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ABSTRACT 

 The objective of the present work is to develop techniques for making low 

density (4 lb/ft3) epoxy foams and to investigate different factors on foam properties.  

Differential Scanning Calorimetric study is first carried out to characterize the curing of 

the applied epoxy-amine system.  The modified Kamal’s model has the best agreement 

with the experimental data, suggesting that the maximum degree of cure is an 

important factor affecting curing behavior in the kinetic control region.  Epoxy-amine 

based foams are prepared from chemical processes with polymethylhydrosiloxane as 

the blowing agent.  Low density (4 lb/ft3) is achieved.  Foam properties depend on the 

concentrations of the blowing agent and the curing agent, curing time, and are also 

affected by the reaction selectivity.  Mechanical tests establish the dependences of 

properties on foam densities with power law expressions.  The properties normalized by 

densities do not vary as much as non-normalized properties, implying the practical 

values of foam materials.    
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CHAPTER I. INTRODUCTION 

 Plastic foams have great commercial importance for their light weight, high 

strength to weight ratio and high impact resistance.  The mechanical properties are 

generally proportional to the foam densities.  Since polymeric foams can be produced in 

a great variety of densities, the applications of foams vary widely in industry and daily 

life.  For example, rigid foams can be used in transportation, building construction, pipes 

and many other applications.  The major markets for flexible foams are in packaging, 

bedding, toys and so on. 

Epoxy is one of the most important thermosetting polymeric materials.  Epoxies 

can be produced with a large variety of properties because of the curing chemistry and 

the great variations of available materials.  The excellent adhesion, chemical resistance 

and thermal resistance allow the epoxy based materials to be widely used in many 

industrial applications (adhesives, coatings, structural and other materials).  Epoxies 

have good mechanical properties so that they are used in composite materials as well.  

For example, there are potential applications in energy, transportation, recreation, and 

aerospace industries.  Epoxy based composites are usually reinforced by glass fibers to 

achieve higher mechanical strength and stiffness.  Recently, epoxy base composites 

have become favored materials in the wind industry.     

Nowadays, to reduce the dependency on fossil fuels, renewable energies are 

developing rapidly.  Wind energy stands out among various renewable energies for its 

great capacity and its sustainability.  Material properties are important factors for 

scaling up wind turbine systems to realize high efficiency of electricity generation.  In 
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the wind turbine blade, polymeric foams are used as core materials in the web and spar 

in sandwich structures to achieve required mechanical properties at reduced weight [1].  

As mentioned, epoxy is attractive for its excellent adhesion and good mechanical 

properties and has already been used to manufacture the sandwich skins of turbine 

blades.  Thus, epoxy is also a potential candidate for structural foams.  The present work 

is to study and develop low density epoxy foams and investigate the mechanical and 

other properties of these materials. 

There are two approaches to make epoxy foams, physical based processes and 

chemical based processes.  In physical processes, a gaseous phase is introduced into the 

polymer by volatile chemicals or dissolved gas.  Elevation of temperature or release of 

pressure are usually necessary for nucleation and bubble expansion.  In chemical 

processes, gas is generated from a chemical reaction.  With the use of a proper chemical 

foaming agent, temperature or pressure control is not required.  In this work, we focus 

on chemical foaming processes. 

 The objectives of the present work related to the products of chemical based 

low density foams are: (1) Specification of the appropriate model to determine the 

epoxy curing kinetics; (2) Developing a chemical foaming process to achieve low density 

epoxy foam (down to 0.066 g/cm3); and (3) Investigating the different factors (density 

and foam structure, etc.) on the foam properties.  
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CHAPTER II. LITERATURE REVIEW 

2.1 Epoxy Matrix---Structure, Properties and Curing Kinetics 

 Polymer foams are derived from matrix materials through a foaming process.  As 

the principal structural material, the matrix will greatly influence the ultimate properties 

of resulting foams.  For epoxies, the cross linked epoxy is formed by curing reactions 

between the epoxy resin and the curing agent.  Considerable work has been done to 

investigate the architecture of crosslinked structure, the curing kinetics, and the effects 

of different epoxy resins and curing agents. 

 Wang et al. [2] investigated the effect of the epoxy value on mechanical 

properties.  They tested five epoxy matrix materials developed with different epoxy 

values, and concluded that Tg and activation energy increased with epoxy value.  

However, these trends were not constant, with exceptions observed among the resins 

tested.  

 Considerable work has been conducted on the kinetics of epoxy resin with 

different types of curing agents [3-5].  A general observation is that for the same type of 

hardener, higher amine content increases Tg and improves crosslinking density.  

Experiments involved the investigation of both linear and aromatic amines, with the 

results showing that aromatic amines produce an epoxy matrix with higher thermal 

stability and tensile strength.   

 Researchers were able to tailor crosslinking structure by choosing different 

resins and hardeners [6-8].  The architecture can be described as fully cross linked, 

linear or in between.  The molecular weight between cross links (Mc) is a controllable 
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factor that dictates the architecture of an epoxy matrix.  Lower Mc is associated with 

higher degrees of cross linking, resulting in higher tensile and compressive strength and 

moduli.  

 Curing conditions including heating rate, temperature, reaction time, etc. will 

affect the properties of resin-hardener system, such as the glass transition temperature 

(Tg), the curing degree, and the exothermal energy release, and subsequently 

determine the mechanical or thermal performance of resulting matrix [2-5, 9-10].  

General observations showed the following: (1) Higher heating rates accelerate the 

reactions; (2) Under isothermal curing, high reaction temperatures increase both the 

rate of curing and the Tg, plus can achieve higher conversion; (3) Long reaction times 

produce higher conversions; (4) faster curing reactions are associated with higher 

hardener concentrations.  Kinetics studies combined with mechanical tests show that 

high Tg indicates a rigid cross linking structure, which usually means better tensile and 

compressive strength.  Particularly, in Guido et al.’s work *11], they applied microwave 

in the curing process.  The reaction was nonisothermal due to microwave heating, and 

exhibited lower activation energy.  The curing degree with microwave heating is slightly 

higher than with conventional heating which means that there was reaction 

acceleration due to microwave radiation.  

 Most curing kinetics models relate the extent of conversion (or degree of curing) 

to the ratio of partial reaction heat to ultimate heat of cure [11-14], and applied nth 

order empirical equations involving such extent of conversion and constants to describe 

curing kinetics.  However, the ultimate heat of cure measured by Differential Scanning 
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Calorimeter (DSC) is not able to accurately indicate full curing since the residue 

reactants in rigid matrix under slow diffusion will still react with each other over long 

times.  Researchers [15] have developed a model relating the extent of conversion to 

resins concentration.  Diffusion effects and autoacceleration effects were considered in 

such models.  Researchers from Dow Chemical [16] investigated the effects of 

conversion on the structure and mechanical properties by using the Dibenedetto 

calorimetric method.  The results showed that the best mechanical properties, such as 

tensile modulus, were not achieved at the fully cured point (when the DSC measured 

conversion degree equals 1).   

 

2.2 Current Foam Core Systems for Wind Energy Application 

 Currently balsa, polyvinyl chloride (PVC), styrene-acrylonitrile (SAN) and 

polyethylene terephthalate (PET) are the four major materials used in turbine blade 

foam core systems.  Balsa is derived from a renewable source, a tropical tree, with a 

honeycomb structure that provides the highest strength to weight ratio compared with 

other materials; it also has good thermal and fatigue resistance [17].  Though balsa is 

inexpensive in today’s market, it only grows in particular places of the world and its 

availability varies with weather and other factors.  

 Commercialized PVC and SAN, the materials of choice in most wind applications, 

are both thermoplastic polymers that can form low density (4 lb/ft3 [17]) foams, but the 

strength to weight ratio is lower than balsa materials.  Thermal resistance of PVC foam is 

relatively low, which may cause deformation or outgassing during the resin infusion, 
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especially in epoxy based systems [18].  The dimensional stabilities of SAN and epoxy 

are much higher than PVC which makes them the alternatives to the latter [18].  

Recently, PET has drawn attention since it is recyclable and stable under high processing 

temperatures.  However, it requires higher densities [18] to match the strength of PVC 

or SAN. This prevents the wide use of PET foams in wind turbine applications.  Currently, 

epoxy based matrix systems are widely used in wind turbine applications (blade skin 

materials and materials infused around core elements) because of their good 

mechanical properties relative to their densities.  Thus, the idea of also using epoxy as 

the core material is attractive, particularly as related to improved compatibility and 

bonding.  Lee et al. [19] applied a thin layer of epoxy resin on polyurethane foam, and 

then infused the sample with glass/epoxy resin to form sandwich beams.  Peel strength 

tests of the sandwich beams with and without epoxy impregnation, found that the peel 

strength of beams with epoxy impregnation is 70% higher than the ones without.  This 

work suggests that the bonding strength between epoxy surfaces is stronger.  Therefore 

epoxy foams have great potential to provide excellent compatibility and bonding with 

epoxy skins, as well foam cores with high mechanical performance properties, all of 

which will subsequently contribute to a better sandwich support structures. 

Recently, select researchers [20] have claimed that new generation vinyl ester 

systems could improve the manufacturing and economics of wind turbine production 

compared with epoxies [21].  Vinyl ester only costs 70%~75% of epoxy on a weight basis, 

and can reach almost the same level of strength in one third the time of curing [21].  

Pauer and Hsu [22] have done tests showing that vinyl ester matrix had higher tensile 
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strength, modulus and other mechanical properties than select epoxies, as well as 

longer fatigue life. As vinyl ester becomes a candidate for blade manufacturing, it also 

can be considered for structural foam cores.  However, researchers mentioned that 

vinyl ester resin had problems to bond with already cured vinyl ester matrix, but did not 

conduct experiments to prove [23].  

 

2.3 Foaming Process and Foam Properties 

Foaming processes consist of three main steps: bubble nucleation, bubble 

growth and final stabilization [24].  Nucleation is fundamental to any phase change 

process [25].  According to the classic homogeneous nucleation theory, the bubble 

nucleation rate is extremely sensitive to small change in surface tension and pressure 

difference (or nuclei solubility)  [25-28].  Heterogeneous nucleation is more complex 

than the Homogeneous nucleation, since the contact angles between different phases 

and the geometry effects must be considered [28-29], plus in chemical processes, the 

gas generation reaction kinetics and gas solubility in the polymer must be considered.  

Both experimental results and mathematical simulation showed that higher nucleation 

rate was able to narrow the bubble size distribution, as well as to generate smaller cells 

[25,29-31].  The bubble growth is governed by mass and momentum conservation 

equations [25, 29-32].  These models and experimental results showed that the bubble 

growth rate was determined by pressure difference (vapor pressure minus applied 

pressure), surface tension, and transport effects (diffusion and viscous resistance).  The 
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final stabilization for thermoset systems occurs when the bubble nucleation and growth 

processes cease and the matrix materials is near or fully cured.   

Blowing agents can be categorized into chemical and physical types.  Chemical 

blowing agents (CBAs) undergo chemical reactions to generate gas.  Physical blowing 

agents (PBAs) are volatile chemicals which vaporize when matrix temperatures reach 

their boiling point.  The choice of blowing agents is broad, but various requirements 

should be taken into consideration. For example, the decomposition temperatures 

(CBAs) or boiling temperatures (PBAs) should be close to gel point.  Gas must be 

liberated within narrow temperature range at possibly high rates, depending on desired 

structure of the foam.  Blowing agents (BA) can affect matrix materials properties and 

this must be considered in the BA selection as well as the solubility of the BA in the resin 

[33-35]. 

For a given matrix material and blowing agent, the density and structural 

characteristics of the foam (cell size and cell distribution, cell shape, and cellular wall) 

are dependent on the coupled dynamic curing, bubble nucleation, and bubble growth 

processes.  In turn the matrix material properties and foam structure largely dictate the 

final foam material and mechanical properties [24].  Many empirical and semi-empirical 

structure-property relations exist, but most are specific to given polymer systems.  The 

simplest empirical relations are often power law relations between the properties and 

density [35-41].  Shutov [24] mentioned that under the same density, smaller cells or 

high cell density are associated with high tensile or compressive strength and moduli.  

He also investigated cell shape effects, and showed that cell shapes elongate along 
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foaming direction.  Important anisotropy effects studies on polyurethane foams showed 

that the compressive strength was always better along the foaming direction.   Also, on 

the theoretical side, researchers [24] have developed 2D and 3D micromechanics 

models to analyze stress-strain effects of cells under different loads to predict semi-

quantitative structure-properties relations.   

Kumar et al [36-38] have done extensive studies on the foaming and properties 

of microcellular foams (cell sizes less than 10 microns).  For thermoplastics the methods 

to process microcellular foams require high supersaturation pressures (or solubility), 

and foaming temperatures which are close to the glass transition temperature.  

Experimental results show that microcellular foams with high contents of micropores 

had high toughness and fatigue life [37-39], but most of these studies involve foam with 

densities significantly beyond 4 lb/ft3.  

Epoxy foam studies are not as extensive as that for other polymers like 

polyurethanes, and polystyrenes.  Some work has been done particularly on the effects 

of various fillers on mechanical properties [40-42], but studies with controlled structures 

are lacking.  Novel approaches like microwave assisted heating [43] have been applied 

with low densities and good mechanical performance achieved.  However, most studies 

of epoxy foams in previous literatures [40-42, 44-47] are for densities higher than 0.16 

g/cm3 (10 lb/ ft3).     
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CHAPTER III. STUDY OF EPOXY CURING KINETICS 

3.1 Epoxy Curing Chemistry 

 The curing of epoxy consists of several simultaneous reactive processes, so that 

it is more complex and less controlled compared with processing thermoplastic 

materials.  The epoxy system studied in this work is an epoxy-amine system.  Generally 

there are three main reactions of glycidyl ether in the scheme of amino-epoxy cure [48]: 

(1) primary amine addition 

                                            

(2) secondary amine addition 

 

(3) etherification  

 

The curing is an autocatalytic process because the hydroxylic molecules 

produced can function as catalysts to assist opening the epoxide rings.   The three 

reactions proceed simultaneously and by using polyfunctional amines three-dimensional 

crosslinked network can be formed.  Clearly, as for epoxy, one important property is the 

number of epoxide groups (or epoxide number), which is defined as the number of 

epoxide group in 1 kg epoxy resin.  During curing, the system undergoes gelation and 

 (3.1) 

(3.2) 

 (3.3) 

, 

, 

. 
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vitrifiaction transitions.  The increase of viscosity lowers the mobility of molecules and 

transfers the curing from reaction control to diffusion control.  Due to the extremely low 

diffusivity of rigid phase, it takes very long times to reach full cure(months to years in 

some cases).  

 

3.2 Degree of Curing and Exotherm Energy Production 

   As mentioned, the curing process of the epoxy-amine system converts the low 

molecular weight chemicals into a highly crosslinked, three-dimensional structure.  The 

curing degree α represents the crosslinking degree and is proportional to the amount of 

heat given off by bond formation.  It is usually defined as 

                                                                           α=
H

HT
,                                                           (3.4)   

where H is the heat release from the exotherm curing reaction up to a given time t 

during the curing process, and 𝐻𝑇  is the total heat released from a complete curing 

process.  

 The Differential Scanning Calorimetry is used to obtain thermal data of curing 

reaction.  The basic principle of this technique is that when a material system is 

undergoing a chemical reaction or phase transition, heat will flow in or out of the 

system in order to maintain the same temperature as the reference.  Differential 

Scanning Calorimeter (DSC) is designed to measure the amount of heat absorbed or 

released during the process.  With the thermal data and the equation (3.4), the degree 

of cure through the curing process can be obtained and the curing kinetics can be 

characterized.    
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3.3 Experimental Method 

3.3.1 Materials 

The epoxy resin and curing agent used in this study were purchased from 

HEXION Specialty Chemicals.  The epoxide number and the molecular weight of the 

epoxy resin are 0.0054-0.0060 epoxy/g and 307-340 g/mol respectively.  The amine 

value and the molecular weight of the curing agent are 550-750 [mg KOH/g] and 113-

145 g/mol respectively.   

 

3.3.2 Sample Preparation 

 The materials were stored and handled at room temperature and atmospheric 

pressure.  The epoxy resin and curing agent were weighed into a 20 ml beaker in a 1:0.3 

weight ratio.  The total weight was around 7 g.  They were mixed in the same beaker by 

hand stirring for 3 minutes.  A dropper was used to draw the well mixed material from 

the beaker and dropped into a sample pan.  The net sample weight was 15-20 mg.  A 

sample lid was placed on top and pressed to flatten the sample.        

 

3.3.3 Experimental Facility and Equipment 

 An electronic analytical balance was used to weigh the materials and sample 

pans.  The Perkin-Elmer Pyris 1 DSC was used to do the thermal measurement.  The 

instrument was previously calibrated, and a liquid nitrogen tank plus a flow controller 

were connected to the instrument for cooling purposes.  A computer was connected for 

experiment control, data acquisition and preliminary data analysis.   
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3.3.4 Experimental Procedure 

The furnace of the instrument was pre-heated at the isothermal temperature of 

the experiment.  The encapsulated resin sample was placed in the sample cell and the 

isothermal scanning immediately started.  The heat flow rate recorded by DSC 

represented the rate of heat generating from exothermic reaction.  The curing reaction 

reached to completion when the heat flow leveled off.  This experiment was carried out 

at three temperatures: 40°C, 50°C, and 60°C.  Fig. 3.1 is a typical isotherm of a 15 mg 

sample at 60°C.  H(t) is the accumulated heat up to  time t.   

Even though the sample weight was small, a short time was consumed at the 

beginning of each test to let the sample reach to the testing temperature.  During the 

increase of sample temperature, a certain amount of heat was released.  The beginning 

effect was neglected in this experiment because the epoxy system tested was not a fast 

curing system.  However, if the curing time is only one or two minutes for some epoxy 

systems, the isothermal scanning method cannot be applied.  

 

Figure 3.1. A typical isotherm of a 15 mg sample at 60°C  
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3.4 Results and Discussion 

3.4.1 Curing Behavior 

The epoxy-amine system used in this work has features of low viscosity and 

moderate curing temperatures that are suitable for infusion processes in wind blade 

manufacturing.  The experiments were conducted at three temperatures: 40°C, 50°C, 

and 60°C.  The degree of cure varies with temperature and time is shown in Fig. 3.2.  The 

conversion of isothermal curing depends on the isothermal temperatures.  Higher 

temperature allows the reaction to reach higher degree of cure for the same curing time.  

For the same curing temperature, the degree of cure increases rapidly to 0.6-0.7 and 

then slowly to above and level off at certain values.  However, none of the temperatures 

can result in a degree of 1.  The reaction rate will be significantly slowed because the 

formed network reduces the mobility of reactive molecules.  Therefore, the curing 

reaction is divided into kinetic control stage and diffusion control stage,  

 

Figure 3.2. Degree of cure versus time at various temperatures  
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Fig. 3.3 and Fig. 3.4 show the cure rate varies with degree of cure and curing 

time respectively at different isothermal curing temperatures.  Peaks of curing rates are 

observed after initiation of reaction, suggesting that the curing of the epoxy-amine 

system is an autocatalytic reaction.  As the conversion, the curing rate also depends on 

the isothermal curing temperature.  At the same degree of cure, the higher temperature, 

the higher cure rate.   For example, with an increase of temperature by 10°C from 40°C 

to 50°C, the peak cure rate increases from 0.02 min-1 to 0.035 min-1.  When the 

temperature increases from 50°C to 60°C, the peak cure rate is doubled.  Because of the 

significant increase of cure rate, the curing time (showed in Fig. 3.4) is largely reduced at 

elevating temperature.       

For this epoxy-amine system, the cure rate reaches to the peak at a very early 

stage (conversion below 0.1) in a short time (in three minutes), and then goes down 

near zero at the end of the test.  In Fig. 3.4, it is obvious that the higher the temperature, 

the earlier the peak is reached.  The isothermal scanning used in this study is a continue 

testing method that generates a data point at each second (or any other set value), so 

that it is able to differentiate in small time scales and then generate accurate results for 

the early stage of curing.    
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Figure 3.3. Cure rate versus degree at various temperatures 

 

Figure 3.4. Cure rate versus time at various temperatures  
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3.3.2 Curing Behavior and Model Analysis 

In an isothermal curing process, the maximum reaction rate can be observed, 

which means the epoxy system shows autocatalytic effects.  The simplest curing kinetic 

model is given by Kamal and his coworkers [49].  This autocatalytic model is described as                                                  

                                                                      
dα

dt
=kαm 1-α n .                                                        (3.5)                      

Because of the relative complexity of the epoxy-amine system and the 

autocatalytic effects of hydroxyl groups, a model that can describe the kinetics of the 

overall reaction is given by Kamal [50] as        

                                                                       
dα

dt
= k1+k2αm  1-α n .                                          (3.6)      

The above two models made the assumption that the complete cure could be 

achieved.  However, for epoxy-amine system, the vitrifiaction phenomenon is always 

observed.  Therefore, a modified Kamal’s model [51] has been developed to describe 

the epoxy curing by considering the changing of maximum curing degree at a given 

temperature.  This modified Kamal’s model is in the form as 

                                                                   
dα

dt
= k1+k2αm  αmax-α n ,                                          (3.7)      

𝛼𝑚𝑎𝑥  is the maximum degree of cure in kinetic control process.  For diffusion control, 

the characteristic curing time can be defined as     

                                                                              tc~
D

l2
 ,                                                                 (3.8) 

where l is the sample size and D is the diffusivity which keeps decreasing as the curing 

process goes.  The diffusivity of rigid epoxy is about 10-7-10-9 cm2/s [52] so that 𝑡𝑐  is a 
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large number, implying that the curing process takes a very long time under diffusion 

control.   

All three models are applied to fit the experimental data.  Nonlinear regression 

by Wolfram Mathematica were employed.   Table 3.1 summarizes the kinetic constants 

for each empirical model.  Figure 3.5 presents the comparison.  In general, the values 

generated from models agree well with the experimental data.  However, limitations of 

models can also be observed.     

As mentioned, the epoxy-amine system used in this study reached to its peak 

reaction rate in the first several minutes, and because of the continuous data generating, 

the isothermal scanning method is able to describe the early stage of curing process 

clearly, and the experimental data have good agreement with the kinetic models as 

shown in Fig. 3.5.      

The actual epoxy curing process is divided into kinetic driven stage and diffusion 

driven stage by glass transition.  When crosslinked network is formed, the diffusivity is 

too low to move unreacted groups, so that the complete cure cannot be reached in 

typical lab measurement of time scale (hours).   The autocatalytic reaction model and 

Kamal’s model do not count in the maximum curing degree, so that in figure 3.7 (a-b) 

the model calculated values cannot agree with the experimental data at the curing end.  

On the contrary, the modified Kamal’s model that considers the maximum curing degree 

fits the experimental data very well showing in figure 3.7 (c).  
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Table 3.1 Kinetic constants in empirical models 
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(a)  

(b)  

(c)  

Figure 3.5.  Comparison between experimental curves and data from kinetic models: (a) 

autocatalytic reaction model, (b) Kamal’s model, and (c) modified Kamal’s model 
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CHAPTER IV. LOW DENSITY EPOXY FOAM PROCESSES 

4.1 Blowing Reaction and Nucleation Kinetics 

4.1.1 Blowing Agent Reactions 

 For chemical foaming process, the gaseous phase of the foam is introduced 

through chemical reactions.  The process can be described in three steps: (1) Chemical 

reaction takes place generating dissovled gas molecules; (2) The gas molecules gather 

together to form critical clusters; (3) Bubbles are nucleated from the critical clusters and 

then grow according to gas diffusion, surface tension, and viscosity effects.  There are 

generally two types of chemical blowing agents.  One type of blowing agents, such as 

sodium bicarbonate and azodicarbonamide, generates gas through decomposition 

processes at elevated temperatures, and is widely used in manufacturing because of the 

rapid gas release.  However, the high operating temperature required for 

decomposition is a drawback.  

 In this study, another type of blowing agent, which is Polymethylhydrosiloxane 

(PMHS), was used to react with amine hardener at room temperature and atmospheric 

pressure to produce hydrogen gas. The main reactions are given as   

(1) Primary amine reaction 

 

(2) Secondary amine reaction 
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The Gas yield of PMHS is not reported in literature, but can be calculated based on 

experimental data with proper assumptions.  This will be discussed later.   

Since that amine hardener is also the reactant in curing reaction, the chemical 

foaming process has the following reaction scheme 

 

Apparently, the curing reaction and blowing reaction will be affected by each other, 

which makes the chemical foaming process more complex and less controlled.  Also, the 

residual byproducts can affect the polymer matrix properties.  This will be discussed 

later.  

 

4.1.2 Homogeneous Nucleation Theory 

The PMHS used in this study is a liquid material.  As it reacts, the concentration 

of dissolved hydrogen gas increases.  Hydrogen gas molecules come together to form 

critical clusters.  When a critical cluster concentration is reached, bubbles nucleate 

according to physical nucleation theory [53-56].  

 The factor ∆𝐺 is the free energy needed to form a critical bubble.  Based on the 

classical nucleation theory [40, 57, 58], ∆𝐺 can be described as  

                                                                       ∆G=
16πγ3

(PG-PL)2  .                                               (4.1) 

For chemical foaming process here, 𝑃𝐺  is written as                   

                                                                             PG=kHc,                                                         (4.2)  



23 
 

c is the concentration of dissolved hydrogen gas in the polymer.  According to the 

classical nucleation theory, with Eq. (4.2), nucleation rate can be written as                               

                                              Js=N 
2γ

πmgB
exp -

16πγ3

3kBT kHc-PL 2
 .                                  (4.3) 

Eq. (4.3) implies that there are two effects limiting the homogeneous nucleation rate: 

thermodynamic limit and kinetic limit.  The thermodynamic limit depends on the 

temperature.  The kinetic limit depends on the concentration of dissolved gas and the 

surface tension.  The chemical foaming process in this work was at room temperature 

and under atmospheric pressure.  Thus the two important factors affecting nucleation 

rate are concentration of the dissolved gas and surface tension.  

 

4.2 Chemical Foaming Process 

4.2.1. Preparation of Epoxy foam 

The epoxy foam samples were synthesized with weight ratios listed in Table 4.1.  

The epoxy resin and curing agent were first weighed out in the container and were 

mixed for three minutes.  The curing process was carried out for a certain time (i.e., 75 

min, 90 min) before foaming takes place.  The blowing agent was then added to foam 

epoxy-amine system.  Extra amount of amine hardener (i.e., 0.05) was added to provide 

additional active amino groups for the blowing agent reaction.  Surfactant was added to 

facilitate nucleation and bubble growth.  The material system consisting of epoxy-amine 

system, blowing agent and surfactant was mixed for three minutes with an electronic 
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overhead stirrer mixer and then poured into aluminum mold.  The whole process was 

carried out at room temperature and atmospheric pressure.   

Table 4.1 weight ratio of samples 

 

 

4.2.2 Materials 

The epoxy resin and curing agent used in this study were obtained from HEXION 

Specialty Chemicals.  The detailed information of epoxy resin and curing agent was 

previously discussed.   

The chemical blowing agent polymethylhydrosiloxane (PMHS) was purchased 

from ALDRICH.  It is a clear liquid with an average molecular weight of 1700-3200 g/mol.  

The surfactant used in this work is polyalkyleneoxidemethylsiloxane copolymer, 

which is a clear yellow liquid and was purchased from URETHANE ADDITIVES.   

  

4.2.3 Experimental Facility and Equipment  

 The foaming mold was made from the 1 mm thick aluminum plates with outer 

dimension of 150 mm×80 mm×40 mm.  A partition plate was inserted to adjust 

Epoxy Resin Curing Agent Curing Time Surfactant Blowing Agent

0.3 0.01 0.05, 0.1, 0.15, 0.2

0.35 0.01 0.05, 0.1, 0.15, 0.2

0.4 0.01 0.05, 0.1, 0.15, 0.2

75 min

90 min

Process 1 1 0.35 0.01 0.05, 0.1, 0.15, 0.2

Process 2 1 0.3+0.05 0.01 0.05, 0.1, 0.15, 0.2

Effect of curing agent on 

foam density
1

0.05, 0.1, 0.15

Density 

decreasing
90 min

Study Properties

90 min

90 min

Effect of curing time 1 0.3 0.01

Effect of blowing agent 

on foam density
1 0.3 0.01

0.01, 0.03, 0.05, 

0.07, 0.1, 0.15, 0.2
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molding size.  An electronic overhead stirrer mixer was used.  The samples were cut 

with an electronic cutting device.  

 Microstructure of the epoxy foam was studied with a high resolution Scanning 

Electron Microscope (SEM).  Epoxy samples for SEM observations were cut from bulk 

materials to the dimensions of 10 mm×10 mm×5 mm.  A Rheometer was used to 

determine the viscosity of the polymer melt.    

 

  4.2.4. Measurement 

 The SEM observations were conducted in the secondary electron interference 

(SEI) mode to evaluate the foam surface topology.  The samples were not coated with 

any conductive materials and were observed in high vacuum at a low electron 

acceleration voltage (i.e., 1 eV).  Multiple micrographs were taken from different 

potions of one sample and contained about 150 bubbles in total to determine average 

cell size and cell size distribution.    

 The viscosity measurement was conducted on a Rheometer in isothermal 

oscillation mode at a frequency of 1 Hz at room temperature.  Two 25 mm parallel 

plates and 1mm gap were selected as the test geometry.        
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4.3 Results and Discussion  

4.3.1 Effect of blowing agent on foam density 

 The foam density depends on the amount of gas released from the blowing 

reaction and can be described as 

                                                   ρf=
mep+mamine+mba

Vep+Vamine+Vgas
 ,                                                (4.4) 

where mep , mamine  and mba  are the weights of epoxy resin, amine hardener and 

blowing agent respectively.  Vep  and Vamine are the volumes of epoxy and amine.  Vgas  is 

the volume of gaseous phase.  Other additives such as surfactant can be neglected since 

the amounts of use are small.   

Assuming that at low content (1 wt% of epoxy resin) of polymethylhydrosiloxane 

(PMHS), the blowing agent is reacted completely into hydrogen gas and byproducts, and 

all the gas is trapped inside the polymer, with the known densities of materials and the 

weight ratio of the resin and hardener, the volume of gas released from 1 g of PMHS can 

be calculated as 114 cm3/g.  Using the gas yield and Eq. (4.4), the densities of epoxy 

foams of different blowing agent contents are predicted and presented as a dash line in 

Fig. 4.1.  The experimental results are compared with the predicted densities in Fig. 4.1.  

The black arrow shows the target density (4 lb/fu3) of this work.  The deviation of the 

experimental data indicates that at high blowing agent contents, the amine hardener 

becomes the limiting reactant for the blowing reaction, so that the density stops 

decreasing with the increase of blowing agent. 
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Figure 4.1. Foam density with different blowing agent weight ratio 

 

4.3.2 Effect of curing agent on foam density 

 The foaming reaction of this process involves two reactants, PMHS and amine 

hardener.  As mentioned above, the amine hardener becomes the limiting reactant 

when the amount of PMHS increases, so that at high contents of blowing agent, the 

amount of curing agent should also be increased to assist the blowing reaction.  Fig. 4.2 

shows the changes of foam densities for different hardener contents.  An increase of 

amine hardener from 30% to 35% promoted the foaming reaction, and subsequently 

decreased the foam densities.  However, additional increases of amine hardener did not 

promote the reaction further because the amine hardener is also the reactant of the 

curing reaction.  In this case, the reaction selectivity limits the gas production.  

4 lb/ft
3
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Figure 4.2. Foam density with different amine hardener contents  

 

4.3.3 Effect of curing time 

 Foam processing at room temperature and atmospheric pressure is attractive 

from an industrial and cost of manufacture perspective, but this decreases the 

controllable processing parameters.  The curing time before nucleation occurs is an 

important parameter that affects both foam density and foam structure from two 

different aspects: the concentration of active amino groups and the viscosity of the 

polymer.  

 A rheometric test was conducted at room temperature on the epoxy-amine 

system for a weight ratio of 1:0.3 to determine the dynamic viscosity during curing 

process.  The results are presented in Fig. 4.3.  The two curing times (75 min and 90 min) 
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that were further studied correspond to the viscosities of 13890 cp and 20830 cp 

respectively.  

 Fig. 4.4 shows the effects of curing times on foam density.  For short curing time, 

the concentration of active amino groups that can be reacted with PMHS is higher than 

that in the case of long curing time, resulting in a decrease of density.  The curing time 

also affects foam structure.  Long curing time represents a material system of high 

viscosity at the time when nucleation and bubble growth take place.  The critical 

bubbles grow slowly in this case, resulting in a decrease of bubble size.  Also, the 

decrease of bubble growth rate that slows the consumption of the dissolved hydrogen 

gas can extend the time and rate of nucleation according to the classical nucleation 

theory.  Thus, as shown in Fig. 4.5a, the resulting structure contains large number of 

small bubbles.  Fig. 4.5b shows the microstructure for the case of short curing time.  

When compared to Fig. 4.5a, the features of the cells are different because of the 

different formation process.  
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Figure 4.3. Dynamic viscosity of the epoxy-amine system during curing 

 

Figure 4.4. The changes of foam densities for different curing time 
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(a)  

(b)  

Figure 4.5. SEM micrographs of 0.11 g/cm3 foams for curing times: (a) 90 min, (b) 75 min.  
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4.3.4 The process to decrease foam density 

 As mentioned above, because of the effect of reaction selectivity, additional 

amounts of curing agent did not effectively decrease foam density.  This effect can be 

reduced by adding amine hardener in two different times in the process.  Fig. 4.6 

presents the foam densities with blowing agent contents for two processes that differ in 

sequence of curing agent addition.  The weight ratio of epoxy resin to curing agent was 

1 to 0.35 for both cases.  In process 1, all curing agent was mixed with epoxy resin at the 

beginning of the process.  In process 2, epoxy resin was mixed with curing agent in the 

ratio of 1:0.3 and the rest of the curing agent was added in the latter stage.  Compared 

with process 1, more active amino groups were available for foaming reaction in process 

2 because of the newly added curing agent, so that the foaming reaction can be 

promoted and lighter foams were obtained.             

 

Figure 4.6.  Foam densities with different blowing agent contents in two processes 
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CHAPTER V. STRUCTURAL AND MECHANICAL PROPERTIES 

5.1 Experimental Method 

5.1.1 Materials  

The epoxy resin and curing agent used in this part of the study were same as 

discussed before.  The chemical blowing agents are polymethylhydrosiloxane (PMHS), 

the same as used before. 

The surfactant used in this part of the work was a material synthesized with a 

weight ratio of polyethylene glycol to diphenylmethane diisocynate of 3 to 1.  The 

preparation was carried out at room temperature.  The resulting material was denoted 

as the IG surfactant and was stored in a beaker with a membrane cover.  It was used 

directly in experiments.  

 

5.1.2 Preparation of Epoxy Foams 

The material systems used in this study are listed in Table 5.1.  The epoxy resin 

and curing agent were mixed for three minutes.  The curing process was carried out for 

90 minutes and then 0.01 parts (by weight) of surfactant plus 0.05 parts (by weight) of 

curing agent per 1 parts of epoxy resin were added and mixed well.  Different amounts 

of blowing agent were then added to synthesize epoxy foams with densities ranging 

from 0.065 g/cm3 to 0.11 g/cm3.  The material system consisting of epoxy-amine system, 

surfactant and blowing agent was mixed for three minutes and then poured into 

aluminum molds.  The whole process was carried out at room temperature and 

atmospheric pressure.   
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Table 5.1. Material Systems Used to Prepare Epoxy Foams 

 

 

5.1.3 Experimental Facility and Equipment 

The foaming mold was made from the 1mm thick aluminum plate to the outer 

dimension of 150 mm×80 mm×40 mm.  A partition plate was inserted to adjust 

molding size.  An electronic overhead stirrer mixer was used to facilitate the 

experimental.  The samples were cut with an electronic cutting device.  

 Microstructure of the epoxy foam was studied with a high resolution Scanning 

Electron Microscope (SEM).  Compressive and shear properties of epoxy foam samples 

were tested with a Tensile-Compressive testing device (TCD) that has the maximum 

capacity of 5000 N.   

  

5.1.4 Measurement 

Epoxy samples for Scanning Electron Microscope (SEM) observations were cut 

from bulk materials to the dimensions of 10 mm×10 mm×5 mm.  The SEM 

observations were conducted in the secondary electron interference (SEI) mode to 

evaluate the foam surface topology.  The samples were not coated with any conductive 

materials and observed in high vacuum at a low electron acceleration voltage (i.e., 1 eV).  

Epoxy Resin Curing Agent Curing Time Surfactant Blowing Agent

90 min 0.01 0.1-0.2

Mechanical Tests 1 0.3+0.05 90 min 0.01 0.1-0.2

Study Properties

SEM Observations 1 0.3+0.05
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Multiple micrographs were taken from different potions of one sample and contained 

about 150 bubbles in total to determine average cell size and cell size distribution.    

Epoxy foam specimens for compressive tests and shear tests were cur from bulk 

materials to the dimensions of  50 mm×50 mm×(28-30 mm) and 25 mm×95 mm×

(7-8 mm) respectively.  The compressive tests of epoxy foam were carried out in 

compression mode on the TCD at a displacement rate of 2.5 mm/min, with a 10 mm 

strain limit.  The shear tests of epoxy foam were conducted in tensile mode on TCD.  The 

displacement rate and limit were 2.5 mm/min and 10mm respectively.   

   

5.2 Microstructure of epoxy foam 

 Microstructure of foam materials consists of many different properties such as 

cell size, cell shape, wall thickness, cell size distribution and so on.  Fig. 5.1. shows the 

SEM micrographs of epoxy foams with two densities.  The closely packed close cell 

structure can be observed for both samples.  The cells do not have ideal geometric 

shapes but are close to spherical types.  

For a spherical cell with close packing in cubic lattice, the relationship between 

the average cell size and foam density has been analytically derived by Shutov [33] and 

can be described as     

                                                               d=
πδρpolymer

ρfoam

 ,                                                       (4.6) 

where d is the diameter.  If assume constant wall thickness (𝛿), Eq.(5.1) provides 

approximations of the relationship between the average cell size and foam density.  The 
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theoretical results and experimental are presented and compared in Fig. 5.2.  With 

increasing of foam density, the mean cell size decreases in both model and experimental 

data.  However, it is clear that the Shutov’s model does not agree with the experimental 

data, because that the epoxy foams prepared in this work do not have spherical cells 

with uniform size as the model assumption.  

 Shutov [33] also analyzed the relationship between wall thickness and foam 

density for monodisperse spherical cells of plastic foams.  The analytical model can be 

written as  

                                                            δ=d(
1

 1-
ρfoam

ρpolymer

-1) .                                              (4.7) 

The model predicted results and experimental data are presented and compared in Fig. 

5.3, both showing no obvious trend with the increase of foam density.  As the cell size, 

the experimental data of wall thickness does not agree with Shutov’s model as well, 

because the epoxy foams do not have the same structure as the model assumptions.   

Nucleation rate is an important factor in determining cell size distribution.  As 

mentioned in previous section, the nucleation rate of the chemical foaming process in 

this work is affected by two factors: concentration of dissolved gas from the blowing 

agent reaction and the surface tension.  Fig. 5.4 shows the cell size distributions of the 

epoxy foams with different densities.  Researchers [59] proposed a stereological method 

to obtain 3D average cell size and size distributions from 2D observations, which 

requires extensive mathematic analysis.  In this work, cell size distribution was 

determined by simply analyzing 2D SEM figures containing 150 bubbles.   
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(a)  (b)   

(c)  (d)  

(e)  (f)  

Figure 5.1. SEM micrographs of epoxy foams with densities of 0.066 g/cm3 (a)(c)(e) and 

0.11 g/cm3(b)(d)(f) 
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Figure 5.2. Cell size of epoxy foams with different densities 

 

Figure 5.3. Wall thickness of epoxy foams with different densities  
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Theoretically, the large amount of blowing agent for making low density foam 

accelerates the foaming reaction and increases the concentration of dissolved hydrogen 

gas in the polymer, thus increasing the nucleation rate, which results in lower average 

bubble sizes and narrower size distribution.  However, Fig. 5.4 shows similar size 

distributions for different densities.  One reason is that by increasing the concentration 

of blowing agent, bubble growth rate also increases, which balances the increase of 

nucleation rate.  The other reason is by adding the blowing agent which has lower 

viscosity than the polymer, the overall viscosity was decreased.  As discussed above, low 

viscosity favors bubble growth and decreases the dissolved gas concentration and 

nucleation rate.     

 

Figure 5.4. Cell size distributions of epoxy foams with different densities 
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5.3 Mechanical properties 

The foam core materials in sandwich structure of wind turbine blades usually 

undergo shear and compressive deformations so that those two properties have great 

importance for practical applications.  Compression and shear tests were conducted on 

the epoxy foams prepared in Section 5.1.  Different densities ranging from 0.065 g/cm3 

to 0.11 g/cm3 were studied.  Results are shown in Figures 5.5 to 5.12 with comparison to 

the properties of commercial PVC foams.   

In general, the strength and modulus of foam materials depends on foam 

densities. The experimental data fit the empirical power law expressions [60],                                                           

                                                                   ς=A1ρ
m ,                                                      (4.8)      

                                         E = B1ρ
n  ,                                                    (4.9)                                                                                                           

                                                                   τ = A2ρ
q  ,                                                     (4.10) 

                                                                   G = B2ρ
l   ,                                                     (4.11) 

where ς(MPa) and 𝜏(MPa) are the compressive and shear yield strength respectively. 

E(MPa) and G(MPa) are the compressive and shear modulus, respectively. ρ (g/cm3) is 

the foam density.  The experimental data were mean values of 3-5 specimens. The 

parameters were determined from linear regression model fitting method and are 

presented with the figures.  The power law expressions here describes foam properties 

in low density region, but not necessarily accurate for high density foams.  For example, 

the compressive yield strength of neat epoxy is 80-90 MPa, which is underestimated by 

the equation developed for low density epoxy foams shown in Fig. 5.5.  One reason is 
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that with increasing of foam density, cell walls have higher thickness and rigidity so that 

the mechanical properties are mainly affected by matrix properties [57].   

 Epoxy foams prepared in this study show lower strengths and modulus 

comparing with commercial PVC foams.  The first reason is that the epoxy foams have 

near spherical bubbles while PVC foams have polygonal shapes [61].  According to 

Ashby’s theory *62+, foams with polygonal cells have higher mechanical properties than 

ones with spherical cells.  The second reason is that the byproducts from blowing 

reaction may have negative effect on epoxy matrix.  This should be confirmed by further 

study.      

 Mechanical properties which are normalized by foam densities are presented in 

Fig. 5.6, Fig. 5.8, Fig. 5.10 and Fig. 5.12.  The normalized strength and stiffness increase 

with the increasing of foam density, suggesting that the neat epoxy matrix has the 

highest strength/stiffness to weight ratios (i.e., 67 MPa/(g/cm3)for compressive strength 

to weight ratio).  However, the normalized properties do not vary as much as the non-

normalized properties, implying the practical values of low density foams. 
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Figure 5.5. Compressive yield strength of epoxy foams  

 

Figure 5.6. Compressive yield strength to weight ratio of epoxy foams  



43 
 

 
Figure 5.7. Compressive modulus of epoxy foams  

 

 
 
 

Figure 5.8. Compressive modulus to weight ratio of epoxy foams  
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Figure 5.9. Shear yield strength of epoxy foams 

 

 
Figure 5.10. Shear yield strength to weight ratio of epoxy foams 
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Figure 5.11. Shear modulus of epoxy foams 

 

 
Figure 5.12. Shear modulus to weight ratio of epoxy foams 
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CHAPTER VI.  EFFECTS OF SURFACTANTS ON FOAM PROPERTIES 

6.1 Effects of Surfactants on Epoxy Matrix 

6.1.1 Materials and Preparation of Neat Epoxy 

The epoxy resin and curing agent used in this study were purchased from 

HEXION Specialty Chemicals.  Three surfactants were used in this study: The chemical of 

polyalkyleneoxidemethylsiloxane copolymer (S1) is a clear yellow liquid and was 

purchased from URETHANE ADDITIVES; Polyethylene glycol (S2) is a clear liquid with an 

average molecular weight of 300 g/mol, and was purchased from ALDRICH; The IG 

surfactant (S3) was synthesized in the lab at room temperature with a weight ratio of 

polyethylene glycol:  diphenylmethane diisocynate of 3:1 respectively.  The three 

surfactants will be mentioned as S1, S2 and S3 through this chapter.  

Neat epoxy specimens were prepared in a mold with the dimension of 30 mm×

3 mm×3 mm for testing region.  Each sample consists of epoxy resin and curing agent 

in a weight ratio of 1 to 0.3, plus one of the three surfactants.  Different contents of 

surfactants were studied.    

 

6.1.2 Experimental Equipment and Measurement 

An electronic overhead stirrer mixer was used to facilitate the mixing.  The TCD 

that has the maximum capacity of 5000 N was used to conduct tensile tests on neat 

epoxy specimens.  The tensile mode with a strain rate of 1 mm/min and a 6 mm 

displacement limit was set for testing.   
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6.1.3 Results and Discussion 

Each data point shown in Fig. 6.1 is the mean value of 5 specimens.  The 

contents of surfactants are the grams of surfactants per 1 gram of epoxy resin.  Since 

the tensile strength of neat epoxy matrix without any additives is 65 MPa, clearly at low 

surfactant concentrations neither S1 nor S3 affect the tensile strength of the epoxy 

matrix; however negative effects occur at higher concentrations.  The presence of S2 in 

neat epoxy matrix gives a decrease of 23% in tensile strength and the effect does not 

vary with the amounts of use.    

 

Figure 6.1. Tensile strengths of neat epoxies with different contents of surfactants.  
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6.2 Effects of Surfactants on Foam Properties 

6.2.1 Experimental Method 

As before the epoxy resin and curing agent used in this study were obtained 

from HEXION Specialty Chemicals.  The chemical blowing agent PMHS was purchased 

from ALDRICH.  The surfactants used in this work are the S1, S2 and S3 that were 

introduced in Section 5.1.  

Epoxy foams were prepared with the material system in Table 6.1, using the 

procedure introduced in Chapter 5.  Different amounts of blowing agent were used to 

make epoxy foams with densities ranging from 0.065 g/cm3 to 0.11 g/cm3.   

Table 6.1. Material System with Different Surfactants 

 

 The foams were prepared in the aluminum mold which was discussed before.  

Microstructure of the epoxy foam was studied with SEM using the same method as in 

the previous chapter.  Compressive tests were conducted with the method discussed 

before. 

 

6.2.2 Effect of Surfactants on Foam Structure 

 Fig. 6.2 shows the SEM micrographs of epoxy foams with different surfactants.  

Similarities can be observed in cell shape and packing style.  Most bubbles are closed 

cells with spherical or elliptical shapes and are closely packed.  However, the 

microstructures in the different sections of Fig. 6.2 differ in cell size and cell size 

Epoxy Resin Curing Agent Curing Time Blowing Agent

S1

S2

S3

Surfactant

SEM Observations 1 0.3+0.05 90 min 0.01 0.1-0.2

Study Properties
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distribution.  Fig. 6.3 summarizes the cell sizes versus foam densities for different 

surfactants.  Fig. 6.4 presents the cell size distributions of 0.066 g/cm3 foams for 

different surfactants.  All the curves follow the same trend that was discussed before.  

The epoxy foams with S1 and S2 have similar cell sizes and size distributions.  The epoxy 

foams with S3 surfactant which was prepared in the lab from isocyanate and 

polyethylene glycol shows a 40% decrease in cell size and a narrower size distribution.  

 Smaller cell size and narrower size distribution imply higher rate of nucleation. 

The epoxy foams studied in this work were prepared from the same material system 

and procedure, but with different surfactants.  The use of surfactants in foaming process 

is to lower the surface tension.  According to the equation of nucleation rate (Eq. 4.3) 

which is derived from the classical nucleation theory, surface tension appears in the 

exponential term of the equation hence plays an important role in nucleation process.  

Modeling work has been carried by Shafi and Flumerfelt [30] to predict cell distribution 

of cellular materials and showed that a narrower cell size distribution was resulted from 

the decrease of surface tension if keep other conditions constant.  Thus in the present 

experimental work the S3 surfactant which generates narrower distribution has lowered 

the surface tension of the polymer.  This should be confirmed by further study.      
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(a)  

(b)  

(c)  

Fig. 6.2. SEM micrographs of epoxy foams containing (a) S1 (b) S2 (c) S3 at the density of 

0.066 g/cm3 
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Figure 6.3. Cell sizes of epoxy foams with different surfactants 

 

Figure 6.4. Cell size distributions of foams with different surfactants 
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6.2.3 Effects of Surfactants on Mechanical Properties 

Since that the presence of polyethylene glycol gives negative effects on the 

mechanical properties of the neat epoxy matrix which weaken the foam structural 

properties, the present study did not consider it as a good candidate for epoxy foams.  

Compressive tests were conducted on foams with the other two surfactants: S1 and S3.  

The amounts of surfactants used to prepare foam samples were the same, which is 0.02 

gram per 1 gram of epoxy resin.  Fig. 6.5 to Fig. 6.8 present and compared the results.  

The experimental data are mean values of 3 foam specimens.   

 All the curves follow the empirical power law expressions mentioned above.  

Increases of both strength and stiffness can be observed for epoxy foams with S3 

surfactant.  According to Fig. 6.1, the use of the either surfactants does not affect the 

mechanical properties of matrix material.  Thus the differences in compressive 

properties of foam materials are contributed by structural properties, suggesting that 

small cell size and narrow cell size distribution favor for good compressive performance 

[23, 63-64].   
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Figure 6.5. Compressive yield strengths of epoxy foams with different surfactants 

 

Figure 6.6. Compressive yield strength to weight ratios of epoxy foams with different 
surfactants 
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Figure 6.7. Compressive modulus of epoxy foams with different surfactants 
 

 

Figure 6.8. Compressive modulus to weight ratio of epoxy foams with different surfactants 



55 
 

CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

 The initial studies of this work involved the characterization of curing behavior of 

the applied epoxy-amine system.  The experimental data were compared with three 

empirical kinetic models.  Based on the results obtained from the experiments and 

theoretical solutions, the following conclusions can be drawn:  

1. The complete cure cannot be reached in typical lab measurement time scale (hours) 

because of the extremely low diffusivity of the epoxy with formed crosslinked 

network.   

2. The experimental data show better agreement with modified Kamal’s model than 

the Autocatalytic model and Kamal’s model, which implies that the maximum 

degree of cure is an important factor to characterize curing behavior. 

 The preparation of low density epoxy foam was investigated and the structural 

and mechanical properties were evaluated.  Based on the experimental results, the 

following conclusions can be drawn: 

1. Low density epoxy foams (down to 4 lb/ft3) can be produced by a relatively simple 

chemical foaming process with PMHS as the blowing agent.  The foam density is 

controlled by several parameters such as amount of blowing agent, amount of 

curing agent, and curing time.   

2. The bubbles of low density epoxy foams are closed cells and closely packed.  Wall 

thickness and cell size distribution do not have great differences for foams with 

different densities.  
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3. Mechanical properties (compression and shear) which are normalized by densities 

increase with the increasing of foam densities, but do not vary as much as non-

normalized properties, implying the practical value of low density foam materials. 

4. The epoxy foams with the IG surfactant which was prepared in the lab produced 

smaller cell sizes, narrower cell size distributions, and higher compressive properties, 

suggesting that it is effective in lowering the surface tension and increasing the 

nucleation rate.  

 Though the density of epoxy foam has been decreased to match the commercial 

product, the mechanical properties are still lower compared with PVC or PET foams.  To 

improve foam properties, based on this study, the following suggestions can be made 

for future work: 

1. Pressure control can be added for chemical foaming process involving PMHS as the 

blowing agent, in order to control the nucleation parameter PL and hence the 

nucleation rate (Eq. (4.3)).   

2. The kinetics of the blowing reaction between PMHS and amino hardener should be 

adequately studied to obtain better understanding of the system, especially with the 

presence of epoxy curing process, and this will be required before the foaming 

process can be optimized.   

3. Other surfactants which can lower the surface tension and increase the nucleation 

rate should be explored.    

4. Blowing agents which do not react with the hardener would be attractive, since the 

latter complicate the process. 
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5. The mechanical tests on sandwich structures involving low density epoxy foams can 

be conducted to evaluate the performance of epoxy foam as the core material.  
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