This technique results in porous polymers with pore size less than 

50 nm only. Hsueh et al. [28] fabricated nanoporous gyroid from block co-polymer of PS 

and b-PLA with pore size less than 50 nm and porosity around 65%. Zhao et al. [29] 

fabricated nano porous thin films from block co-polymer of poly(styrene-block-ethylene 

oxide) with o-nitrobenzyl ester junctions. The pore size in the films was between                 

15-20 nm. 

2.2.7 Reticulated foams 

Reticulated polyurethane (PU) foams are commercially available and are made by 

subjecting PU foams to either chemical etching or thermal reticulation. The pore sizes of 

these foams range from 200 µm to 4 mm [30].  

2.2.8 Solid-state foaming 

Solid-state foaming is a technique to fabricate micro- and nanocellular 

thermoplastic polymer foams. Solid state foaming comprises of two major steps [31]. The 

first step involves saturating the polymer sample which is usually in the form of a disc or 

sheet with pressurized gas. The gases commonly used are carbon dioxide and nitrogen. The 

gas saturation of the polymer is allowed for a fixed duration so that the gas achieves an 

equilibrium concentration in the system. The second step comprises of nucleating bubbles 

in the gas saturated polymer system by introducing a thermodynamic instability. The two 

commonly used techniques to introduce thermodynamic instability are either a sudden 

increase in temperature or a sudden decrease in pressure. The glass transition temperature 

(Tg) of the system reduces due to the dissolved gas and this is attributed to the phenomenon 

of plasticization. The thermodynamic instability reduces the solubility of the gas in the 

polymer and drives the gas out resulting in nucleated bubbles. The easiest procedure to 
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nucleate bubbles is by increasing the temperature of the gas saturated system to the reduced 

Tg. This step can be accomplished in a number of ways. The saturated sample can be 

foamed either by immersing in a hot bath maintained at the required temperature or placing 

the sample between two plates heated to the desired temperature. The technique of solid-

state foaming has successfully been applied to many thermoplastic polymers such as poly-

(methyl methacrylate) (PMMA), polyetherimide (PEI), styrene acrylonitrile (SAN), PLA, 

PS and PU. This technique has been used to fabricate polymer foams with pore sizes 

ranging from 400 nm to 100 µm and porosity from 10 – 80% [31-33]. The major benefit 

of this technique is that it offers a way of controlling the pore sizes and porosity of the 

polymer foams. However, the foams obtained using this technique exhibit a graded 

structure with cells mostly closed. Some nanofoams produced using this method has an 

open celled region enclosed by closed cells and solid polymer skins [34-36]. 

A summary of the techniques to fabricate open celled polymer foams which were 

discussed above is provided in Table 2-1. None of these techniques was able to produce 

open celled foams over a wide range of porosity (10 – 90 %) and pore size (few nanometers 

to hundreds of microns). The pore size and porosity requirements vary dramatically based 

on the application. Therefore, there is a need for new technique(s) to produce open celled 

polymer foams over a wide range of porosity and pore size.  
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Table 2-1. Summary of techniques to produce open celled polymer foams 

 

2.3 MICROCELLULAR METALS 

Microcellular metals [6] are a new category of materials that combine properties of 

metals such as high thermal and electrical conductivity and good catalytic activity and 

those of porous materials such as low relative density and high surface area [37, 38]. These 

properties make them ideal materials for energy storage applications such as battery-like 

super capacitors and hydrogen storage [38, 39]. Microcellular metals have been fabricated 

from different materials such as nickel (Ni), copper (Cu), platinum (Pt), silver (Ag) and 

gold (Au) [37]. Open celled microcellular metals have interconnected porous structure to 

enable fluid flow and numerous applications such as biomedical implants, electrodes, 

catalyst sensors, actuators and filtration [40-42]. Majority of the work in this area is focused 

Technique Pore Size Porosity Limitation 

Solvent casting/particulate 

leaching 

17 µm – 2.2 mm 47 – 97 % Low interconnectivity 

Melt molding/particulate 

leaching 

100 – 700 µm 36 – 70 % Large pore size 

Solution casting 5 – 15 µm 40 – 50 % Only thin films possible 

Thermal induced phase 

transformation 

1 -150 µm >50 % Large distribution of pore 

sizes 

Immiscible polymer 

blending 

1-200 µm >50% Pore size and porosity 

difficult to control 

Block copolymer self-

assembly degradation 

< 50 nm 62 % Limited pore size range and 

porosity 

Thermal reticulation 200 µm – 4 mm > 80 % Large pore size 
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on fabrication of Ni foams because they exhibit good catalytic properties [28] and can be 

used as sacrificial templates for growing 3D graphene networks [43]. 

2.4 FABRICATION TECHNIQUES FOR NICKEL FOAMS 

A variety of techniques can be used to fabricate nickel foams such as solid-gas 

eutectic solidification (gasar) [5], powder metallurgy [7, 12], sintering of hollow spheres 

[8], templating using vapor deposition [44], electro-deposition [45], and chemical 

(electroless) deposition [28, 46] methods and pyrolysis of metal salt/dextran pastes [37]. A 

review of these techniques is provided in this section. 

2.4.1 Gasar technique 

In the gasar technique, metals are melted under pressurized hydrogen gas and then 

cast into a mold. The hydrogen escaping to the ambient results in the formation of porous 

structure. The pore diameter is controlled by the partial pressure of hydrogen during 

melting, total gas pressure during crystallization of hydrogen saturated melt, and the 

temperature of molten metal before casting in the mold [47]. For example, Apprill et al. [5] 

fabricated nickel foams using this technique with a maximum porosity of 55%. The 

shortcomings of this technique are that it requires high temperatures to melt the metal and 

that it fabricates closed celled foams. 

2.4.2 Powder metallurgy 

Powder metallurgy utilizes fine metal powders to form porous metals. Initially 

metal powder along with suitable space holder particles are mixed together thoroughly and 

shaped into compacts using compression molding. The compacts are subjected to thermal 

treatment to decompose the space holding material and sinter the powder forming porous 

structure. Foams produced using this technique are characterized by relatively low porosity 
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[11]. Yamada et al. [12] fabricated microcellular nickel foams with maximum porosity of 

70% and pore sizes 20-150 µm using this technique.  

2.4.3 Hollow sphere sintering 

Hollow spheres have also been used to fabricate porous metal structures. Hollow 

spheres are bonded together via sintering resulting in a porous structure. The hollow metal 

spheres can be made either by depositing metal on polymer spheres [6] or coating polymer 

spheres with a metal slurry followed by sintering [48]. Hollow sphere sintering results in 

large pore sizes ranging up to 8 mm [6]. Clancy et al. [8] fabricated nickel foams with 

porosities in excess of 80% using 2 mm diameter thin walled hollow nickel oxide spheres. 

2.4.4 Polymer templating  

Vapor deposition methods, including chemical vapor deposition [44] and sputtering 

coating [39], can be used to fabricate nickel foams using polymer foams as a template. The 

polymer template is eventually eliminated either by chemical or thermal treatment. The 

benefit of using polymer templates is that it offers direct control over the pore size, 

porosity, and morphology of the resulting nickel foams [49]. INCOFOAM, a commercially 

available nickel foam, is fabricated via chemical vapor deposition on polyurethane foams. 

However, the vapor deposition techniques are limited to large pores due to the well-known 

line-of-sight problem. The pore size of INCOFOAM is above 450 µm [50].  

Electro and chemical deposition methods, namely electroplating and electroless 

plating, have been used to fabricate nickel foams with smaller pore sizes. Zhang et al. 

fabricated inverse nickel foam via electroplating a PS opal template with a sphere diameter 

of 1.8 µm [51]. This technique requires well sorted polystyrene spheres to make the 

template. Hsueh et al. [28] and Vukovic et al. [38] fabricated nanoporous gyroidal nickel 

foams from block copolymer templates having pore sizes in the sub 50 nm range and 
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porosity around 60%. Brown and Sotiropoulos [46] fabricated nickel foams via both 

electroplating and electroless plating of an open-celled polymer foam having porosity up 

to 97% and pore size approximately 20 µm. This process does not offer direct pore size 

control since the polymer template was fabricated with an emulsion-based technique. 

A summary of different techniques to fabricate nickel foams that were discussed 

above is provided in Table 2-2. In general, bulk fabrication techniques for microcellular 

nickel foams are lacking. Yet these foams are important to many applications, such as more 

efficient heat exchange in PCM-based thermal management devices and ion transfer in 

electrochemical energy storage units. More studies are needed to develop alternative 

methods for bulk fabrication of microcellular nickel foams.   

 

Table 2-2. Summary of fabrication techniques for nickel foams 

 

 

 

 

 

 

2.5 THERMAL CONDUCTIVITY MODELING OF POROUS MATERIALS 

Thermal conductivity of foams has been studied extensively in the past. Many 

theoretical and empirical models have been developed to predict the effective thermal 

conductivity; however, most of the existing models are based on conventional polymer 

Technique Pore Size Porosity 

Gasar 10 µm–10 mm 5–75% 

Powder metallurgy Up to 200 µm Upto 70% 

Hollow spheres 0.8-8 mm 44-90% 

Polymer template varies varies 
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foams, where the pore size is on the order of hundreds of micrometers. In these models, 

only the porosity effect was considered and the pore size effect was largely ignored [14, 

15, 52]. However, it has been suggested that as the pore size is reduced to a scale similar 

to the mean free path of air, the thermal conductivity would be drastically reduced [31]. 

This section provides a review of the analytical and numerical models that have been 

developed to predict the thermal conductivity of foams.  

2.5.1 Analytical models 

A number of analytical models have been developed to predict the thermal 

conductivity of porous material. The models are based on the rule of mixtures [53] and sum 

the contributions from all different heat transfer mechanisms to arrive at an effective 

thermal conductivity [15, 54, 55]. In general the heat transfer mechanisms in porous media 

include conduction across the gas and solid phases, convection and radiation from cell 

walls [52].  Wiener proposed a model to define the maximum and minimum limits of 

thermal conductivity of two phase systems. This model became foundation of many other 

models that were developed subsequently [56]. The upper and lower bounds of the thermal 

conductivity for a two phase material are given by the parallel and series model 

respectively, as defined by Wiener.  
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where effk  is the effective thermal conductivity, 1v  and 2v  are the volume fractions, and 

1k  and 2k  are the thermal conductivities of phase 1 and 2 materials, respectively. Gibson 
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and Ashby [15] incorporated a factor into the parallel model to account for tortuosity of 

the porous material.  

 

s
s

solidgasgasgsconduction V
f

V 









33

2


 
        (2.3) 

where gas  is the thermal conductivity of the gas in the cells, solid  is that of the matrix 

polymer, gasV  is the volume fraction of gas, sV  is that of polymer, and sf  is the fraction 

of solid in the foam. This model considered only the conduction heat transfer mechanisms. 

Bauer proposed a model to predict the thermal conductivity by including 

convection effects [14]. It was later shown that convective effects within porous materials 

are significant only when the pore size is larger than 3 mm [57]. The Roseland model 

shown below is widely used to calculate the contribution of radiation heat transfer to the 

thermal conductivity [13].  
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where n is the effective index of refraction,   is the Stephan-Boltzmann constant, T  is 

the temperature, and RK  is the Roseland mean extinction coefficient.  

Williams and Aldao also developed a model to predict the contribution of radiative 

heat transfer [52].  
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where L  is the foam thickness,   is the mean cell size, and NT  is the net fraction of radiant 

energy sent forward by the cell wall. 
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Hu et al. [58] developed two semi-empirical models, porosity weighted simple 

medium (PWSM) and porosity weighted dilute medium (PWDM), to predict the lower 

limit of thermal conductivity for porous materials. The PWSM model is a combination of 

the parallel and serial models, whereas the PWDM model is a combination of the dilute-

particle and dilute-fluid models. The PWSM is given below. 
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where effK is the effective thermal conductivity, sK  is the thermal conductivity of the solid 

phase, fK  is the thermal conductivity of the fluid or gas in the pores,  is the porosity, 

and x is a fitting parameter that accounts for pore shape and size, and has to be determined 

experimentally. 

2.5.2 Numerical models 

A few studies have been performed to use numerical methods instead of analytical 

techniques to predict the effective thermal conductivity of foams. Druma et al. [53] used a 

finite element model to predict the thermal conductivity of carbon foams as a function of 

porosity. The model had 10 unit cells with spherical pores arranged in the unit cells.  Heat 

conduction through solid was the only heat transfer mechanism considered in their study. 

The porosity of the developed models was varied from 0 to 90% by changing the pore size. 

The model had a pore size of 100 µm at 90% porosity. This is not an ideal way of predicting 

the thermal conductivity, because the pore size was not held constant as the porosity 

changed. Coquard and Baillis [59] developed finite element method to predict the thermal 

conductivity of two phase heterogeneous materials by considering the conductive heat 

transfer mechanism only. They performed calculations on models with porosity above 75% 

and three different cell shapes. The model did not consider the pore size effect. Their results 
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showed that the fraction of solid phase in the struts was the main factor affecting the 

thermal conductivity. Yu et al. [60] developed a geometrical unit cube model of carbon 

foams and used it to derive an analytical model for predicting thermal the conductivity as 

a function of porosity. The model had a unit cube with pores regularly arranged in space. 

Similar to Druma et al.[53], the pore size was not fixed as the porosity was varied. 

Moreover, the pore size considered in the models was larger than a few hundreds of 

micrometers. Coquil et al.[61] used non-equilibrium molecular dynamics (MD) 

simulations to predict thermal conductivity of amorphous nanoporous silica as a function 

of pore size (1.2 – 2.5 nm) and porosity (10 – 35%). A very limited pore size and porosity 

range were investigated in their study. 

As seen in the review above, the analytical and numerical methods have not 

included the pore size effect.  Also the pore size effect has not been studies for micro- and 

nanocellular foams with pore size ranging from 1 nm-100 µm. This study builds upon the 

reviewed work by studying the pore size effect on thermal conductivity via modeling 

efforts and experimental work. 

2.6 MODELING THERMAL BEHAVIOR OF METAL FOAMS INFILTRATED WITH PHASE 

CHANGE MATERIAL 

Thermal management systems based on latent heat storage of phase change 

materials (PCMs) are utilized in a variety of applications such as electronic devices, solar 

heaters, and waste energy recovery systems [62-66]. However, the majority of PCMs suffer 

from low thermal conductivity, which results in a low heat dissipation rate and uneven 

melting [66-70]. A variety of techniques have been used to enhance thermal conductivity 

of PCM systems, such as the use of highly conductive nanoparticles [67, 71-74], metal fins 

[75, 76], and graphitic [70, 77, 78] and metal foams [66, 68, 79-81]. Of these techniques 
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metal foams are attractive compared to others because of their high isotropic thermal 

conductivity [82, 83].  

 The performance of metal foam-PCM systems has been studied both 

experimentally and numerically. However, most of the existing research has focused on 

free and forced convection heat transfer phenomena in the multiphase system and 

demonstrating the performance improvement over the pure PCM-based thermal 

management system [66, 84]. Little has been done to understand the effects of foam 

geometry including pore size and porosity. Hong and Herling [85, 86] experimentally 

studied the effect of surface area density on the performance of paraffin infiltrated 

aluminum foams. The results suggested that the heating and cooling time of the system was 

affected by pore size at a fixed porosity. A smaller pore size resulted in a higher effective 

thermal conductivity of the overall system. Lafdi et al. [79] also conducted a study with 

paraffin-infiltrated aluminum foams and found that both pore size and porosity affected the 

performance of the system. Tian and Zhao [81] performed similar experiments with copper 

foams. It was found, however, that the pore size effect was insignificant on the melting 

time of infiltrated PCM. The metal foams used in all above experimental studies were 

limited to commercially available ones, with pore sizes ranging from 0.635-5 mm                

(5-40 PPI) and porosity about 90%.  

Numerical models were developed to predict the temperature profile of PCM metal 

foam systems [80, 81]. These models had an origin in Boomsma and Poulikakos [87], 

where the effective thermal conductivity (ke) of a infiltrated porous metal foam was 

developed based on a tetrakaidecahedron geometric model. Although the effective ke 

contained the pore size and porosity information, their effects were not explicitly studied 

with the numerical models. Furthermore, there is a drawback in the effective ke model 

developed in [87]. It does not consider heat exchange between the metal foam matrix and 
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infiltrated media. The effective ke was obtained by dividing a unit cell of the foam into 

four layers. For each layer, the volume fractions of foam ligaments and infiltrated media 

were first determined and used to obtain an effective thermal conductivity (kn) based on 

the well-known parallel averaging model. These effective kn’s were then used to obtain 

the overall effective ke using a series averaging model.   

It is also known that the failure rate of IC chips λ is dependent on temperature as 

established by the Arrhenius model [16]. 

 

            
kT

Ea

Ce  (2.7) 

where Ea is activation energy for failure mechanism, k is Boltzmann’s constant, T is 

operating temperature and C is a constant. It can be inferred from the above equation that 

reducing operating temperature by 10 degrees would reduce the failure rate by half. The 

model prediction combined with the results of Hong and Herling [85, 86] that temperature 

is dependent on surface area density (pore size) gives an indication that metal foams with 

smaller pore sizes may be beneficial. This study investigates the effect of pore size and 

porosity on transient temperature response in a PCM infiltrated metal foams. 
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Chapter 3. Open-celled Ethylene Acrylic Acid Microcellular Foams 

3.1 INTRODUCTION 

High porosity materials fabricated from polymers, ceramics, and metals have low 

densities and exclusive transport properties [2]. For example, polymer and ceramic foams 

are finding applications in aerospace industry and recent studies have demonstrated use of 

metal foams as substrates for growing graphene and as compact heat exchangers in the 

microelectronics industry [2]. Many applications of polymer foams such as scaffolds in 

tissue engineering, templates for metal foams, and filters require the foams to be open 

celled. The foams need to be open celled in order to provide a continuous path for fluid 

flow through. A variety of techniques exist to fabricate open celled polymer foams such as 

solvent casting/particulate leaching, melt molding/particulate leaching, solution casting, 

thermal induced phase separation, inter-polymer blending, polymer resin grafting, soft 

polymer blending and block co-polymerization as discussed in Section 2.2. Most of these 

techniques have limitations in producing open celled microcellular foams with controllable 

pore size and porosity.  

Use of immiscible polymer blends to generate open celled polymer foams has been 

developed [9, 88-90]. Even though this technique results in open celled structure, it is 

difficult to control the pore size and porosity because the porous structure depends on the 

co-continuous phase structure of the polymer blend, which only forms at a certain volume 

ratio of the two phases. Kohlhoff and Ohshima [91] directed their work towards controlling 

the pore size and open pore content of the porous structure by manipulation of monomer 

and cross linking agent concentration. Salehi et al. [9] showed that porosity could be 

controlled by varying annealing parameters. They also showed that the pore size is affected 

by differences in polymer architecture.  
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Solid-state foaming is a technique to fabricate micro- and nano cellular 

thermoplastic polymer foams with ability to control pore size and porosity easily with the 

gas saturation and foaming process parameters. However, the foams obtained using this 

technique exhibit a graded structure with mostly close-celled pores and solid skin layers 

[34-36]. 

In this chapter a novel technique to fabricate open celled porous polymer using 

combined solid state foaming and immiscible polymer blending is presented. The major 

advantage of this technique is that solid state foaming offers a way of controlling the pore 

size and porosity while the co-continuous morphology of the blend ensures that an open 

celled structure is obtained. Co-continuous blends of compatible polymers were initially 

prepared by an extrusion process and foamed using solid state foaming. Gas saturation and 

foaming studies were conducted to determine process conditions. The sacrificial phase in 

the foamed blends was extracted to obtain the open celled structure. 

3.2 EXPERIMENTAL 

3.2.1 Materials 

Ethylene acrylic acid (EAA, Dow Chemicals, USA) and Polystyrene (PS, Sigma 

Aldrich, USA) were chosen to form an immiscible blend. The materials for the blend were 

identified based on the criteria that they have similar processing temperatures, that the 

blend was capable of being foamed via solid state foaming, and that the material remaining 

after extraction of the sacrificial phase would be hydrophilic in nature. A hydrophilic 

material was preferred to ensure fluid flow into the porous structure when employed for 

applications such as template for metal foams. The molecular structures of EAA and PS 

are shown in Figure 3-1 and their properties summarized in Table 3-1. 
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Figure 3-1. Molecular structures of EAA and PS 

 

Table 3-1. Properties of EAA and PS 

Property EAA PS 

Density (gcm-3) 0.938 1.06 

Processing temperature (ºC) 175-232 180-240 

Melting temperature (ºC) 101 240 

Melt index (g/10 min) 10 7.5 

Contact angle with water (°) 69.1 87.4 

 

3.2.2 Processing 

The fabrication of open celled porous polymers using solid state foaming of 

immiscible blends consisted of four steps, as shown in Figure 3-2. Initially EAA and PS 

pellets were dried at 40 °C for 12 hours before processing. They were then extrusion 

blended using Haake MiniLab II at a volume ratio determined by Eqn. 3.1 in order to obtain 

a co-continuous morphology [92]. 
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where η1 and η2 are the viscosities of phases 1 and 2 materials, respectively, and 1 and 2 

are the volume fractions of phases 1 and 2, respectively. Viscosity is inversely proportional 

to the melt index and therefore the viscosity ratio was determined from the melt indices. 

The effect of different barrel temperatures, screw speeds, and mixing times on the blend 

morphology was studied as per the parameters shown in Table 3-2. 

 

 

Figure 3-2. Schematic of open celled polymer foam fabrication via solid state foaming of 

immiscible polymer blends 

 

Table 3-2. Parameters for extrusion melt blending of EAA/PS 

Parameter Values 

Processing temperature (ºC) 195, 210, 225 

Screw speed (rpm) 150, 200 

Mixing time (min) 2, 5 
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Solid-state foaming involved two steps: (1) saturation of a polymer with pressurized 

CO2 until it reached a state of local equilibrium and (2) introducing thermodynamic 

instability by heating the gas saturated polymer to a temperature close to the glass transition 

temperature of the gas-polymer system. The process parameters were saturation pressure 

and time, desorption duration, and foaming temperature and time. A saturation and foaming 

study was performed on the EAA/PS blends according to the parameters shown in Table 

3-3 in order to characterize the effects of processing parameters on porosity and pore size. 

 

Table 3-3. Parameters for solid-state foaming of extruded EAA/PS blends 

Parameter Values 

Saturation pressure (MPa) 1, 2, 4, 9 

Saturation time (days) 1, 1.5, 2, 2.5, 4 

Desorption duration (min) 2, 30 

Foaming temperature (ºC) 90, 110, 130 

Foaming duration (sec) 20 

 

The foamed samples were subsequently immersed in dichloromethane (DCM) to 

extract PS phase. The samples were removed at fixed intervals, dried at 40 ºC for 12 hours 

to evaporate residual DCM and their weights measured in order to determine the time 

required to dissolve PS completely. 

3.2.3 Characterization 

The cross sections of the samples were observed with a JEOL NeoScope 5000 

scanning electron microscope (SEM) to study the effect of each processing step. The pore 



 27 

sizes were determined from the SEM images using software Image J. The porosity of the 

foamed blends was determined by a water displacement method as defined in ASTM          

D-792 using Eqn. 3.2 [93]. 

 

ccg
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Density

wa

a /9995.0*









  (3.2) 

where Wa is the weight of sample in air (grams) and Ww is the weight of sample in water 

(grams). The porosity of the PS extracted open celled foams was measured using an ethanol 

uptake technique [94]. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Effects of melt blending parameters 

EAA/PS blends with a 38:62 weight ratio (41:59 volume ratio) determined using 

Eqn. 3.1 were prepared via extrusion melt blending. The cross sections were observed 

using SEM in order to determine the processing parameters for obtaining a co-continuous 

morphology. Initially the screw speed and mixing time were fixed to be 150 rpm and             

5 minutes respectively and the melting temperature varied. It was observed that in the 

samples processed at 195 ºC, PS pellets had not melted completely as seen in Figure             

3-3(a). On the other hand, samples processed at 225 ºC had voids possibly due to polymer 

degradation as seen in Figure 3-3(c). The blend processed at 210 ºC exhibited a co-

continuous morphology as seen in Figure 3-3(b). The measured density of this sample 

using the water displacement method was similar to the value calculated using the rule of 

mixtures, confirming that the blending was properly done.  
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(a) 

 

 

(b) 

Figure 3-3. Cross section of EAA/PS extruded blend processed at (a) 195 ºC, (b) 210 ºC 

and (c) 225 ºC for 5 minutes at 150 rpm 
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(c) 

Figure 3-3. Cross section of EAA/PS extruded blend processed at (a) 195 ºC, (b) 210 ºC 

and (c) 225 ºC for 5 minutes at 150 rpm 

Samples processed for less than 5 minutes exhibited a non-uniform structure as seen 

in Figure 3-4. Also varying the screw speed from 150 rpm to 200 rpm did not affect the 

morphology. Therefore, a temperature of 210 ºC with 150 rpm screw speed for 5 min was 

used for further processing. 

 

 



 30 

 

(a) 

 

 

(b) 

Figure 3-4. Cross section of EAA/PS extruded blend processed for (a) 2 min and (b) 5 

min at 210 ºC and 150 rpm 
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3.3.2 Effects of solid-state foaming parameters 

The results of the solid-state foaming study are summarized in Table 3-4. The gas 

concentration in the samples saturated at different pressures was measured at periodic 

intervals and the gas uptake curves were plotted as shown in Figure 3-5. It was observed 

that a higher saturation pressure resulted in a higher gas concentration. Samples saturated 

at 9 MPa had a gas concentration of 7.8 wt% compared to 1.6 wt% in those saturated at     

1 MPa. The saturated samples were allowed to desorb for either 2 or 30 minutes and the 

gas concentration measured again. It was observed that after 30 minutes desorption the 

samples had very little gas left in them. For example, in the samples saturated at 2 MPa the 

gas concentration after 30 min desorption was 0.6% compared to 2.5% in those with              

2 minute desorption. 
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Figure 3-5. Carbon dioxide uptake curves for EAA/PS blends at different saturation 

pressures 

 

 

 

 

 

 



 33 

Table 3-4. Results of solid state foaming study (Foaming time fixed at 20 seconds) 

Saturation 

 
Gas Concentration (wt.%) 

Foaming 

Temp. 

(°C) 

Porosity (%) 
Pore 

Size(µm) Pressure 

(MPa) 

Time 

(days) 

2 minute 

desorption 

30 minute 

desorption 

1 4 

1.6 ± 0.0 - 

90 1.17 - 

110 38.4 ± 1.8 13.6±3.3 

130 20.07 - 

- 0.4 

90 - - 

110 10.6 - 

130 - - 

2 2.5 

2.4 ± 0.2 - 

90 1.98 - 

110 40.5 ± 5 8.0 ± 2.3 

130 21.91 - 

- 0.6 

90 - - 

110 10.3 - 

130 - - 

4 2 

2.3 ± 0.1 - 

90 3.20 - 

110 36.7 ± 0.1 7.1 ± 1.5 

130 17.13 - 

- 0.6 ± 0.2 

90 - - 

110 10.7 ± 0.2 - 

130 - - 

9 1 6.5 ± 0.9  110 13.5 ± 1.5 - 

 

The samples saturated at 1, 2, 4 and 9 MPa and desorbed for either 2 or 30 minutes 

were foamed at 90, 110 and 130 °C for 20 seconds. In general, samples foamed at 90 °C 

did not show much of porosity. Samples foamed at 110 °C had the highest porosity. As the 
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foaming temperature was further increased to 130 °C the porosity of the samples dropped 

down. Since the melting temperature of EAA is around 110 °C, foaming at higher 

temperatures weakened the material and the porous structure collapsed resulting in a lower 

porosity. Also the porosity of samples with 2 min desorption was higher compared to those 

with 30 min desorption. This suggests that a higher gas concentration results in a higher 

porosity. However, the foamed samples saturated at 9 MPa had a low porosity even though 

they had the highest gas concentration. This can be explained based on the semi-crystalline 

nature of EAA. It has been shown previously that pressurized CO2 aids in the crystallization 

of semi-crystalline materials [32, 95]. Samples saturated at higher pressures had a higher 

fraction of crystallized EAA phase and the crystallized phase prevented expansion of PS 

during foaming. Therefore, samples saturated at 9 MPa had a relatively lower porosity 

compared to samples saturated at lower pressures. 

The pore size in the samples foamed at 110 °C which exhibited the highest porosity 

was measured. The average pore size in the samples saturated at 2 and 4 MPa and foamed 

at 110 °C was similar. The samples had similar gas concentrations at the time of foaming, 

which resulted in similar pore sizes of 7-8 µm. The sample saturated at 1 MPa had a slightly 

lower gas concentration and the pore size was about 14 µm. 

3.3.3 PS extraction 

Samples saturated at a pressure of 2 MPa for 2.5 days, with 2 min desorption and 

foamed at 110 ºC for 20 seconds were used for subsequent PS extraction. The pore size 

and porosity of these samples were 40% and 8 µm, respectively. Table 3-5 shows the results 

of the PS extraction study. It was observed that approximately 60 wt% of PS had been 

extracted from the samples after immersion in DCM for 24 hours. The blend had 62 wt% 

of PS initially and the results indicate that majority of the PS has been extracted. A longer 
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extraction time would ensure even better removal of PS. For purposes of comparison, 

unsaturated EAA/PS blends were also subjected to DCM treatment for 24 hrs. The weight 

loss in such samples was only 50.8%, which indicates that foaming results in a shorter 

extraction time. Foaming of the blends results in pores throughout the structure, which 

provide additional channels for solvent flow and leads to faster extraction of PS from the 

blend. 

 

Table 3-5. Results of PS extraction from EAA/PS blends 

Sample Duration in DCM (hrs) PS extracted (wt %) 

Foamed A 4 47.8 

Foamed B 8 53.4 

Foamed C 12 55.0 

Foamed D 20 59.1 

Foamed E* 24 59.4±1.9 

Unfoamed 24 50.8 

* Multiple specimens were measured in Sample E. 

 

The cross sectional SEM images of unextracted and extracted foamed samples are 

shown in Figure 3-6. SEM images confirmed the formation of porous structure due to 

foaming. However, the pores were close celled, as seen in Figure 3-6(a). On the other hand, 

foamed and extracted samples exhibited interconnected porous structure as seen in Figure 

3-6(b). The porosity measurements are summarized in Table 3-6. The porosity of the 

foamed and extracted samples was measured to be 71% using the ethanol absorption test. 
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It was also observed that the pore size in the foamed and extracted samples was 8±2.3 µm 

compared to 3.8±1.4 µm in the unfoamed and extracted samples. 
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(a) 
 

 

(b) 

Figure 3-6. SEM images of cross sections of foamed sample (a) before and (b) after PS 

extraction (2 MPa saturation for 2.5 days, foamed at 110 ºC for 20 sec,      

24 hrs in DCM).  
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Table 3-6. Porosity measurements of foamed and unfoamed extracted EAA/PS blends    

(2 MPa saturation for 2.5 days, foamed at 110 ºC for 20 sec, 24 hrs in DCM) 

 

 Condition Porosity Pore Size(µm) 

Unfoamed 
Before PS extraction 0 - 

After PS extraction 55 3.8±1.4 

Foamed 
Before PS extraction 40.5±5 4.5±1.3 

After PS extraction 71±2.8 8±2.3 

 

3.4 CONCLUSIONS 

A novel fabrication technique for producing microcellular foams via solid state 

foaming of immiscible polymer blends was used in this chapter to fabricate open-celled 

hydrophilic EAA foams. EAA/PS blends were melt-processed to form a co-continuous 

structure, foamed, and the PS phase extracted. The processing conditions for extrusion 

blending and solid state foaming of the EAA/PS blends were studied. The gas saturation 

and foaming results show that saturation pressure and foaming temperature are the main 

factors affecting the porosity of the samples. Foaming of the immiscible blends resulted in 

a higher porosity and a faster PS extraction rate. 
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Chapter 4. Polyetherimide and Polyethersulfone Nanofoams 

4.1 INTRODUCTION 

Polymer foams find extensive use because their physical properties, which can be 

varied to suite the desired application [17]. A variety of techniques exist for fabricating 

polymer foams such as thermal induced phase separation, solution casting, solid state 

foaming and immiscible polymer blending, as discussed earlier in Chapter 2. The majority 

of these polymer foams have pore sizes on the order of tens of microns and above. It is 

expected that when the pore size of the foams is reduced to the nanometer scale, they would 

exhibit unique properties such as ultra-low thermal conductivity (to be discussed in Chapter 

6), higher specific strength [96], and improved dielectric constant [97] compared to foams 

having micro and macro sized pores. However, only a few techniques exist to fabricate 

polymer nanofoams with controllable pore size and porosity.  

Polymer nanofoams have been fabricated using block co-polymers. Hedrick et al. 

[98] fabricated polyimide (PI) nanofoams from a block co-polymer consisting of thermally 

stable and labile blocks. The thermally labile blocks decomposed upon thermolysis 

forming nano sized pores in the block co-polymer. However the porosity of the nanofoam 

was only around 25%. The other technique that has been used to fabricate polymer 

nanofoams is foaming of nanocomposites. Fujimoto et al. [99] fabricated nanocellular 

foams via gas foaming of a nanocomposite made of polylactide (PLA) and organically 

modified layered silicate. Even though the pore size was on the order of 300 nm the pores 

were close celled in nature. Solid state foaming has been used to fabricate polymer 

nanofoams. Krause et al. [35, 36] fabricated nanofoams from thin films of polyetherimide 

(PEI) and polyethersulfone (PES). The film thickness was under 75 µm and the resulting 

pore size was around 40 nm. Huang et al. [100] foamed PMMA microspheres using 

supercritical CO2. The pore size was around 200 nm in the foamed spheres. Sorrentino et 
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al. [101] fabricated nanofoams from PES. However, the maximum porosity was only 50%. 

Miller et al. [31] and Aher et al. [34] fabricated bulk nano cellular PEI foams using solid 

state foaming. The average pore size and porosity were 100 nm and 65%, respectively. 

Even though solid state foaming results in open-celled nanometer pores in PEI and PES, 

the issue affecting these foams is that they have solid skin layers bounding the porous 

structure, preventing access to the porous structure. The skin layer is formed because of 

excessive diffusion of gas from the edges before foaming. Therefore, there is a need for a 

technique either to eliminate the skin layer or to make the skin layer porous in order to use 

the nanofoams for filtration and other applications where fluids need to infiltrate the 

structure. 

This chapter discusses the fabrication of open cell PEI and PES nanofoams and the 

skin removal via solid state foaming and solvent dissolution. The first step involves 

fabrication of nanofoams using solid state foaming. The second step involves the use of a 

solvent to perforate the solid skin layers. Solid state foaming parameters, namely saturation 

pressure, temperature and duration, desorption time, and foaming temperature and time, 

were determined to obtain foams with pore sizes ranging from hundred nanometers to a 

few microns. The effect of different solvent and immersion time on the resulting porous 

structure was also studied. 

4.2 EXPERIMENTAL 

4.2.1 Materials 

PEI and PES were chosen as the materials for this study. They are high performance 

thermoplastics with high glass transition temperature and excellent mechanical properties. 

The molecular structure of PEI and PES are shown in Figure 4-1 and their properties 

summarized in Table 4-1. PEI (Trade name: ULTEM 1000) was procured from SABIC 
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Plastics in the form of sheets with 0.96 mm thickness. PES (Trade name: VERADEL A-

301) was procured from Solvay Specialty Polymers in the form of pellets.  

 

 

 

Figure 4-1. Molecular structure of PEI and PES 

 

Table 4-1. Properties of PEI (ULTEM 1000) and PES (VERADEL A-301) [102, 103] 

Parameter PEI PES 

Thermal Conductivity (W/m-K) 0.22 0.24 

Tensile Stress (MPa) 110 83 

Density (gcm-3) 1.27 1.37 

Glass Transition Temperature (°C) 217 220 

 

4.2.2 Processing 

PEI samples with dimensions 25 mm x 25 mm x 0.96 mm were cut from the sheets. 

PES pellets were injected molded into circular discs with 35 mm and thickness 1.5 mm 

using Haake MiniJet II. The processing parameters for injection molding were determined 

by fine-tuning the supplier provided values and are listed in Table 4-2. 
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Table 4-2. Injection molding parameters for PES 

Parameter Value 

Melt temperature (°C) 380 

Mold temperature (°C) 190 

Injection pressure (MPa) 90  

Injection time (sec) 8  

Post pressure (MPa) 40  

Post pressure time (sec) 4  

  

PEI and PES samples were saturated with pressurized carbon dioxide gas in a 

pressure vessel (Parker Autoclave Engineers Zipperclave) controlled by a syringe pump 

(Teledyne ISCO 260D). The pressure vessel was heated with a band heater connected to a 

temperature controller (Omega CSC 32). The saturated samples were foamed using a 

heated glycerin bath (Fisher Scientific). The pressure vessel and foaming bath are shown 

in Figure 4-2. Solid state foaming parameters, namely saturation pressure, saturation 

temperature, saturation time, desorption time, foaming temperature, and foaming time, 

were varied as shown in Table 4-3. The effect of processing parameters on the resulting 

pore size, porosity, and morphology was studied.  
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Figure 4-2. Solid state foaming equipment in a batch foaming mode. 

 

Table 4-3. Processing conditions for solid state foaming of PEI and PES 

Property Value 

Saturation pressure (MPa) 2, 8  

Saturation time (days) 4, 7, 10  

Saturation temperature (°C) Room Temperature, 35 

Desorption time (min) 2, 30, 45, 60, 75, 90, 105, 120  

Foaming temperature (°C) 185, 195, 205, 215  

Foaming time (sec) 30, 45  
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4.2.3 Skin transformation 

Two techniques were investigated to perforate the skin layer: solvent surface 

dissolution and mechanical grinding. The solvent surface dissolution procedure is 

explained below. The foamed samples were initially immersed in a solvent that could 

dissolve the polymer for a specified duration. Metal clips were used to sink the samples in 

order to ensure that the entire surface was exposed to the solvent. Subsequently the samples 

were transferred to a non-solvent (neutralizer) to stop the surface dissolution process. The 

samples were immersed in the neutralizer for a specified duration and were allowed to dry 

at 80 °C for 12 hours. The solvents, neutralizer, and immersion time employed in this study 

are listed in Table 4-4. 

 

Table 4-4. Processing parameters for skin removal of foamed PEI and PES samples 

Property Value 

Solvent 
Dichloromethane (DCM), 

Dimethylformamide(DMF) 

Neutralizer De-ionized water 

Immersion time in solvent (min) 1,2,3,5,7,10  

Immersion time in neutralizer (min) 10  

 

In case of mechanical grinding the samples were embedded in epoxy resin and 

polished using a grinder with grinding wheels of gradually varying roughness levels 

consecutively. The surface was observed under an optical microscope at regular intervals 

to determine the end of the grinding process. 
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4.2.4 Characterization 

The foamed samples were freeze-fractured using liquid nitrogen and the cross 

sections examined with a Quanta 650 FEG scanning electron microscope (SEM). The 

surfaces were sputter coated with Au/Pd alloy prior to insertion in the SEM sample 

chamber. The pore size and porosity was calculated from the SEM images using the image 

processing software Image J. The relative density was measured according to ASTM          

D-792 [93]. The open cell nature of the foams was verified by an ethanol uptake study. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Effect of saturation pressure 

The gas uptake of the samples was measured at frequent intervals to determine the 

time required for complete saturation of the samples. The maximum gas concentration in 

the samples saturated at 2 and 8 MPa was 4.5 and 12 wt%, respectively. The samples were 

fully saturated after 7 and 10 days at a saturation pressure of 2 and 8 MPa respectively. A 

higher saturation pressure resulted in a higher gas concentration in the samples.  

After foaming, PEI samples saturated at 2 MPa exhibited a microcellular structure 

as shown in Figure 4-3, whereas the samples saturated at 8 MPa exhibited a micro-nano 

transition structure, as shown in Figure 4-4 under similar foaming conditions. The sample 

saturated at 2 MPa had desorption time of 2 hours after removal from the pressure vessel 

prior to foaming and the gas saturation was around 4% at the time of foaming. The sample 

saturated at 8 MPa had desorption time of 1 hour and the gas concentration was around 

9.35% at the time of foaming.  

Both the 2 MPa and 8 MPa samples had a solid polymer layer at the top and bottom 

surfaces, indicated by the white solid rectangles in Figures 4-3 and 4-4. The solid polymer 

layer at the surface is referred to as the skin layer. The formation of this skin layer is 
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attributed to gas desorption from the surface. The saturated samples have a high gas 

concentration in them. When exposed to the ambient environment upon removal from the 

pressure vessel, gas diffuses rapidly from the surfaces because of the high concentration 

gradient. The gas concentration at the surface drops to a low value and hence the surface 

layers do not foam, leading to the formation of a solid skin layer. 

 

 

Figure 4-3. Microstructure of PEI microfoam (2 MPa saturation for 10 days at room 

temperature, desorption time 2 hours, foamed at 195 °C for 30 seconds) 

For the 2 MPa sample, the thickness of the skin layer was measured to be 47 µm. 

The region enclosed between the two skin layers had a closed cell structure with an average 

pore size of 1.4 µm. The porosity of the sample was measured to be 39.2% based on the 

water displacement method. For the 8 MPa sample, the skin region denoted as S in Figure 

4-4 bounded the microcellular region M, which in turn bounded the nanocellular region N. 

The skin layer thickness was measured to be 12 µm at either end and shown in detail in 

Figure 4-5. The average pore size in the microcellular region was 1.2 µm and region 
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extended for approximately 330 µm on both sides. The region enclosed between the 

microcellular regions exhibited nanocellular structure with an average pore size of 260 nm. 

The pores in the microcellular region were close celled, whereas the pores in the nano 

region were open celled. The porosity of PEI micro-nano transition foam sample as 

measured using the water displacement method was 66.2%.   

 

 

Figure 4-4. Microstructure of PEI micro-nano transition foam (8 MPa saturation for         

1 week at room temperature, desorption time 1 hour, foamed at 195 °C for 

30 seconds) 
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Figure 4-5. Skin layer of PEI micro-nano transition foam (8 MPa saturation for 1 week at 

room temperature, desorption time 1 hour, foamed at 195 °C for 30 seconds) 

PES samples saturated at 8 MPa for one week and foamed at 195 °C for 30 seconds 

also exhibited a micro-nano graded structure similar to that observed in PEI foamed under 

the same condition. Microstructures of the close celled microcellular region and the open 

celled nanocellular region are shown in Figures 4-6(a) and (b), respectively. The average 

pore size in the micro region and nano region was 1.8 µm and 400 nm respectively. The 

porosity of the sample was 64%. 
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(a) 

 

 

(b) 

Figure 4-6. Microstructure of (a) micro- and (b) nano cellular region of PES graded 

foams (8 MPa saturation for 1 week at room temperature, desorption time 1 

hour, foamed at 195 °C for 30 seconds) 
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The porosity measured using the water displacement method does not account for 

the solid skin layer. The porosity of the regions marked by the yellow rectangles in Figures 

4-3 and 4-4 were calculated using Eqns 4.1 and 4.2 [104]. The porosity calculated using 

these equations is representative of the actual foam region. 
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where 

Np = Number of bubbles per cubic centimeter of foam 

n = Number of pores in the micrograph 

A = Area of micrograph in square centimeters 

M = Magnification of the SEM image 

 

pp NDV 3

6











 (4.2) 

where 

Vp = Volume occupied by voids per cubic centimeter of foam 

D = Average cell diameter in centimeter 

The porosity of the center region of the PEI microcellular foam shown in Figure   

4-3 was calculated to be 50.1% using Eqns 4.1 and 4.2. In a similar fashion the porosity of 

the microcellular region in the PEI micro-nano transition foam was calculated to be 54.5% 

and that of the nano region to be 77.2%.  
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4.3.2 Effect of saturation temperature 

The effect of saturation temperature on the gas concentration and resulting 

microstructure was studied. It was observed that the gas concentration in the samples 

saturated at 35 °C was 12 wt% after 96 hours. Samples saturated at room temperature took 

168 hours to attain gas concentration of 12 wt%. The cross sections of PEI samples 

saturated at different temperatures but foamed under similar conditions are shown in Figure 

4-7.  
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(a) 

 

 

(b) 

Figure 4-7. Microstructure of foamed PEI samples, saturated at 8 MPa at (a) 35 °C for 96 

hours and (b) room temperature for 168 hours. Both were foamed at 195 °C 

for 30 seconds. Before foaming the gas concentration were both 9.5%. 
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It was observed that the cross sections appeared similar exhibiting a micro-nano 

graded foam structure. This indicated that saturation at a higher temperature resulted in a 

shorter time to reach the equilibrium, but did not affect the microstructure. As seen from 

the phase diagram of carbon dioxide shown in Figure 4-8, at a temperature of 31 °C and a 

pressure above 72.9 bar (7.39 MPa) carbon dioxide becomes a supercritical fluid. It is 

known that supercritical CO2 has high diffusivities in polymers. Hence, when samples are 

saturated under a supercritical condition, the higher diffusivity of the gas results in a shorter 

saturation time. 

 

 

Figure 4-8. Phase diagram of carbon dioxide [105] 

4.3.3 Effect of desorption time 

The formation of skin layer and micro-nano graded structure is attributed to gas 

desorption from the sample. Cua [106] determined the desorption profiles for PEI samples 

//upload.wikimedia.org/wikipedia/commons/1/13/Carbon_dioxide_pressure-temperature_phase_diagram.svg
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saturated at different pressures and for varying desorption times using a one-dimensional 

gas diffusion model. The model shows that the rate of gas loss from the edges to the 

ambient is the highest during the first few minutes after removal from the pressure vessel 

and then slowly stabilizes. The desorption results obtained from this study for the samples 

saturated at 8 MPa at different temperatures are shown in Figure 4-9.  

 

 

Figure 4-9. Gas desorption versus time curve for PEI samples saturated at different 

temperatures 

It was seen that both samples exhibited a similar desorption behavior. The 

concentration drop was rapid initially and then reduced slowly. Desorption rate was 

dependent on the initial gas concentration only and saturation temperature showed no 

noticeable effect on desorption profiles. The effect of desorption time on the skin layer 

thickness was studied and the results shown in Table 4-5. The measurements were 

performed on samples saturated at 8 MPa for one week at room temperature and foamed 
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at 195 °C for 45 seconds. A longer desorption time resulted in the formation of a thicker 

skin layer as seen from Table 4-5. This is expected because the longer desorption time 

before foaming, the more gas diffusion out of the sample. The gas concentration profile 

across the cross section exhibits a parabolic shape at the time of foaming as shown in Figure 

4-10. This results in the formation of graded structure across the cross section. 

 

Table 4-5. Skin layer thickness of PEI micro-nano graded foams with different desorption 

times 

Sample Desorption Time (min) Skin Thickness (µm) 

A 60 13.0 

B 75 19.2 

C 90 26.8 

D 105 36.2 

 

 

Figure 4-10. Schematic showing graded structure across cross section of foamed sample 

along with the gas concentration profile shown on top 
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The results shown in Figures 4-9 and 4-10 and Table 4-5 suggest that desorption 

time has to be minimal in order to obtain foams with minimal skin layer and nanocellular 

region throughout the cross section. The effect of desorption time on porosity as a function 

of foaming temperature is shown in Figure 4-11. However, a short desorption time resulted 

in a relatively lower porosity, as shown in Figure 4-11. Samples with shorter desorption 

time had little skin layer and gas diffused out of the samples unconstrained resulting in a 

lower porosity. Also desorption time had significant effect on the flatness of the samples. 

Samples with desorption time less than 45 minutes were not flat after foaming as shown in 

Figure 4-12. 

 

 

Figure 4-11. Effect of desorption time on porosity as a function of foaming temperature 

for PEI and PES samples (Saturated at 8 MPa for 4 days at 35 °C and 

foamed for 30 seconds) 
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Figure 4-12. Physical structure of PEI samples foamed after (a) 0, (b) 15 and (c) 60 

minutes desorption (8 MPa saturation for 4 days at 35 °C, foamed at 195 °C 

for 30 seconds) 

A fixture to constrain the samples during foaming to ensure flatness was designed 

and built as shown in Figure 4-13. Further samples were foamed using this fixture. PEI and 

PES samples foamed using the fixture are shown in Figure 4-14. The samples were 

saturated at 8 MPa for 4 days at 35 °C and foamed at 195 °C for 45 seconds with 15 minute 

desorption time. It can be seen that samples are flat after foaming as opposed to the samples 

shown in Figure 4-12 (a) and (b). 

 

 

Figure 4-13. Fixture for ensuring flatness of samples during foaming 

(c) (b) (a) 
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Figure 4-14. PEI and PES samples foamed using fixture showing flat surface 

4.3.4 Effect of foaming temperature 

The effect of foaming temperature on porosity can be seen in Figure 4-11. At a 

fixed desorption time, the porosity varied based on foaming temperature. For example, in 

case of PEI micro-nano graded foams, at a fixed desorption time of 30 minutes the porosity 

increased from 56.6% to 59.19% as the foaming temperature was increased from 185 to 

195 °C. However as the temperature was further increased to 215 °C the porosity dropped 

to 54.4%. Since diffusion is a temperature dependent process, increasing the temperature 

increases the rate at which gas diffuses out from the sample. However, beyond a cut off 

temperature, the material starts to weaken and the bubbles collapse resulting in a lower 

porosity. The effect of foaming temperature can also be plotted as a function of desorption 

time, as shown in Figure 4-15. 

The parameters to obtain foams with the highest porosity and exhibiting micro-

nano graded structure were determined from the above study and listed in Table 4-6. It is 

seen that the processing conditions for PEI and PES are almost the same because of their 

similar physical properties. A summary of the entire foaming experiments is provided in 

Table 4-7. 
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Figure 4-15. Effect of foaming temperature on porosity as a function of desorption time 

for PEI and PES samples (Saturated at 8 MPa for 4 days at 35 °C and 

foamed for 30 seconds) 

 

Table 4-6. Solid state foaming parameters to obtain PEI and PES micro-nano graded 

foams 

Property PEI PES 

Saturation pressure (MPa) 8 8 

Saturation time (days) 4 4 

Saturation temperature (°C) 35 35 

Desorption duration (min) 60 90 

Foaming temperature (°C) 195 195 

Foaming duration (sec) 30 30 
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 Table 4-7. Summary of PEI and PES foaming experiments  

(Saturated at 8 MPa for 1 week at room temperature) 

 
Material Sample 

Desorption Time 

(min) 

Foaming Temperature 

(°C) 
Porosity (%) 

PEI 

1 2 

185 

38.4 

2 30 56.5 

3 120 54.0 

4 2 

195 

42.6 

5 30 59.1 

6 45 60.3 

7 60 72.6 

8 75 68.7 

9 90 67.8 

10 105 66.6 

11 120 66.1 

12 2 
205 

38.4 

13 30 54.4 

PES 

14 45 

195 

37.5 

15 60 49.6 

16 75 56.0 

17 90 62.3 

18 30 
215 

22.4 

19 45 14.9 

Note: Data in table are values averaged from at least 2 samples 
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4.3.5 Skin transformation 

The polymer micro-nano graded foams were embedded in a solid polymer skin 

because of desorption at the surface as discussed in the previous section. In order to access 

the porous structure, two different skin removal techniques were used. The results of the 

two techniques are discussed below. 

4.3.5.1 Mechanical grinding 

The surface of PEI sample after mechanical grinding is shown in Figure 4-16. It 

was observed that the porous structure had collapsed. The pore size was on the order of 

260 nm in the center region, but since the grit size of the abrasive was larger, it led to the 

collapse of the porous structure. The use of an abrasive with particle size comparable to 

the pore size might retain the foamed structure after grinding. 

 

 

Figure 4-16. Surface of PEI micro-nano graded foam after mechanical grinding 
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4.3.5.2 Surface solvent dissolution 

The results of the solvent surface dissolution study are discussed below. It was 

observed that samples immersed in DCM even for 1 minute did not retain their physical 

structure as shown in Figure 4-17. On the other hand samples immersed in DMF retained 

their physical structure for up to 10 minutes. Hence DMF was chosen to study the effect of 

immersion duration as it is a relatively mild solvent compared to DCM and offers the ability 

to control the solvent penetration depth. 

 

 

Figure 4-17. Physical structure of PEI samples after treatment in DCM and DMF 

The surface of PEI samples after 3, 5, 7 and 10 minutes immersion in DMF 

followed by 10 minute immersion in de-ionized water are shown in Figure 4-18. The SEM 

images confirm the formation of a porous structure on the surface. It was seen that when 

the immersion time in DMF was less than 5 minutes the surface pores were almost spherical 

in nature. The average diameters of the surface pores after 3 and 5 minutes in DMF were 

0.63 µm and 0.76 µm, respectively. It was also seen that in the case of 3 and 5 minutes of 

immersion, even though surface pores were present and appear to be interconnected to the 
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pores beneath the surface, the solid skin layer was still present at some locations. As the 

immersion time was increased to 7 minutes, the surface pores became larger and the 

fraction of surface pores was higher. The average diameter of the surface pores was around 

1.3 µm. However, as the immersion time was increased to 10 minutes, the surface 

morphology was different compared to the other cases. It appeared that longer immersion 

time led to collapse of the porous structure and surface pores were larger with an average 

diameter of around 13 µm. 

 

 

 

 (a) 

Figure 4-18. Surface of PEI micro-nano graded foam after surface solvent dissolution in 

DMF for (a) 3, (b) 5, (c) 7 and (d) 10 minutes followed by 10 minute 

immersion in de-ionized water 
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(b) 

 

 

(c) 

Figure 4-18. Surface of PEI micro-nano graded foam after surface solvent dissolution in 

DMF for (a) 3, (b) 5, (c) 7 and (d) 10 minutes followed by 10 minute 

immersion in de-ionized water 
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(d) 

Figure 4-18. Surface of PEI micro-nano graded foam after surface solvent dissolution in 

DMF for (a) 3, (b) 5, (c) 7 and (d) 10 minutes followed by 10 minute 

immersion in de-ionized water 

The surface of the samples exhibited no visible change to the eye after surface 

solvent dissolution. Since the SEM images revealed the formation of pores, the surface 

roughness and thickness of the samples before and after solvent treatment were measured. 

The values are provided in Table 4-8. It was observed that the surface roughness of the 

samples increased as the immersion time increased indicating the formation of larger pores. 

Also the thickness of the samples varied upon solvent treatment. 
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Table 4-8. Surface roughness and thickness measurements of PEI micro-nano graded 

foams after surface solvent dissolution 

Immersion time in DMF (min) Surface Roughness Ra (µm) Thickness (mm) 

0 0.66±0.01 1.55±0.04 

3 1.88±0.05 1.52±0.05 

5 2.93±0.24 1.48±0.04 

7 3.74±0.03 1.52±0.06 

10 6.34±0.39 1.52±0.01 

Note: Data in table are values averaged from 3 samples 

 

SEM images of the surface of PES samples after 2, 3 and 10 minutes immersion in 

DMF followed by 10 minute immersion in de-ionized water are shown in Figure 4-19. The 

effect of solvent immersion on the surface morphology was similar to that observed in PEI. 

The surface pores after 2 minute immersion in DMF were elliptical in nature, whereas in 

the sample with 3 minute immersion a fibrous structure was observed. It appears that in the 

sample with 10 minute immersion the porous structure had collapsed as seen in Figure       

4-19 (c). Figure 4-20 is a SEM image of the cross section of the PES foam immersed in 

DMF for 2 minutes. It can be observed that the pores on the surface have extended into the 

bulk. 
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(a) 

 

 

(b) 

Figure 4-19. Surface of PES micro-nano graded foam after surface solvent dissolution in 

DMF for (a) 2, (b) 3 and (c) 10 minutes followed by 10 minute immersion in 

de-ionized water 
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(c) 

Figure 4-19. Surface of PES micro-nano graded foam after surface solvent dissolution in 

DMF for (a) 2, (b) 3 and (c) 10 minutes followed by 10 minute immersion in 

de-ionized water 
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Figure 4-20. SEM image of cross section of PES micro-nano graded foam after surface 

solvent dissolution in DMF for 2 minutes 

The different surface morphologies observed for varying immersion times in 

solvent can be explained based on the solvent surface machining mechanism shown in 

Figure 4-20. The polymer chains on the surface open up to the solvent owing to their 

affinity and begin to swell. The polymer chains are detangled from their amorphous phase 

and can be removed. If the sample immersed in solvent is exposed to ambient, the detangled 

polymer chains would retract back into the bulk. However if the sample immersed in 

solvent is immersed into a non-solvent (neutralizer), a phase inversion occurs preventing 

the polymer chains from retracting back into the polymer fully. This step results in the 

formation of surface pores. Therefore the neutralization step is necessary in order to obtain 

surface pores. The results show that immersion time in solvent needs to be controlled such 

that only the polymer chains in the skin layer and the microcellular region detangle from 
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the bulk. A longer immersion time in solvent allows it to penetrate deeper into the bulk, 

affecting the foamed structure. 

 

 

Figure 4-21. Schematic of phase inversion process during surface solvent dissolution 

The open celled nature of the surface machined PEI and PES micro-nano transition 

foam was confirmed by an ethanol uptake study. The PEI and PES samples absorbed          

62 wt% and 64 wt% of ethanol, respectively, after 36 hours immersion at room 

temperature. The applicability of these open celled polymer foams as templates for metal 

foams is discussed in Chapter 5. 

4.4 CONCLUSIONS 

PEI and PES nanofoams have been fabricated using solid state foaming and the 

processing parameters to fabricate them determined. The results show that higher gas 

concentration and foaming temperature are required to obtain nanocellular foams. The gas 
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concentration needs to be at least 9% to obtain nanocellular foams. The skin layer of the 

foams was made porous using a solvent surface machining technique and the open celled 

nature confirmed using an ethanol uptake study. These open-celled nanoporous foams will 

be used as templates for metal foams and catalytic surfaces for chemical reactions. 
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Chapter 5. Nickel Foams using Open-celled Micro and Nano Polymer 

Foams as Templates via Electroless Plating 

5.1 INTRODUCTION 

Nickel foams have been widely used for filtration, noise and vibration absorption, 

thermal management, and energy storage including batteries and supercapacitors [28, 107-

110]. Recently they have also been used as a substrate material to grow three-dimensional 

(3D) graphene foams that have shown extraordinary thermal and electrical properties [3, 

43]. Most currently available nickel foams have pore sizes on the level of several hundreds 

of micrometers and millimeters. It is expected that when the pore size of nickel foams 

becomes smaller, more applications could be discovered and the performance of existing 

nickel foam-based devices could be significantly enhanced due to the large surface-to-

volume ratio of the small pore-size porous structure [111, 112]. 

Nickel foams have been fabricated using solid-gas eutectic solidification (gasar) 

[5], powder metallurgy [7, 12], hollow sphere sintering [8], vapor deposition, electro-

deposition, and electroless-deposition methods [28, 113]. The gasar method is used to 

fabricate metal foams that are mostly close-celled and impermeable to fluids. Powder 

metallurgy and hollow sphere sintering yield nickel foams with either low porosity or large 

pore size [11]. All the deposition methods employ a template and offer direct control over 

pore size and porosity of the resulting nickel foam [49]. However, vapor deposition 

techniques [39, 44] are limited to thin templates and large pore sizes due to the well-known 

shadowing effect. The commercially available nickel foam INCOFOAM is fabricated via 

chemical vapor deposition on polyurethane foams. The pore size of INCOFOAM has been 

above 400 µm [44].  

Electro and electroless plating have been used to fabricate small pore size nickel 

foams. Zhang et al. used electroplating to fabricate thin layer nickel foams with an average 
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pore size of a few micrometers. The process relied on an opal template made with well-

sorted polystyrene spheres [51]. Hsueh et al. [28] and Vukovic et al. [38] proposed a 

method to fabricate nanoporous gyroidal nickel foams from block copolymer templates 

having an pore size of sub 50 nm. The highest porosity achieved using this method was 

60%. Brown and Sotiropoulos [113] developed a flow cell approach for fabricating nickel 

foams using both electroplating and electroless plating. The polymer foam template was 

synthesized in an emulsion process, which required careful control of mixing the two 

emulsion phases. The pores of these foams were between 10 and 30 m, connected with 

small fenestration of less than 1 µm.  

This chapter discusses fabrication of bulk nickel foams via electroless plating using 

micro- and nano cellular polymer foams as templates. The micro- and nano cellular foams 

fabricated in Chapter 3 and 4 respectively were used as the templates. Ethanol based 

activation solution was used to allow infiltration into the porous structure. Micro cellular 

nickel foams with pore size on the level of tens of micrometers and porosity in excess of 

90% were produced. 

5.2 EXPERIMENTAL 

5.2.1 Materials 

Micro cellular ethylene acrylic acid (EAA) and poly-(ethersulfone) (PES) 

nanofoams were used as the templates. EAA and PES were chosen as the substrate 

materials because of their hydrophilic nature. A hydrophilic template enables flow of 

plating solutions into the porous structure. The measured contact angles for EAA/water 

and PES/water are listed in Table 5-1. The contact angles confirm the hydrophilic nature 

of the templates. The cross sectional SEM images of the EAA and PES foams are shown 

in Figure 5-1. 
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Table 5-1. Contact angle measurements for EAA/water and PES/water 

Substrate material Contact angle(°) 

EAA 69.1 

PES 73.3 
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(a) 

 

 

(b) 

Figure 5-1. Cross sectional SEM images of EAA micro and PES nanofoams 
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5.2.2 Electroless plating 

Electroless plating is an autocatalytic process that can be used to deposit metals on 

nonconductive surfaces. The process normally consists of three steps: etching, activation, 

and plating. Etching converts a hydrophobic surface into a hydrophilic surface by 

generating pits on the surface. This is to ensure that metal ions adhere onto the surface. 

Activation deposits a layer of catalytic metal, such as palladium, to facilitate the subsequent 

nickel plating [30]. The nickel plating solution consists of a source of metal ions and 

reducing, buffering, and complexing agents. The reducing agent reduces the palladium ions 

to palladium, which then acts as a catalyst for reducing nickel ions to nickel. The buffering 

agent helps to maintain proper pH of the solution to ensure continuous reaction. The 

complexing agent enables the metal ions to be in a soluble form.  

The polymer templates were subjected to a modified electroless plating process in 

this study as shown in Figure 5-2. The main difference between the traditional and modified 

plating process was elimination of the preliminary etching step and use of an ethanol based 

activation solution. The etching step was not required because the templates were already 

hydrophilic in nature. Ethanol based solutions were used because the surface tension of 

ethanol is lower than water and would enable the solutions to flow into the porous structure 

relatively easily. The templates were first soaked in the activation solution for 6 hours at 

room temperature with stirring at 50 rpm using a magnetic stirrer. The composition of the 

activation solution used in this study is provided in Table 5-2. The role of hydrogen 

chloride (HCl) in the activation solution was to improve the solubility of the palladium ions 

in the solution [28]. The templates were then rinsed with a water/ethanol (40:60 volume 

ratio) solution in order to remove the redundant palladium ions on the surface. The sample 

embedded with Pd2+ was then loaded into the nickel plating solution, composition provided 

in Table 5-3. A hypophosphite reducing agent was used in this study. The complete 
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chemical reaction of the electroless plating process for depositing nickel using a 

hypophosphite reducing agent is given below [114].  

  

  HHPPOHNiOHPOHNi
Pd

232222

2 5.134    (5.1) 

 

The plating solution was subjected to ultrasound treatment to ensure hydrogen gas 

generated in the process was not trapped inside the porous structure impeding the diffusion 

of the plating solution [115]. The reaction was allowed to proceed until nickel was 

completely precipitated out in the solution, which was indicated by a stop in the generation 

of hydrogen bubbles. The polymer template plated with Ni was finally subjected to a 

thermal treatment cycle to decompose the polymer, leaving open celled Ni foam. 

 

 

 

Figure 5-2. Schematic of modified electroless plating process 
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Table 5-2. Composition of activation solution 

Constituent Quantity (g) 

CH3CH2OH 35 

1N HCl 5.1 

PdCl2 0.1 

 

Table 5-3. Composition of Ni plating solution 

Constituent Quantity (g) 

NiSO4.H2O 2 

NaH2PO2.H2O 0.75 

Na4P2O7.10H2O 1.5 

C6H15NO3 1.5 

CH3CH2OH 9 

H2O 25 

 

5.2.3 Polymer template decomposition 

The thermal cycle to decompose the polymer template consisted of two steps as 

shown in Figure 5-3. Initially, the samples were heated to 450 ºC for one hour in standard 

air atmosphere to decompose the polymer and then allowed to cool in air to room 

temperature. This resulted in the formation of nickel oxide (NiO) because Ni reacts with 

oxygen at temperatures above 400 ºC. The foam was then heated to 800 °C at a rate of      

25 °C/min in an atmosphere with flowing argon and hydrogen to reduce the NiO back to 
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Ni. The temperature was maintained at 800 °C for 2 hours and then decreased to room 

temperature at a rate of 10 °C/min. 

 

 

Figure 5-3. Plot of thermal treatment cycle to obtain Ni foam from metal filled polymer 

template 

5.2.4 Characterization 

The cross sections of the samples were observed with a JEOL NeoScope 5000 

scanning electron microscope (SEM). Image J software was used to obtain pore size 

measurements from SEM images. Energy dispersive x-ray spectroscopy (EDS) elemental 

analysis was performed using Quanta 650 FEG SEM to determine the composition of the 

fabricated nickel foams. The porosity of the fabricated nickel foams was measured using 

an ethanol uptake technique [94]. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Effect of ethanol based activation solution 

Standard water based plating solutions resulted in nickel deposits only on the 

surface. This was attributed to the inability of the activation solution to infiltrate the porous 

structure due to its high surface tension. In order to understand this phenomena, a study to 

determine the effect of pore size, surface tension of fluid and contact angle on fluid flow 

into porous structures was conducted. The substrate material chosen was EAA 

microcellular foam. Water and ethanol were chosen as the fluids and their properties listed 

in Table 5-4. The contact angles were measured using VCA Optima. Water and ethanol 

were chosen due to the significant difference in their surface tension values. 

 

Table 5-4. Surface tension and contact angle values for water and ethanol (Substrate: 

EAA) [116] 

 Surface tension (mN/m) Contact angle (°) 

Water 73 61.8 

Ethanol 23 14.2 

  

The flow of fluids into porous structures was determined to be a two-step process: 

(1) fluid flow into pores on the surface is dictated by the applied external pressure; and    

(2) fluid flow within the porous structure is governed by capillary pressure. The applied 

external pressure P and the fluid properties determine the size of the smallest surface pore 

or pore opening into which a fluid can flow as shown in the schematic in Figure 5-4 and 

can be calculated using Eqn. 5.2 [117]. 
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r
P

 cos2
  (5.2) 

 

where γ is surface tension, θ is the contact angle, and r is the pore radius. The minimum 

pore size as a function of the applied external pressure for water and ethanol is shown in 

Figure 5-6. It can be seen that at atmospheric pressure, water and ethanol can get into 

porous EAA substrate if pore size is larger than 0.72 µm and 0.44 µm, respectively. As the 

pressure is increased to 10 MPa the smallest pore size into which water and ethanol can get 

into is reduced to 7 nm and 4 nm, respectively. 

 

                                 

Figure 5-4. Schematic for fluid flow mechanism into porous structure 
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Figure 5-5. Minimum size of surface pores for fluid flow into porous structure as a 

function of pressure (Substrate: EAA, fluid: water and ethanol) 

The effect of surface tension, pore size and contact angle on resulting capillary 

pressure inside porous structure has been studied by Lappalainen [118]. The study 

considered a bed of spheres as the porous structure. They derived an equation for capillary 

pressure cP  using Eqn. 5.3 and shown in the schematic in Figure 5-6. 
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where   is the filling angle (assumed to be 25°), θ is the contact angle, and 1r  and 2r  are 

the radii of curvature. The capillary pressures calculated using Eqn. 5.3 for water and 
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ethanol are shown in Figure 5-7. It can be seen that for a given pore size, the capillary 

pressure for ethanol is almost twice compared to that for water. A higher capillary pressure 

enables easier flow into the structure, and therefore the use of ethanol enhances the ability 

of the activation solution to infiltrate the templates. The flow of ethanol based activation 

solutions into the template was confirmed by the observation of a brownish shade of Pd2+ 

ions across the entire cross section of the template. 

 

 

Figure 5-6. Schematic of pendular ring at interface of two spheres with filling angle  and 

radii of curvature 1r  and 2r  
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Figure 5-7. Capillary pressure as a function of pore size for ethanol-EAA and water-EAA 

template along with contact angle measurements 

5.3.2 Microcellular nickel foams 

The cross-sectional SEM images of the microcellular Ni foam obtained after 

subjecting the metal filled EAA template to thermal cycle is shown in Figure 5-8. It is 

observed that the structure of the Ni foam is an inverse of the polymer template shown 

previously in Figure 5-1. The channels are interconnected, implying that the co-continuous 

structure is preserved, and the pore size is around 50 µm. The small pores with pore size 

of around 2 µm are generated due to two mechanisms: (a) electroless plating results in 

metal layers with inherent porosity; and (b) reducing nickel oxide to nickel generates pores 

on the surface. These small pores on the surface increase the overall porosity of the nickel 

foams, but are not required for fluid infiltration. These small pores could be eliminated by 

proper thermal treatment and a subsequent electroplating step. 
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The porosity of the microcellular nickel foams was calculated to be 91% based on 

an ethanol uptake study. The porosity of the nickel foam was much higher compared to 

that of the polymer template. Electroless plating in general results in a thin layer of metal 

deposited on the polymer template and the channels in the polymer template were not fully 

filled with metal. Therefore, it resulted in additional porosity when the template was 

decomposed. 

The chemical composition of the obtained microcellular nickel foams as 

determined by EDS elemental mapping and line scan analysis performed in the center of 

the cross sectional area are shown in Figures 5-9. The vertical axis in the two plots is the 

intensity of the emitted X-rays from the sample. The line scan shows the relative abundance 

of elements along a line for the specified distance whereas the elemental spectrum shows 

the relative abundance of emitted X-rays versus their energy. The elements are determined 

by comparing energy peaks to characteristic energy values. The results confirmed that 

nickel was the major constituent in the structure. There were trace amounts of phosphorous 

and sodium due to the sodium hypophosphite reducing agent used in the plating solution. 

The hypophosphite reducing agent results in a Ni-P layer as opposed to a pure Ni layer 

[119]. However, the phosphorus content can be minimized with a lower concentration of 

the reducing agent and by using a plating solution with a higher pH value [114]. The trace 

amounts of oxygen observed are due to incomplete reduction of nickel oxide to nickel, 

which can be resolved through fine tuning the gas flow rate and temperature settings. 
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(a) 

 

(b) 

Figure 5-8. SEM images of a cross section of a microcellular Ni foam sample obtained by 

electroless plating of EAA templates. Image was taken at (a) 130X and (b) 

400X. 
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(a) 

 

(b) 

Figure 5-9. EDS results performed on center section of resultant micro cellular nickel 

foam (a) line scan analysis and (b) elemental spectrum 
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5.3.3 Nanocellular nickel foams 

The cross sectional SEM images of nickel filled nanocellular PES template is 

shown in Figure 5-10. Since electroless plating deposits only a thin layer of metal on the 

surface of the template, the structure was not retained after thermal treatment. Hence EDS 

analysis was performed on the samples prior to thermal treatment. Further process 

improvement is required to deposit a thick layer of metal to retain the structure after thermal 

treatment. 

 

 

Figure 5-10. SEM images of cross section of nickel filled nanocellular PES templates at 

2265X 
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(a) 

 

(b) 

Figure 5-11. EDS results performed on center section of resultant nickel filled nano 

cellular PES template (a) line scan analysis and (b) elemental spectrum  
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The chemical composition of the nickel filled nanocellular templates as determined 

by EDS elemental mapping and line scan analysis in the center of the cross sectional area 

are shown in Figure 5-11. The results indicate that nickel is the major constituent along 

with trace amounts of sodium and phosphorous similar to that seen in microcellular nickel 

foams. Carbon is the second dominant constituent because of the polymer template. 

5.4 CONCLUSIONS 

Microcellular nickel foam was successfully fabricated via electroless plating using 

solid state foamed immiscible blend of EAA/PS as templates. Nickel foams had pore sizes 

on the order of tens of micrometers and porosity in excess of 90 %. The nickel filled 

nanocellular polymer templates collapsed upon thermal treatment because of the thin layer 

of metal deposited. Ethanol based electroless plating solutions had to be used to reduce 

surface tension and ensure that the solutions were able to infiltrate the templates with small 

pore sizes. The developed process could be used for bulk fabrication of microcellular nickel 

foams with high porosity and small pore size. More study will be needed to fabricate 

nanocellular nickel foams using this technique. 
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Chapter 6. Thermal Conductivity of Micro and Nanocellular Polymer 

Foams 

6.1 INTRODUCTION 

The thermal conductivity of polymer foams is of significant interest in both 

academia and industry, especially when the pore size of the foams is reduced to the 

submicron and nanometer scales [120, 121]. It has been suggested that when the pore size 

is reduced to the level of mean free path of air (~40 nm), the thermal conductivity of 

polymer foams could be dramatically reduced [122] , leading to the possibility of producing 

highly insulating materials. The thermal conductivity of polymer foams has been studied 

extensively in the past. Various theoretical and empirical models exist to predict the 

effective thermal conductivity. However, most of the existing models only consider the 

porosity and the pore size effect is completely ignored [13-15]. While the existing models 

have been proved successful for conventional foams where the pore sizes are on the order 

of hundreds of micrometers to a few millimeters, it is not clear whether they can be applied 

to micro- and nano cellular foams.  

Previous thermal conductivity models of polymer foams were mostly based on the 

rule of mixtures [53], where the contributions from significant heat transfer mechanisms, 

including conduction through both the gas and the solid phase, convection of the gas phase, 

and radiation [52], were summed to obtain an effective thermal conductivity [15, 54, 55]. 

Wiener [56] proposed a model to define the maximum and minimum limits of thermal 

conductivity of two phase systems. The model considered that the two phases were 

arranged either in series or in parallel and computed the effective thermal conductivity of 

the composite system. This model was based on the concept of lumped masses and did not 

consider the morphology of the two-phase structure [123]. Gibson and Ashby developed 

an analytical model for the effective thermal conductivity by considering only conduction 
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through solid and gas phases [15]. The model was proved to be reasonably accurate for 

conventional polymer foams. Bauer proposed a more comprehensive heat transfer model 

by including the effect of convective heat transfer [14]. However, it was reported that 

convection was significant only when the pore size is greater than 3 mm [57]. The 

contribution of radiation is mostly approximated using a model developed by Roseland 

[13]. Hu et al. [58] developed two semi-empirical models to predict the lower limit of the 

thermal conductivity of polymer foams; however, both models considered the porosity 

effect only. 

Finite element models have also been developed to predict the effective thermal 

conductivity based on the physical geometry of the foam materials. For example, Druma 

et al. [53] developed a finite element model to study solid heat conduction in carbon foams. 

Coquard and Baillis [59] developed a finite element method to predict the thermal 

conductivity of two phase heterogeneous materials by considering conductive heat transfer 

mechanisms only. Xu et al. [121] developed a finite element model to predict the thermal 

conductivity of silicon carbide foams based on a tetrakaidecahedron structure considering 

conduction mechanisms only. The focus of these studies was the porosity and pore 

geometry effects. Pore size effects were not included in the study. It is also seen that these 

studies have considered only the conduction mechanisms and eliminated radiation heat 

transfer. 

In this chapter the pore size effect on the thermal conductivity of polymer foams, 

especially when the pore size is reduced to micrometer and nanometer scales is 

investigated. Both finite element analysis (FEA) and molecular dynamics (MD) modeling 

approaches were used to model the polymer foams. The thermal conductivity was predicted 

for varying pore sizes and porosities by considering both conduction and radiation heat 

transfer mechanisms. The FEA models were used to predict the effective thermal 
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conductivity at the micro scale. Equilibrium MD simulations were performed to predict the 

thermal conductivity of nano porous foams. The developed models were validated by 

evaluating the thermal conductivity of bulk/porous materials and comparing to published 

results and experiments performed in-house. 

6.2 MODELING METHODS 

Two different modeling approaches namely FEA and MD were used in this study. 

FEA and MD were used to predict the thermal conductivities of the micro- and nano 

cellular foams respectively. 

6.2.1 FE model development 

A scanning microscope image of a foam fabricated by gas foaming process is 

shown in Figure 6-1.  

 

 

Figure 6-1. Microstructure of foam obtained by bubbling process [121] 

A variety of pore configurations such as body centered cubic (BCC), face centered 

cubic (FCC) and tetragonal body centered (TBC) could be used to represent the 

interconnected structure observed in Figure 6-1. Solid models of foams with different pore 

configurations were constructed beginning with a solid cube and deducting spheres which 
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represent the pores in the foam. A foam model with pores in BCC configuration was 

generated by deducting a complete sphere positioned at the center of the cube and further 

deducting 1/8 spheres located at the 8 corners. A foam model with pores in FCC and TBC 

configuration was generated in a similar fashion. Figure 6-2 shows the solid model of a 

unit cell in the BCC configuration obtained by this method. This unit cell was propagated 

in the X, Y and Z directions and a solid slab with thickness equal to 40% of the unit cell 

size was added at the left and right ends to obtain the solid model of the foam as shown in 

Figure 6-3. 

 

 

 

Figure 6-2. Solid model of unit cell in the body centered cubic configuration 
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Figure 6-3. Solid model of foam structure in body centered cubic configuration 

This study has taken into account conduction through solid polymer matrix, 

conduction across gas phase and radiation in the pore walls. Convection mechanism was 

not considered because it has been reported previously that it is significant only for pore 

sizes greater than 3 mm [57]. The boundary conditions imposed on the model are given in 

Table 5-1 and also shown in Figure 6-4. The boundary conditions ensured that heat transfer 

took place along one direction only. The one dimensional heat conduction equation 

simplifies to   0.  TK  under the assumption of no heat generation and steady state 

conditions. The heat flux at the left and right ends are identical due to the absence of 

internal heat generation and are equal to the heat flux across the foam structure. The 

effective thermal conductivity effK was then obtained using the following relation, 

 

 
dx

dT

q
Keff   

(6.1) 

 

where q  is the heat flux at the ends and 
dx

dT  is the temperature gradient in the X

direction. 
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Table 6-1. Boundary conditions imposed on FEA model for determining thermal 

conductivity 

Parameter Value 

Temperature at left end T1 (K) 350 

Temperature at right end T2  (K) 300 

Heat flux on all other surfaces Zero 

 

 

Figure 6-4. Meshed finite element model along with the imposed boundary conditions 

6.2.2 MD simulation 

Molecular dynamics simulation technique treats individual atoms in the model as 

point masses that interact via established interatomic potentials [124]. MD simulations 

have been performed to predict physical properties of bulk materials [125-131] but very 

few studies have been performed on nano structured materials especially polymer nano 

foams. For example, Coquil et al. [61] used non-equilibrium MD simulations to predict 

thermal conductivity of amorphous nanoporous silica as a function of pore size                   

(1.2 – 2.5 nm) and porosity (10 – 35%).  
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The amorphous polymer systems with nano sized pores were developed as 

described below. Initially, the monomer unit of the polymer was constructed which was 

then subsequently converted into a Z matrix (Appendix A). The Z matrix contained 

coordinate information of the atomic structure. The monomer units were converted into 

polymer chains by specifying the number of monomers in each chain. The polymer chains 

were mapped into a cubic volume known as simulation cell whose dimensions were 

determined based on the specified density and number of polymer chains. The polymer 

system with the chains arranged randomly was subject to energy minimization cycle where 

the atom coordinates were adjusted iteratively to bring the system to a local potential 

energy minimum. Minimization was performed based on the conjugate gradient algorithm 

where the search directions are computed using the current force gradient and previous 

iteration information. Time integration of the Nose-Hoover style non-Hamiltonian 

equations of motion was performed using a constant number of particles, volume and 

temperature (NVT) ensemble. The time step used was 1 fs and the NVT ensemble was run 

for 10000 steps to fix the temperature at 300 K. A standard Lennard-Jones potential with a 

cutoff distance of 12 Å was used to define pair wise interactions. For bond interactions 

between pairs of atoms, the inter atomic potential used in this study was of type harmonic 

that is defined as, 

 

2)( orrKE   (6.2) 

where or is the equilibrium bond distance and K is a constant. Periodic boundary conditions 

were imposed on the simulation cell which ensured that the number of atoms in the system 

was maintained constant. The simulation cell temperature and density were monitored 

continuously to ensure that no atoms were lost from the simulation cell.  
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Nano pores were generated in the system by creating spherical regions and 

removing atoms in those regions as shown in Figure 6-5.  The distance between monomers 

was used as cutoff criterion to ensure no bonds were broken and only monomer units were 

removed from the spherical regions. The pores were replicated along the X and Y axis of 

the simulation cell to create a nanoporous system. 

 

 

Figure 6-5. MD model showing nano-sized pores in amorphous polymer (Pore size:       

10 nm) 

The thermal conductivity, K of polymer nanofoams was determined using the 

Green-Kubo (GK) equilibrium method  [61],  
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where V  is the volume, T is the temperature, Bk  is the Boltzmann constant, and 


)(tj  is 

the average microscopic heat flux. The heat flux at each step was calculated as  [132], 
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where e is the per atom kinetic and potential energy, S is the per atom stress tensor, v is the 

velocity of the ith atom. The heat flux was calculated along the x, y and z directions. The 

time correlation of the heat flux values in the three directions was calculated at various 

time intervals and the correlation data averaged over a longer time scale to obtain the 

average heat flux. 

The simulations assumed that the pores did not contain any gas trapped in them. 

This was because of the fact that the thermal conductivity of gas )( dk  trapped in restricted 

spaces is negligibly small for very large Knudsen number )(Kn as predicted by kinetic 

theory [133]. 
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(6.5) 

pd

l
Kn   

(6.6) 

where 0,dk  is the thermal conductivity of air when 0Kn ,   is a constant, l  is the gas 

molecule mean free path inside the pores and pd is pore diameter [134]. It is apparent from 

the above equations that a nanometer sized pore results in a large Kn  and negligible dk . 

MD Simulations in this study were performed using Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) [132] developed at Sandia National Labs. The 

simulations were carried out using LAMMPS on a Linux cluster having 2 six core, hyper 

threading 3.33 GHz Xeon processors and 24 GB of memory. Polymer Modeler [135] was 

used to generate the polymer chains from Z matrix. The pores were created along the x and 
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y axis of the simulation cell. A total of 4 pores were created in each system. The pore sizes 

simulated in this study ranged from 1 to 10 nm and porosity ranged from 5 to 85%. 

6.3 RESULTS AND DISCUSSION 

6.3.1 FEA model validation  

The following scenarios were evaluated before the FEA model was used to predict 

the thermal conductivity of microcellular foams: 

 Effect of number of unit cells in the x, y and z directions. 

 Effect of different pore configurations. 

Models with pores in BCC, FCC and TBC configuration and pore size 10 µm,      

250 µm, 500 µm and 1000 µm were evaluated over a wide range of porosities. The different 

pore configurations did not exhibit significant variations in the predicted thermal 

conductivity values. Also it was observed that the thermal conductivity values approached 

a plateau when there were at least 2 unit cells in each direction. A BCC model with 5, 2 

and 2 unit cells in the x, y and z direction respectively was chosen for further studies.  

The heat flux distribution in a 500 µm pore size model in BCC configuration with 

84% porosity is shown in Figure 6-6. It is observed that the heat flux distribution is non-

uniform because of the presence of air in the cells which has a lower thermal conductivity. 

The constant heat flux at the ends was used for calculation of thermal conductivity as per 

Eqn. 6.1.  
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Figure 6-6. Heat flux distribution in a solid model of foam (Material: PMMA, BCC 

configuration, porosity 84.47 % and pore size 500 µm) 

Figure 6-7(a) is a plot of the predicted thermal conductivity values versus pore size 

for polyolefin foams using a BCC model with 80% porosity along with experimental results 

reported by Almanza et al. [52]. It is seen that there is a close match between the 

experimental and predicted values. Figure 6-7(b) is a plot of the predicted thermal 

conductivity values versus relative density (porosity) for carbon and aluminum foams 

along with experimental data. The experimental thermal conductivity values for carbon and 

aluminum foams were obtained from Klett et al. [136] and Solorzano et al. [137] 

respectively. It can be seen that there is a close agreement between the predicted and 

experimental values over the entire range of porosities. 
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(a) 

 

(b) 

Figure 6-7. Predicted thermal conductivity values using FEA model along with published 

data for (a) polyolefin foams (BCC configuration, 80% porosity) and (b) 

carbon and aluminum foams (BCC configuration) [52, 136, 137] 
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6.3.2 MD model validation 

The MD model was used to predict thermal conductivity of bulk and nano-porous 

materials and compared against experimental data to validate the model. The bulk thermal 

conductivity of an amorphous PMMA system was predicted using the MD model. The 

simulation cell size was 25 Å x 25 Å x 25 Å and the number of atoms was 1504. The 

predicted thermal conductivity of the PMMA system was ~0.24 W/m-K which is in good 

agreement with earlier results reported by Assael et al. [138]. 

Figure 6-8 shows predicted values for nanoporous silica along with experimental 

data reported by Tsui et al. [139]. It is seen that there is a slight variation between the 

predicted and experimental values. This may be because the pores in silica films are 

connected by necks and the current model does not account for them. 

 

 

Figure 6-8. Predicted thermal conductivity values using MD simulations compared with 

experimental data for nanoporous silica [139] 
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The predicted thermal conductivity values for PEI nano cellular foams were 

compared to measured thermal conductivity values of PEI foams fabricated in house. The 

thermal conductivity values were measured using a transient plane analyzer Hot Disk TPS 

500 (ThermTest Inc.). However the measured values are not indicative of the thermal 

conductivity of the nano cellular region because foams fabricated using solid state foaming 

exhibit a graded structure as seen earlier in Chapter 4. PEI nano foams had three distinct 

regions namely skin layer (S), micro cellular (M) and nano cellular (N) regions as shown 

in the schematic in Figure 6-9. The three regions contribute to the effective thermal 

conductivity and the individual contributions were determined based on effective thermal 

conductivity of composite wall [140]. The effective thermal conductivity Ke can be 

calculated using Eqn. 6.7. 

 

where Ltotal and Ke are the total length and effective thermal conductivity of the foamed 

sample; L1, L2, , and L3 are the average thickness of the skin layer, microcellular, and 

nanocellular regions respectively; and K1, K2 and K3 are the corresponding thermal 

conductivities. The pore size, porosity and thickness of the individual regions were found 

from the SEM images using Eqns. 4.1 and 4.2. Initially a foamed sample which had only 

microcellular region enclosed by skin layer similar to the one shown in Figure 4-3 was 

used to solve for K2. Once K2 was found, Eqn. 6.7 was solved for K3 using a sample which 

had three regions as shown in Figure 4-4. The pore size and porosity of the microcellular 

region in the micro and micro-nano foams was adjusted to be the same by controlling the 

processing parameters. The measured thermal conductivities of the PEI samples along with 
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the predicted values are shown in Figure 6-10. It is seen that the predicted values are 

slightly lower than the measured values and it could be due to the difference in pore size. 

Only 1 nm and 5 nm pore sizes were simulated due to computational limitations. Also the 

thermal conductivity values measured using the above procedure are listed in Table 6-2. 

 

                         

Figure 6-9. Schematic for thermal conductivity calculation of nano foams 

 

 

 

Figure 6-10. Predicted thermal conductivity values using MD simulations compared with 

experimental data for nano cellular PEI foams 
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Table 6-2. Effective thermal conductivity of PEI nanofoams fabricated in this study 

Pore size (nm) Thickness (µm) Porosity (%) Effective k  (W/m-K) 

260 679 74 0.019 

240 734 77 0.016 

86 872 80 0.015 

  

The FEA and MD models exhibited good agreement with experimental results and 

were used further to study the effect of pore size and porosity on effective thermal 

conductivity of polymer foams. 

6.3.3 Contribution of radiation from cell walls and conduction through air 

One of the advantages of using numerical models to predict the effective thermal 

conductivity is the ability to study the contributions of different heat transfer mechanisms 

by considering the microstructural information. Many previous models did not include the 

gas conduction and radiation effects in the prediction [53, 121]. In this study the developed 

FEA model with BCC configuration for PMMA foams was used to evaluate the relative 

contributions of these two mechanisms under various pore size and porosity conditions. 

The predicted thermal conductivity values with and without inclusion of radiation 

effects are shown in Figure 6-11. In general it was observed that as the porosity decreased, 

the radiation contribution also decreased. The relative contribution of radiation to the 

effective thermal conductivity for varying pore size and porosity is given in Table 6-3. It 

is seen that the contribution of radiation is dependent on both pore size and porosity. For 

example, the relative radiation contribution is 15.5% at a porosity of 77% and pore size 

500 µm compared to 1.4% at a porosity of 25% and pore size 200 µm. This is attributed to 

the fact that as the cell size becomes smaller at a fixed porosity the number of internal 
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reflections from the cell walls increases resulting in reduced contribution to thermal 

conductivity by radiation [49]. The results indicate that contribution of radiation to 

effective thermal conductivity is significant only when the pore size is large or porosity is 

high. 

 

 

Figure 6-11. Contribution of radiation from cell walls to effective thermal conductivity in 

microcellular PMMA foams determined by FEA study 
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Table 6-3. Relative contribution of radiation at different porosity and pore size levels 

Porosity 
Pore Sizes 

200 µm 250 µm 500 µm 

25% 1.4% 1.6% 2.3% 

47% 4.5% 5.3% 5.8% 

77% 9% 9.4% 15.5% 

 

Thermal conductivity predictions with and without the inclusion of gas conduction 

effects are shown in Figure 6-12 and the relative contribution summarized in Table 6-4. It 

was observed that at high porosities the contribution of gas conduction is higher. At higher 

porosities, as the pore size increased this effect was more significant. For example, the gas 

conduction contribution increased from 1.4% to 11.6% as the porosity varied from 7% to 

84% at a pore size of 500 µm compared to an increase from 1.7% to 3.5% for similar 

porosity variance at a pore size of 10 µm. These results indicate that gas contribution also 

depends on pore size and as the pore size reduces to nano scale, the gas contribution reduces 

as discussed earlier in Section 6.2.2. It should however be noted that the contribution of 

gas conduction is small even at large pore sizes and high porosity. 
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Figure 6-12. Contribution of gas conduction to effective thermal conductivity in 

microcellular PMMA foams determined by FEA study 

 

Table 6-4. Relative contribution of gas conduction at different porosity and pore size 

levels 

Porosity 
Pore sizes 

10 µm 500 µm 

7% 1.7% 1.4% 

60% 2.4% 11.0% 

84% 3.5% 11.65 
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6.3.4 Effect of pore size and porosity on effective thermal conductivity 

The developed models enable to study the individual effect of pore size and porosity 

on the effective thermal conductivity. Figure 6-13 shows predicted thermal conductivity 

for PMMA for pore sizes ranging from 1 nm to 1 mm with porosity ranging from 5 to 85%. 

It is observed that pore size has a significant effect on the effective thermal conductivity 

across the entire range of porosity. At a fixed porosity the thermal conductivity reduced 

drastically as the pore size was reduced from the micro to the nano scale. Figure 6-14 is a 

plot of predicted thermal conductivity values versus pore size for different porosities where 

the pore size effect is clearly observed. 
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Figure 6-13. Predicted thermal conductivity values as a function of porosity and pore size 

for micro and nano cellular PMMA foams 

 

Figure 6-14. Predicted thermal conductivity values of PMMA as a function of pore size 

for varying porosities 
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The reduction in thermal conductivity as the pore size is reduced at a fixed porosity 

is explained below. In foams with pore size larger than 10 µm, the conductivity of air 

trapped in the pores is similar to that of bulk air as predicted by the Knudsen theory and 

shown in Figure 6-15. Therefore in foams with pore size larger than 10 µm, the reduced 

thermal conductivity as the pore size gets smaller is mainly due to the reduced radiative 

flux as discussed in Section 6.3.3. [141]. On the other hand in foams where the pore size is 

on the order of tens of nanometers, the mean free path of gas molecules is comparable to 

the characteristic dimension (pore size) of the system. In such systems Fourier’s law of 

heat conduction is not applicable [142] because of the continuum assumption being invalid. 

The gas conductivity in foams with pore size smaller than 1 µm drops exponentially due 

to the Knudsen effect. Also it is expected that in foams with nano sized pores, anharmonic 

interactions between polymer chains will be increased due to the large amount of interfaces 

generated by the nano-sized pores, leading to increased phonon-phonon scattering which 

in turn lowers the thermal conductivity of the solid phase. These two mechanisms 

combined result in lowered thermal conductivity in polymer foams with nano sized pores. 
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Figure 6-15. Conductivity of air trapped in pores for varying pore sizes as predicted by 

the Knudsen theory 

 6.4 CONCLUSIONS 

The effect of pore size and porosity on the thermal conductivity of polymer foams, 

especially micro- and nano-cellular polymer foams was studied using both finite element 

and molecular dynamics models. The developed models were validated with experimental 

data. It is shown that pore size has significant effect on the effective thermal conductivity 

of polymer foams even for microcellular and conventional polymer foams. When the pore 

size is reduced to the nano scale at a fixed porosity, the effective thermal conductivity of 

nanofoams could be lower than that of air. The extremely low thermal conductivity of 

polymer nanofoams is possibly due to enhanced phonon-phonon scattering in the solid 

phase in addition to the extremely low thermal conductivity of gas trapped in nano sized 

pores. This study also demonstrated that PEI nanofoams with a pore size about 100 nm 

could have a thermal conductivity as low as 0.015 W/m-K.   
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Chapter 7. The Pore Size and Porosity Effect of Microcellular Metal 

Foams on Phase Change Material-based Thermal Management Devices 

7.1 INTRODUCTION 

Thermal management systems based on latent heat storage of phase change 

materials (PCMs) are widely used in a variety of applications, such as microelectronics 

cooling, solar energy storage, and waste heat recovery [62-66]. The materials could absorb 

a large amount of heat during the phase transformation, while keeping the temperature low 

for an extended period of time. However, most PCM materials suffer from inherent low 

thermal conductivities and have resulted in a drastically slow heat dissipation rate and 

uneven melt front [66-70]. These problems could delay charging and discharging of energy 

storage systems and cause hot spots in microelectronics chips. A number of techniques 

have been developed to enhance the thermal conductivity of PCMs, including adding 

highly conductive nanofillers [67, 71-74], embedding internal fins [75, 76], and infiltrating 

the PCM in graphitic [70, 77, 78] or metal foams [66, 68, 79-81]. Metal foams infiltrated 

with PCMs have received more attention due to their high isotropic thermal conductivities, 

which are beneficial in rapidly spreading the heat and ensuring a uniform temperature 

distribution. 

With the development of fabrication techniques for bulk microcellular metal foams 

[145], the effect of pore size becomes more interesting due to the high surface area to 

volume ratio. A model that considers pore size and porosity effects along with other 

variables such as heat input and boundary conditions would be highly useful for optimal 

design of PCM devices. The objective of this study is to investigate the effect of pore size 

and porosity on the performance of PCM infiltrated metal foams, especially when pore size 

is reduced to less than 100 µm. A three dimensional (3D) finite element model was 

developed containing both the metal foam and PCM domains. Instead of using an effective 
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thermal conductivity for the foam-PCM composite, the thermal conductivities of both are 

applied to the corresponding material domains.  The effect of pore size and porosity, as 

well as the convective heat transfer, on the melting behavior of PCM is investigated in this 

chapter.  

7.2 MODELING METHOD 

7.2.1 Heat transfer mechanisms 

The thermal phenomena considered in this study include conduction though the 

metal ligaments and PCM, phase change of PCM, convection in molten PCM and 

convective cooling on the external surfaces. Conduction heat transfer can be represented 

using Eqn. 7.1, 

 






qTK

t

T
Cp )(  

(7.1) 

where  is the density of the material, pC is the specific heat capacity, T is the 

temperature, t  is time, K is the thermal conductivity, and �̇� is the heat generation rate. The 

phase change process can be represented using Eqn. 7.2 [63], 

 

dt

dX
LTKTK llss   

(7.2) 

where L  is the latent heat of fusion, X is the position of the melting interface, and  s and l 

stand for solid and liquid states of the PCM. Instead of solving Eqn. 7.2 and in order to 

account for the phase change process in Eqn. 7.1, the specific heat of PCM )(PCMpC
 can be 

defined over different temperature ranges in Eqn. 7.3,  
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where psC and plC are the specific heats of the PCM in solid and liquid state, respectively, 

mT  is the melting temperature, and T  is the temperature range over which the PCM melts.  

The convective heat transfer within molten PCM is represented using Eqn. 7.4,  
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where u  is the velocity field of the molten PCM. The flow of molten PCM due to density 

and gravity can be represented using Eqn. 7.5,  
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where I is the identity matrix, g is the standard gravitational acceleration,   and   are 

density and coefficient of thermal expansion of the PCM, respectively, and refT  is the 

reference temperature which is room temperature in majority of the cases. The non-linear, 

transient heat transfer equations (7.1)-(7.5) need to be solved to determine the temperature 

profile in the PCM infiltrated metal foam.  

7.2.2 Solid model construction 

The finite element model of the PCM-metal foam system was developed using the 

commercial finite element analysis package COMSOL. The metal foam in this study was 

considered to have a face-centered-cubic (FCC) structure. The morphology of metal foams 

is dependent on the material and fabrication technique [6]. The use of polymer sphere 

template is one of the techniques to fabricate small pore size metal foams [51] and it results 

in metal foams with pores arranged in the FCC arrangement. A geometric model of the 
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metal foam was created by deducting 1/8 of a sphere at the eight corners and 1/2 sphere 

from the six faces of a solid cube. A unit cell of the metal foam in FCC configuration is 

shown in Figure 7-1(a). The unit cell structure of the phase change material was obtained 

by taking an inverse of the metal foam structure as shown in Figure 7-1(b). The two unit 

cells were overlaid and replicated in the x, y and z directions to form a PCM-metal foam 

system. A model with two unit cells in the thickness direction is shown in Figure 7-2 along 

with boundary conditions. Metal slabs with a thickness of 10% of the unit cell thickness 

were added at the two ends to represent the housing in which the system was enclosed. In 

addition, one more metal slab with a thickness of 5% of the unit cell thickness was added 

at the left end to represent the heat source. The boundary conditions imposed on the model 

were convective cooling from the right end and zero heat flux on all other faces. A no-slip 

boundary condition ( 0u ) was enforced for the molten PCM at the PCM metal interface. 

A contact pair was defined between the PCM and metal foam at the interface. A heat 

continuity constraint was enforced so that the heat flux and temperature across the interface 

was continuous as defined below. 

metalmetalPCMPCM TKnTKn ).().(   

metalPCM TT   
(7.6) 

where PCMn and metaln  are the normal vector to the PCM and metal surface respectively. 
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(a) 

 

 

(b) 

Figure 7-1. Solid model of unit cell of a (a) metal foam with face centered cubic pore 

configuration and (b) the phase change material  
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Figure 7-2. Solid model of phase change material infiltrated metal foam system along 

with imposed boundary conditions 

A fine mesh with a minimum element size of 0.57 µm was employed. A nonlinear 

time dependent solver with backward differentiation formula and automatic time stepping 

was employed. Equations 7.1-7.5 as applied to the model were solved using the above 

procedure. The temperature at the center of the heat source and the melt front of the PCM 

were monitored as a response variable for analysis. The modified specific heat defined in 

Eqn. 3 was implemented in COMSOL using a Heaviside step function as shown in Figure 

7-3. A temperature dependent viscosity was defined, also shown in Figure 7-3, to account 

for the phase change from solid to liquid. 
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Figure 7-3. Specific heat of the phase change material represented as a Heaviside step 

function and temperature dependent viscosity to account for the phase 

change process 

The materials chosen for the metal foam and phase change material in this study 

were aluminum and paraffin wax, respectively. Their properties are listed in Table 1. 

 

Table 7-1. Properties of aluminum and paraffin wax 

 Aluminum Paraffin wax 

Density (Kg/m3) 2800 780 

Specific heat (J/Kg-K) 910 2500 (solid and liquid) 

Thermal conductivity (W/m-K) 237 0.20 

Latent heat (KJ/Kg) - 180 

Melting range (K) 

 

- 321-335 

Viscosity (Pa·S) - 0.024 (liquid) 
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The developed model was used to study the effects of pore size and porosity under 

various heat generation and convective cooling rate conditions. A parametric study was 

carried out using the parameters in Table 2. The heat generation rates were selected to 

represent typical low and high end of power generation in portable electronics. The 

convective heat transfer rates were selected to represent free and forced convection by air 

on metal surfaces. The contribution of convective heat transfer within molten PCM and the 

effect of number of unit cells in the model were also studied. 

 

Table 7-2. Parameters for studying pore size and porosity effect 

Parameter Value 

Pore size (µm) 25, 100 

Porosity 74.7, 79.27, 83.57, 87.5, 93.87 

Heat generation (W/m3) 2.5e8, 12.5e8 

Convective heat transfer coefficient (W/m2-K) 1, 10 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Model validation 

The developed model was validated with experimental data found in literature. A 

copper foam with 2.54 mm pore size and 95% porosity was used for comparison with data 

adapted from Zhao et al. [66]. The thickness of the model was 25 mm, power source in the 

system was modeled to produce 3.2e5 W/m3 of power density and insulated boundary 

condition imposed on all surfaces. A copper foam with 635 µm pore size and 90% porosity 

was used for comparison with data adapted from Li et al. [80]. The thickness of the model 
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was 22.5 mm, power source in the system was modeled to produce 5e7 W/m3 of power 

density and insulated boundary condition imposed on all surfaces as well. The temperature 

was measured at the center of the power source. As shown in Figure 7-4, there is a close 

match between the experimental and predicted results, except the predicted temperature 

response is characterized by a sharp curvature change at the phase change transition points 

due to the step function used to account for the phase change in PCM.  

 

 

Figure 7-4. Predicted temperature compared to experimental data for copper foams  

7.3.2 The effect of number of unit cells 

The effect of the number of unit cells in x, y and z direction was studied. It was 

found that it is sufficient to vary the number of unit cells in the z direction alone as the 

imposed boundary conditions ensure heat transfer takes place along the z direction only. 

Hence models used in this study had one unit cell along the x and y axis and the number of 

unit cells along the z axis was determined based on the thickness. 
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7.3.3 The effect of metal foam on PCM temperature profile 

The temperature profile across the mid plane along z-axis for pure PCM and PCM 

infiltrated metal foam is shown in Figure 7-5. A metal foam with 94% porosity, 2 mm pore 

size, and one unit cell along the z-axis (thickness 2.52 mm) was used. It is seen that melting 

in PCM is uniform along the thickness in the z direction when metal foam is present as 

opposed to pure PCM where the melting is isolated closer to the power source. The 

isolation of molten PCM close to the power source results in rapid increase of temperature 

at the power source PCM interface. Therefore using a metal foam results in uniform heating 

of PCM which results in a lower operating temperature. 

 

 

Figure 7-5. Temperature profile across mid-plane along z-axis for pure PCM and PCM 

infiltrated metal foam (Temperature in K and the region with wireframe 

represents metal foam) 

7.3.4 Contribution of convective heat transfer 

The developed model was used to study the effect of convection on heat transfer in 

molten PCM. It has been shown previously that convective heat transfer is significant only 
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when the pore size is on the order of a few millimeters [57]. Therefore, a model with 2 mm 

pore size, 94% porosity, and one unit cell along z-axis (thickness 2.52 mm) with a power 

density of 1.25e6 W/m3 was used. The transient temperature response at the center of the 

power source with and without inclusion of convection in the molten PCM is shown in 

Figure 7-6. It is seen that the temperature difference is not significant implying convection 

did not significantly affect the heat transfer result. The velocity magnitude of PCM in the 

melting zone at a cross section along the heat transfer direction is shown in Figure 7-7. It 

is seen that the velocity magnitude is very low, on the order of 10-8 m/s. A velocity of        

10-8 m/s results in Grashof number lower than the cutoff value (>103) for convection to be 

significant and hence convective heat transfer does not affect the temperature profile. The 

high viscosity of molten PCM (0.0269 Pa·s) combined with low coefficient of thermal 

expansion (3.085 x 10-4 K-1) causes the velocity to drop to the order of 10-8 m/s. As the 

pore size further goes down, the velocity will be even lower because of the increased 

tortuosity, as has been shown in [30, 81].  The convective heat transfer will become 

insignificant in PCM infiltrated microcellular metal foams. Hence, only conduction though 

metal foam and PCM are considered in the following models for studying the pore size and 

porosity effect in this work. 
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Figure 7-6. Temperature response at center of power source in PCM infiltrated metal 

foam showing effect of convective heat transfer in PCM (Pore size: 2 mm, 

porosity: 94%) 

 

 

Figure 7-7. Velocity magnitude (m/s) of phase change material when convective effects 

are included (Cross section along heat transfer direction, t=400 seconds, 

pore size: 2 mm, porosity: 94%, wireframe represents metal foam) 
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7.3.5 Effect of pore size at fixed porosity, heat generation, and dissipation conditions 

Models with pore size varying from 5 µm to 100 µm at a porosity of 94% and fixed 

thickness of 126 µm were generated to study the pore size effect. The number of unit cells 

in the model with 5, 10, 25, 50 and 100 µm pore size were 20, 10, 4, 2 and 1, respectively. 

A heating rate of 2.5e8 W/m3 and convective cooling coefficient of 10W/m2-K was used. 

The transient temperature response at the center of the power source is shown in Figure    

7-8. It is seen that the temperature rise is similar for all pore sizes until the PCM starts 

melting at 321 K. However, a smaller pore size results in a longer phase transition zone. 

For example, the transition zone lasts for 190 seconds for 5 µm pore size as opposed to   

120 seconds for 50 µm pore size which represents an increase of 58% in the phase change 

duration. Before the equilibrium is reached, the temperature could be dramatically different 

at any given time. For example, the temperature at t=220 sec is 335 K for the 5 µm pore 

size compared to 378 K for the 50 µm pore size. 
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Figure 7-8. Temperature response at center of power source in PCM infiltrated metal 

foam with pore size from 5-100 µm (Porosity-94%) 

In order to understand this pore size effect on heat transfer, the melting behavior of 

PCM was studied for different cases. Figures 7-9(a) and (b) shows location of the melt 

front in metal foam with pore size 50 µm and 10 µm respectively. It is observed that for 

the foam with a 50 µm pore size melting is non-uniform whereas for the 10 µm pore size 

melting is uniform and the melting front is clearly defined. This difference in melting 

behavior could be explained based on surface area density (surface area per unit volume) 

of foams. Surface area density increases as the pore size is reduced at a fixed porosity. The 

higher surface area in the foam with smaller pore size results in larger amount of PCM in 

contact with the metal foam and hence faster heat dissipation to the PCM. The faster heat 

dissipation to PCM in the foam with a smaller pore size results in lower operating 

temperature for a longer time or a longer transition zone as seen in Figure 7-8.  
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Figure 7-9. Melt front in PCM infiltrated metal foam with pore size (a) 50 µm and        

(b) 10 µm (Wireframe represents metal foam) 

The steady state temperatures in the foams with varying pore sizes at a fixed 

porosity were similar; however, the temperature responses were different. Hence the time 

required to reach 95% of the steady state temperature was chosen as the response variable 

to observe the difference in heating time and the results are shown in Figure 7-10.  It is 

seen that the time taken to reach 95% steady state temperature is 250 seconds for the foam 

with 5 µm pore size compared to 158 seconds for 50 µm pore size. The longer duration 

implies the system temperature is lower for extended period of time before it approaches 

the steady state temperature. It is also known that the failure rate of IC chips λ is dependent 

on temperature as established by the Arrhenius model [16]. 

 

  kT

Ea

Ce    (7.7) 
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where Ea is activation energy for failure mechanism, k is Boltzmann’s constant, T is 

operating temperature and C is a constant. It can be inferred from the above equation that 

reducing operating temperature by 10 degrees would reduce the failure rate by half. Hence 

the use of a metal foam with pore sizes on the order of tens of microns would result in a 

lower operating temperature extending the lifetime of IC chips. 

 

 

Figure 7-10 Time taken to reach 95% of steady state temperature in metal foams with 

pore size 5–100 µm 

7.3.6 Effect of porosity at fixed pore size, heat generation, and dissipation conditions 

Models with porosity varying from 75-94% at fixed pore size of 25 µm with 4 unit 

cells along the z-axis were generated to study the effect of porosity. The maximum porosity 

that could be modeled using the finite element program was 94% and at porosity below 

75% the cells are not interconnected which implies that PCM cannot be infiltrated into the 

foams. A heating rate of 2.5e8 W/m3 and convective cooling coefficient of 10W/m2-K was 



 130 

used. The transient temperature response at center of power source is shown in Figure         

7-11. In general it was seen that a lower porosity resulted in a lower steady state 

temperature. At a low porosity, the volume fraction of metal is high. The increased fraction 

of metal helps conduct heat away rapidly and result in a lower temperature. However, it 

has to be noted that even though reducing the porosity of the metal foam results in a lower 

steady state temperature, it will lead to increased weight. Heat storage capacity is also lower 

with increased metal fraction because of the loss of phase change material. 

 

 

Figure 7-11. Temperature response at center of power source in PCM infiltrated metal 

foam with varying porosity and pore size 25 µm 

7.3.7 Effects of pore size and porosity with varying heating and cooling conditions 

The combined effects of pore size and porosity at different heating and cooling 

conditions were studied with parameters shown in Table 2. The temperature at the center 

of heat source at t=10 sec was chosen as the response variable. The results are shown in 
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Figure 7-12. It can be seen from Figure 7-12(a) that for low convective cooling and low 

heat generation, the pore size and porosity effects are almost indistinguishable. At high 

convective cooling rates, the effect of porosity can be clearly seen in Figures 7-12(b) and 

(d), while the pore size effects are not pronounced. It has been suggested that a PCM 

infiltrated metal foam with a porosity of 85% would yield the best thermal performance. 

However, the simulation results show that it is possible only when the convective cooling 

rate is high. At a porosity of around 85%, the volume fractions of metal and the PCM are 

such that the heat dissipation by convection and also the heat absorbed by the phase change 

material are balanced resulting in a lower temperature. This behavior is not observed at 

high heat generation and low convective cooling conditions. Both the pore size and 

porosity effects are strong at high heat generation and low convective cooling conditions, 

as seen in Figure 7-12(c). For example, at a porosity of 74.7% and pore size of 100 µm, 

the temperature is 386 K compared to 357 K at a porosity of 94% and pore size 25 µm. As 

the porosity is lowered, conduction through the metal foam becomes the dominant mode 

of heat transfer because of its high thermal conductivity. When the convective cooling is 

not effective, metal heats up quickly and that explains the higher temperatures observed in 

those foams. In majority of the portable electronic devices, natural convection on the 

external surface is the only mechanism of heat dissipation from the system [146]. Figure 

7-12(c) represents that situation. 
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Figure 7-12. Temperature response as a function of metal foam pore size and porosity for 

different heat generation and convective cooling rates (t=10 seconds) 

7.4 CONCLUSIONS 

The effect of pore size and porosity on performance of PCM infiltrated metal foams 

was studied in this research. Finite element based models were developed to represent the 

metal foam-PCM system and validated with experimental data. It is shown that pore size 

has a strong effect on the thermal behavior of PCM. At a fixed porosity, a smaller pore size 

results in a lower temperature at the heat source for an extended period of time. The 

increase in heating time for smaller pore sized foams is attributed to their higher surface 

areas, which help accelerate heat dissipation into the PCM. The effect of pore size and 
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porosity was more pronounced at high heat generation and low convective cooling 

conditions, which represents the situation in portable electronics. In this case, a higher 

porosity and smaller pore size will result in a lower temperature. The lower temperature 

from the use of metal foams with a small pore size and high porosity could significantly 

extend the lifetime of IC chips.  
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Chapter 8. Summary and Future Work 

8.1 SUMMARY 

Open celled micro- and nano polymer foams were fabricated in this study. EAA/PS 

micro polymer foams were fabricated via solid state foaming of immiscible polymer blends 

and the processing parameters determined. PEI and PES nano foams were fabricated using 

solid state foaming and a solvent surface dissolution technique was employed to perforate 

the solid skin layer in order to access the internal porous structure. The micro- and nano 

polymer foams were used as templates for fabricating nickel foams via electroless plating. 

Ethanol based electroless plating solutions were used to ensure that the solutions were able 

to infiltrate the porous structure. Finite element and molecular dynamics based models 

were developed to study the effect of pore size and porosity on thermal conductivity of 

polymer foams, especially micro- and nano cellular foams. Finite element models were 

also developed to study the effect of pore size and porosity on performance of PCM 

infiltrated metal foams.  

The major contributions of this work are summarized below. 

 A novel immiscible polymer blend of EAA and PS has been fabricated. 

EAA was chosen because of its hydrophilic nature and resistance to 

common solvents at room temperature. The parameters for extrusion 

blending and solid state foaming of the blend were determined. Processing 

temperature was the major parameter affecting the formation of co-

continuous structure. Saturation pressure and foaming temperature were the 

main factors affecting the porosity of the foamed samples. Foaming the 

immiscible blends resulted in a higher porosity and a faster PS extraction 

rate.  
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 A solvent surface dissolution technique to remove the solid skin layer of 

solid-state foams has been studied. The results indicated that the type of 

solvent and immersion time were main factors affecting the formation of 

pores in the skin layer. A strong solvent completely dissolved the sample in 

a short time. For a mild solvent, a few seconds of immersion time led to 

formation of porous structure in the skin region, whereas a longer 

immersion time resulted in collapse of pores on the surface. 

 The criteria for flow of fluids into porous structure was studied and 

determined to be a two-step process. The applied external pressure, surface 

tension of fluid and substrate material determine the size of the smallest 

surface pore into which a fluid can penetrate. The flow of fluid inside the 

porous structure is governed by capillary pressure, with a higher capillary 

pressure resulting in easier flow. The use of ethanol whose surface tension 

is one third of that of water resulted in a capillary pressure twice that of 

water at a pore size of 25 µm. 

 A modified electroless plating process is used to fabricate micro and nano 

nickel foams with EAA and PES foam templates. Ethanol based electroless 

plating solutions were used to reduce surface tension and ensure that the 

solutions were able to infiltrate the templates with small pore sizes because 

of higher capillary pressure. The developed process could be used for bulk 

fabrication of nickel foams with high porosity and small pore size because 

solid state foaming is a bulk fabrication process and bulk templates can be 

produced. 

 Both finite element and molecular dynamics models were developed to 

study the effect of pore size and porosity on the thermal conductivity of 
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polymer foams, especially micro and nano polymer foams was studied. 

When the pore size is reduced to the nano scale, the thermal conductivity of 

the nanofoam is dramatically reduced and the value could be lower than that 

of air for certain porosity levels. The extremely low thermal conductivity of 

polymer nanofoams might be due to the increased phonon-phonon 

scattering in the solid phase in addition to the low conductivity of gas 

trapped in constricted spaces. This study provides quantitative 

understanding of the pore size effects on the effective thermal conductivity 

of polymer foams and also demonstrated that PEI nanofoams with a pore 

size about 100 nm could have a thermal conductivity as low as                  

0.015 W/m-K.  

 Finite element based models were developed to study the effect of pore size 

and porosity on performance of PCM infiltrated metal foams. The results 

show that pore size has significant effect on the melting rate of PCM. As 

the pore size is reduced at a fixed porosity, the heating time increased 

resulting in lower temperatures for extended periods of time. The lower 

temperatures resulting from the use of a lower pore size metal foam could 

significantly increase the lifetime of devices such as IC chips.  

8.2 POTENTIAL APPLICATIONS OF FABRICATED POLYMER AND METAL FOAMS 

The fabrication of metal foams with micro and nano sized pores opens up new 

applications such as battery like super capacitors, high density batteries, viable hydrogen 

storage and high efficiency heat sinks. The large surface areas of these foams results in 

better wetting by electrolytes leading to higher energy densities. The fabricated nickel 

foams also find application as a sacrificial substrate for growing graphene due to their 
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catalytic property. The resulting graphene foams with their exceptional properties could be 

used for a variety of applications such as phase change material based thermal 

management, electrochemical energy storage and smart materials.  

The fabricated polymer nano foams which exhibited ultra-low thermal conductivity 

could be used as highly insulating material in buildings. This would result in reduced 

energy consumption that would lead to cost savings. Also when the pore size is reduced 

even further to the order of a few nanometers, the polymer nano foams could be used as 

membranes for hydrocarbon refining and carbon dioxide capture. The applicability of the 

polymer micro- and nano cellular polymer foams as templates for metal foams has already 

been demonstrated. 

8.3 FUTURE WORK 

The current work has paved way for further study, which could include the 

following. 

8.3.1 Improvement to finite element model to predict thermal conductivity 

The current finite element model to predict thermal conductivity assumed a uniform 

pore size and isotropic pore arrangement. However, in polymer foams there is a distribution 

of pore sizes. A program could be written to generate a finite element model with a 

distribution of pore sizes. Also the pores could be arranged in a random manner in three 

dimensional space based on the specified porosity. The thermal conductivity predicted 

using the modified model could be compared to the predictions of the current model. 

8.3.2 Structurally stable nickel nano foams 

Nickel foams deposited on nano pore sized PES template collapsed upon thermal 

treatment. This was because of the thin layer of nickel deposited using electroless plating. 

One possible solution is to electroplate the polymer template that has already been subject 
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to electroless plating. The thin metal layer deposited on the polymer template would make 

the surface conductive and provide a path for ion flow through the narrow channels. An 

ethanol based electroplating solution would have to be used to ensure infiltration into the 

porous structure. 

8.3.3 Experimental work on thermal performance of PCM infiltrated nickel micro 

foams 

The nickel micro cellular foams fabricated in this study could be infiltrated with 

PCM and the thermal performance evaluated. A setup for infiltrating the nickel foam with 

PCM and evaluating the thermal performance would have to be built. The study would 

provide insight into the criteria required for flow of highly viscous fluids into small pores. 

The experimental results could be used to further validate the predictions of the developed 

finite element model for micro sized pores. 
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