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Abstract 

 Epoxide-amine matrix materials containing microparticles with the same chemical 

composition provide a model system to study interphase formation in highly crosslinked 

epoxide-amine matrix materials.  The epoxide monomer was varied between three 

different monomer systems to study the model system’s relationship with crosslink 

density.  The same amine monomer, cure procedure, and stoichiometric ratio of epoxide 

and amine groups were used to prepare each type of microparticle and matrix material.  

The differences in the epoxide monomer structure affected the crosslink density of the 

unmodified matrix material, which was concluded to influence the effect of microparticle 

presence on crosslink density.  For the unmodified matrix material with the lowest 

crosslink density, the introduction of microparticles led to the greatest increase in 

crosslink density.  The differences in the epoxide monomer structure also affected 

network formation upon particle incorporation.  Specifically, the presence of tertiary 

amines in the epoxide monomer structure was related to the effect of microparticle 

presence on network homogeneity.  For the epoxide monomers with less tertiary amines, 

the network homogeneity was decreased upon microparticle incorporation.  An 

adequately high presence of tertiary amines in the epoxide monomer structure was 

concluded to prevent the formation of a poor interphase. 
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Chapter 1:  Introduction 

A fiber-reinforced composite material consists of two main components: the fiber 

reinforcement and the matrix material.  The composite material exhibits properties that 

are not exhibited by the components individually.1  In recent years, carbon fiber-

reinforced polymer (CFRP) composite materials have become increasingly prominent as 

structural materials in aerospace applications.  In comparison to metals, CFRPs provide a 

much greater strength-to-weight ratio.1  Thus, when they are used in place of metals, they 

can significantly reduce the weight of an aircraft.1  For aerospace applications, weight 

reduction provides many benefits, and it serves as a driving force for the implementation 

of polymer composite materials in aerospace applications.  For example, weight 

reduction decreases fuel requirements for aircraft, which results in lower operating costs 

and additional space for cargo.1 

Because CFRP composites will continue to be employed as aerospace structural 

materials, improving their material properties is a prominent research focus.  Furthering 

the body of fundamental knowledge related to polymer composites is crucial for the 

development of more advanced materials.  For example, the overall properties of a 

polymer composite material are affected by the polymer matrix’s interactions with fiber 

reinforcement or other additives.  A region is formed around the fiber or additive known 

as the “interphase,” and the interphase region of the matrix exhibits properties that differ 

from the bulk properties of the matrix.2  Specifically, the interphase region can serve as a 

point of weakness for polymer composite materials.  Fiber reinforcement and other 

additives are used to modify the properties of polymer matrix materials, but it is 
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necessary to determine how additive presence and interphase presence individually affect 

material properties. 

The present work investigates a novel model system to study the formation of the 

interphase region and the region’s effect on highly crosslinked polymer matrix properties.  

The model system involves the dispersion of selfsame epoxide-amine microparticles into 

a highly crosslinked polymer matrix.  Specifically, the selfsame microparticles have the 

same chemical composition as the highly crosslinked polymer matrix into which they are 

dispersed.  Crosslink density’s effect on thermomechanical properties has not been 

investigated for selfsame microparticle systems.  Additionally, the impact that selfsame 

microparticles have on matrix crosslink density has not been investigated.  Thus, the 

present work serves to analyze how the model system is affected by crosslink density, 

and it also serves to investigate the effect that selfsame microparticle presence has on 

matrix crosslink density. 

Chapter 2:  Literature Review 

2.1 Highly Crosslinked Polymer Networks 

 In a fiber-reinforced composite material, the matrix serves to bind the fibers 

together, transfer mechanical loads between fibers, and protect the fibers from 

environmental damage.1  Matrix materials often consist of thermosetting epoxide-amine, 

polyester, or vinyl ester formulations.  Epoxide-amine formulations are prominently used 

for aerospace-grade composites.  The wide variety of available epoxide and amine 

monomers provides the ability to tailor the network’s properties through differences in 

monomer structure.1  The reaction of the amine and epoxide functional groups leads to a 

highly crosslinked structure, which contributes to the mechanical strength, thermal 



  

3 

 

stability, and environmental stability.1  Figure 1 depicts the structures of diglycidyl ether 

of bisphenol-A (DGEBA), triglycidyl-p-aminophenol (p-TGAP), and tetraglycidyl-4,4’-

diaminodiphenylmethane (TGDDM), which are examples of epoxide monomers that will 

respectively form highly crosslinked networks when reacted with an amine monomer 

such as isophorone diamine (IPDA).   

 

Figure 1. Structures of DGEBA, p-TGAP, TGDDM, and IPDA. 

 The thermomechanical properties of highly crosslinked polymer networks are 

typically studied.  Analyses are often performed to determine the network’s glass 

transition temperature, which can be obtained through dynamic mechanical analysis 

(DMA).  The analysis can be performed as a function of either temperature or frequency.3  

Because polymeric materials are viscoelastic, they exhibit a delayed response to 

sinusoidally applied stress.  During a DMA experiment, a polymeric material’s response 

to a sinusoidally applied stress is studied, and the material’s viscous and elastic behavior 
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are respectively quantified as the loss modulus and the storage modulus.  The ratio of the 

loss modulus to the storage modulus is known as the tanδ.3 

The degree of conversion for a highly crosslinked epoxide-amine network is also 

typically studied, and it can be investigated using Fourier transform near-infrared (FT-

NIR) spectroscopy.  The disappearance of the epoxide peak at 4530 cm-1 can be 

monitored by comparing a cured network to the corresponding mixture of unreacted 

monomers.4  Additionally, the disappearance of the peak can be monitored during the 

curing reaction through real-time FT-NIR spectroscopy experiments. 

2.2 Crosslink Density 

Crosslink density describes the degree to which a polymer network is connected 

in a given volume.  Crosslink density affects both the thermal and mechanical properties 

of a polymer network because the structure of a network largely dictates its material 

properties.5  Increasing crosslink density consequently increases the network’s structural 

rigidity, which affects the network’s response to mechanical loads and heat.  For 

example, the stiffness of a crosslinked network increases with network rigidity, which is 

why highly crosslinked materials are characteristically brittle materials.  Similarly, 

increasing a network’s crosslink density can result in an increased glass transition 

temperature, which indicates an increase in the heat required to reach the rubbery state.5   

In an epoxide-amine network prepared with a 1:1 stoichiometric ratio of reactive 

epoxide groups to amine protons, the crosslink density is affected by the monomers’ 

structures and the conversion of the network.  Monomer structure affects crosslink 

density mainly through the functionality and the molecular weight between crosslinks.2  

For example, decreasing the molecular weight between crosslinks or increasing monomer 
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functionality would result in an increased crosslink density.2,6,7  Systematically changing 

either of the two parameters can be difficult without introducing other structural features 

that adversely affect network behavior.2,8  Alternatively, the conversion of the network 

can be changed to vary crosslink density.  However, the appropriate methods of 

measuring crosslink density become limited to those that will not affect network 

conversion.9  Because of the different variables that can affect crosslink density, it is 

important to carefully consider the method of varying and measuring crosslink density. 

 Methods of varying crosslink density dictate what methods are appropriate for 

quantifying crosslink density.  For example, one method involves performing DMA to 

measure the storage modulus in the rubbery plateau, which is where the storage modulus 

plateaus above the glass transition temperature.  The storage modulus value in the 

rubbery plateau is then used to calculate crosslink density.9  Since the method requires 

that a network is heated beyond the ultimate glass transition temperature, it is not 

appropriate for measuring the crosslink density of under-cured networks, so it would not 

be suitable for experiments in which conversion is used to vary crosslink density.9 

However, the method is ideal for the variation of crosslink density through monomer 

functionality.  

2.3 Additives for Highly Crosslinked Polymer Materials 

 Additives such as nanoparticles and microparticles can be used to modify the 

thermal and mechanical properties of crosslinked polymer matrix materials.  

Nanoparticles are additives such as carbon nanotubes and carbon black.10  Examples of 

microparticles include crosslinked epoxide-amine microparticles and hollow glass 

microspheres.11–13  For epoxide-amine matrix materials, the incorporation of 
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nanoparticles or microparticles can lead to improved thermal or mechanical properties.10–

12  For example, it is desirable to improve the fracture toughness of the matrix-rich 

regions in a laminated CFRP composite material, which is especially important for the 

matrix-rich interlaminar region between layers of carbon fiber.  Carbon nanotubes 

incorporated in the interlaminar region can lead to the improvement of interlaminar 

fracture toughness.14 

 Crosslinked epoxide-amine microparticles can be prepared via precipitation 

polymerization.11  In precipitation polymerization, the epoxide and amine monomers are 

first solubilized in a solvent such as polypropylene glycol.11  The monomers react in the 

initially homogeneous mixture, and when conversion becomes sufficiently high, phase 

separation occurs as the oligomers become insoluble.  The growing epoxide-amine 

polymers continue to react after precipitation, and the formation of spherical epoxide-

amine microparticles occurs.11  After the microparticles are cured, they are removed from 

the solvent. 

 Wu and coworkers prepared crosslinked epoxide-amine microparticles composed 

of triglycidyl p-aminophenol and diethyltoluenediamine via precipitation polymerization 

in polypropylene glycol.11  The microparticles were dispersed into an epoxide-amine 

matrix consisting of diglycidyl ether of bisphenol-A and 4,4’-diaminodiphenylsulfone.  

For the system studied by Wu and coworkers, dispersing epoxide-amine microparticles 

into a crosslinked epoxide-amine matrix leads to improved Tg and toughness when 

compared to the unmodified matrix, and the percent by weight (WT%) of microparticles 

in the matrix influences the relative improvement in properties.  For example, matrix 
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materials that contain 5 WT% loading of microparticles exhibit the greatest increase in 

glass transition temperature and network homogeneity.11 

2.4 The Interphase in Highly Crosslinked Polymer Networks 

 In polymer composite materials, the matrix surrounding carbon fiber 

reinforcement or additives such as carbon nanotubes can exhibit properties that differ 

from the bulk matrix properties.2,15  The region is known as the interphase, and the 

dissimilarity in properties is attributed to the additive-matrix interfacial interactions.  In 

an epoxide-amine system, one of the monomers interacting more favorably with the fiber 

or additive surface can lead to localized stoichiometric imbalances, which impact matrix 

properties such as glass transition temperature.15  The interphase region is reported to 

affect overall material properties, and it has been studied for epoxide-amine matrixes 

containing additives such as carbon nanotubes and hollow glass microspheres.2,13   

 Improvement of matrix-additive interfacial interactions has been shown to 

alleviate the effect of a poor interphase region.  Incorporating functional groups, which 

can react with the matrix during the curing process, onto the surface of an additive is a 

method reported to improve matrix-additive interfacial interactions.11,16,17  For example, 

reactive amine functional groups can be used to facilitate covalent bonding between an 

additive’s surface and an epoxide-amine matrix.16  In the case of epoxide-amine 

microparticles, the presence of reactive functional groups can be controlled by deviating 

from a 1:1 stoichiometric ratio during preparation, which can provide epoxide- or amine-

functionalized particle surfaces.11  For epoxide-amine microparticles, Wu and coworkers 

indicated that reactive functional groups on the surface react with the matrix material 

during the curing reaction.11  For the selfsame epoxide-amine microparticle system, the 
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system’s relationship with crosslink density has not been investigated, so it is necessary 

to first study the relationship without functionalizing the particle surfaces. 

Chapter 3:  Materials and Methods 

3.1 Materials 

 Diglycidyl ether of bisphenol-A (DGEBA, Hexion EPON 825) with an epoxide 

equivalent weight (EEW) of 188.5 g/mol, tetraglycidyl-4,4’-diaminodiphenylmethane 

(TGDDM, Royce International) with an EEW of 112.5 g/mol, and triglycidyl-p-

aminophenol (p-TGAP, Huntsman) with an EEW of 100 g/mol were respectively used to 

prepare epoxide-amine matrix materials.  Isophorone diamine (IPDA, Sigma-Aldrich) 

with an active amine hydrogen equivalent weight of 42.58 g/mol was used as the amine 

monomer for each system.  Polypropylene glycol with Mn = 2000 g/mol (PPG, Sigma-

Aldrich) was used to prepare the cured epoxide-amine microparticles.  All chemicals 

were used as received, and no additional purification procedures were employed. 

3.2 Preparation of Cured Epoxide-Amine Microparticles 

 Appropriate amounts of DGEBA, TGDDM, or p-TGAP were respectively mixed 

with PPG at 50 °C to achieve a homogeneous mixture.  Regardless of the epoxide 

monomer used, the amount of IPDA was selected to achieve a 1:1 stoichiometric ratio of 

amine and epoxide functional groups.  The amount of PPG was selected to make up 60% 

of the weight of the final mixture, which consisted of the epoxide monomer, IPDA, and 

PPG.  For DGEBA-based microparticles, a representative mixture consisted of DGEBA 

(0.06491 mol, 24.47 g), IPDA (0.03246 mol, 5.53 g), and PPG (45.00 g).  For TGDDM-

based microparticles, a representative mixture consisted of TGDDM (0.04836 mol, 21.76 

g), IPDA (0.04836 mol, 8.24 g), and PPG (45.00 g).  For p-TGAP-based microparticles, a 
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representative mixture consisted of p-TGAP (0.1403 mol, 42.08 g), IPDA (0.1052 mol, 

17.97 g), and PPG (90.00 g).  Once the final mixture became homogeneous after 

continuing to stir at 50 °C, the mixture was transferred to an oven to cure at 100 °C for 24 

hours without stirring.  After the curing process, the cured microparticles were removed 

from the PPG via centrifugation in acetone three times, and the acetone was removed by 

drying under continuous nitrogen flow at 70 °C for 48 hours. 

3.3 Neat and 10 WT% Matrix Preparation 

 Neat matrix materials were prepared by first adding either DGEBA, TGDDM, or 

p-TGAP to a vacuum filtration flask and stirring under vacuum at 40 °C.  Once the 

bubbling ceased, IPDA was then added to the flask.  For each monomer system, a 1:1 

stoichiometric ratio was achieved using molar ratios equivalent to those used for the 

microparticles.  The flask contents were subsequently stirred under vacuum at 40 °C, 

which continued until the mixture was homogeneous and bubbling ceased.  The mixture 

was then poured into a silicone mold which was preheated in an oven at 80 °C.  Using the 

same oven preheated to 80 °C, the material was cured at 80 °C for 2 hours and 150 °C for 

2 hours.  The microparticle-containing matrix materials were prepared in a similar 

fashion.  However, the materials were prepared with 10 WT% of the selfsame 

microparticles.  For the 10 WT% TGDDM and p-TGAP materials, the microparticles 

were combined with the IPDA using a sonicating bath.  At room temperature, the mixture 

of IPDA and microparticles was sonicated for 12-15 minutes, which reduced the presence 

of large agglomerates.  Due to the high solid-to-liquid ratio for the microparticle and 

IPDA mixture, sonicating the particles in the IPDA was not suitable for the DGEBA 

system.  When preparing the 10 WT% DGEBA material, the microparticles were 
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incorporated by mixing the DGEBA with 15-20 mL of acetone in a vacuum filtration 

flask at room temperature, which decreased both the mixture’s viscosity and the solid-to-

liquid ratio.  The particles were stirred into the mixture, and the mixture was sonicated at 

room temperature for 12 minutes to reduce the presence of large agglomerates.  The 

acetone was removed from the mixture by stirring under vacuum at 40 °C until bubbling 

ceased.  After degassing, attenuated total reflectance Fourier transform infrared (ATR-

FTIR) spectroscopy was conducted on an aliquot of the mixture to confirm the removal 

of acetone.  Using a range of 600 – 4000 cm-1 for a total of 32 scans, the analysis was 

performed using a ThermoFisher Nicolet 6700 FT-IR spectrometer, which was equipped 

with a diamond ATR crystal.  As depicted in Figure 2, the lack of a significant carbonyl 

band from 1700 – 1800 cm-1 confirmed the removal of acetone.18  After removing the 

acetone, the IPDA was added, and the material was degassed and cured as outlined 

above. 
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Figure 2. ATR-FTIR spectra of the DGEBA and selfsame microparticle mixture. 

3.4 Dynamic Mechanical Analysis (DMA) 

 Dynamic mechanical analysis (DMA) was conducted using a TA Instruments 

Q800 Dynamic Mechanical Analyzer.  Each experiment was performed using a constant 

frequency of 1 Hz and a ramp rate of 2 °C/minute.  The temperature was ramped from 30 

– 300 °C for all samples.  Each experiment was run three times to ensure repeatability.  

The glass transition temperature (Tg) and the storage modulus 30 °C above the Tg were 

determined using the TA Universal Analysis software package.  The temperature 

corresponding to the peak tanδ value was used as the Tg, and the full width at half 

maximum (FWHM) was recorded as a measure of network homogeneity.  The storage 

modulus 30 °C above the Tg was used for the determination of crosslink density.  
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Crosslink density was determined using the method outlined by Hill and coworkers.  The 

method involves the equation νc = E’∕3RT, where νc is crosslink density, E’ is storage 

modulus, R is 8.314 J/K•mol, and T is temperature corresponding to storage modulus.9 

3.5 Fourier Transform Near-Infrared (FT-NIR) Spectroscopy 

 For FT-NIR spectroscopy, uncured and cured samples were analyzed using a 

Perkin Elmer Frontier FTIR.  Experiments for all of the uncured and cured samples 

consisted of 16 scans in transmission over a range of 4000 – 8000 cm-1.  The uncured 

samples were prepared in 20 mL scintillation vials, and the employed molar ratios were 

identical to those used for the cured samples.  For all of the uncured samples, the IPDA 

was added and thoroughly stirred into the mixture, and a thin layer of the material was 

spread onto a NIR-transparent glass substrate.  For the analysis of the cured materials, the 

DMA specimens prepared using the cure procedure described in Chapter 3.3 were placed 

in the beam path. 

The degree of conversion (DOC) for each system was calculated by comparing 

the area of the epoxide peak at 4530 cm-1 in the uncured and cured samples.  The 

aromatic hydrogen peak at 4060 cm-1 was used as a reference for normalization, and the 

area of both the epoxide peak and the reference peak were calculated using linear 

baseline integration in MATLAB.  For each spectrum, the area of the peak at 4530 cm-1 

was normalized to the area of the peak at 4060 cm-1, which gave the normalized area of 

the epoxide peak for both the uncured (Auncured) and cured (Acured) samples.  The 

normalized peak areas were used to calculate DOC using the formula DOC = 100 × [1 – 

(Acured)/(Auncured)].
4  
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Chapter 4:  Results and Discussion 

4.1 Optical Microscopy of Microparticles 

 After separating the particles from the PPG, optical microscopy was utilized to 

confirm particle geometry.  For each monomer system, images of the microparticles are 

depicted in Figure 3, and the images illustrate the spherical geometry provided by 

precipitation polymerization.  Between each monomer system, the size and shape of the 

microparticles did not change significantly. 

 

Figure 3. Optical microscopy images of epoxide-amine microparticles. 

DGEBA/IPDA Microparticles

50 μm

TGDDM/IPDA Microparticles

50 μm

p-TGAP/IPDA Microparticles

50 μm
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4.2 Dynamic Mechanical Analysis 

  Thermomechanical properties of neat and particle-containing materials were 

investigated via DMA, and representative DMA plots for each of the materials are 

depicted in Figure 4. 

 

Figure 4. Representative DMA plots for each monomer system. 
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Table 1. Tg and FWHM for the neat and microparticle-containing materials 

System 
Particle 

Loading 
Tg (°C) 

Standard 

Deviation 

Tg (°C) 

FWHM 

(°C) 

Standard 

Deviation 

FWHM 

(°C) 

DGEBA/IPDA 
Neat 148.77 3.09 17.18 0.24 

10 WT% 153.77 1.86 19.49 0.48 

TGDDM/IPDA 
Neat 261.07 1.06 21.01 2.05 

10 WT% 268.35 1.79 20.21 0.35 

p-TGAP/IPDA 
Neat 250.21 2.41 21.78 1.13 

10 WT% 248.61 1.61 25.21 0.93 

 

 For each monomer system, the Tg and FWHM were obtained through DMA for 

both the neat and microparticle-containing materials, and the results are reported in Table 

1.  The inclusion of the microparticles in the TGDDM system led to a slight increase in 

Tg of 7 °C, which was the greatest change observed for the three monomer systems.  The 

selfsame microparticles led to a minor 5 °C increase in Tg for the DGEBA system.  For 

the p-TGAP system, the selfsame particles led to a decrease in Tg less than 2 °C, and the 

change is considered insignificant because it falls within the uncertainty of the neat 

material’s Tg. 

 The FWHM was used to indicate changes in network homogeneity according to 

microparticle presence.  Increased FWHM is associated with a decrease in network 

homogeneity and vice versa.11  For the TGDDM system, the observed change in FWHM 

was within the uncertainty of the neat material’s FWHM, which indicated no significant 

change in network homogeneity.  An unchanging FWHM indicated that the 

microparticles were not associated with an interphase region possessing significantly 
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different properties than the bulk network.  With the presence of microparticles, the 

FWHM for the DGEBA and p-TGAP systems respectively increased by 2 °C and 3 °C, 

which indicated slight decreases in network homogeneity.  Interphase regions with 

different properties from the bulk network are concluded to have contributed to the 

decreased network homogeneity. 

For the DGEBA and p-TGAP systems respectively, the minor decreases in 

network homogeneity are attributed to the effect of tertiary amine presence during the 

polymerization.  The molecular structures of DGEBA, p-TGAP, and TGDDM 

respectively contain zero, one, and two tertiary amines, which are known to catalyze 

curing reactions for epoxide-amine networks.19  Regardless of tertiary amine presence in 

the epoxide monomer structure, the moiety became increasingly prominent as the primary 

amines from IPDA were converted to tertiary amines during polymerization.  For the 

investigated systems, the cured microparticles are believed to have introduced tertiary 

amines that catalyzed the curing reactions near the particle surface.  For the DGEBA and 

p-TGAP systems, the introduction of the cured microparticles is believed to create a 

disparity between the rates of reaction at the particle surface and in the bulk, and the 

disparity is attributed to the observed changes in network homogeneity.  Although the 

values depict a greater decrease in network homogeneity for the p-TGAP system, a 

greater decrease for the DGEBA system is within the uncertainty of the values, and it 

could be confirmed through additional experiments.  Because the molecular structure of 

TGDDM contains two tertiary amines, the disparity is believed to be the least prominent 

for the system, which is supported by the relatively unchanged network homogeneity.  

Thus, tertiary amine presence should be uniform to prevent the formation of a poor 
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interphase.  In conclusion, initial tertiary amine presence is thought to have a significant 

impact on the observed changes in Tg and FWHM, so the impact of crosslink density 

cannot be isolated. 

 The crosslink density was calculated using the method outlined in Chapter 3.4, 

and the values are reported in Table 2 for each of the neat materials.  Because the 

materials were heated during the analysis, the crosslink density results are indicative of 

the networks when fully cured.  Only a single crosslink density value was obtained for 

the 10 WT% microparticle TGDDM material because a temperature 30 °C above Tg was 

not reached during the second and third DMA experiments.  Increasing the experimental 

temperature range would have led to thermal degradation of the material. 

 

Table 2. Crosslink density for each material 

System Particle Loading 
Crosslink Density 

(mol • m-3) 

Standard Deviation 

(mol • m-3) 

DGEBA/IPDA 
Neat 1633.18 93.26 

10 WT% 2067.10 36.58 

TGDDM/IPDA 
Neat 3591.05 108.30 

10 WT% 3874.54 N/Aa 

p-TGAP/IPDA 
Neat 5560.23 447.15 

10 WT% 5686.57 695.56 

aStandard deviation not available, only one value was obtained. 

 

As depicted in Table 2, the neat TGDDM and neat p-TGAP networks respectively 

had crosslink densities that were approximately 120% and 240% greater than that of the 

neat DGEBA network.  The results illustrated that the crosslink density did not solely 
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depend on the epoxide monomer’s functionality, which is why the neat p-TGAP network 

had the highest crosslink density without having the highest functionality of the epoxide 

monomer.  The neat p-TGAP network having the highest crosslink density is attributed to 

the structure of p-TGAP containing a single aromatic ring.  The structures of TGDDM 

and DGEBA both contain two aromatic rings, and the lack of a second ring in p-TGAP 

provides a lower molecular weight between crosslinks when compared to the other 

epoxide monomers. 

The incorporation of microparticles led to different changes in crosslink density 

for each of the systems.  The DGEBA system demonstrated the most prominent change 

in crosslink density, and the values were associated with the smallest range of 

uncertainty.  For the p-TGAP system, the crosslink density values were associated with a 

broad range of uncertainty, and for the TGDDM system, only one crosslink density value 

was obtained for the 10 WT% material.  For the p-TGAP and TGDDM systems 

respectively, it is difficult to conclude about the effect of microparticle presence on 

crosslink density.  However, increases in crosslink density are accompanied by decreases 

in tanδ peak amplitude and vice versa.20  For the present system, the observed changes in 

tanδ peak amplitude may be used to infer about the changes in crosslink density.  When 

comparing the crosslink density values listed in Table 2 and the tanδ curves depicted in 

Figure 5, the peak amplitude decreases with increasing crosslink density. 
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The representative tanδ curves in Figure 5 also illustrate the observed effect of 

particle presence on tanδ peak amplitude.  For the DGEBA system, the incorporation of 

microparticles led to a notable increase in crosslink density, and when compared to the 

other systems, the most significant decrease in tanδ peak amplitude was observed.  The 

crosslink density values did not change significantly for the p-TGAP system, which is 

similar to the lack of a change in tanδ peak amplitude.  For the p-TGAP system, it is 

concluded that the crosslink density was not significantly affected by particle presence, 

which could be confirmed through additional dynamic mechanical analysis experiments.  

For the 10WT% TGDDM material, the single crosslink density value indicates an 

increase in crosslink density with particle presence.  For the TGDDM system, the 

Figure 5. Representative tanδ curves for each monomer system. 
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decrease in tanδ peak amplitude supports an increase in crosslink density, but the 

decrease was less significant than what was observed for the DGEBA system.  The 

crosslink density of the TGDDM system is concluded to have increased when the 

microparticles were introduced.  However, the increase in crosslink density is concluded 

to be less significant than it was for the DGEBA system.  Overall, the results indicate that 

the microparticles have a greater impact on crosslink density when the neat matrix 

crosslink density is lower.  
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4.3 Fourier Transform Near Infrared (FT-NIR) Spectroscopy 

The effect of microparticle presence on the degree of conversion (DOC) for each 

of the monomer systems was studied using Fourier transform near-infrared (FT-NIR) 

spectroscopy.  Using the FT-NIR data plotted in , the DOC was determined using the 

method outlined in Chapter 3.5, and the results are reported in  

 

Table 3. 

 

Table 3. Degree of conversion for each monomer system 

 Degree of Conversion (%) 

System Neat 10 WT% 

DGEBA/IPDA 82.74 81.21 

TGDDM/IPDA 86.72 86.99 

p-TGAP/IPDA 85.52 89.16 

 

 In general, the results indicated that the cured samples were not at full conversion.  

The TGDDM and p-TGAP networks did not achieve full conversion likely due to the 

distance between unreacted epoxide and amine groups at high conversion.  However, the 

phenomenon is believed to be more prominent for the DGEBA system, which is why the 

DGEBA materials had the lowest DOC values.  The molecular structures of TGDDM and 

p-TGAP contain epoxide groups with a shorter distance between them than DGEBA, and 

as a result, the corresponding networks could achieve a higher conversion before epoxide 

and amine groups became too separated to react appreciably.  The conclusion is 
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supported by the representative tanδ curves in Figure 5 in Chapter 4.2.  For the TGDDM 

and p-TGAP systems, small peaks were observed between the curing temperature (150 

°C) and the Tg.  The peaks indicate the occurrence of additional curing reactions during 

the DMA experiments, so heating the cured TGDDM and p-TGAP materials above the 

curing temperature would have led to higher conversions than the values obtained 

through FT-NIR.  For the DGEBA system, the Tg is approximately equal to the curing 

temperature, so it is unlikely that additional curing reactions occurred appreciably.  

For each monomer system, the DOC did not change significantly with the 

incorporation of the microparticles.  Thus, the FT-NIR spectroscopy experiments 

confirmed that the DOC was not significantly affected by selfsame microparticle 

presence.  However, a more in-depth analysis could be conducted using real-time FT-

NIR.  Real-time FT-NIR could indicate whether tertiary amines on the particle surfaces 

affect the rate of epoxide disappearance. 
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Figure 6. Fourier transform near-infrared spectroscopy data used to monitor the epoxide 

peak at 4530 cm-1. 
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Chapter 5:  Conclusions 

For the investigated epoxide-amine monomer systems, the incorporation of 

selfsame microparticles led to slightly changed or unchanged glass transition 

temperatures (Tg) and network homogeneity.  The differences in epoxide monomer 

structures are believed to have impacted the formation of the networks because of the 

differences in initial tertiary amine presence.  Upon the incorporation of microparticles, 

the Tg increased the most for the system in which tertiary amines were most prevalent in 

the epoxide monomer structure.  For the same system, the network homogeneity was 

unchanged by the introduction of the microparticles.  For the other systems, microparticle 

presence did not lead to similar increases in Tg, and the network homogeneity was 

decreased.  In conclusion, the initial distribution of tertiary amines in the system is 

believed to dictate both the properties of the interphase and the observed changes in 

thermomechanical properties.  The effect of microparticle presence on matrix crosslink 

density was concluded to depend on the crosslink density of the neat matrix material.  

With the incorporation of selfsame microparticles, the neat matrix material with the 

lowest crosslink density exhibited the greatest increase in crosslink density.  The neat 

matrix material with the greatest crosslink density exhibited no change in crosslink 

density when microparticles were introduced.  For all of the systems, the microparticles 

did not lead to significant changes in the degree of conversion.  However, the presence of 

tertiary amines on the microparticle surfaces is thought to affect the rate of epoxide 

disappearance, and it is hypothesized that the effect would be most prominent at the start 

of the reaction.  
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Chapter 6:  Future Work 

 For the selfsame epoxide-amine microparticle system, further investigation of the 

system’s relationship with crosslink density could involve more extensive analysis of 

crosslink density, degree of conversion, and thermomechanical properties.  Further 

experiments could be conducted to confirm the present conclusions through dynamic 

mechanical analysis.  Additionally, future work could isolate the effect of crosslink 

density by varying the parameter without inducing significant changes in initial tertiary 

amine presence, and both higher and lower crosslink densities than the present systems 

could be studied.  Degree of conversion (DOC) could be studied using differential 

scanning calorimetry (DSC), and the results could be compared to the DOC found 

through Fourier transform near-infrared (FT-NIR) spectroscopy.  Additionally, real-time 

FT-NIR spectroscopy experiments could be performed to investigate the impact of 

particle presence on the rate of epoxide disappearance, which could confirm the 

conclusions about how network homogeneity is affected by tertiary amine presence.  The 

glass transition temperature (Tg) of the microparticles could be obtained using DSC and 

compared to the Tg of the neat and microparticle-containing matrix materials.  Also, the 

effect of particle presence on the tensile, compressive, and other mechanical properties 

could be determined for different crosslink densities.  Studying the mechanical properties 

would require a suitable method for measuring the crosslink density of networks at less 

than full conversion.  Alternatively, a post-cure procedure could be employed to achieve 

full network conversion, and the mechanical properties of the resulting samples could be 

related to the crosslink density measured at full conversion.  
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