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ABSTRACT 

Molecular simulations have the ability to provide a direct insight into the role of 

specific chemical interactions in the behavior of polymer nanocomposites, which is often 

difficult to obtain in experiments.  In this work, molecular simulations are used to 

investigate the effect of the specific interfacial interactions between the matrix and the 

filler in cross-linked epoxy-carbon nanotube (CNT) nanocomposites.  The poor 

interfacial interactions between cross-linked epoxy and pristine well-dispersed single-

walled CNTs cause a depression in the glass transition temperature (Tg) of nearly ~ 66 K 

in the nanocomposite compared to the neat polymer, and an enhanced compressibility in 

the interphase region.  As a repercussion of this higher compressibility, the filler-induced 

reinforcement is negatively affected; the value of the Young’s modulus (E) for this 

nanocomposite is found to be unchanged compared to that of the neat polymer.  On the 

other hand, the substitution of the pristine CNTs by amido-amine functionalized CNTs 

eliminates the Tg depression, significantly reduces the compressibility of the interphase 

region, and therefore causes an increase in the value of E of the nanocomposite by about 

50% compared to the neat epoxy. 

Furthermore, molecular simulations are useful for investigating the mechanical 

behavior of materials at ballistic strain-rates (i.e. strain-rates in excess of 104 s-1), where 

the design and the analysis of experiments can be particularly challenging.  In this work, 

molecular simulations have been used to calculate the Young’s modulus of cross-linked 

epoxy as a function of high strain-rates and temperature.  It is shown that similar to 

experiments, the time-temperature superposition principle can be applied to simulation 
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data that can then be collapsed onto a master curve, which, in turn, can supplement the 

experimental master curve with data on the material behavior at ballistic strain rates.  It is 

thus demonstrated that molecular simulations can be a powerful tool in the arsenal of 

material scientists to establish causality and to predict structure-property relationships at 

length- and time-scales that are difficult to access in experiments. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Cross-Linked Epoxy 

Cross-linked epoxy (or epoxy resins) constitutes a class of polymeric materials 

that involves the cross-linking of molecules containing the three-membered epoxy ring 

(the epoxy monomer) by cross-linkers such as polyamines, polyphenols, polyanhydrides, 

etc.1-3  Cross-linked epoxy is a very versatile material that shows excellent mechanical 

strength, toughness, corrosion resistance, and low electrical conductivity.1,2  These 

properties allow its use in structural, bonding, and coating applications such as in 

adhesives, printed circuit boards, aerospace and military composites, etc.1,2  Thus, cross-

linked polymer networks are utilized extensively in the military, the aerospace, and other 

industrial sectors.  The ability to vary the resin chemistry, the network structure, and the 

mechanism of cross-linking provides great versatility in the material selection for these 

systems, which allows the design of networks whose mechanical properties can be tuned 

over a broad window ranging from rigid structural resins to extremely soft elastomers.4 

In the year 2000, the global market for cross-linked epoxy resins was about 1.15 

million metric tons, with the market in North America being 0.33 million metric tons.1,2  

The most common formulation of cross-linked epoxy consists of diglycidyl ether of 

bisphenol A (DGEBA) and polyamines such as, for example, 4,4’-diaminodiphenyl 

sulfone (4,4’-DDS) or polyoxypropylene diamines (POP(3) diamine) (n = 3).  The 
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chemical structures of the aforementioned molecules and a schematic of the cross-linking 

(or curing) reaction are shown in Figure 1.1. 

(a)   

(b)   

 

(c)   

 

(d) 

Figure 1.1: Chemical structure of (a) DGEBA, (b) 4,4’-DDS, (c) POP (3) diamine (n=3).  
(d) A schematic of the cross-linking reaction 

 

+

+
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1.2 Polymer Nanocomposites 

Polymer nanocomposites (PNCs) are prepared by the reinforcement of a polymer 

(the matrix) with another phase, (the filler) whose characteristic dimension is of the order 

of 100 nm or less.5-9  The use of a nano-scale filler in PNCs results in the creation of large 

interfacial area of contact between the matrix and the filler.  For example, the interfacial 

area between the matrix and the filler in dispersions of layered silicates in polymers is ~ 

700 m2/cm3, a quantity that is very sensitive to the quality of the dispersion of the filler.5  

The presence of a matrix-filler interface causes fundamental changes in the physics of the 

polymer matrix at distances less than 10 nm.  The fraction of the matrix, whose physics is 

under the influence of the filler, is called the interphase.10,11   

In conventional composites that use macroscopic filler particles, the fraction of 

the interphase is negligible; the vast majority of the matrix behaves like the neat polymer 

(the unreinforced polymer).  On the other hand, the large matrix-filler interfacial area 

results in the creation of a much larger interphase.  As a result, the structure-property 

relationships in PNCs are far more complex; there is a lack of even simple structure-

property models.5  This lack of models is because, the nature of the interfacial 

interactions between the matrix and the filler plays an important, if not a predominant, 

role in the thermo-mechanical behavior and it is insufficient to model these materials 

based on the properties of macroscopic samples of the neat polymer and the filler 

material independently.12   

Thus, PNCs are an extremely active area of theoretical and experimental research.  

Some examples of fillers, which are being currently investigated, include carbon 
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nanotubes (CNTs), fullerenes, graphene, clays, and metal nanoparticles.13  CNTs, in 

particular, are considered as ideal fillers due to juxtaposition of the molecular and the 

macroscopic length-scales within a single nanotube.14,15  In this dissertation, the focus is 

on the use of CNTs as the filler for the enhancement of mechanical properties of cross-

linked epoxy. 

1.3 Carbon Nanotubes as Fillers in PNCs 

Ever since the first reports of the isolation of CNTs in 1991,16,17 the outstanding 

mechanical,18,19 electrical,20 and thermal21 properties of CNTs have caused an explosion 

of research in the materials community.  As can be seen in Figure 1.2, the number of 

papers published on the use CNTs as fillers in PNCs has been increasing drastically in the 

last few years.  About 10% of these papers involve the use of cross-linked epoxy based 

matrices.  Research on the use of the filler, graphene seems to be following a similar, 

albeit delayed, trend.  Graphene was first reported22,23 in 2004 and was the subject of the 

Nobel Prize in Physics in 2010.  On the other hand, the trend in the number of 

publications on the subject of cross-linked epoxy with the year of publication is 

representative of a relatively more mature research field.  Similar statistics were 

previously reported in a recent review.24 



Texas Tech University, Ketan S. Khare, December 2013 

5 

 

Figure 1.2: Number of papers of relevant topics as a function of the year published.  
Search performed using Web of Knowledge on September 30, 2013 

 

Part of this extraordinary interest in the use of CNTs arises from the fact that 

individual CNTs have extremely high values of tensile modulus ranging from 640 GPa to 

1 TPa.25-28  On the other hand, cross-linked epoxies typically show values of the tensile 

modulus ranging from 2.4 to 3.25 GPa.3,29  Given that CNTs are more than two orders of 

magnitude stiffer than the typical cross-linked epoxy matrices, the possibility of adding 

relatively small quantities of CNTs as fillers in cross-linked epoxy based matrices in 

order to enhance their mechanical stiffness is extremely enticing from the point of view 

of applications.  For example, the Halpin-Tsai equations30 have been used to estimate that 

the addition of 5% by volume of multi-walled CNTs to a cross-linked epoxy matrix (a 

formulation used in aerospace applications) could increase the Young’s modulus by over 

2000

1500

1000

500

0

N
u
m

b
e
r 

o
f 
P

a
p
e

rs

2010200520001995
Year of Publication

Search terms (variants were used)
 Cross-linked Epoxy
 CNTs and PNCs 
 Cross-linked Epoxy and CNTs
 Graphene and PNCs



Texas Tech University, Ketan S. Khare, December 2013 

6 

100%.31  Based on these theoretical expectations, the potential for reducing the mass of 

the aircraft could lead to significant savings in the operating costs associated with 

aerospace applications.   

1.4 Matrix Reinforcement by CNTs: Expectations versus Observations 

As has been pointed out in recent reviews and other literature,13,19,32-36 the 

experimentally observed reinforcement of cross-linked epoxy has been poorer than 

theoretical expectations.  This mismatch between expectations and observations has been 

attributed to various factors, the most important of these being the aggregation of 

CNTs,13,33 and the poor load transfer between the polymer matrix and the CNTs.19  Given 

the high propensity of CNTs (especially pristine single-walled CNTs) for 

aggregation,13,33,37,38 the dispersion of CNTs is challenging, especially in high viscosity 

materials such as mixtures of the epoxy monomer and the cross-linker.  Nevertheless, a 

review37 has noted that considerable progress has been made in obtaining better 

dispersion of CNTs in polymer matrices.  In particular, thanks to the recent advances in 

the chemistry of CNTs,39 various chemical treatments of CNTs have been used to 

improve the matrix-filler compatibility, thereby improving the extent of dispersion. 

Despite these advances in the preparation of nanocomposites, it has been 

somewhat more challenging to characterize the effectiveness of the load transfer between 

the matrix and the filler.  While it is known40 that the presence of a solid interface can 

cause complex, yet subtle, changes in the behavior of the polymer in the vicinity of the 

interface (i.e. in the interphase region), the effect of CNTs on the physics of polymer 

matrices remains poorly understood.24  As can be seen in previous reviews,35,36 
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experimental work in nanocomposite research reflects the diversity in the choice and the 

differences in the characteristics of the polymer matrix, the CNTs, and the nanocomposite 

preparation methods.  The possibility of these variations has caused another review32 to 

note the difficulties and the obstacles associated with both, conducting reproducible 

control experiments, and comparing results from different research groups.   

The nature of experiments makes it difficult to independently control any one of 

the many parameters that affect the properties of the nanocomposite, such as a change in 

the Tg caused by the nanofiller.  For example, the use of surfactants or solvents will affect 

the extent of dispersion of the CNTs, as well as, directly affect the Tg of the 

nanocomposite, and may also affect the polymerization process, which in turn will have a 

secondary impact on the Tg.
41  Similarly, the functionalization of the filler simultaneously 

affects the matrix-filler load transfer, the propensity for dispersion of the filler, and 

introduces defects in the filler, while all of these affect the mechanical properties of the 

nanocomposite.  Thus, it is usually not possible to independently pinpoint or isolate the 

effect of the functionalization on load transfer using experiments.  This complex interplay 

of parameters, factors, and effects makes it difficult to generalize the large number of 

experimental results, and hence, fundamental questions such as the effect of CNTs on the 

chain mobility and the glass transition temperature (Tg) continue to be a topic of active 

research.24  Without a better understanding of these effects, the interpretation of 

experimental results on mechanical reinforcement of the matrix by the filler can be 

misleading.42  
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1.5 Molecular Insight via Simulations 

On the other hand, molecular simulations allow a greater degree of control 

(sometimes artificially) over the various parameters, thus enabling simulations to resolve 

this interplay of different effects.24  Coarse-grained simulations have previously been 

used to study nanocomposites.43-48  However, the specific chemical interactions in the 

system are not explicitly accounted for in coarse-grained molecular simulations.  

Consideration of the specific chemical interactions in the system is important6 because 

two of the goals of the research in nanocomposites are: (1) to maximize the amount of the 

interphase by improving dispersion, and (2) to control the properties of the interphase by 

engineering the interfacial interactions.  Indeed, the thermo-mechanical properties of 

cross-linked epoxy based networks are strongly affected by chemical interactions within 

the matrix.29  Atomistically detailed simulations have the advantage of explicitly 

accounting for the specific chemical interactions that are known to affect the PNCs.   

In this dissertation, molecular dynamics simulations are used for deciphering the 

molecular mechanisms underlying the thermo-mechanical behavior of cross-linked epoxy 

and cross-linked epoxy based CNT nanocomposites.  Due to the current state of the 

technology of high performance computing, atomistically detailed simulations are limited 

in the time- and length-scales that can be accessed (up to ~ 500 ns and ~ 20 nm, 

respectively).  As will be demonstrated in this dissertation, it is still possible to use 

simulations to obtain a molecular insight into the thermo-mechanical behavior of these 

materials, which is otherwise difficult to access directly in experiments.  Specifically, as 

has been pointed out in a recent review, the matrix-filler interactions of interest in this 
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dissertation occur at atomic length- and time-scales, and do not, for instance, seem to be 

affected by the radius or length of the nanotube, which allows for the use of smaller 

CNTs for investigating these effects.24 

1.6 Dissertation Organization 

The molecular simulation of amorphous polymers requires the preparation of 

well-relaxed model structures of these systems at a realistic extent of conversion and a 

realistic density.  In Chapter II, the use of a newly proposed directed diffusion49 based 

simulated polymerization strategy for the preparation of cross-linked epoxy model 

structures is presented.  Using the methods presented in Chapter II as a base, the directed 

diffusion based simulated polymerization was used to create model structures of cross-

linked epoxy nanocomposites containing pristine single-walled CNTs (Chapter III).50  

The greater degree of control over the extent of dispersion of these CNTs afforded by 

molecular simulations allowed the creation of model systems for both, the nanocomposite 

containing either well-dispersed or aggregated CNTs.  The volumetric, structural, and 

dynamic properties of these three systems are discussed in the same chapter.   

Thereafter, model structures of a fourth system: a nanocomposite containing well-

dispersed amido-amine functionalized CNTs, were prepared in order to study the effect 

of functionalization of the filler on the volumetric, structural, and dynamic properties of 

these nanocomposites.  The details of these simulations are discussed in Chapter IV, 

along with the results and discussion of the mechanical properties obtained by the 

simulated deformation of these four systems.  In Chapter V, the calculation of high strain-

rate mechanical properties of a neat cross-linked epoxy network as a function of 
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temperature and strain-rate is described.  These results from simulations are then 

compared to mechanical properties obtained via experiments.  Finally, the main results in 

this dissertation are summarized and contextualized in Chapter VI.  Suggestions for 

future work are also given in the same chapter. 
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CHAPTER II 

DIRECTED DIFFUSION APPROACH FOR PREPARING 

ATOMISTIC MODELS OF CROSS-LINKED EPOXY FOR USE IN 

MOLECULAR SIMULATIONS 

 

The contents of this chapter have been adapted from the author’s published 

work49 with permission.  Copyright 2012, John Wiley and Sons. 

 

2.1 Summary 

A directed diffusion approach is used to create atomistic models of cross-linked 

epoxy.  In simulated polymerization-based approaches for preparing epoxy model 

structures, conversions higher than 95% are difficult to achieve due to very slow 

diffusion of unreacted monomers and cross-linkers in the partially formed network.  This 

problem is overcome by creating very long bonds in the polymerization stage, and then 

relaxing these to equilibrium values by using a directed diffusion based relaxation 

strategy.  The method proposed here minimizes the use of custom code by relying on the 

in-built functionality in LAMMPS package.51  The approach allows for near complete 

conversion (~ 99%) and the thermal and volumetric properties of the structures so 

prepared show good agreement with experimental data.   
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2.2 Introduction 

Preparation of realistic, well-relaxed, atomistically detailed model structures of 

amorphous polymers for use in molecular dynamics (MD) simulations is a non-trivial 

task, particularly for polymers with complex topologies (Figure 2.1) such as cross-linked 

epoxies, where a single reacting site (usually the nitrogen atom of the amine group of the 

cross-linker) forms multiple new bonds.  Especially for materials with high cross-link 

densities, preparation of model structures requires systematic strategies.  The approaches 

followed in the literature for generating structures of polymers can be classified into four 

broad categories as shown in Table 2.1.   

 

Figure 2.1: A model structure of cross-linked epoxy is shown.  Carbon, oxygen, 
nitrogen, and hydrogen atoms are shown in cyan, blue, red, and white colors, 

respectively. 
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Table 2.1: Strategies for preparation of atomistic structures of polymers 

Key concept of approach  Example application 
Applicable for 

complex 
topologies? 

Rotational isometric state model52,53 Polypropylene53 No 

Polymerization of monomers54 
Polyethylene54, 
Polystyrene55 

Yes 

Melting of crystal or ordered arrangement56 Polyethylene56 No 

Creation of coarse grained structure 
followed by mapping to atoms57 

Polystyrene57 Yes 

 

 

 

In an early work,58 cross-linking simulations were carried out to determine the 

sol-gel distribution in a network using a coarse-grained model.  Creation of atomistically 

detailed structures of epoxy has received increased attention in recent years (see Table 

2.2).  Although several coarse grained model based approaches have been used to create 

structures of cross-linked epoxy,59,60 all other work in literature has focused on methods 

that are variants of the polymerization approach.  Structures of cross-linked epoxy61-67 as 

well as of cross-linked systems,68,69 that do not involve the creation of multiple new 

bonds at a given reacting site have been prepared.  In the latter case, the steric hindrance 

caused by the newly bonded atoms does not affect any other reacting pairs of atoms. 
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Table 2.2: Summary of literature on preparation of cross-linked epoxy model structures 

 Authors Year Conversion 
System Size 

(atoms) 

 Yarovsky and Evans61 2002 1.00 1,300 

 Wu and Xu70 2006 0.937 1,060 

 Komarov et al.60 2007 0.94 5,000 

 Varshney et al.62 2008 0.95 8,300 

 Clancy et al.63 2009 0.86 7,000 

 Lin and Khare64 2009 1.00 14,900 

 Li and Strachan65 2010 0.70 16,000 

 Bandyopadhyay et al.66 2011 0.76 25,000 

 Nouri and Ziaei-Rad67 2011 0.95 90,000 

 Liu et al.59 2011 0.80 10,000,000 

 Li and Strachan71 2011 0.90 691,200 

 

For cross-linked epoxy, Varshney et al.62 carried out stepwise polymerization in 

which the bond formation distance was increased in successive stages.  After each bond 

formation stage, the structures were relaxed using a five-step relaxation procedure 

consisting of changing the bonding potential.  In this approach of cautiously increasing 

the bond formation distances in multiple steps, 95% conversion was achieved in 75 

iterative steps.  More recently, cross-linking was performed67 by modifying the non-

bonded energy function between potential reaction sites.  The glass transition 

temperatures (Tg) of prepared structures were approximately equal to the experimental 

value in both of these studies, which is unexpected given that the very high cooling rates 
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that are used in the simulations should lead to Tg values that are several tens of K higher 

than the experimental Tg values.72-75  

In two other studies,63,66 bonds were created between spatially adjacent reaction 

sites that were up to 8 Å apart, while recognizing further that conventional molecular 

mechanics and molecular dynamics techniques are unable to relax configurations 

resulting from the use of a longer bond formation distance.  Results were presented for 

model structures with conversions up to 0.7666 and 0.86.63 

The Tg (and hence, the chain dynamics) of cross-linked epoxy systems is very 

sensitive76-79 to the extent of conversion, especially at higher conversions.  In the case of 

the specific system studied in this chapter, experiments76,79 show that as the conversion 

increases from 0.95 to 1.00, the glass transition temperature increases by about 20 to 30 

K.  Since many thermo-mechanical properties of amorphous materials scale with the 

glass transition temperature, the importance of obtaining complete conversion cannot be 

overstated.42   

Complete conversion of cross-linked epoxy was previously achieved by Lin and 

Khare64 by extending the original simulated annealing80 based simulated polymerization55 

approach for creating structures of cross-linked epoxy in a single polymerization step.  

The simulated polymerization approach described in that work64 consisted of two stages: 

(1) using the simulated annealing algorithm80 to determine the “optimum” connectivity 

sequence consisting of spatially close epoxy monomers and cross-linkers and (2) 

relaxation of the structures formed after creating bonds between the reacting pairs so 
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identified.  The main focus of that work64 was on the first stage i.e. on finding an 

optimum connectivity sequence to avoid the computational burden on the second stage.   

In this chapter, it is shown that the need for the determination of an optimal 

connectivity sequence of cross-linked epoxy (a stage that necessitates custom code for the 

simulated annealing part) can be removed by the usage of an appropriate relaxation 

protocol while still allowing the creation of well-relaxed structures of cross-linked epoxy.  

Thus, using elements of the LAMMPS51 software package in conjunction with the 

proposed relaxation protocol, model structures of cross-linked epoxy with nearly 

complete conversion (~ 0.99) were prepared. The volumetric properties shown by the 

model structures are then compared with experimental data.   

The rest of this chapter is organized as follows: initially, a description of the 

molecular model, the simulation details, as well as, the polymerization and relaxation 

algorithm is provided.  Next, results are presented for the dependence of conversion on 

the bonding distance, and the characterization of the cross-linked epoxy model structures 

using thermal and volumetric properties.  Finally, a summary of the proposed structure 

generation method and the main conclusions of the work are discussed.   

2.3 Simulation Details 

2.3.1 Molecular Model and Simulation Details 

The cross-linked epoxy studied was obtained by cross-linking of diglycidyl ether 

of bisphenol A (DGEBA) with 4,4’-diaminodiphenyl sulfone (DDS) as shown in Figure 

2.2.  The general AMBER force field81,82 (GAFF) for parameters and AM1-BCC83,84 
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model for partial charges are used in all the simulations.  The MD simulations were 

performed in the LAMMPS51 simulation package, using a time step of 1 fs.  Lennard-

Jones and electrostatic interactions were explicitly accounted for up to a cut-off distance 

of 9 Å; the remainder being accounted for by tail correction and particle-particle particle-

mesh (pppm) solver,85 respectively.  Initially, a mixture of the reactants was created in a 

simulation box and equilibrated for 500 ps at 523 K using a constant number of particles, 

pressure and temperature (constant NPT) ensemble.  All of the constant pressure 

simulations were carried out at a pressure of one atmosphere.  Pressure and temperature 

were controlled by Nosé -Hoover86 barostat and thermostat respectively.  The values of 

the temperature and pressure damping parameters were 0.1 ps and 1 ps, respectively 

a.  

b.   

Figure 2.2: Chemical structures of (a) DGEBA and (b) DDS 
 

2.3.2 Polymerization and Relaxation Algorithm 

Using a snapshot of the equilibrated box, the closest bonding neighbors (carbon 

atoms of the epoxy group on the monomer and the nitrogen atoms of the amine group on 

the cross-linker) were identified using the fix bond/create command in LAMMPS.51  All 
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of the bonds to be created were identified in less than 100 steps.  All the atoms were 

stationary in this process. 

Given that the optimal bond connectivity sequence is not used in this method (as 

opposed to the simulated annealing method55,64), the key to the success of the approach is 

the relaxation protocol to be used for equilibrating the cross-linked structures that are so 

formed.  Thus, after identifying the bonding pairs, very weak harmonic bonds were 

created for these such that the values of the force constant and equilibrium bond length in 

the harmonic bonding potential for the newly created bonds were 0.3% and 685% of the 

actual values, respectively.  The goal of this process was to keep the total bond energy of 

the system in a range that does not make the simulation unstable.  The structure was then 

relaxed by successive MD simulation stages of 20 ps duration in which the newly created 

bonds were strengthened in a step-wise fashion.  Figure 2.3 shows the values of the 

parameters of the harmonic potential energy function: � = �	(	 − 	�)� that are used in 

the successive relaxation stages.  These MD stages were carried out at a high temperature 

of 703 K using a constant number of particles, volume, and temperature (constant NVT) 

simulation. 

The bond relaxation procedure resulted in newly bonded atoms being 

approximately at the equilibrium bond distance away from one another.  After relaxing 

the structures, the correct partial charges, angles, and dihedrals were added to the new 

topology.  It should be noted that the changes required in the topology of the cross-linked 

epoxy from the “unreacted” mixture were minimized by using the hydrogenated form of 

epoxide group.  The resultant extra hydrogen atoms were also deleted at this stage.  These 



Texas Tech University, Ketan S. Khare, December 2013 

19 

new structures were relaxed by MD simulation for 4 ns at a high temperature that was 

more than 150 K above the Tg; the high temperature was used to ensure that an 

equilibrated rubbery phase was obtained in a simulation of short duration.  The overall 

outline of the directed diffusion based simulated polymerization procedure is shown in 

Figure 2.4. 

 

Figure 2.3: Bond energy as a function of the distance 
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Figure 2.4: Outline of the directed diffusion based simulated polymerization protocol 

“Reaction mixture”: Simulation box containing a 
mixture of monomers and cross-linkers.

Equilibrate reaction mixture using constant NPT MD 
simulations.

Create weak bonds between reacting pairs of atoms using “fix 
bond/create” command in LAMMPS.  Allow creation of long 

bonds up to desired extent of conversion.

Gradually strengthen bonds (k↑ and/or b0↓) to force field 
strength. Allow monomers and cross-linkers to diffuse in 

response to new k and b0 using constant NPT MD simulation

Obtain final topology by: (1) modifying partial charges of atoms 
and (2) adding internals (angles, dihedrals, and impropers) at 

newly created bonds.

Relax newly created model structure using constant NPT MD 
simulation at T > Tg + 150 K

Well-relaxed model structure of cross-linked 
epoxy at required extent of conversion

Did simulation run successfully?
No

Yes

Strengthen 
more gradually

Are k and b0 same as force field?

Yes

No

Directed diffusion 
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2.4 Results and discussion 

2.4.1 Evidence of Scaling between Bond Formation Distance in Simulations 

and Diffusion Time-scale in Experiments 

While building structures of amorphous polymers by polymerization of 

monomers, given the short time scales accessible to MD simulations, it is common 

practice not to wait for the reacting species to diffuse within close spatial proximity (van 

der Waals diameter) of each other.  Instead, bonds are formed between the pair of 

reacting atoms even when they occur at larger separations.  This approach becomes even 

more necessary in the case of nitrogen on the cross-linker that is reacting for the second 

time with a carbon on the epoxy monomer, as proximity between those species is 

sterically hindered.   

Figure 2.5 shows the dependence of the conversion on the square of the distance 

to the nearest bonding neighbor that is used in the connection procedure.  In that figure, it 

can be seen that following a rapid initial increase in the conversion as a function of the 

bond formation distance as was also observed in previous work,62,63 conversion rises 

gradually with an increase in the bonding distance.  This trend is especially at higher 

values of the extent of conversion.  This behavior is qualitatively similar to the 

experimentally observed87 time dependence of conversion during the cure process.  It 

should be noted that the square of the distance to the nearest bonding neighbor could be 

considered as a crude estimate of the time required for diffusion of the reacting species 

during the cure process.  Here, a maximum bond formation distance of 40 Å (marked by 
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an arrow in Figure 2.5) was used, which resulted in 98.9% conversion.  This value of the 

extent was deemed sufficient for representing a realistic structure.  It is important to note 

that although 40 Å is an unreasonably high value for bond formation that will result in 

highly stretched bonds; the stepwise relaxation protocol (Figure 2.4) can easily relax 

these structures. 

 

 

Figure 2.5: Dependence of conversion on the bonding distance.  The initial rapid 
increase is shown in the inset.   

*Error bars (not shown) is of the size of the symbols 

Using this approach, five model structures were prepared by cross-linking 800 

molecules of DGEBA with 400 molecules of DDS (the length of the simulation box was 

approximately 8 nm at 300 K).  In order to verify that the structure relaxation procedure 

was able to successfully relax the cross-linked system, the bond length and the bond 

angle values for the newly created bonds were calculated.  Specifically, for the bond 
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between the terminal carbon (C) of epoxy monomer and nitrogen (N) of cross-linker, the 

average bond length at 300 K was found to be 1.49 ± 0.03 Å (equilibrium value: 1.458 Å) 

and the average value of the C-N-C angle was found to be 116 ± 3° (equilibrium value: 

114.44°).  The energy penalties associated with these deviations value of the bond lengths 

and angles from their equilibrium values are 0.32 and 0.06 kcal/mol, respectively, which 

is less than the thermal energy (~ 0.59 kcal/mol, estimated as RT, where R is the universal 

gas constant and T is the temperature) available for their harmonic vibration.  Thus, it 

was concluded that the directed diffusion approach was able to successfully relax the 

structures even if the initial bond lengths of the newly created bonds were far from their 

equilibrium values. 

2.4.2 Volumetric Properties of Model Structures Agree with Experiments 

The volume temperature behavior of these structures was characterized by step-

wise cooling (20 K per 2 ns) in MD simulation, and the Tg was then determined from the 

point of intersection of the linear fits to V-T data in the rubbery and glassy states (Figure 

2.6).  The glass transition temperature (Tg), room temperature density, and the coefficient 

of volume thermal expansion (αv) obtained from these V-T data are compared with 

experimental data in Table 2.3.  The simulated value of Tg is higher than the 

experimental values,76,79,88-90 which is expected given that the cooling rates used in 

simulation are several orders of magnitude higher than those used in experiments.  Using 

the Vogel-Fulcher-Tammann (VFT) parameters for this system from the literature,89 it 

can be calculated using the VFT equation73,75 that the simulated Tg should be ~ 39 K 

higher than experiments since the simulation cooling rates are about 6 × 1011 times higher 
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than experiments.  Furthermore, the value of density obtained from simulation is about 

3% lower than the experimental values; this is also expected since glasses formed at 

higher temperatures are expected to have a lower density.   

 

Figure 2.6: Volume-temperature behavior of cross-linked epoxy 
 

Table 2.3: Thermal and volumetric properties for DGEBA-DDS  
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glassy state is closer to that from one literature source,90 while the values for both the 

glassy and the rubbery states show larger disagreement with the other source.89  It should 

be noted that no attempt was made in this work to optimize the force field parameters, 

which have been previously optimized for small organic molecules in biological systems 

at ambient conditions of pressure and temperature.  In addition to these possible 

inaccuracies of the force field for representing this particular epoxy, other potential 

reasons for the observed deviations of the simulated and experimental αv values could be 

the differences in the topology of the cross-linked network and the degree of curing in the 

two systems or the possible presence of volatile material such as the products of thermal 

degradation in the experimental samples.91  A detailed investigation of these effects could 

constitute a topic of future study. 

2.5 Chapter Conclusions 

The polymerization of monomers approach was extended to create structures of 

cross-linked epoxy.  The bond connectivity sequence for connecting epoxy monomers 

and the cross-linkers was obtained from the functionality for determination of the 

spatially closest bonding pairs that is implemented in the LAMMPS51 package.  Unlike 

previous work that used simulated annealing based simulated polymerization,64 no effort 

was made to obtain an optimum bond connectivity sequence that minimized the spatial 

distance between the bonding pairs.  The key step in the proposed procedure is the 

stepwise relaxation of the generated structure in which the strength for the newly created 

bonds was increased gradually.  This relaxation protocol can be thought of as a form of 

directed diffusion of the bonding monomers.  The procedure allowed the creation of 
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relaxed atomistic structures of cross-linked epoxy with very high conversion (~ 0.99).  

While this method was implemented for a system containing more than 50,000 atoms, 

there does not seem to be any impediment to extending this method to larger systems. 

In general, at high conversions, the polymerization approaches for generation of 

epoxy structures run into difficulties due to very slow diffusivities of the unreacted 

monomers in the network that is already formed.  Both the coarse grained59,60 approach 

and the simulated annealing polymerization64 approach, which circumvent this difficulty, 

necessitate creation of custom code.  The only customization in the proposed approach is 

that required for the creation of the internals (angles and dihedrals) for the newly formed 

bonds.  The strategy used here is a direct extension of the polymerization of monomers54 

approach.  It was also shown that by applying systematic, directed diffusion based 

relaxation procedure, one can create initial bonds that are as long as 40 Å and still 

successfully relax the structure even for complex topologies such as cross-linked epoxy.  

The key elements required for implementing this approach, i.e. identification of potential 

reacting sites and the functionality required for relaxing the structures, are available in the 

open source package LAMMPS.51  In general, the main problem associated with creating 

structures of amorphous polymers using the simulated polymerization approach has been 

the large stresses that result from the creation of long bonds.  The directed diffusion 

approach provides a way to remove the stress systemically from the system in order to 

obtain a relaxed polymer structure.   
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CHAPTER III 

EFFECT OF CARBON NANOTUBE DISPERSION ON GLASS 

TRANSITION IN CROSS-LINKED EPOXY – CARBON NANOTUBE 

NANOCOMPOSITES: ROLE OF INTERFACIAL INTERACTIONS 

The contents of this chapter have been adapted from the author’s published 

work50 with permission.  Copyright 2013, American Chemical Society. 

3.1 Summary 

In this chapter, molecular simulations were used to study the effect of nanofiller 

dispersion on the glass transition behavior of cross-linked epoxy-carbon nanotube (CNT) 

nanocomposites.  Specific chemical interactions at the interface of CNTs and cross-linked 

epoxy create an interphase region, whose impact on the properties of their 

nanocomposites increases with an increasing extent of dispersion.  To investigate this 

aspect, the volumetric, structural, and dynamical properties of three systems: neat cross-

linked epoxy, cross-linked epoxy nanocomposite containing dispersed CNTs, and cross-

linked epoxy nanocomposite containing aggregated CNTs were compared.  It was found 

that the nanocomposite containing dispersed CNTs shows a depression in the glass 

transition temperature (Tg) by ~ 66 K as compared to the neat cross-linked epoxy, 

whereas such a large depression is absent in the nanocomposite containing aggregated 

CNTs.  These results suggest that the poor interfacial interactions between the CNTs and 

the cross-linked epoxy matrix lead to a more compressible interphase region between the 

CNTs and the bulk matrix.  An analysis of the resulting dynamic heterogeneity shows 

that the probability of percolation of immobile domains becomes unity near the Tg 
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calculated from volumetric properties.  These observations also lend support to the 

conceptual analogy between polymer nanocomposites and the nano-confinement of 

polymer thin films.  

3.2 Introduction 

Carbon nanotubes (CNTs),14 being amongst the stiffest known materials,19 are 

expected to be excellent candidates for improving the mechanical stiffness of polymer 

matrices in general, and cross-linked epoxy matrices in particular.  The resulting polymer 

nanocomposites (PNCs) have also been reported to show other interesting mechanical 

properties, such as improved dampening characteristics92 and improved toughness.93  

Practical applications of CNT based PNCs have been limited by poorer than theoretically 

expected enhancement in mechanical properties,32,33 which has been attributed to various 

factors, the most important of these are aggregation of CNTs,13,33 and poor load transfer 

between the polymer matrix and the CNTs.19  As can be seen in previous reviews,35,36 

experimental work in nanocomposite research reflects the diversity in the choice and the 

differences in the characteristics of the polymer matrix, the CNTs, and the nanocomposite 

preparation methods.  The possibility of these variations has caused another review32 to 

note the difficulties and the obstacles associated with both, conducting reproducible 

control experiments, and comparing results from different research groups.  The effect of 

CNTs on physics of the polymer matrix in nanocomposites is complex, and remains 

poorly understood.24  Fundamental questions such as the effect of CNTs on the chain 

mobility and the effect of CNTs on the glass transition temperature (Tg) continue to 

plague the field of study.  There appears to be no agreement on either the quantitative, or 
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even qualitative, trends in the change in chain mobility or the Tg of nanocomposites as 

compared to the neat epoxy.24 

In this chapter, the focus is only on prior literature on the experimental studies 

reporting the Tg of nanocomposites of cross-linked epoxy and pristine single-walled 

CNTs.  Even for this narrow topic, there appears to be a lack of agreement on whether 

these nanocomposites show an increase,94 decrease,94-101 or no change100,102-104 in the Tg 

as compared to the neat cross-linked epoxy.  In studies that have reported a decrease in 

the Tg of the nanocomposite as compared to the neat cross-linked epoxy, this observation 

was attributed to various causes, such as the use of diluent/surfactant/solvent,94,100 a 

reduction in the conversion or cross-link density,95-98 or a partitioning of the reactants 

before curing.98,99  A review article41 has proposed several causes for the observed Tg 

depression in the cross-linked epoxy-CNT nanocomposites compared to the neat cross-

linked epoxy such as the aggregation of the CNTs, especially single-walled CNTs, and 

the use of solvent, diluents, surfactants, or other additives.  At the outset, although it is 

expected that a depression in the Tg would result in faster molecular dynamics, and hence 

a smaller value of the storage modulus in the nanocomposites compared to the neat cross-

linked epoxy, this has not been consistently observed in the literature studies on cross-

linked epoxy nanocomposites based on single-walled CNTs.94,95,98,100  These results serve 

to illustrate the fact that expectations about the relationships between the molecular 

dynamics, diffusion coefficient, viscosity, Tg, and viscoelastic moduli in nanocomposites 

are neither trivial nor fully predicted by existing theories on the physics of polymer 

nanocomposites, as has been pointed out in a recent review.24   
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In literature, a conceptual parallel has been drawn between PNCs, and polymer 

thin films under nano-scale confinement regarding the effect of the interfacial 

interactions on the Tg of the surrounding polymer; this aspect has been studied in both, 

simulations,34,105,106 and experiments.8,107,108  In thin films, several studies have indicated 

that the change in the Tg of the polymer matrix around an interface, as compared to the 

bulk polymer, depends on the nature of the interfacial interactions.8,40,109-112  Particularly, 

it has been concluded that poor/weak/unfavorable interactions at the interface between a 

substrate, and the polymer film cause a depression in the Tg of the film compared to the 

bulk polymer, and that the magnitude of this depression increases as the thickness of the 

film decreases.  In nanocomposites, the close contact of the polymer matrix and the filler 

create an interphase10,11 (i.e. the fraction of the polymer matrix under the influence of the 

interfacial interactions).  Since the nanofiller-polymer interphase is similar to the polymer 

thin film region (under nano-scale confinement), the Tg of a nanocomposite having weak 

interactions between the filler and the polymer matrix is expected to show a depression 

compared to the Tg of the neat polymer.  Furthermore, since the nanocomposites have a 

larger volume fraction of the interphase compared to conventional composites, the 

nanocomposites are also expected to show larger Tg changes than conventional 

composites.  Molecular simulation112 and experiments8 have shown that the Tg of the 

interphase region in thin films or nanocomposites can be very different from bulk region.   

In recent years, atomistically detailed simulations of cross-linked epoxy- 

polyhedral oligomeric silsequioxane (POSS),64,113 non-cross-linked epoxy-single walled 
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CNT,114 cross-linked epoxy-CNT,115 and cross-linked epoxy – graphene116 

nanocomposites have been reported. 

In this chapter, atomistic simulations have been used to address the following 

specific questions: (1) What effect do pristine single-walled CNTs (and their 

dispersion/aggregation at length-scales of about five nm) have on the Tg of the 

surrounding cross-linked epoxy matrix, in the absence of effects caused by 

nanocomposite preparation and processing?  (2) If there is an effect, what is the 

mechanism?  To answer these questions, three model systems: (1) neat cross-linked 

epoxy (neat epoxy) (2) epoxy nanocomposite containing dispersed CNTs (epoxy – disp. 

CNTs system), and (3) epoxy nanocomposite containing aggregated CNTs (epoxy – agg. 

CNTs system) are studied.  Any possible effects of the preparation and the processing of 

the nanocomposites are removed by creating model systems with near complete 

conversion (~ 99%) in all three cases. 

The rest of this chapter is organized as follows: initially, the details of the 

molecular model, and simulation methods, including the details of the preparation of 

model structures for simulations are presented.  This sub-section is followed by the 

results and discussion of the calculations of volumetric, structural, as well as, dynamic 

properties of these systems.  Finally, the chapter is closed with a brief summary and the 

conclusions of this chapter. 
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3.3 Simulation Details 

3.3.1 Force Fields and Molecular Models 

The cross-linked epoxy matrix of the nanocomposites studied in this chapter is the 

same as that studied in the previous chapter.  Specifically, the cross-linked epoxy consists 

of diglycidyl ether of bisphenol A (DGEBA) as the epoxy monomer, and 4, 4’- diamino-

diphenyl sulfone (DDS) as the cross-linker.  The CNTs used in this chapter were pristine 

single-walled CNTs of chirality (3,3) having a diameter of 0.85 nm and a length of 2.5 

nm, based on excluded volume.  The nanocomposites simulated were prepared using 800 

molecules of DGEBA, 400 molecules of DDS, and 8 CNTs.  This composition 

corresponded to a CNT loading of 3.03% by mass.  All the other simulation details are 

identical to the previous chapter. 

3.3.2 Preparation of Model Structures of the Nanocomposites 

The structure preparation strategy for the model structures of the nanocomposites 

involved two steps: (1) the strategic placement of the CNTs in a simulation box 

containing an unreacted mixture of the molecules of the epoxy monomers and the cross-

linkers (hereafter called the “reaction mixture”), and (2) simulated polymerization of the 

reaction mixture to cross-link the epoxy matrix around the CNTs.  In step (1), the lack of 

cross-linking between the epoxy monomers and the cross-linkers in the reaction mixture 

allowed for the easy displacement of the CNTs within the simulation box, and thus 

allowed the extent of dispersion to be controlled.  The extent of dispersion in the two 

nanocomposite systems was varied by controlling the initial placement of the CNTs prior 
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to cross-linking via simulated polymerization.  The reaction mixture was able to reach 

equilibrium in a short MD run around the CNTs.  Subsequently, simulated 

polymerization was performed to form the cross-linked epoxy matrix.  After the 

simulated polymerization, the existence of a cross-linked epoxy matrix around the CNTs 

made it unnecessary to externally control or restrain the CNTs during the calculation of 

the properties of the two systems. 

For preparing the initial reaction mixture for model structures of the epoxy – disp. 

CNTs system, the centers of mass of each of the eight CNTs were harmonically 

restrained to the eight edges of a cube formed by one-third the length of the simulation 

box.  These restraints were then released after the simulated polymerization.  In the case 

of the reaction mixture for the models of the epoxy – agg. CNTs system, the eight CNTs 

were initially induced to form a cluster using a harmonic spring force between all of the 

atoms comprising the CNTs, and the overall center of mass of the eight CNTs.  These 

harmonic restraints were released before the simulated polymerization, in contrast with 

the other system containing dispersed CNTs, where this was done after the simulated 

polymerization.  Releasing these constraints allowed the CNTs to find a more 

thermodynamically stable arrangement as can be seen in Figure 3.1.  Indeed, it was 

observed that the CNTs rearranged themselves to form a cluster with the CNTs aligning 

themselves with respect to each other such that their individual axes were parallel to each 

other.  There was also a tendency of the CNTs to rearrange themselves to keep the 

interfacial area of contact between the reaction mixture and the CNTs at a minimum.  

Since this rearrangement or alignment was not controlled, this indicates that the 
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formation of this cluster of eight aligned CNTs is a thermodynamically favorable 

arrangement.  This rearrangement also suggests that the specific chemical interactions 

between the reaction mixture and the CNTs are unfavorable and therefore, the 

aggregation of the CNTs is thermodynamically predisposed. 

 

 

(a)                                                                    (b) 

Figure 3.1: Snapshots of the prepared Epoxy-CNT nanocomposite structures.  The CNTs 
are shown in orange color.  Carbon, hydrogen, oxygen, nitrogen, and sulfur atoms are 

shown in cyan, white, red, blue, and yellow color, respectively.  The two snapshots 
shown are for the nanocomposite containing (a) aggregated CNTs, and (b) dispersed 

CNTs.  
In both cases, the epoxy monomers and cross-linkers around the CNTs were 

allowed to equilibrate using a constant NPT (constant number of particles, constant 

temperature, and constant pressure) molecular dynamics (MD) simulation for a duration 

of 10 ns.  The final arrangement of the CNTs can be seen from the snapshots of the 

model structures of the two prepared nanocomposite systems (Figure 3.1) at a 
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temperature of 303 K.  For both the snapshots, the length of the edge of the simulation 

box was approximately 8.3 nm, and the model structure contained about 55,000 atoms. 

Using the directed diffusion based simulated polymerization approach discussed 

in the previous chapter; five replicas were created for each of the three systems.  The 

extents of the chemical conversion values so achieved for the systems were quantitatively 

similar (Table 3.1) and are therefore not expected to have an effect on the properties 

studied in this chapter.   

Table 3.1: Extent of chemical conversion, the average values of newly created 
bonds/angles 

System 
Extent of 
conversion 

Average C-N 
bond length 

(Å) 

������������ 
(kcal/mol) 

Average 
C-N-C 
angle 

(degrees) 

�������������� 
(kcal/mol) 

Force field: 
GAFF81,82 

- 1.458 - 114.44 - 

Neat epoxy49 
0.989 ± 
0.0036 

1.49 ± 0.03 0.3 116 ± 3 0.05 

Epoxy – disp. 
CNTs 

0.987 ± 
0.0055 

1.49 ± 0.03 0.3 117 ± 4 0.13 

Epoxy – agg. 
CNTs 

0.994 ± 
0.0018 

1.49 ± 0.03 0.3 117 ± 4 0.13 

* Values for the nanocomposite systems are compared with the corresponding 
equilibrium values from the force field and the neat epoxy systems studied in previous 
work 
 

The ability of the directed diffusion protocol to relax the system was verified by 

analyzing the values of the lengths of the newly created bonds between the carbon atom 

on the monomer and the nitrogen atom on cross-linker, and the newly created angles (C-

N-C) in the model systems.  These calculations were performed at a temperature of 303 K 

for all five replicas and the results are shown in Table 3.1.  As can be seen, the values of 

these newly created bond lengths and angles are close to those suggested by the force 
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field.  Furthermore, the energy penalty associated with the observed deviation of these 

values from the equilibrium values was less than the thermal energy (~ 0.59 kcal/mol, 

calculated as RT, where R is the universal gas constant and T is the temperature) available 

for the harmonic oscillation of the bonds and angles.  These data confirm that despite the 

creation of long bonds initially, the use of the directed diffusion based simulated 

polymerization approach49 was successful in creating physically realistic model 

structures. 

3.4 Results and Discussion 

As described before, model structures for three different systems were analyzed in 

this chapter, namely (1) neat epoxy (2) epoxy – disp. CNTs and (3) epoxy – agg. CNTs 

systems.  For the neat cross-linked epoxy, the creation of the model structure for that 

system was described in the previous chapter;49 these structures were then subjected to 

further analysis.  Five replicas for each of these systems were used to calculate the 

average of, and to estimate the uncertainty in the properties of interest.  Each of these 

systems was characterized using volumetric, structural, and dynamical properties.  It is 

important to note that the movement of the atoms of the CNTs was not externally 

controlled (for example, by the use of constraints) after the simulated polymerization, as 

this might have otherwise caused artifacts in the calculations of the properties of the two 

nanocomposite systems. 
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3.4.1 Dispersion of Pristine CNTs in Cross-linked Epoxy Causes Large Tg 

Depression Compared to the Neat Polymer 

In order to determine the glass transition temperature (Tg) of these systems, the 

model structures of the nanocomposite systems were equilibrated at a high temperature in 

the rubbery state and then gradually cooled.  Step-wise cooling from a high temperature 

(T = 703 K) to an ambient temperature (T = 303 K) was performed using a constant NPT 

MD simulation by reducing the temperature in steps of 20 K every 2 ns (cooling rate: 1 × 

1010 K s-1).  Data from the second half of the simulation at each temperature were used to 

calculate the specific volume of the system.  This protocol identical to that, which was 

used in the previous chapter for studying the volume – temperature behavior of DGEBA-

DDS based neat cross-linked epoxy.49  Figure 3.2 compares the temperature dependence 

of the specific volume for the three systems.  From these data, the glass transition in these 

systems can be observed as a change in the slope of the respective specific volume – 

temperature plots.  The value of Tgs can thus be determined by finding the temperatures 

at the intersections of lines representing the linear fits to the rubbery and the glassy 

regions of the volume-temperature plots.   

Using this procedure, the Tg of the epoxy – disp. CNTs system (Tg = 446 ± 12 K) 

was lower by 66 K compared to that previously found49 for the neat cross-linked epoxy 

(Tg = 512 ± 13 K).  The Tg of the epoxy – agg. CNTs system (Tg = 499 ± 5 K) was only 

slightly lower, if at all, than the neat cross-linked epoxy (see Table 3.2).  Previous 

work64,113 on the molecular simulation of the nanocomposites of cross-linked epoxy and 

polyhedral oligomeric silsequioxane (POSS) did not show any effect of the filler on the 
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Tg of the nanocomposite as compared to the neat cross-linked epoxy, even when the filler 

loading was increased from 4% to 30% by mass.  In that work,113 the extent of 

aggregation was not controlled directly.  Thus as the filler loading was increased, the 

POSS molecules formed clusters.  Neither the formation of these clusters, nor a change in 

the filler loading appeared to cause a change in the values of the Tg for that 

nanocomposite system.   

 

 

Figure 3.2: Volume - temperature behavior of neat cross-linked epoxy,49 epoxy – disp. 
CNTs system, and epoxy – agg. CNTs system.   

Arrows show the value of the Tg. 
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Table 3.2: Summary of volume-temperature behavior 

System 
Tg 

(K) 
Density 

(g cm-3) 
αv (10 -4 K-1) 

Glassy state Rubbery state 

Neat epoxy49
 512 ± 13 1.209 ± 0.0023 1.57 2.50 

Epoxy – disp. 
CNTs 

446 ± 12 1.223 ± 0.0030 1.48 ± 0.09 2.14 ± 0.18 

Epoxy – agg. 
CNTs 

499 ± 5 1.242 ± 0.0027 1.39 ± 0.09 2.01 ± 0.10 

 

The figure also indicates that the glass transition phenomenon exhibited by the 

nanocomposites leads to only a modest change in the slope of the volume – temperature 

data between the rubbery and the glassy regions compared to that for the neat cross-

linked epoxy; this aspect can lead to an increase in the uncertainty of the Tg.  This 

observation is consistent with previous studies that have reported that the change in 

properties during the glass transition of a confined system becomes more gradual.113,117-

120  In order to reduce the extent of uncertainty in the calculated Tg, a temperature range 

of 100 K was used in order to define the rubbery and glassy regions in this work.  

Specifically, for the nanocomposite systems, the temperature range of the rubbery regions 

used for these calculations was 603-703 K and the temperature range of the glassy 

regions used was 303-403 K.  The Tg values were then calculated using the data from the 

individual replicas; these values were then used to determine the mean and the 

uncertainty in the Tg.   

The overall density of the two nanocomposite systems was higher than that of the 

neat cross-linked epoxy,49 with the epoxy – agg. CNTs system showing a higher density 
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than the epoxy – disp. CNTs system at the same temperature.  This observation is 

attributed to the CNTs forming one closely packed cluster in the case of the epoxy – agg. 

CNTs system.  These results, along with the values of the coefficient of volume thermal 

expansion (αv) are also summarized in Table 3.2. 

In literature, estimates for value of the density of single-walled CNTs vary 

widely.14,121  In single-walled CNTs, factors such as the inaccessible volume inside the 

CNT, the packing between the CNTs, and the number of walls of the CNTs have a strong 

impact on the value of the density.14  Furthermore, the value of the bulk density is 

expected to be different from that of the individual CNTs.14,121  In case of CNTs with 

small diameters, such as those used in this work, the density of the CNTs can be higher 

than that of graphite.121  For example, the density of CNTs used in this work is expected 

to be ρCNT = 4.25 g/cm3.121  Given the density of the neat cross-linked epoxy 

(ρepoxy = 1.209 g/cm3) and the mass fraction of the CNTs (fCNT = 0.0303), the density of 

the nanocomposite, neglecting any effects due to interactions between the two materials 

can be estimated as: 

 ��� = ����� !"#$%&' + �� !
"� !)

�� = 1.235 g/cm3 …(1) 

While this estimated value of the density of the nanocomposites lies between the 

value of the density of the epoxy – disp. CNTs (1.223 g/cm3) and the epoxy – agg. CNTs 

(1.242 g/cm3) systems, it is calculated assuming that the density of the matrix is 

unaffected by the presence of the CNTs.  Given that the values of the coefficient of 

volume thermal expansion (αv) for the matrix89,90 and the CNTs122 are expected to be 

different, the resulting mismatch between the αvs is expected to have an effect on the 
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density of the nanocomposites., in addition to any effect on this density due to the 

interfacial interactions.  While these factors complicate the calculation of the density of 

the nanocomposite from the density of the constituents, given that the composition of the 

two nanocomposite systems is identical, further information can be gained on the nature 

of the interphase between the matrix and the filler by comparing the values of the 

density/specific volume of the two nanocomposite systems. 

3.4.2 Interphase Between Cross-linked Epoxy and Pristine CNTs is 

Compressible 

Since the differences in the densities and the Tgs of the two nanocomposite 

systems to the differing amount of interfacial area between them, more information about 

the nature of the interphase between the cross-linked epoxy matrix and the CNTs can be 

garnered by comparing the properties of the two systems.  The interphase in 

nanocomposites refers to the part of the matrix whose physics is affected by the matrix-

filler interfacial interactions.  Specifically, the epoxy – disp. CNTs system has a higher 

interfacial area, as well as a larger volume fraction of the interphase.  To quantify this 

effect, an excess specific volume Vexcess resulting from this difference in the interfacial 

area is calculated by using the expression: Vexcess = (Vdisp - Vagg)/(Vdisp + Vagg), where Vdisp 

and Vagg are the specific volumes of the nanocomposites containing the dispersed CNTs 

and aggregated CNTs, respectively.   

Figure 3.3 shows the variation of Vexcess with temperature.  As can be seen in the 

figure, Vexcess has a positive value at all temperatures, indicating that the cluster formed by 



Texas Tech University, Ketan S. Khare, December 2013 

42 

the CNTs in the nanocomposite containing aggregated CNTs is able to pack very 

efficiently.  Furthermore, as can be seen in the same figure, Vexcess decreases with a 

decrease in temperature.  Given that, the nanocomposite containing dispersed CNTs has a 

larger amount of interphase than the nanocomposite containing aggregated CNTs.  This 

trend in Vexcess with a reduction in temperature suggests that the interphase formed by 

cross-linked epoxy and CNTs is soft or compressible compared to the “bulk” cross-linked 

epoxy region that is unaffected by the presence of the CNTs.    This conclusion is 

consistent with a previous experimental work123 that studied the influence of dispersion 

of CNTs on the mechanical properties of their nanocomposites with cross-linked epoxy.  

Specifically, that study showed that the nanocomposite containing poorly dispersed 

CNTs was more solid-like than the nanocomposite containing well-dispersed CNTs; the 

latter is expected to have a larger volume fraction of the interphase than the former.  In 

this work, the term: “compressible” refers to the increase in the density of the interphase 

due to a reduction in the temperature rather than due to an increase in the pressure.  Thus, 

the term: “compressible”, as used here, is related to the coefficient of volume thermal 

expansion, rather than the reciprocal of the bulk modulus. 

It has been noted elsewhere124 that a soft/compressible interphase is formed by the 

contact of dewetting or incompatible materials.  The existence of unfavorable interactions 

at the interface of the CNTs and polar materials is also seen in experiments,13,32,38 where 

the propensity of CNTs, particularly pristine single-walled CNTs, for aggregation is 

reported.  As described before, this tendency is also observed during the preparation of 

the model structures of the nanocomposite containing aggregated CNTs.  Since the bonds 
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within the CNTs lack polarity, the atoms of the pristine CNTs interact exclusively via the 

van der Waals interactions and not via any Columbic interactions.  An inspection of the 

components of the potential energy in these simulations suggests that the strength of the 

matrix-CNT interactions is about 35% i.e. about one third of the value of the interactions 

within the matrix.  In other simulations,125 this extreme non-polar nature of CNTs has 

been shown to cause a frictionless movement of water molecules through similar 

nanotubes.  The cross-linked epoxy matrix, on the other hand, comprises of a number of 

polar groups, such as sulfonyl, amino, and hydroxyl groups.  Within the cross-linked 

epoxy matrix, the various functional groups interact via considerable Coulombic 

interactions and hydrogen bonds.  Therefore, the interactions between the CNTs and the 

cross-linked epoxy matrix are expected to be unfavorable in nature. 

 



Texas Tech University, Ketan S. Khare, December 2013 

44 

 

Figure 3.3: Excess free volume (Vexcess) in the nanocomposite containing dispersed CNTs 
compared to the nanocomposite containing aggregated CNTs.   

 

3.4.3 Poor Matrix-Filler Interfacial Interactions Do Not Lead to a Density 

Depletion of the Matrix near the Filler 

Further information on the nature of the interface and the interphase can be 

obtained by focusing on the packing of the cross-linked epoxy matrix around the CNTs.  

The radial distribution function (RDF) was calculated using ten snapshots during a 

constant NPT MD simulation for a duration of 2 ns at temperatures of 454 K and 494 K.  
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temperature of 454 K.  Given the cylindrical geometry of the CNTs, the RDF was 

calculated as a function of the radial distance from the axes of the CNTs.   

In this system, the center of mass of the CNTs is separated by approximately a 

distance of 27 Å, and hence the value of the RDF beyond a distance of about 13.5 Å may 

be directly affected by other CNTs.  The RDF shows a well-defined first peak with a 

height of about 1.5 around a distance of 5.5 Å, and a hint of a second peak, if at all, at a 

distance of about 12 Å.  It can also be observed that there is a lack of temperature 

dependence of the RDF, in turn implying the lack of an effect of temperature on the local 

structure of the epoxy matrix in the vicinity of the Tg.   
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Figure 3.4: The radial distribution function (RDF) of the heavy atoms of the cross-linked 
epoxy matrix around the carbon atoms of the CNTs as a function of the distance from the 

axes of the CNT in the nanocomposite containing dispersed CNTs.  The error bars are 
roughly the size of the symbols. 

 

Despite the poor interactions between the cross-linked epoxy and the CNTs, a 

depletion region around the CNTs is not observed.  This observation is in contrast with a 

previous study126 of the local structure of linear coarse-grained polymer chains around 

CNTs in which a depletion region around the CNTs was observed in the absence of 

attractive interactions between CNTs and the polymer matrix (the nature of the 

interactions was an adjustable feature in that coarse-grained model).   

On the other hand, these results are consistent with recent findings in the bio-

physics literature where molecular simulations of water around self-assembled 
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monolayers (SAMs) have shown that the RDF in the vicinity of an interface is not 

directly correlated with the extent of the interfacial interactions i.e. similar RDFs of water 

were obtained for both hydrophobic, and hydrophilic interfaces.127  Similar to the packing 

of water, the packing of the polymer matrix around the CNTs appears to be driven by 

entropy and space filling, rather than by enthalpy.  Due to entropy and space filling, 

condensed phase materials do not tend to show depletion regions around surfaces and 

interfaces.  Similar observations were also reported111 in literature on the molecular 

simulation of coarse-grained polymer chains in the presence of a substrate, where peaks 

in the RDF were observed even when the attractive interactions between the polymer 

chains and the substrate were eliminated.  In literature,128-130 it is speculated that poor 

matrix-filler interactions would lead to the creation of free volume at the interface.  The 

RDF of the matrix atoms shown here does not support this speculation.  Instead, the 

higher free volume in the epoxy – disp. CNTs system compared to the epoxy – agg. 

CNTs system, which was discussed in the previous sub-section, is more uniformly 

distributed in the interphase region, at least at the length-scale of the simulation box 

(~ 8 nm) used in this work.  Since the glass transition phenomenon is usually associated 

with changes in the dynamic properties, rather than structural properties, the dynamic 

properties of the matrix and the CNTs were studied. 



Texas Tech University, Ketan S. Khare, December 2013 

48 

3.4.4 Presence of CNTs in the Nanocomposite Leads to a Non-intuitive 

Relationship Between the Tg and the Dynamics in the Matrix 

In general, polymeric materials with a higher Tg are expected to have slower 

molecular dynamics at a given temperature compared to polymers with a lower Tg.
24  In 

the case of the systems studied in this chapter, the polymer matrices of the three model 

systems are identical in chemical composition and the extent of reaction conversion.  The 

property variations between the two nanocomposite systems arise only because of the 

difference in the aggregation state of the CNTs.  Especially given the differences in the 

Tgs of the three systems, it would be interesting to quantify the dynamics in the system.  

The mean squared displacements (MSDs) of the fastest and the slowest heavy (i.e. non-

hydrogen) atoms of the cross-linked epoxy matrix was used to obtain one measure of the 

molecular dynamics, similar to previous work.131  The MSD was calculated from the 

trajectory of the atoms during a constant NPT MD simulation at temperatures of 454 K 

and 494 K for a duration of 50 ns. 

In Figure 3.5, the MSD of the central carbon atoms on the epoxy monomer units 

in the cross-linked epoxy matrix is plotted as a function of time on a log-log plot.  This 

atom is expected to be the most mobile heavy atom in the matrix.  There is qualitative 

similarity of the MSD behavior of this atom with the MSD data reported in previous 

work131 on a different cross-linked epoxy system that was formed by DGEBA and 

trimethylene glycol di-p-aminobenzoate (TMAB).  The MSD of the nitrogen atoms on 

the cross-linker units in the cross-linked epoxy matrix was also calculated; this nitrogen 

atom, being the cross-linking site, is expected to be the least mobile atom in the system.  
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Accordingly, a significantly lower MSD for the nitrogen atoms (not shown), compared to 

the MSD of the central carbon atom of the epoxy monomer was observed.  However, the 

relative trends in the MSD of the nitrogen atoms for the three systems were the same as 

those seen in Figure 3.5 for the MSD of the carbon atoms. 

 

Figure 3.5: Mean squared displacement of the central carbon atom on the epoxy 
monomer units in the cross-linked epoxy matrix at a temperature of 494 K. 

 
The dynamics of the atoms is affected by several factors:  

(1) Tg differences: it can be expected that the molecular mobility will be higher 

for the systems with lower values of the Tg.  

(2) Density differences: general expectation will be that an increase in the density 

will lead to a reduction in the molecular mobility. 

(3) Amount of the interphase: the presence of a compressible interphase in the 

nanocomposite systems can be expected to lead to a higher molecular mobility.  
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None of these three factors alone can explain the observed comparative trend in 

MSD for the three systems studied.  Rather, the dynamics are governed by a complex 

interplay of these three factors.  The situation is further complicated by the local 

anisotropy132 in the molecular mobility near the CNT surface.  Specifically, regardless of 

the strength of the interfacial interactions, the presence of the filler will obstruct the 

mobility of atoms in the direction normal to the surface of the filler.  As a result, the 

mobility of the matrix atoms will be anisotropic in the vicinity of the filler such that the 

mobility is much lower in the direction normal to the filler axis than in the direction 

parallel to the filler axis.  Similar to chain dynamics, the local anisotropy of the chain 

radius of gyration (Rg) around nanofillers has also been reported106 in coarse-grained 

molecular simulations of nanocomposites, for both attractive and non-attractive 

interfacial interactions (resulting in increases and decreases in the Tg, respectively) 

between the filler and the polymer.  Local anisotropy in the MSD of polymer atoms was 

also previously reported in molecular simulations of polymer thin films under 

nanoconfinement by substrates with repulsive interactions.111  The local anisotropy of 

dynamics in the vicinity of fillers has also been used in the literature to explain the 

apparent inconsistency between the chain dynamics (that occurs on a much longer time 

scale than that studied here) and the Tg behavior observed in experiments where the 

polymeric matrix consisted of entangled linear chains.133  Specifically, it was shown that 

while the Tg of the nanocomposite containing polystyrene and single-walled CNTs133 did 

not change with the volume fraction of the filler particles, tracer chain diffusivity showed 
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non-monotonic behavior with its value, first decreasing to reach a minimum and then 

subsequently increasing with an increase in the volume fraction of the filler.   

In summary, the dynamics of atoms in the nanocomposite matrices is governed by 

a complex interplay of several factors and it cannot be interpreted solely in terms of the 

trends in the Tg.  Local anisotropy in dynamics will play an important role and must be 

accounted for while making a connection between the molecular dynamics and Tg.  Since 

the CNT surfaces in the nanocomposite containing dispersed CNTs are about 2 nm apart 

from each other, each CNT is surrounded by a very small layer of matrix atoms that are 

not influenced by another CNT.  This fact coupled with the finite length and the random 

orientation of the CNTs in these nanocomposite systems will make the calculation of 

such local anisotropy cumbersome and, more importantly, the uncertainties in these MSD 

values will be very high.  Similarly, attempts to obtain the gradient in the mobility of the 

matrix (MSD) as a function of the distance from the interface were unsuccessful due to 

the high uncertainty associated with such a calculation.  These high uncertainties were 

caused by the relatively small length of the simulation box (~ 8 nm) and the low inherent 

value of the MSD of the atoms in the matrix. 

The Debye-Waller factor (DWF) has been used in experiments to account for the 

effects of thermal vibration on x-ray or neutron scattering data.134  In simulations,135  the 

DWF has been related to the mean squared displacement (MSD): DWF ≡ < r2
 (t*) >, 

where < r2
 (t*) > is the MSD of selected atoms at a time t*.  It was then proposed135 that 

the free volume Vf ∝ <DWF>3/2.  Riggleman and de Pablo136 estimated the DWF using 

four different approaches, these are: (1) MSD using a time window of t* = 10 ps, (2) 
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MSD using a time window of t* = 1 ns, (3) deviations of the particle from its mean 

position, and (4) the simulated neutron scattering intensity calculated from the spatial 

Fourier transform of the self-part of the van Hove correlation function.  In this work, the 

DWF was calculated as the MSD value of the central carbon atom of the epoxy monomer 

at a time of t* = 1 ns, corresponding to the longest time period used by Riggleman and de 

Pablo.136  This use of the longest time window was motivated by the relatively small 

values of the MSD shown by the atoms belonging to the cross-linked epoxy matrix.  The 

values of the DWF so calculated are shown in Table 3.3.  As expected, these show the 

same trends as the MSDs of the atoms of the cross-linked epoxy matrices in the three 

systems.   

Table 3.3: Debye-Waller factor calculated from the value of MSD at 1 ns of the central 
carbon atom of the epoxy monomer in the cross-linked epoxy matrices of the three 

systems 

System 
Temperature 

454 K 494 K 

Neat cross-linked epoxy 0.69 ± 0.02 Å2 1.02 ± 0.09 Å2 

Epoxy – disp. CNTs 0.65 ± 0.05 Å2 1.01 ± 0.07 Å2 

Epoxy – agg. CNTs 0.52 ± 0.02 Å2 0.79 ± 0.03 Å2 

3.4.5 Poor Interfacial Interaction Decouples Dynamics of Matrix and Filler 

We also studied the MSD of the carbon atoms in the CNTs at temperatures of 

454 K and 494 K in the two systems (see Figure 3.6).  These MSDs for the three systems 

were calculated as an average value of the MSDs of each of the individual carbon atoms 

in the CNTs, rather than the MSD of the center of mass of the CNTs.  The MSD of CNT 
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atoms in the system containing aggregated CNTs is lower than the MSD of CNT atoms in 

the system containing dispersed CNTs at both of these temperatures.  This difference in 

the values of the MSD of the CNT atoms between the two systems is small at the higher 

temperature (494 K) but is rather large at the lower temperature of 454 K.  On the other 

hand, the MSD of the matrix atoms does not show such a large change in the behavior as 

a function of temperature.  This lack of a change in the behavior suggests that in the 

vicinity of, or above the Tg, the cross-linked epoxy matrix does not hinder the local 

mobility of atoms of the CNTs, and the atoms of the CNTs show a significantly higher 

mobility than the matrix atoms at time-scales shorter than 50 ns.  This observation is 

consistent with the higher compressibility of the interphase around the CNTs.  

Furthermore, the MSD of the CNTs reaches a plateau value at r2 
(t) ~ 10 Å2, showing 

their entrapment in the cross-linked epoxy matrix.  As shown by the nanocomposite 

containing aggregated CNTs at 454 K in Figure 3.6, below the Tg, the mobility of the 

CNTs is hindered by the glassy state of the cross-linked epoxy matrix around it. 
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Figure 3.6: Mean squared displacement (MSD) of the carbon atoms of the CNTs in the 
two nanocomposite systems at two temperatures in the vicinity of the Tg of the two 

systems. 

3.4.6 Dynamic Heterogeneity Explains the Tg Depression in the 

Nanocomposite Containing Dispersed CNTs 

While the trends in the MSD of the atoms in the matrix differed from the trends in 

the Tg of the three systems, in addition to the overall dynamics, dynamic heterogeneity 

plays an important role in governing system behavior during glass transition.  Long and 

Lequeux137 have proposed that as a material undergoes a transition from the rubbery to 

the glassy state, the number of immobile domains within the system grows, and in the 

vicinity of the Tg, the immobile domains percolate through the system.  In a previous 

experimental study of an alumina/poly(methyl methacrylate) (PMMA) nanocomposite, a 

reduction in the Tg of 25 K was observed as compared to the neat polymer, which was 

attributed to the poor interactions at the interface between PMMA and alumina.108  
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Having verified that the presence of unreacted monomers was not the source of their 

observation of the reduction of the Tg, the authors hypothesized a mechanism that 

presence of this weak interface between the polymer and alumina hindered the 

percolation of immobile domains as was suggested for the occurrence of Tg in the theory 

proposed by Long and Lequeux.137  Molecular simulations allow a direct verification of 

such mechanisms.  In previous simulation work, this idea  of the percolation of immobile 

domains at Tg has been tested for a thin polymer film system that was represented using a 

bead-spring model,138 as well as for a neat cross-linked epoxy system that was modeled 

in atomistic detail.131
 

The dynamic heterogeneity in the system was characterized by identifying the 

mobile and immobile domains in the system.  The same calculation approach as that used 

in a previous work for this purpose.131  Specific details have been provided here for the 

sake of completeness.  Constant NPT MD simulations were used to obtain the trajectory 

of all the atoms of the three systems for a duration of 2 ns at temperature intervals of 

25 K between the temperatures of 400 – 650 K.  The Rg of the trajectory of the central 

carbon atom on the epoxy monomer and the sulfur atom on the cross-linker over a chosen 

time-scale (τ) are used to probe the local dynamics, and quantitatively analyze the 

dynamic heterogeneity within the system.  Each of these atoms is considered to constitute 

a domain that is classified into either “mobile” or “immobile”, as will be described in the 

next paragraph.  The Rg of the atom trajectory was calculated using the following 

expression: +� = ,�-∑ (/0 − /1���)�-0 , where, N is the number of snapshots along the 

trajectory, and ri – rmean is the position of the atom in a given snapshot with respect to the 
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mean position over all the N snapshots.  As pointed out in previous work,131 since this Rg 

is a function of time, the time-scale of the relaxation process (τ) for studying the glass 

transition needs to be estimated.  As suggested by Hodge’s review paper139 and as used in 

previous work,131 this time-scale (τ) was estimated (τ = 165 ps) using the apparent 

activation energy89 for this system (∆Heff/R = 159 000 K) during the glass transition.   

The Rg of the atom trajectory is then calculated over trajectory duration of τ.  The 

domains associated with the atoms were then classified as “mobile” or “immobile” using 

a previously suggested approach131,138 that was inspired by the Lindemann criterion of 

melting.  Since amorphous materials lack order, the lattice parameter was substituted by 

the location of first peak of the radial distribution function of the domains (i.e. the RDF 

of the atoms defining the domains) in this approach.  Domains are considered to be 

mobile if their trajectory Rg exceeds one-tenth of the length-scale (6.25 nm) defined by 

the first peak of the RDF of the domains.  It is observed that as the temperature decreases, 

the number of immobile domains increased.  For the purpose of calculating the 

probability of the percolation of immobile domains, these immobile domains were 

considered to belong to the same cluster, if they were within the first shell (i.e. at a 

distance less than 9.25 nm) in the RDF of the domains.  The probability that any of these 

clusters percolated across the periodic box was then calculated using an algorithm 

proposed by Seaton and Glandt.140  Although the criteria used for defining the mobile and 

immobile domains, as well as the domain size, are based on quantitative reasoning (e.g. 

usage of the apparent activation energy of the glass transition process), some degree of 

subjectivity is involved in these definitions.  However, the same criteria were applied 
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across all the three systems used in this work, and this should allow a comparison of the 

relative trends in the dynamic heterogeneity in these systems. 

Figure 3.7 shows the probability of percolation of immobile domains in the three 

systems as a function of temperature.  As expected, as the temperature decreases, the 

probability that the immobile domains in the matrix would form clusters that are large 

enough to percolate through the system increases.  In spite of the nanocomposite 

containing aggregated CNTs exhibiting significantly slower dynamics than the neat 

cross-linked epoxy, and the criteria for classifying clusters as mobile or immobile being 

identical for these systems, both of these systems percolate at a comparable temperature 

of 500 K.  On the other hand, the immobile domains in the nanocomposite containing 

dispersed CNTs percolate at a temperature of 450 K.  These simulation results are 

consistent with Long and Lequeux’s theory of glass transition, according to which Tg 

coincides with the percolation of immobile domains in the system.137  These ideas were 

also previously used to explain the experimentally observed Tg reduction in the 

alumina/PMMA nanocomposite.108  Using similar arguments, these results can be 

explained by hypothesizing that the poor interfacial interactions at the CNT-epoxy 

interface lead to a mobile interphase region around the CNTs; these mobile regions in the 

nanocomposite containing dispersed CNTs disrupt percolation of immobile domains in 

this system, thus lowering the Tg in that system.  Before closing this section, it should be 

noted that the uncertainty associated with the values of the probability of the percolation 

of immobile domains is rather large, particularly for the nanocomposite containing 

dispersed CNTs.  This higher degree of uncertainty is attributed to: (1) the greater extent 
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of heterogeneity caused by the presence of CNTs, and (2) broadening of the glass 

transition in these nanocomposites.  However, as can be seen from the figure, the average 

probability of percolation of immobile domains in the nanocomposite containing 

dispersed CNTs is consistently lower than that for the other two systems at temperatures 

below 575 K.  The use of larger systems, as well as more replicas is likely to reduce the 

uncertainty in these calculations.  In any case, these results clearly show that the trends in 

the percolation of immobile domains (Figure 3.7) do not follow the trends in the MSD of 

matrix atoms (Figure 3.5) for the three systems; rather they follow the trend in the Tg 

(Table 3.2).   

 

Figure 3.7: Probability of the percolation of immobile domains in neat cross-linked 
epoxy and the nanocomposites as a function of temperature.   

3.5 Chapter Conclusions 

In this chapter, the glass transition behavior of the nanocomposites formed by 

cross-linked epoxy and pristine single-walled CNTs was studied using molecular 
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simulations.  The volumetric, structural, and dynamic properties of three systems: (1) 

neat cross-linked epoxy, (2) a nanocomposite containing dispersed CNTs, and (3) a 

nanocomposite containing aggregated CNTs were calculated.  From the specific volume 

– temperature data, a large decrease (~ 66 K) in the Tg of the nanocomposite containing 

dispersed CNTs compared to the neat cross-linked epoxy was observed.  On the other 

hand, within the uncertainties associated with the calculations, this effect almost 

completely disappeared for the nanocomposite system containing aggregated CNTs.   

Although there is a large difference between the Tg values of the two 

nanocomposite systems, since they have the same epoxy matrix and virtually identical 

degree of curing, the only difference in their morphology is the presence of a large 

amount of the CNT-epoxy interphase region in the nanocomposite containing dispersed 

CNTs.  This interphase region is expected to behave like a polymer thin film under nano-

scale confinement.  Considering this in the context of the parallels drawn by other 

researchers8,34,105-108 between the glass transition phenomena in polymer thin films and 

PNCs in that the unfavorable interaction at the polymer matrix-hard surface interface 

leads to a Tg reduction in both cases, one can conclude that the CNT-cross-linked epoxy 

interactions are of an unfavorable nature.  In fact, an inspection of the components of the 

potential energy of atoms during molecular simulations suggests that although the 

pairwise interactions between the atoms of the CNTs and the cross-linked epoxy are 

attractive in nature, their relative strength is only about one third i.e. significantly lower 

than that for the epoxy-epoxy attractions.  Another manifestation of this poor interaction 

is that during the structure preparation of the nanocomposite containing aggregated 
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CNTs, the CNTs in the cluster/bundle arrange themselves so as to maximize the contact 

area between the neighboring CNTs rather than the contact with the epoxy matrix.   

Furthermore, temperature dependence of the excess volume of the two 

nanocomposites shows that the epoxy – disp. CNTs system (the one that has a large 

amount of the CNT-epoxy interphase), exhibits a larger change in the volume with a 

temperature change than the epoxy – agg. CNTs system.  Again, this observation 

suggests that the CNT-epoxy interphase region is soft or compressible, which is expected 

for an interface with unfavorable interactions.  As far as the packing of the polymer 

matrix around the CNTs is concerned, the radial distribution function of the heavy atoms 

of the matrix around the axis of the CNTs shows only one well-defined peak with a peak 

height of about 1.5.  

Furthermore, the dynamics of the matrix atoms was characterized by tracking the 

mean squared displacement (MSD) of a selected set of atoms as function of time.  It is 

found that the trends in MSD correlated with the trends in the Tg behavior when a 

comparison is made only between the two nanocomposite systems, but not with the neat 

cross-linked epoxy system.  Specifically, even though there is ~ 66 K difference in their 

Tgs, the MSD of the atoms in the epoxy – disp. CNTs system is quantitatively similar to 

that of the atoms in the neat cross-linked epoxy.  On the other hand, the Tg of the epoxy – 

agg. CNTs system is very similar to that of the neat cross-linked epoxy, but the MSD of 

its atoms is much lower than the MSD of the atoms in the neat cross-linked epoxy matrix.  

As has been pointed out in the literature,24,106,133 interpretation of diffusivity (and hence 
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MSD) of atoms in nanocomposites is non-trivial and one needs to account for the effects 

such as local anisotropy of atom mobility.   

On the other hand, the results from the analysis of dynamic heterogeneity of the 

three systems are consistent with the trends in their Tg.  The dynamic heterogeneity in 

these nanocomposite systems was characterized by tracking the mobile and immobile 

domains in these systems.  These results show that as suggested in the literature,137 the 

immobile domains in all three systems percolate in the vicinity of the Tg.  These results 

also suggest that as hypothesized in previous literature,108 the nanofiller particles, i.e. in 

this case, CNTs, in the epoxy – disp. CNTs system interfere with the percolation of 

immobile domains in these systems, thus causing a drop in the Tg value.   

The use of atomistically detailed models in these simulations allowed an 

explicitly account for the specific interfacial interactions between the polymer and the 

nanofiller.  The extent of dispersion/aggregation was independently controlled without 

the addition of surfactants, solvents or any other agents.  In addition, it was ensured that 

the extent of conversion/curing of the cross-linked epoxy matrix in all three systems was 

quantitatively similar.  These results thus show that the addition of pristine CNTs to 

cross-linked epoxy has an intrinsic effect of reducing the Tg, which cannot be attributed 

to any other factors such as the nanocomposite synthesis strategy, details of the curing 

process, etc.   

In the case of linear polymers, simulations141-143 and experiments144-146 have 

indicated that an excess of chain ends are likely to exist in the interphase region created 

by the presence of a solid surface in amorphous polymers.  Such an excess of chain ends 



Texas Tech University, Ketan S. Khare, December 2013 

62 

is expected to enhance the mobility of the polymer in the interphase region and also cause 

a depression in the Tg of the interphase region compared to that of the bulk region.147  

Similar arguments have been used to suggest that the incomplete curing and the 

disruption of the cross-linked network in the interphase region in cross-linked epoxy-

CNT nanocomposites are possible mechanisms for the depression of the Tg in the 

interphase region compared to the bulk polymer.11  In this work, the use of high 

conversion (~ 0.99) of the matrix in the case of the three systems precludes the operation 

of mechanisms related to the preferential segregation of free chains ends in the interphase 

region. 

When making a direct comparison of simulation results such as those obtained 

here with experiments, it is important to point out that the perception of the extent of 

aggregation between atomistic simulations and experiments is significantly different.  It 

has been noted in literature that distinction needs to be made between nano-dispersion 

and macro-dispersion.38  According to that convention, the epoxy – disp. CNTs system 

that is studied here represents the case of nano-dispersion, where each of the CNTs in the 

system is individually dispersed.  On the other hand, the epoxy – agg. CNTs system 

represents the case of macro-dispersion, where clusters of the CNTs are well dispersed.  

The large Tg depression that was observed in the epoxy – disp. CNTs system as compared 

to the neat cross-linked epoxy can be observed experimentally only by using techniques 

for dispersing individual CNTs uniformly throughout the cross-linked epoxy matrix.   

We also note that, as the temperature decreases, the cross-linked epoxy matrix 

around the CNTs will tend to exert a compressive force on the CNTs, since the 
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coefficient of volume thermal expansion of the CNTs122 is lower (or even negative) than 

that of the cross-linked epoxy matrix.89  This mismatch in the αv values is likely to cause 

a certain amount of residual stress in the nanocomposite systems during the transition 

from the rubbery state to the glassy state, or in general, during a temperature change.148  

Unfortunately, the somewhat larger uncertainty (compared to other quantities) associated 

with the calculation of the stress tensor in molecular simulations precludes the ability to 

study this factor. 

In literature,149,150 the inverse of the DWF has been used as a measure of 

molecular stiffness.  Using the values of the DWF at a temperature of 454 K from Table 

3.2, it can be estimated that the nanocomposite containing aggregated CNTs is 

approximately 25% stiffer than the other two systems.  The greater stiffness of the 

nanocomposite containing aggregated CNTs compared to the nanocomposite containing 

dispersed CNTs can be explained by the thermoviscoelastic42 differences between the 

two matrices due to the significantly higher Tg of the former compared to the latter.  

Furthermore, the significantly higher stiffness of the nanocomposite containing 

aggregated CNTs compared to the neat cross-linked epoxy suggests that the cluster of 

aggregated CNTs is able to reinforce the matrix despite the existence of a compressible 

interphase between the matrix and the filler.  In the next chapter, an investigating of the 

mechanical properties of these systems and their connection to the molecular structure is 

discussed.   

In this chapter, pristine CNTs were used to study the effect of CNT dispersion on 

the properties of cross-linked epoxy-CNT nanocomposite.  Experimentally, strategies 
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such as CNT functionalization and addition of stabilizer molecules are used to obtain 

nanocomposites containing dispersed CNTs.  The approach presented in this work can be 

extended to study these systems in future work; such studies will also help separate the 

effects of additional processing on the property changes from the intrinsic effect of CNT 

dispersion in the polymer matrix.   
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CHAPTER IV 

EFFECT OF CARBON NANOTUBE FUNCTIONALIZATION ON 

MECHANICAL PROPERTIES OF CROSS-LINKED EPOXY–

CARBON NANOTUBE NANOCOMPOSITES: ROLE OF 

STRENGTHENING THE INTERFACIAL INTERACTIONS 

The contents of this chapter are intended to be a part of a manuscript that is 

currently under preparation. 

4.1 Summary 

In this chapter, amido-amine functionalized carbon nanotubes (CNTs) that form 

covalent bonds with cross-linked epoxy based matrices were used, to elucidate the role of 

the matrix-filler interphase in the enhancement of mechanical properties in these 

nanocomposites.  For the base case of nanocomposites of cross-linked epoxy and pristine 

single-walled CNTs, results from the previous chapter show that poor interfacial 

interactions cause the interphase region to be more compressible, and that the 

nanocomposite containing pristine CNTs has a glass transition temperature (Tg) that is 

~ 66 K lower than the neat polymer.  In this chapter, it is demonstrated that in addition to 

this Tg depression, the Young’s modulus of the nanocomposite containing pristine CNTs 

is virtually unchanged compared to the neat cross-linked epoxy.  The implied lack of 

reinforcement despite the presence of the CNTs in the matrix suggests that the 

compressibility of the filler-matrix interphase interferes with the ability of the CNTs to 

reinforce the matrix.  Furthermore, when the compressibility of the interphase is reduced 

by the use of amido-amine functionalized CNTs, the mechanical reinforcement due to the 
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filler is more effective, resulting in a ~ 50% increase in the Young’s modulus.  These 

results demonstrate that the functionalization of the CNTs facilitates the transfer of 

mechanical load across the matrix-filler interface.  Furthermore, these results provide a 

plausible molecular mechanism for the observation of crazing in cross-linked epoxy 

nanocomposites containing amido-amine functionalized CNTs, which has been reported 

in the experimental literature. 

4.2 Introduction 

In the previous chapter, molecular simulations were used to independently vary 

the extent of dispersion of pristine single-walled CNTs in a cross-linked epoxy 

nanocomposite system.50  This independent control over the dispersion of pristine single-

walled CNTs allowed a study of the volumetric, structural, and dynamic properties of the 

nanocomposites in the context of the specific interfacial interactions and the properties of 

the interphase region between the matrix and the filler, which is responsible for the load 

transfer between them.  Briefly, it was found that: (1) cross-linked epoxy and pristine 

CNTs have poor interfacial interactions, (2) the interphase between cross-linked epoxy 

and pristine CNTs is more compressible than the bulk matrix, (3) the creation of this 

interphase resulted in a reduction in the Tg of the nanocomposite containing dispersed 

CNTs compared to the neat cross-linked epoxy, and (4) the effect of the filler on the 

dynamics of the matrix is non-intuitive.  In addition, those observations provided support 

to the conceptual analogy between the nanoconfinement of the polymers by solid 

substrates and the effect of the filler on the matrix in the interphase region that has been 

discussed in literature.8,34,105-108 



Texas Tech University, Ketan S. Khare, December 2013 

67 

In recent years, the significant progress in the chemistry of CNTs has enabled the 

attachment of a number of different functional groups and polymer chains on the surface 

of the CNTs.39  In the case of cross-linked epoxy based CNT nanocomposites, the 

attachment of either epoxy99 or amine104 functional groups on the CNTs allows these 

CNTs to participate in the cross-linking reaction.  In literature, the functionalization of 

CNTs with amine functional groups has been found to improve the mechanical properties 

of the cross-linked epoxy nanocomposites.95,98,151-153  Improvements in the mechanical 

properties due to the functionalization of CNTs has been mainly attributed to two main 

factors: (1) improvement in the dispersion of the functionalized CNTs and (2) 

improvement in the load transfer between the matrix and the filler due to covalent bonds 

and improved interfacial interactions.14,151,154,155  However, such functionalization of the 

CNTs in experiments is also known to reduce the degree of conversion of the matrix,95 

shorten the length of the functionalized CNTs compared to the pristine CNTs,93,156 and 

introduce significant amounts of impurities in the prepared material.104  In addition, the 

oxidation-based functionalization of the CNTs is known to occur in a heterogeneous 

manner, with both, the edges of the CNTs and defects in the CNTs, being relatively rich 

in functional groups compared to the walls of the CNTs.39,157  

In this chapter, the use of molecular simulations has allowed the use of well-

defined CNTs while also permitting independent control over the degree of conversion of 

the matrix, and the degree of dispersion of the CNTs without the use of additives such as 

surfactants and dispersive agents.  Therefore, it was possible to separately decipher the 

effect of the covalent linkages between the cross-linked epoxy matrix and the 
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functionalized CNTs on the mechanical properties of their nanocomposites.  The use of 

atomistic simulations will also allow a focus on the role of specific interfacial interactions 

between the matrix and the filler in these materials. 

We seek to answer the following two questions in this study: (1) What effect does 

the functionalization of CNTs have on the volumetric, structural, and dynamic properties 

in these nanocomposites?, and (2) How important is the nature of the interphase region in 

the overall load transfer in these materials?  In order to answer the first question, model 

structures of cross-linked epoxy nanocomposites containing functionalized CNTs are 

prepared and the volumetric, structural, and dynamic properties of this system are 

compared with the corresponding properties of model systems studied in previous 

chapters.49,50  To answer the second question, the mechanical properties of these model 

systems by simulating the deformation of the four systems namely, cross-linked epoxy, 

the epoxy – disp. CNTs system, the epoxy – agg. CNTs system, and the nanocomposite 

containing amido-amine functionalized CNTs (epoxy – disp. FCNTs system) are 

calculated.  The volumetric, structural, and dynamic properties of the first three systems 

were discussed in the previous chapters. 

This chapter is organized as follows: initially, the simulation details are described, 

which includes a brief description of the preparation of the model structures of the epoxy 

– disp. FCNTs system.  This description is followed by the results and discussion of the 

volumetric, structural, dynamic, and mechanical properties of the nanocomposite 

containing amido-amine functionalized CNTs, and a comparison of these with the 
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volumetric, structural, and dynamic properties of neat cross-linked epoxy and the 

nanocomposites containing pristine CNTs.49,50 

4.3 Simulation Details 

The details of the force fields, molecular models, and the calculation of 

volumetric, structural, dynamic, and mechanical properties is presented in this section.  In 

the simulations that are reported in this chapter, the term CNTs is used to refer to pristine 

single-walled CNTs and FCNTs to refer to amido-amine functionalized single-walled 

CNTs.  The following abbreviations have been used for the nanocomposites model 

systems in this chapter: epoxy – disp. CNTs system, epoxy – agg. CNTs system, and 

epoxy – disp. FCNTs system for the cross-linked epoxy nanocomposites containing 

dispersed pristine CNTs, aggregated pristine CNTs, and dispersed amido-amine 

functionalized CNTs, respectively. 

4.3.1 Force Fields and Molecular Models 

Similar to the previous two chapters,49,50 the cross-linked epoxy network that 

constituted the matrix was based on the epoxy monomer; diglycidyl ether of Bisphenol A 

(DGEBA), and the cross-linker; 4,4’-diaminodiphenylsulfone (4,4’-DDS).  Molecular 

models of the amido-amine functionalized CNTs (FCNTs) were prepared by adding two 

amido-amine groups156 (i.e. –CONHCH2CH2NH2, see Figure 4.1) to either end of the 

pristine single-walled CNTs of chirality (3,3).  These pristine CNTs were used in the 

previous chapter50 and  the amido-amine functional groups were used in experimental 

studies by collaborators.93,158  Since each of the amine groups can form two covalent 
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bonds with the matrix, rather than the one covalent bond that would be formed if the 

functional group was epoxy, the former is expected to be more effective for the matrix-

filler load transfer. 

As can be seen in Figure 4.1, four amido-amine groups are attached to each 

FCNT.  Thus, the number of CNT carbon atoms per functional group was 30, which is 

similar to the number of CNT carbon atoms per functional group used in experimental 

work in literature.104  Each of these amido-amine groups can react with the three epoxy 

functional groups during the cross-linking process.  This possibility was taken into 

account while calculating the stoichiometric ratio of the epoxy and the amine groups in 

the reaction mixture during the preparation of the cross-linked model structures, the 

details of which are given in the subsequent text.  These stoichiometric considerations are 

important for avoiding a reduction in the extent of curing, which has been thought to be 

the reason for a reduction in the Tg of the nanocomposite that has been observed in the 

experimental literature.95 
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Figure 4.1: Molecular model of FCNTs used as the filler in this work  Carbon, oxygen, 
nitrogen, and hydrogen atoms are shown in cyan, red, blue, and green color respectively.  

Inset contains the chemical structure of the amido-amine functional group. 
 

4.3.2 Preparation of Model Structures 

Model structures of the epoxy – disp. FCNTs system were prepared in this work 

and properties of these systems were compared with properties of the model systems of 

the neat cross-linked epoxy, the epoxy – disp. CNTs, and the epoxy – agg. CNTs systems 

that were described in the previous two chapters.49,50  In order to maintain stoichiometry 

of the epoxy and amine groups, 896 molecules of DGEBA, 424 molecules in DDS, and 8 

FCNTs were used to prepare the “reaction mixture”.  This initial reaction mixture was 

simulated at 553 K using constant NPT (number of particles, pressure, and temperature) 

simulations.  The directed diffusion-based simulated polymerization49 approach was then 

used to prepare the nanocomposite containing FCNTs.  Except for the functional groups 
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on the CNTs, the extent of dispersion of the epoxy – FCNTs system is identical to that of 

the epoxy – disp. CNTs system, which was described in previous chapter.50  The 

procedure for dispersing the FCNTs, as well as the simulated polymerization was 

identical to the preparation50 of the epoxy – disp. CNTs system, with a few modifications 

to account for the creation of covalent bonds with the matrix.  Specifically, the four 

amido-amine groups on each of the eight CNTs were expected to react with twelve units 

of the epoxy monomer DGEBA.  These covalent bonds were created before the simulated 

polymerization of the rest of the “reaction mixture” i.e. the formation of bonds between 

DGEBA and 4,4’-DDS using the directed diffusion based simulated polymerization.49  

The extent of conversion of the matrix thus created is shown in Table 4.1.  A snapshot of 

the model structure thus created is shown in Figure 4.2.  Other details of the simulation 

methods used in this chapter are identical to those of the previous two chapters. 

Table 4.1: Extent of chemical conversion for the three model systems. 

System Extent of conversion 

Force field: GAFF81,82 - 

Neat cross-linked epoxy49 0.989 ± 0.0036 

Epoxy – disp. CNTs50 0.987 ± 0.0055 

Epoxy – disp. FCNTS 0.988 ± 0.0015 
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Figure 4.2: Snapshot of the cross-linked epoxy – FCNT nanocomposite structure.  The 
FCNTs are shown in orange color.  Carbon, hydrogen, oxygen, nitrogen, and sulfur atoms 

are shown in cyan, white, red, blue, and yellow color, respectively.  The DGEBA units 
with covalent attachments to the FCNTs are represented by thicker bonds while hydrogen 

atoms are not shown for clarity. 

4.3.3 Volumetric, Structural, and Dynamic Properties 

The volumetric, structural, and dynamic properties of cross-linked epoxy, epoxy – 

disp. CNTs system, and epoxy – agg. CNTs system, which were calculated in the 

previous two chapters,49,50 were compared the corresponding properties of epoxy – disp. 

FCNTs system that were calculated in this work.  The epoxy – disp. CNTs and the epoxy 

– disp. FCNTs systems have similar morphology other than the covalent bonds between 

the CNTs and the matrix, which is present in the latter, but absent in the former.  

Therefore, the focus of these comparisons is between these systems.  The volumetric, 
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structural, and dynamic properties of the epoxy – disp. FCNTs system were calculated 

using methods that were identical to the previous chapter. 

4.3.4 Determination of Mechanical Properties 

The mechanical properties of each of the four systems was characterized by 

calculating the Young’s modulus and the Poisson ratio of the four model systems: (1) 

neat cross-linked epoxy, (2) epoxy – disp. CNTs, (3) epoxy – agg. CNTs, and (4) epoxy – 

disp. FCNTs systems by simulating the uniaxial deformation of their model structures.  

For this purpose, the well-relaxed model structures obtained during the step-wise cooling 

simulations (that were carried out for studying the volume – temperature behavior) were 

used.  Five replicas of each of the four systems were deformed in each of the three 

Cartesian directions in both a compressive and tensile manner, thus allowing a 

calculation of the Young’s modulus and Poisson ratio as an average of 30 simulations for 

each of the four systems. 

The uniaxial deformation was simulated at a constant engineering strain rate of 

106 s-1 and at a temperature of 300 K, i.e. deep in the glassy state.  Concurrently with this 

deformation, a constant NPT simulation was performed to allow the model systems to 

relax.  The Nosé-Hoover barostat86 was applied to the dimensions lateral to the 

deformation with a target pressure of 1 atm.  Such a process allows the lateral dimensions 

to adjust to the longitudinal deformation based on the relaxation of the model structures, 

enabling the calculation of the values of the Poisson ratio. 
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4.4 Results and Discussion 

We begin by reporting the volumetric, structural, and dynamic properties of the 

epoxy – disp. FCNTs system.  These results are compared with previous work on neat 

cross-linked epoxy49 and the epoxy – disp. CNTs system.50  Subsequently, the Young’s 

modulus and the Poisson ratio for these three models and the epoxy – disp. FCNTs 

system50 have been calculated by simulating the uniaxial deformation of these model 

structures.  The uncertainty in the results was determined by averaging over 5 replicas for 

each of the four model systems. 

4.4.1 Functionalization of CNTs Reduces Compressibility of Matrix-Filler 

Interphase 

The model structures of epoxy – disp. FCNTs system were relaxed at a high 

temperature (T = 783 K) using a constant NPT molecular simulation.  In order to study 

the volume-temperature behavior, they were then subjected to step-wise cooling using 

temperature steps of 20 K in a series of constant NPT MD simulations.  At each 

temperature, simulations were performed for 2 ns.  The specific volume was calculated as 

an average of the specific volume in the last 1 ns of each step.  Thus, the cooling rate 

used in these simulations is 1 × 1010 K s-1, which is identical to that used in the previous 

two chapters.49,50   

In Figure 4.3, the evolution of the specific volume of the epoxy – disp. FCNTs 

with the temperature is compared with previous results for neat cross-linked epoxy49 and 

the epoxy – disp. CNTs systems.50  As can be seen from the figure, the epoxy – disp. 
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FCNTs has significantly lower specific volume (i.e. significantly higher density) than the 

other two systems.  The Tg was estimated by determining the temperature at the 

intersection of the linear fits to the rubbery (603 – 763 K) and the glassy regions (303K – 

403 K).  As can be seen, the value of Tg of the epoxy – disp. FCNTs system 

(Tg = 517 ± 23 K) is significantly higher than the Tg of the epoxy – disp. CNTs system 

(Tg = 446 ± 12 K).  On the other hand, the Tg of the epoxy – disp. FCNTs system is 

comparable to that of the neat cross-linked epoxy (Tg = 512 ± 13 K), within the 

uncertainties associated with those values.  As discussed before, the extent of dispersion 

of the filler in the case of the epoxy – disp. CNTs and the epoxy – disp. FCNTs systems 

is identical.  Thus, it can be concluded that the functionalization of the CNTs eliminates 

the Tg depression shown by the epoxy – disp. CNTs system compared to neat cross-

linked epoxy.  In the previous chapter, the Tg depression in the epoxy – disp. CNTs 

system was attributed to poor interfacial interactions between the pristine CNTs and the 

cross-linked epoxy.50 
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Figure 4.3: Comparison of the volume – temperature data of cross-linked epoxy – disp. 
FCNT system with data obtained in previous studies.49,50 

 
In the previous chapter,50 a quantity called the excess specific volume (Vexcess), 

which quantified the difference between the specific volume of the epoxy – disp. CNTs 

and epoxy – agg. CNTs systems at a given temperature, was defined.  Since this excess 

specific volume arose from the differences extent of dispersion of the CNTs in the two 

systems (having controlled the other factors of the two systems independently), both the 

value of the Vexcess and the trend in the Vexcess with a change in temperature allowed a 

determination of the fact that the interphase between pristine CNTs and the cross-linked 

epoxy is compressible.  (This conclusion was possible because the only difference 
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between those two model systems was the volume fraction of the interphase, which was 

caused by the aforementioned differences in the extent of dispersion.)   

In this chapter, the value of the Vexcess between the epoxy – disp. CNTs and epoxy 

– disp. FCNTs systems, which is calculated at a given temperature, signifies a subtly 

different interpretation than that determined in previous work.50  Since the difference 

between the two models in this work (i.e. epoxy – disp. CNTs and epoxy – disp. FCNTs 

systems), is the nature of the interphase (and not the volume fraction of the interphase) 

this quantity will be used to assess the relative compressibility of the interphase between 

the cross-linked epoxy matrix, and either pristine CNTs or functionalized CNTs. 

In this chapter, the excess specific volume is defined so as to compare the epoxy –

disp. CNTs and the epoxy – disp. FCNTs systems: 2�3���� = (4567$�489:;<)
�.>(4567$?489:;<).  The trend 

in Vexcess with a change in temperature has been shown in Figure 4.4.  It can be seen from 

that figure the use of pristine CNTs rather than functionalized CNTs results in excess 

volume due to the nature of the interphase.  Furthermore, the Vexcess monotonically 

decreases with a decrease in temperature.  This trend suggests that the interphase formed 

by the cross-linked epoxy matrix and the amido-amine functionalized CNTs has 

significantly lower compressibility than the interphase formed by cross-linked epoxy and 

the pristine CNTs.  This observation is consistent with the expectation that 

functionalization of CNTs increases the compatibility between the matrix and the filler. 
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Figure 4.4: Excess specific volume of epoxy – disp. FCNT with respect to epoxy – disp. 
CNT nanocomposite. 

4.4.2 Local Structure of Matrix is Unaffected by Functionalization of CNTs 

In order to determine the effect FCNTs on the local matrix structure, the radial 

distribution function (RDF) of the heavy atoms of the matrix in cylindrical shells around 

the functionalized CNT was calculated at a temperature T = 494 K.  Figure 4.5 presents a 

comparison of this RDF with a similar RDF50 for the heavy atoms of the matrix in 

cylindrical shells around the pristine CNT in the epoxy – disp. CNTs system.  As can be 

seen from that figure, the functionalization of the CNTs did not result in large changes in 

the local structure of the matrix of the epoxy – disp. FCNTs system as compared to that 

of the epoxy – disp. CNTs system.  Specifically, neither the height of the first peak, nor 
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the location of the first peak showed significant changes.  The functionalization of the 

CNTs did allow a few more matrix atoms to be spatially close to the CNTs as can be seen 

by comparing the values of the RDF at distances less than ~ 5 Å.  However, it is clear 

that the RDF is poorly correlated with interfacial interactions, as was also reported in the 

previous chapter,50 and as indicated by biophysics work on water-containing systems.127
 

 

Figure 4.5: A comparison of the RDF of heavy atoms of the polymer matrix around the 
carbon atoms of the CNTs for the epoxy – disp. FCNT system at a temperature of 494 K 

with a similar RDF for epoxy – disp. CNTs system reported in previous chapter   
 The error bars (not shown) are the size of the symbols. 
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4.4.3 Functionalization of the Filler Depresses the Dynamics of Atoms in 

Matrix 

The effect of the CNTs on the dynamics of atoms in the polymer matrix is non-

intuitive, as seen in our previous work,50 and as reviewed elsewhere.24  Since we had 

previously assessed the effect of pristine single-walled CNTs on the mobility of the 

matrix atoms in cross-linked epoxy nanocomposites, a similar assessment in the epoxy – 

disp. FCNTs will allow us to decipher the effect of functionalization of CNTs 

independently.  Similar to our previous work,50 we have calculated the mean-squared 

displacement (MSD) of the central carbon atom of DGEBA at a temperature of 494 K in 

the epoxy – disp. FCNTs is compared with the corresponding values from our previous 

work, as shown in Figure 4.6.  The central carbon atom of DGEBA was chosen for 

analysis because it is expected to be the most mobile atom in the matrix.131  As can be 

seen in Figure 4.6, functionalization of the CNTs had a strong effect on reducing the 

translational mobility of the atoms belonging to the matrix.  As discussed in the previous 

work, this reduction can be attributed to (1) the higher Tg of the epoxy – disp. FCNTs 

system compared to that of the epoxy – disp. CNTs system, (2) the density of the epoxy – 

disp. FCNTs system compared to that of the epoxy – disp. CNTs system.  The presence 

of the filler is likely to cause local anisotropy in the molecular mobility, since the 

presence of the filler will obstruct the mobility of the atoms in the direction normal to the 

surface of the filler.  Additionally, due to the presence of multiple functional groups on 

the filler, the FCNTs are likely to cause a reduction in the mobility within the matrix.  

The mean-squared displacement of the carbon atoms of the FCNTs will provide 
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additional insight into effect of the covalent bonds between the matrix and the filler on 

the interaction of the dynamics of the matrix and the filler. 

 

Figure 4.6: Comparison of the MSD of central carbon atoms on DGEBA in epoxy – 
disp. FCNTs at a temperature of 494 K with MSD from previous work50 

4.4.4 Covalent Bonds between Functional Groups and Matrix Pin the FCNTs 

in the Matrix 

Figure 4.7 shows the evolution of the value of the MSD of the carbon atoms of 

the FCNTs in the epoxy – disp. FCNTs system as a function of time, which is then 

compared with a similar trend for the CNTs in the epoxy – disp. CNTs system seen in our 

previous work.50  As can be seen from that figure, the presence of covalent bonds 

between the matrix and the FCNTs fundamentally changes the nature of the interactions 

of the dynamics between two phases.  The drastic reduction in the MSD of atoms of 
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FCNTs compared to CNTs in Figure 4.7, suggests that covalent bonds between the 

functional groups of the FCNTs and the matrix had an effect of pinning the FCNTs to the 

matrix, thus coupling the mobility of the FCNTs with that of the matrix.  It can also be 

seen from the figure that the mobility of the carbon atoms on the pristine CNTs is 

significantly higher than the matrix atoms on smaller time-scales, which is indicative of a 

decoupling or separation of dynamics between the filler and the matrix.  The coupling of 

the dynamics of the matrix and the filler in the case of the epoxy – disp. FCNTs can be 

expected to allow effective load transfer between the epoxy matrix and the FCNTs.  In 

the following sub-section, role of the interphase in the load transfer will be deciphered 

via the simulations of the uniaxial deformation of these systems. 

 

Figure 4.7: Comparison of the MSD of carbon atoms on CNTs in epoxy – disp. FCNTs 
at a temperature of 494 K with MSD from previous work50 
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4.4.5 Compressible Interphase between Matrix and Pristine CNTs Interferes 

in the Mechanical Load Transfer 

The mechanical properties of these four systems were calculated by applying 

uniaxial deformation on the well-relaxed structures of each system at 300 K, which is 

deep in the glassy state for all these systems.  In particular, the Young’s modulus and the 

Poisson ratio are calculated.  As can be seen in Table 4.2, the epoxy – disp. CNTs system 

had a Young’s modulus that was comparable to the neat cross-linked epoxy despite a Tg 

depression of ~ 66K in the former compared to the latter.  The implied lack of 

reinforcement of the matrix by the CNTs suggests that the reinforcement of the matrix 

due to the filler negatively impacted by the compressible interphase region between them.  

On the other hand, the epoxy – agg. CNTs system had Young’s modulus that was ~ 12% 

higher compared to both the other systems, while showing a Tg that was comparable to 

the neat cross-linked epoxy, and ~ 53 K higher than the epoxy – disp. CNTs system.  

These trends can be attributed to the smaller amount of the compressible interphase in the 

epoxy – agg. CNTs system (due to the aggregation of the CNTs) and the lack of a Tg 

depression in this system compared to the neat epoxy.  Thus, the reinforcement of the 

matrix by the well-packed cluster of the aggregated CNTs is more manifest in this system 

compared to the epoxy – disp. CNTs system. 

The lower values of both the Tg and the Young’s modulus of the epoxy – disp. 

CNTs system, and the higher value of the Poisson ratio compared to the corresponding 

properties of the epoxy – agg. CNTs system suggests that the former is more ductile than 

the latter at a given temperature below their Tg.  This observation agrees with 
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experimental literature, where it was claimed that the nanocomposite containing well-

dispersed MWNTs was more “liquid-like” than the nanocomposite containing aggregated 

MWNTs.123  With regard to this comparison, as was discussed in the previous chapter, 

the perception of dispersion in experiments is usually “macrodispersion” i.e. the 

dispersion of clusters of CNTs throughout the experimental sample, unlike the dispersion 

of individual CNTs (“nanodispersion”), which is the case in present work.38 

Table 4.2: The glass transition temperature (T
g
), Young’s modulus (E) and Poisson ratio 

of neat cross-linked epoxy and the three nanocomposite systems 

System 
T

g
 

(K) 
E* 

(GPa) 
Poisson ratio 

Cross-linked epoxy 512 ± 13 5.74 ± 0.14 0.368 ± 0.003 
Epoxy –  disp. CNTs 446 ± 12 5.70 ± 0.32 0.379 ± 0.003 
Epoxy – agg. CNTs 499 ± 5 6.47 ± 0.45 0.363 ± 0.004 
Epoxy – disp. FCNTs 517 ± 23 8.63 ± 0.21 0.343 ± 0.007 

*The mechanical properties reported here were obtained at a temperature of 300 K 

4.4.6 Functionalization of CNTs Facilitates Load Transfer between Matrix 

and Filler 

As previously discussed, the epoxy – disp. FCNTs system show a value Tg similar 

to the neat epoxy, and the interphase created by the matrix and the FCNTs was relatively 

incompressible interphase as compared to that created by the matrix and the CNTs.  

Consequently, as can be seen in Table 4.2, the functionalization of the CNTs resulted in 

~ 50% increase in the value of the Young’s modulus compared to both the neat cross-

linked epoxy and the epoxy – disp. CNTs system.  This increase in the value of the 

Young’s modulus indicates that the interphase between the FCNTs and the matrix was 

more capable of effective load transfer than the more compressible interphase between 
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the pristine CNTs and the matrix.  The Halpin-Tsai30 model has been used in the 

literature to estimate98 the Young’s modulus in cross-linked epoxy – CNT 

nanocomposites.  For Halpin-Tsai equation is given as:98  

 � =	1 + ABC�1 − BC�	  …(1) 

 

B =
�� �1D − 6
�� �1D + 6A 

…(2) 

Where E, Em, and Ef are the moduli of the composite, the matrix, and the filler, 

respectively; c is twice the filler aspect ratio; vf is the volume fraction of the filler.  Thus, 

if the filler is assumed to be randomly oriented in three dimensions, and the Young’s 

modulus for the neat cross-linked epoxy and the CNTs is taken to be 5.74 GPa and 1 TPa 

from present work and literature,14 respectively, the Young’s modulus for the 

nanocomposite can be estimated to be 6.71 GPa.  In the case of the epoxy – disp. CNTs 

system, the simulated value of E is lower than the Halpin-Tsai model estimates, while in 

the case of the epoxy – disp. FCNTs system, the simulated value of E is significantly 

higher than the model estimates.  These differences can be attributed to the lack of 

consideration of the matrix-filler interfacial interactions and the associated interphase in 

the Halpin-Tsai model, which is unable to account for thermoviscoelastic reinforcements 

that are likely to occur due to the creation of an interphase.42 
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4.4.7 Heterogeneities in Nature of Interphase Could Explain the Occurrence 

of Crazing in Epoxy-Based Nanocomposites 

Our results can also provide molecular insight into a recent report on the 

occurrence of crazing in cross-linked epoxy reinforced by amido-amine functionalized 

CNTs.93  Crazing is a phenomenon that is observed during the failure of glassy material 

(usually, thermoplastics) and refers to the formation of a network of microvoids and 

fibrils before complete fracture.  During the use of polymeric materials for structural 

applications, the occurrence of crazing during deformation leads to significant energy 

dissipation.159  As a result, the fracture toughness of these materials is significantly 

enhanced, which is usually a desirable characteristic.  Crazing is usually observed in 

thermoplastic materials due to intrinsic local heterogeneities, and can be enhanced by 

introducing extrinsic heterogeneities by the addition of fillers.159  Filler-induced changes 

in the vicinal Tg (and correspondingly, vicinal free volume and vicinal dynamics) of the 

matrix have been suggested to drive the formation of fibrils, in response to regions of 

high stresses.160  Indeed, crazing was also recently observed using coarse-grained 

molecular simulations of linear polymer chains with rod-like fillers (Figure 4.8).45  In 

that work, it was noted that while the presence of the filler led to premature crazing 

(relative to the neat polymer), the use of a filler, which had attractive interactions with the 

matrix, led to an accumulation of the rods at the base of fibrils and in the bulk material, 

and a corresponding depletion of them in the fibrils. 
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Figure 4.8: Visualization of craze fibrils seen using coarse-grained molecular 
simulations.45  Nanorods and polymer chains are shown in yellow and cyan color, 

respectively.  Reprinted with permission from Toepperwein and de Pablo.45  Copyright 
2011 American Chemical Society. 

 
Since cross-linked epoxy is a thermoset, it is a rather stiff, but not a particularly 

tough material and the craze phenomenon is not typically observed.161-163  However, in 

recent work, crazing in cross-linked epoxy reinforced by amido-amine functionalized 

MWNTs (A-MWNTs) was observed.93  In the same work, crazing occurred in neither the 

neat cross-linked epoxy nor cross-linked epoxy reinforced by pristine MWNTs.  Since 

amido-amine functionalization tends to occur near the edges of CNTs,95 it is reasonable 

to expect that there are significant heterogeneities in the interphase characteristics 

between the matrix and the filler.  Heterogeneities in the nature of the interphase would 

exist with both a compressible interphase neat poorly functionalized regions of the CNT 

(corresponding to the epoxy – disp. CNTs system in this chapter) and incompressible 

interphase nearly richly functionalized regions of the CNTs (corresponding to the epoxy 
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– disp. FCNTs system in this chapter).  These results suggest that a combination of these 

heterogeneities in the character of the interphase and the vicinal Tg appear to be important 

in toughening the cross-linked epoxy matrix, without compromising on the stiffness.93,158   

4.5 Chapter Conclusions 

In this chapter, amido-amine functionalized CNTs were used to reinforce a cross-

linked epoxy network.  The use of molecular simulations allowed an independent control 

over the functionalization of CNTs, without changing the length of the CNTs, the extent 

of the conversion of the matrix, or the extent of dispersion of the filler.  The extent of the 

dispersion of the FCNTs in the epoxy – disp. FCNTs system was the same as that of the 

pristine CNTs in the epoxy – disp. CNTs system.  Since the only difference between the 

two systems was the extent of dispersion of the filler, the differences in the thermo-

mechanical properties of the two systems would arise only because of the changes in the 

nature of the interphase region in the nanocomposite systems due to the functionalization 

of the CNTs. 

The epoxy – disp. FCNTs system showed a value of the Tg (517 K) that was 

comparable to that of the neat epoxy system (512 K).  This was in contrast with the large 

Tg depression (~ 66 K) shown by the epoxy – disp. CNTs system, which had pristine 

CNTs as the filler.  Furthermore, a trend in the excess specific volume between the epoxy 

– disp. CNTs and the epoxy – disp. FCNTs systems with a change in the temperature 

shows that the interphase between the matrix and the FCNTs in the epoxy – disp. FCNTs 

system was less compressible than that between the matrix and the CNTs in the epoxy – 
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disp. CNTs system.  This suggests that functionalization of the CNTs is effective at 

reducing the compressibility of the matrix-filler interphase in nanocomposites. 

An analysis of the dynamics in the matrix by calculating the MSD values of the 

matrix atoms shows that functionalization causes a large reduction in the mobility within 

the matrix of the epoxy – disp. FCNTs system compared to that of the neat epoxy and the 

epoxy – disp. CNTs systems.  More importantly, the value of the MSD of the carbon 

atoms in the FCNTs shows a drastic reduction (more than an order of magnitude) 

compared to the corresponding values of the MSD in the epoxy – disp. CNTs system.  

This suggests that the creation of covalent bonds between the matrix and the filler due to 

the functionalization of the CNTs has the effect of pinning the FCNTs in the matrix.  

Additionally, this pinning of the FCNTs in the matrix couples the dynamics of the matrix 

and the filler, in contrast with the decoupling of the dynamics of the matrix and pristine 

CNTs in the epoxy – disp. CNTs system, which was seen in the previous chapter. 

The mechanical properties of the four systems were characterized by simulating 

the uniaxial deformation of model structures of the four systems.  It was observed that 

due to the poor interfacial interactions and the compressible interphase between the 

matrix and the pristine CNTs, the dispersed CNTs caused no enhancement in the Young’s 

modulus of the matrix of the epoxy – disp. CNTs system compared to the neat epoxy.  On 

the other hand, a reduction in the amount of the compressible interphase due to the 

aggregation of the CNTs resulted in ~12% enhancement in the Young’s modulus in the 

epoxy – agg. CNTs system compared to the neat epoxy.  Furthermore, the epoxy – disp. 

CNTs system showed a higher Poisson ratio than the epoxy – agg. CNTs system.  This 
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trend in the value of the Young’s modulus indicates that the former is more ductile than 

the latter.  This pattern of behavior of the Young’s modulus and the Poisson ratio agreed 

with experimental literature, which showed that the epoxy nanocomposite containing 

dispersed multi-walled CNTs was deemed to be more “liquid-like” compared to the 

nanocomposite containing aggregated multi-walled CNTs, which, in turn, was deemed to 

be more “solid-like”.123 

More importantly, the lower compressibility in the interphase of the matrix and 

the FCNTs in the epoxy – disp. FCNTs system compared to the epoxy – disp. CNTs 

system caused a drastically higher enhancement in the Young’s modulus of the epoxy – 

disp. FCNTs system.  The Young’s modulus for this system was ~50% higher than that 

of the neat epoxy and the epoxy – disp. CNTs system.  The Poisson ratio was also 

significantly lower than the other three systems.  Furthermore, these results provided a 

possible molecular mechanism for the observation of crazing and enhanced ductility in 

cross-linked epoxy nanocomposites containing amido-amine CNTs that was reported in 

experimental literature.93 
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CHAPTER V 

HIGH STRAIN RATE MECHANICAL PROPERTIES OF A CROSS-

LINKED EPOXY ACROSS THE GLASS TRANSITION 

The contents of this chapter have been adapted from the author’s published 

work164 with permission.  Copyright 2013, ELSEVIER LTD. 

5.1 Summary 

Molecular dynamics simulations were used to study the high strain rate 

mechanical properties of a cross-linked epoxy system comprised of diglycidyl ether of 

bisphenol A (DGEBA) that is cross-linked by a poly(oxypropylene) diamine with three 

propylene oxide moieties per diamine.  Atomistic network structures were characterized 

using volume-temperature behavior and their response to mechanical properties.  The 

Young’s modulus was determined as a function of temperature across strain rates 

spanning three decades in magnitude, and collapsed onto a single “master curve” using 

the time-temperature superposition principle (TTSP).  The master curve obtained from 

molecular dynamics simulation data shows good agreement with a similar master curve 

of the reduced storage modulus as a function of frequency, which was obtained using 

experiments.  At higher strain rates, the simulation master curve deviated from the 

experimental master curve.  This deviation could be attributed to the lack of occurrence 

of sub-Tg motions on the time scale of simulations due to the use of higher strain rates in 

simulations compared to experiments.  This work demonstrates the utility of TTSP in 

connecting the thermo-mechanical behavior of polymers at high strain rates and high 

temperatures to experiments performed at much different conditions.  The use of the 
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time-temperature superposition to compare mechanical properties determined from 

molecular simulation and experiments appears to be the first reported effort of its kind. 

5.2 Introduction 

Cross-linked polymer networks are utilized extensively in both the military and 

commercial sectors.  The ability to vary resin chemistry, network structure, and the 

mechanism of cross-linking provides great versatility in the material selection for these 

systems, which allows the design of networks whose mechanical properties can be tuned 

over a broad window ranging from rigid structural resins to extremely soft elastomers.  

These diverse network polymers are playing an increasingly important role in protection 

technologies for military, aerospace, transportation, and construction industries, where 

high-rate mechanical insults from projectiles, debris, and collisions constitute a critical 

design consideration.  From the perspective of protection technologies, both glassy 

networks and elastomers have found applications as adhesives, resins, and coatings in 

armor packages,165-169 while elastomer and gel networks are being developed as tissue 

simulants to mimic the rate-dependent mechanical response of human tissue for improved 

assessment of protection systems.170-173  Furthermore, recent research has demonstrated 

that exploiting the impact-induced glass transition of the network can be an effective 

strategy for improving the ballistic response in both elastomeric coatings169 and more 

rigid epoxy networks.174  Structural epoxy networks are also commonly utilized in fiber-

reinforced polymer composites, where the fiber-resin interfacial properties can affect 

ballistic response in addition to the properties of fiber and resin themselves.  Thus, the 

development of strategies for maximizing high energy dissipation rates at interfaces by 
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controlling the properties of fiber coatings is also an ongoing focus of research in this 

area.174 

For the design of protective equipment, laboratory experiments on ballistic 

penetration of materials provide invaluable information.  At the same time, the 

interpretation of the data that are obtained by these tests is usually non-trivial due to the 

complexities in the stress state and failure modes, as well as the temperature and strain 

rate distribution near the impact site.  In this regard, finite element modeling (FEM) could 

be an effective tool for identifying key factors that control armor design.  However, the 

effectiveness of FEM depends on the availability of accurate equations of state as well as 

rate-dependent constitutive relationships for these materials.  The use of experiments to 

obtain this information is challenging, especially at the deformation rates, temperatures, 

and pressures corresponding to the ballistic conditions that are of interest in the design of 

military protective systems.  Therefore, the present work focuses on the use of atomistic 

simulations to link the chemistry and the molecular structure of the network to rate-

dependent mechanics across the dynamic glass transition, which will enable the design of 

new polymer-containing protective materials and systems.   

Experimentally, the Tg is obtained by monitoring the change of thermodynamic 

and mechanical properties, such as the specific volume, heat capacity, and viscoelastic 

moduli in response to a systematic change in the temperature.  These experiments are 

typically carried out using techniques such as differential scanning calorimetry (DSC) 

and dynamic mechanical analysis (DMA).  From the viewpoint of experimental 

measurements, the Tg is a temperature at which the characteristic relaxation time of the 
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material is comparable to the time-scale of the observation.  DMA allows viscoelastic 

moduli to be determined both as function of temperature and the frequency of applied 

sinusoidal mechanical deformations.  The time-temperature superposition principle 

(TTSP) can then be invoked to collapse such temperature- or frequency- dependent 

properties on a single master curve at a particular temperature.175   

Analogous to experiments, molecular simulations have been used to measure the 

Tg of polymers through the characterization of the changes in properties such as specific 

volume and heat capacity across the glass transition. 64,75,176  On the other hand, studies of 

mechanical properties across the Tg have been scarce in particle-based simulations, 

perhaps due to the high degree of statistical uncertainty in the calculation of the 

microscopic stress tensor in the rubbery state, where the value of the elastic moduli can 

be more than two orders of magnitude lower than those in the glassy state.  This high 

degree of uncertainty makes the viscoelastic properties of the network difficult to 

calculate accurately.  In this work, atomistic models of cross-linked epoxy that are 

relatively large (> 200,000 atoms) in order to overcome this challenge were created.  

Additionally, six replicas of the system were used to obtain average values of these 

properties.   

The thermal and mechanical properties of polymer networks have previously been 

studied with particle-based simulation methods using atomistic models 49,50,59,63-

67,70,71,113,131,177-181 and coarse-grained models with both hard 182 and soft 183 potentials.  In 

this work, a tightly cross-linked network, in which the epoxy monomer and cross-linker 

sizes are of the order of a nanometer is considered.  At these length scales, the inclusion 
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of chemical detail at the atomic level is necessary to study structural and mechanical 

behaviors, thus these networks are well suited for the level of accuracy and simulation 

size that can be modeled with classical molecular dynamics (MD) simulation.  

Specifically, for the mechanical properties, atomistically detailed  simulations have been 

used 59,63,65-67,70,71,177-180 to estimate these properties of cross-linked epoxy using variants 

of either (1) the constant-strain minimization method 59,70,178 (hereafter called the static 

method 184) or (2) simulated deformation 63,65-67,71,177,179,180 of model systems using non-

equilibrium molecular dynamics (NEMD) simulations (hereafter called the dynamic 

method).  For polymeric materials, mechanical properties are governed by molecular 

chain conformations and their evolution with time, particularly at temperatures near and 

above the Tg.  The static method does not consider these dynamic aspects explicitly.   

The mechanical properties obtained from molecular simulations can complement 

high strain rate experimental tests where elastic properties are not directly measured. 166  

Furthermore, simulations enable characterization of mechanical properties at very high 

strain rates (> 105 s-1) that are usually challenging to study in experiments.  Of the results 

reported in the literature 63,65-67,71,177,179,180 using the dynamic method, the strain rates used 

for the simulated deformation range from 2.5 ×106 s-1 to 5 ×108 s-1.  Recently, Shenogina 

et al studied the mechanical behavior of cross-linked epoxy comprised of diglycidyl ether 

of Bisphenol A (DGEBA) and diethyltoluene diamine (DETDA) as a function of 

temperature and other parameters by applying the static method 178 as well as the 

dynamic method179 to a large set of samples.  For the highest conversion (95%) studied, 

simulation results indicated a glassy modulus at 298 K that is in good agreement with 
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experiment, but the characteristic reduction of modulus near the glass transition was not 

observed.  Instead, the Young’s moduli in the glassy and rubbery states differed only by a 

factor of about two. 178,179  In another study, Li et al. 180 reported the dependence of shear 

modulus on temperature and strain rate for a different cross-linked epoxy system with an 

extent of conversion of 0.85.  The glass-rubber transition was captured in these shear 

modulus results, and was observed to be strain rate-dependent, although a quantitative 

characterization of this effect was not carried out.   

In the present work, the tightly cross-linked networks of DGEBA- 

poly(oxypropylene) diamine with three propylene oxide moieties per diamine (POP(3) 

diamine) is used.  POP(3) diamine is similar to the commercially available JEFFAMINE® 

D-230 curing agent; JEFFAMINE is a trademark of the Huntsman Corporation.  As 

described below, atomistic MD simulations and DMA measurements are used to study 

the volumetric and mechanical properties of this DGEBA-POP(3) diamine network 

across the Tg.  The results demonstrate the strong decrease in the elastic modulus, which 

is characteristic of crossing the glass transition from below, and show the utility of the 

time-temperature superposition (TTSP) approach in making a quantitative connection 

between MD results and the experimental data.  This chapter is organized as follows: In 

Section 5.3, details of the MD simulations are described including the force field, 

construction of the polymer network, the annealing procedure, and the method of 

deforming the network; experimental details are also presented in this section.  Section 

5.4 presents the volumetric properties and shows the temperature and strain rate 
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dependence of the mechanical behavior, followed by an application of the TTSP to the 

simulated elastic moduli.  Thereafter, the chapter conclusions are presented.   

5.3 Simulation and Experimental Details 

5.3.1 Force Field and Molecular Models 

The cross-linked epoxy system studied in this work consists of DGEBA as the 

epoxy monomer, and POP(3) diamine as the cross-linker.  The chemical structures of 

these molecules can be seen in Figure 5.1.  This cross-linked epoxy system was 

previously simulated by one of us in an investigation of the effect of cross-linker length 

on thermal and volumetric properties of cross-linked epoxy networks.181  Other 

simulations are identical to those that have been discussed in the previous three chapters, 

unless otherwise stated. 

 

(a)        (b) 

Figure 5.1: Chemical structure of (a) DGEBA (b) POP (3) diamine (n=3).   
 

5.3.2 Preparation of Model Structures 

The simulated annealing 80 based simulated polymerization 55 method was used to 

prepare cross-linked molecular models in this work.  This method was previously applied 

to cross-linked epoxy by Lin and Khare 64.  The key steps involved in the procedure are 
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provided for the sake of completeness.  An initial “reaction mixture” was prepared by 

performing constant NPT MD simulation at a temperature of 660 K of a simulation box 

containing stoichiometric amounts of the epoxy monomer and the cross-linker molecules.  

An optimum connectivity sequence comprised of spatially close reacting pairs was then 

obtained using the simulated annealing algorithm. 80  This optimized sequence of bonds 

was used to create a well-relaxed cross-linked network by: (i) forming new bonds 

between the identified reacting pairs and gradually allowing these bonds to relax to their 

equilibrium bond length using MD simulations, (ii) assigning new angles and dihedrals 

that result from the creation of the new cross-link bonds, (iii) recalculating the partial 

charges for those atoms near cross-link bonds by applying the AM1-BCC method 83,84  to 

a representative network junction of four of DGEBA molecules and one POP(3) diamine, 

and finally, (iv) further relaxation of the model structure using constant NPT MD 

simulation at a temperature of 735 K for 5 ns.  Previous work 49,64,113,131,181 has shown 

that MD simulations at such high temperatures are sufficient to obtain well-equilibrated 

model structures of cross-linked epoxy.   

Six replicas with 100% conversion were prepared in this manner by performing 

simulated polymerization on different initial reaction mixtures.  In each case, the final 

cross-linked models were obtained by cross-linking 972 molecules of DGEBA with 486 

molecules of POP(3) diamine (208,494 total atoms).  These six replica structures were 

approximately cubic in shape with an edge length close to 13 nm. 

The volumetric properties were determined by subjecting these structures to 

stepwise cooling using MD simulations.  Simulations were performed at a given 
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temperature for 2 ns, and then the temperature was reduced by 15 K.  This procedure was 

repeated multiple times such that the model structures were cooled from the rubbery state 

at a temperature of 735 K to the glassy state at a temperature of 210 K over a total time of 

75 ns (7.5x107 time steps).  Data were collected for the final 1 ns of each temperature 

step to calculate the average specific volume.  At the end of each temperature step, the 

state of the simulation was saved for further calculations. 

5.3.3 Uniaxial Elongation Simulations 

Uniaxial deformation of the epoxy network was simulated with structures 

obtained from the stepwise cooling procedure described in the previous section.  For this 

purpose, an affine deformation was applied at constant engineering strain rate along the 

axial dimension and an anisotropic Nosé-Hoover barostat was applied in the two lateral 

dimensions.  The Virial stress was computed as described by Thompson et al.185.   

Each of the six equilibrated replica structures was subjected to three independent 

uniaxial deformations along the Cartesian dimensions (18 measurements).  The Poisson 

ratio and elastic modulus (E) reported here were taken as the average value of these 18 

measurements.  This deformation process was repeated for 36 temperatures at three strain 

rates (107, 108, and 109 s-1) and 6 temperatures at one strain rate (106 s-1).  The elongation 

stress was taken as the average difference of the axial and transverse normal stresses at 

each time step, where the transverse stresses were held constant at 1.0 atm.   

5.3.4 Experimental Data 

The DGEBA and JEFFAMINE® D230 (trademark of Huntsman Corporation), 

which is similar to the POP(3) diamine used in molecular simulations, were preheated to 
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323 K and mixed in a stoichiometric formulation, assuming that each amine hydrogen 

reacts with a single epoxy.  The epoxide-amine mixture was mixed at 333 K for 5 min, 

subsequently degassed and poured into preheated, release agent coated, aluminum molds.  

The resin in the molds was cured under a nitrogen purge according to the curing schedule 

shown in Table 5.1. 

 

Table 5.1: Curing schedule 

Temperature 

(K) 

Time 

(hours) 

353 2 

423 8 

473 2 

 

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

Q800 Dynamic Mechanical Analyzer, using the single cantilever clamp geometry, 

operating at a frequency of 1 Hz, from 173 to 423 K, at 1 K/min, with a displacement of 

7.5 microns.  A clamp compliance correction was performed using a stainless steel beam 

with dimension of 12.8 mm wide by 3.1 mm thick, with a span of 16.5 mm per the TA 

Instruments User’s Manual.  Despite the clamp compliance correction, the glassy storage 

modulus (E’) exhibited a dependence on sample geometry, indicative of an additional 

instrument compliance contribution.  As recommended by McKenna and co-workers, 

186,187 tests on a series of sample geometries can be performed to assess potential 

instrument compliance contributions.  Therefore, a series of samples was measured with a 

span of 16.5 mm, width of 12.5 mm, and thickness ranging from 3.3 to 0.9 mm.  When 
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the sample thickness was less than 2 mm, the modulus in the glassy regime was 

independent of the sample thickness down to -100 °C, indicating that instrument 

compliance was negligible with these sample geometries.  This sample geometry is 

consistent with TA Instruments recommendation of a span to thickness ratio of 10:1 for 

DMA measurements using the single cantilever geometry.  In addition, the temperature 

dependent modulus for a series of samples with a span of 16.5 mm, 12.5 mm width, and 

1.4 mm thickness was measured with displacements ranging from 5 to 20 microns.  The 

glassy modulus was independent of displacement in this range, further indicating that 

instrument compliance was not impacting the glassy E’ values.  In the rubbery regime, 

samples thicker than 2 mm were required to obtain modulus values, due to the lower 

modulus in that region.  Therefore, the experimental data shown in Figure 5.5 contains a 

contribution from two samples.  For temperatures below 95 °C, the sample dimensions 

were approximately 12.5 mm wide by 1.4 mm thick with a span of 16.5 mm.  For 

temperatures above 95 °C, the sample dimensions were approximately 12.5 mm wide, by 

3 mm thick, with a span of 16.5 mm.  

For the purpose of time-temperature superposition, the temperature and frequency 

dependent response was measured with DMA using a sample with dimensions of 12.5 

mm wide by 2.9 mm thick with a span of 17.1 mm, which provides modulus values that 

are independent of sample geometry over the temperature range of 70–100 °C.  The 

sample was equilibrated at 25 °C followed by a frequency sweep from 0.1–30 Hz.  After 

each frequency sweep, the oven temperature was raised 2.5 °C and the sample was 
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allowed to equilibrate at the new temperature for 5 min prior to executing the frequency 

sweep at the new temperature.   

5.4 Results 

5.4.1 Simulation Tg is Higher than Experimental Tg 

The temperature (T) dependence of specific volume (υ) as determined from 

stepwise cooling is shown in Figure 5.2.  Two distinct regions, corresponding to rubbery 

and the glassy states, are visible in the υ-T plot.  The glass transition temperature (Tg) can 

be calculated as the intersection of two lines fitted to the υ–T data in the rubbery and the 

glassy regions.  The numerical value of the Tg is sensitive to the temperature range over 

which the linear fits are applied.  The first derivative information as given by the 

coefficient of volume thermal expansion (αv) is used to determine the temperature ranges 

for the glassy and rubbery regions as αG = �
H
IH
IJKL, where υ is the specific volume at a 

given temperature T and 
IH
IJKLwas calculated from the υ-T data using a second-order 

finite-difference method.   
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Figure 5.2: Specific volume of DGEBA-POP(3) diamine system for the glassy and the 
rubbery states.  The rubbery and the glassy regions in this figure were determined based 

on the trends in αv (Figure 5.3). 
 

Three temperature-dependent trends of αv are seen in Figure 5.3.  At high 

temperatures (T > 525 K), αv has a relatively constant value corresponding to rubbery 

behavior.  In the intermediate temperature range (345 K < T < 525 K), αv decreases 

sharply.  At lower temperatures (T < 345 K) corresponding to the glassy behavior, αv 

decreases in a slow and smooth fashion as has been observed experimentally for other 

epoxy networks 188,189.  Within the intermediate temperature range (345 K < T < 525 K), 

the values of αv show a scattered, rather than a monotonic, decrease with temperature.  

The source of these variations may be a high degree of dynamic heterogeneity that is 

present in the vicinity of the glass transition; such significant dynamic heterogeneity near 

Tg has been reported in previous simulation literature.50,131,190,191  It is interesting to note 

that the use of the use of the extremely high cooling rates in the simulations resulted in a 
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much broader glass transition than that typically seen in experiments.  Such an apparent 

broadening should be further explored as computational capabilities in the future would 

permit the use of lower cooling rates. 

 

Figure 5.3: Coefficient of volume thermal expansion (αG) of DGEBA-POP(3) diamine 
system for the glassy and the rubbery states. 

 

Using these observations from Figure 5.3, linear fits were then applied to the υ–T 

data in the temperature ranges of 540 – 660 K and 210 – 330 K for the rubbery and glassy 

regions, respectively, for each of the six replicas as seen in Figure 5.2.  The resulting 

value of the Tg calculated for the cross-linked system is 445.9 ± 0.6 K.  The Tg obtained 

in this manner is not sensitive to small changes in the choice of the temperature range for 

rubbery and glassy states.  To make a quantitative comparison of Tg obtained from 

molecular dynamics and experimental data192-194, it must be noted that the cooling rates 

used in simulations are multiple orders of magnitude higher than in experiments, thus the 
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dependence of Tg on the cooling rate must be considered.  The Williams-Landel-Ferry 

(WLF) equation73,195 has previously been used to quantitatively account for the 

dependence of Tg on the cooling rate and thus allow a comparison of Tg obtained from 

simulations and experiments in studies on amorphous linear polymers75 as well as cross-

linked epoxy.181  The WLF equation can relate the difference in the Tg values from 

simulations and experiments (∆Tg) 
75 to the relative cooling rates as:  

 

∆N� =
−O� log�� ST�3�ST�01
O� + log�� ST�3�ST�01

 

(2) 

In equation (2), ST�3� and	ST�01 are the experimental and the simulation cooling 

rates, respectively, and C1 and C2 are the WLF equation parameters.  Using the 

“universal” values for the WLF parameters (C1 = 17.44 and C2 =51.6 K), the predicted 

shift in the Tg between experimental 192-194 measurements (with a range of ST�3� = 0.033 – 

0.33 K s-1) and the simulations (ST�01 = 7.5 × 109 K s-1) is in the range of 75.4 – 96.3 K.  

The WLF equation has been reported to predict the shift in the Tg between simulations 

and experiments for a number of different amorphous polymers 75, and reasonable 

agreement between the shifted Tg from simulation and experimental values is observed 

(see Table 5.2).  However, in subsequent text in this chapter (sub-section 5.4.3), the use 

of the time-temperature superposition principle on the Young’s modulus (E) data that was 

obtained at high strain rates using simulations is discussed, where indications of an 

overlap between the α and the β relaxation of the network is observed at the simulation 

time-scale and temperature range studied.  Such an overlap between these relaxation 
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modes has been previously reported to complicate the use of the time-temperature 

superposition principle.196  Nonetheless, it is clear that the value of the Tg determined 

from MD simulations of amorphous polymers 75 and cross-linked epoxy49,64,181 can be 

expected to be significantly higher than that obtained by experiments. 

Furthermore, as can also be seen from Table 5.2., the density at a temperature of 

300 K obtained from simulations is about 3% lower than the experimental value; this is 

consistent with an increase in free volume due to a high-temperature (elevated Tg) 

departure from the equilibrium line of the υ-T diagram.  These results are similar to those 

reported in the previous literature49,64,113,181 for simulated polymer glasses formed at high 

cooling rates.  Finally, the αG values determined from the simulations are in reasonable 

agreement with the experimental values in both the glassy and the rubbery states.   

The Tg value calculated in this work (Tg = 445.9 ± 0.6 K) is significantly higher 

than that reported by one of us in a previous simulation study of the same system (Tg = 

384.9 ± 8.2 K).181  The simulations in this work were performed on molecular models 

that are about 19 times larger (208,484 atoms) than those used in the previous work 

(11,025 atoms).  The specific volume values determined in the two studies differ by less 

than 0.75% at the most, which does not explain the large difference in the calculated 

values of Tg.  The difference in the Tg values calculated in the two simulation studies 

results from the temperature ranges that are selected for applying the linear fits to the υ-T 

data in the rubbery and glassy states.  If the volumetric data in the current study are fitted 

using the same temperature ranges as in the previous work (210 – 285 K for the glassy 

state and 405 – 495 K for the rubbery state), a Tg value of 378 ± 1.8 K is obtained which 
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is in close agreement with the previous result.  In the present work, the temperature 

ranges for the linear fits were chosen in a more systematic fashion by analysis of the αv 

values, thus the Tg value determined in this work (Tg = 445.9 ± 0.6 K) is more accurate 

for the cooling rate employed in the simulations.   

 

Table 5.2: Comparison of volumetric properties of DGEBA/POP-diamine (n = 3). 

 
Tg 

(K) 

Density at 300 

K 

(g/cm3) 

αv (× 104 K-1) 

Glassy 

(300 K) 

Rubbery 

(540 K) 

Simulation 445.9 ± 0.6 1.121 ± 0.001 1.95 ± 0.03 5.0 ± 0.12 

Experiment 

192 360 + 75* 

353 + 81* 

355 + 96* 

1.159 1.65** 6.15** 193 

194 
 

* Shifted to account for differences in cooling rate between experiments and simulations 

using equation (2), with the “universal parameters”, and cooling/heating rates from 

literature .192-194 

**Estimated from the coefficient of linear thermal expansion (αU) from the literature194 as 

αG= 3 × αU. 

5.4.2 High Strain Rate Young’s Modulus shows Gradual Evolution from 

Rubbery to Glassy Behavior across Glass Transition 

The mechanical responses in the glassy and rubbery states were determined by 

deforming the model network structures over a range of temperatures from 210 K to 735 
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K.  Figure 5.4 shows the elongational stress and the corresponding energy contributions 

from non-bonded interactions, bond stretching, angle bending, and dihedral torsion for 

strains up to 10%, in both the glassy and the rubbery states (T = 210 K and 660 K, 

respectively) for an example network structure.  The system begins in a well-relaxed state 

near zero stress.  As strain is applied to the glassy system, the stress increases 

approximately linearly up to 2% strain, then begins to gradually display nonlinear 

behavior at higher strains.  The non-bonded potential energy of the glassy state and the 

total volume (not shown) increase with strain, suggesting that favorable van der Waals or 

hydrogen bond interactions are continuously lost as the network expands and elongates.  

The energy contributions associated with distortions of the bond lengths, angles, and 

dihedrals in the glassy state also increase, although to a lesser extent than the non-bonded 

interactions.  As would be expected from the lower value of the modulus, the rubbery 

state (e.g., results at T = 660 K) showed a much smaller increase in both the stress and the 

non-bonded energy over the entire range of the strain studied.   
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 Figure 5.4: Top: Stress as a function of engineering strain for glassy (black) and rubbery 
(red) networks.  Bottom: Energy contributions from non-bonded interactions, bond 
stretching, angle bending and dihedral bending as a function of strain for a glassy 

network at 210 K and a rubbery network at 660 K (inset). 
 

In the simulations, the Young’s modulus (E) is calculated by performing a small 

uniaxial extension (taken as 1%) for both the glassy and the rubbery states.  The model 

network structures are deformed in an affine fashion at each time-step, i.e., the atomic 

positions are assumed to react instantaneously to the changes in the size and shape of the 

simulation box.  This assumption will not be true for deformations occurring faster than 

the speed of sound (c) in the material.  The rubbery state sets the lower limit for c, which 

can be used to estimate a maximum strain rate applied across all the temperatures.  For 
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this purpose, c can be estimated from the bulk modulus (K) and the specific volume (υ) 
via the Newton-Laplace equation, A = √Wυ.  From the theory of rubber elasticity, the 

shear modulus can be estimated from the number density of network strands as G =
RN/(υM\), where R and Ms are the gas constant and average molecular weight of a 

network strand.  For a stoichiometric network of DGBEA-POP(3) diamine, the network 

shear modulus can be analytically estimated at 660 K as 20.1 MPa.  By assuming a 

Poisson ratio ] = 0.49, the values of K and Young’s modulus (E) can be estimated for 

the rubbery state as W = 2b(1 + ])/3(1 − 2]) = 998 MPa and � = 2G(1 + ]) = 

59.9 MPa, respectively.73,197-201  Using these values, the speed of sound can be estimated 

from the Newton-Laplace equation as c = 999 m/s, which is consistent with literature 

values of c for polymers in the rubbery state202.  If the maximum system elongation 

velocity is constrained to be less than c, the corresponding maximum engineering strain 

rate can be estimated as dT1�3 = A/e�, where L0 is the initial length of the undeformed 

simulation box.  In the case of the models used in this work (L0 = 13nm), the value of 

dT1�3 is 7.68 × 1010 s-1.  Furthermore, it can be inferred from the work of Rottler and 

Robbins203 that an elongation velocity less than 0.01c is necessary to facilitate local 

transfer of forces to all atoms.  The maximum strain rate used in this work (109 s-1) 

satisfies both these constraints.   

The strain rates applied in this work span three orders of magnitude with the 

maximum strain rate being 109 s-1 for both the rubbery and the glassy states.  Uniaxial 

elongation was carried out for each of the replica structures (6) at each temperature 

simulated in the step-wise cooling run (36) along three axes for a total of 648 runs per 
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strain rate.  This procedure was carried out at strain rates of 107, 108 and 109 s-1.  A lower 

strain rate of 106 s-1 was also employed for each replica but, in that case, only six 

temperatures were considered due to computational constraints.  The Young’s modulus 

values determined from the stress-strain data are shown in Figure 5.5 as a function of 

temperature.  Experimental data from tensile testing 192,193 and a DMA temperature sweep 

are also included for comparison.  Although the Young’s modulus is not rigorously the 

same as the storage modulus, the two are expected to exhibit a close numerical agreement 

for a highly cross-linked network in both the glassy and the rubbery plateau regions.  73 

As expected, deep in the glassy state, the glassy moduli obtained from the MD 

simulations are similar for all four strain rates, and are in quantitative agreement with the 

experimental data.  As one follows the E-T curves in the direction of increasing 

temperature, it is seen that for each of the strain rates, the simulations predict a drop in 

the modulus as the system undergoes a transition from the glassy to the rubbery state.  An 

inspection of the E-T curves at the four strain rates studied shows that, as the strain rate is 

lowered, the curves become qualitatively more similar to the E’-T curve obtained from 

experimental measurements in that the transition becomes sharper and is accompanied by 

a larger drop in the modulus.   

  The E’-T curve shows a sub-Tg transition (β transition) at a temperature of ~ 225 

K, which results in the decrease in the value of E’ by ~ 2 GPa between the temperatures 

of 200 K and 300 K.  Hence, deep in the glassy state, below the experimental β transition 

temperature, the agreement between E’ and E improves significantly.  Of interest is the 
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observation that the simulation E-T curve does not show a drop in the value of E due to 

the sub-Tg transition (the β transition.   

In the rubbery state, for the slowest strain rate of 106 s-1, the simulated modulus is 

approximately ~80 MPa at a temperature 125 K higher than the Tg; this value of the 

modulus is comparable with the value of the Young’s modulus estimated from the theory 

of rubber elasticity (E = 59.9 MPa).  Larger values of rubbery modulus are obtained for 

the strain rates of 107 and 108 s-1 corresponding to ~ 150 and ~ 250 MPa, respectively.  At 

the highest strain rate of 109 s-1, the network does not show values of Young’s modulus 

corresponding to rubbery behavior in the temperature range studied; the Young’s 

modulus value is ~1 GPa for T > 660 K, and a rubbery plateau value is not present.  

 

Figure 5.5: The Young’s modulus of DGEBA-POP(3) epoxy network from MD 
simulation, experimental tensile tests, and the storage modulus (E’) from dynamic 

modulus analysis are shown as a function of T. 
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The Poisson ratio can be calculated from the negative strains that develop in the 

dimensions lateral to the elongation axis in response to uniaxial deformation.  Figure 5.6 

shows the Poisson ratio calculated as a function of temperature.  Strain rates of 107, 108 

and 109 s-1 have Poisson ratios of approximately 0.35-0.40 for the low-temperature glassy 

states and 0.45-0.50 for the high-temperature rubbery states.  Systems deformed with the 

lowest strain rate, 106 s-1, had the highest Poisson ratios of approximately 0.40 and 0.49 

for the glassy and the rubbery states, respectively, and are in reasonable agreement with 

experimental values for polymers. 197-199  The average values of the Poisson ratio show 

consistent trends with both strain rates and temperature, i.e., the values of the Poisson 

ratio increase with (1) a decrease in the strain rate at a given temperature, and (2) an 

increase in the temperature at a given strain rate.   

 

Figure 5.6: Poisson ratio as a function of temperature and strain-rate.  Selected error bars 
are shown for the lowest and highest strain-rates. 
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5.4.3 Master Curve of Reduced Young’s Modulus from Simulations Agrees 

with Experiments 

It is a common practice in experimental rheology to measure moduli values over a 

range of frequencies/strain rates for a set of temperatures and then use the time-

temperature superposition principle 73,195 (TTSP) to collapse these data on a master curve 

that yields the values of the moduli over a broad range of frequencies/strain rates at a 

selected “reference” temperature.  This empirical approach is based on the expectation 

that the relaxation times of the viscoelastic material are a function of the temperature, 

which can be numerically fit to a functional form.  One form often applied near the glass 

transition is the Vogel-Fulcher-Tammann (VFT) equation, which can be expressed as: 

 log(fg) = log higigjk = log		�
dTgjdTg ) = l +

m
(N − Nn) (2) 

where fg is the horizontal shift factor, A and B are fitting parameters, Nn	is the 

Vogel temperature, T0 is a reference temperature. dT and i are the relaxation times and 

strain rates, respectively, at the corresponding temperatures indicated by the subscripts.  

As described in Figure 5.5, MD simulations were carried out to determine the Young’s 

modulus values of the cross-linked epoxy system at four different values of strain rates 

over a range of temperatures.  The reduced Young’s modulus as a function of the strain 

rate at a reference temperature was then computed as: 

 �o(N�, dT) = 	g	�(N, fg	dT) (3) 

where, E and Er are the observed and reduced modulus, respectively, at a temperature of 

T and T0.  In equation (3), fg	 and 	g	are the horizontal and vertical shift factors that 
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account for the effect of temperature on the strain rate and the modulus, respectively.175  

The value of bT can be estimated from using the expression: 	g =	N��� N�q , where ρ and 

ρ0 are the density of the models at the temperature T and T0, respectively.175  However, 

this expression is not expected to be valid in the glass transition region.  The value of aT 

at a given temperature (T) was obtained by a fitting exercise, such that the isothermal 

curves of the Young’s modulus collapsed onto a master curve after shifting.  The 

dependence of aT on temperature is usually expected to fit the WLF or VFT equation at 

temperatures close to the Tg.  On the other hand, this dependence is expected to fit the 

Arrhenius equation at temperatures significantly above (> 100 K) the Tg.
175 

Using equation (3), both the experimental and simulation data were collapsed 

onto master curves by a manual fit of the shift factors, as shown in Figure 5.7.  For the 

experimental master curve, the frequency and temperature dependent modulus values 

were considered over a temperature range of 343 to 373 K (section 5.3.4); the trend in the 

horizontal shift factors with temperature was then fit to the VFT equation, resulting in 

A = - 11.02, B = 591 K and T∞=310 K.  A vertical shift factor was not utilized (bT = 1) for 

the experimental data, since the range of the temperatures used in experiments was 

relatively small.  On the other hand, a vertical shift factor was used for the simulation 

data.  As can be seen in Figure 5.7, the two master curves, both of which were 

determined for a reference temperature of 363 K, have similar features at low rates of 

deformation (for frequencies/strain rates up to 103 s-1).  This particular value of the 

reference temperature (Tref = 363 K) was chosen because it was close to the value of the 

experimental Tg.  This agreement demonstrates the power and the utility of the TTSP, 
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which enables a master curve of the modulus to be constructed from molecular 

simulation, which can then be compared with corresponding experimental measurements 

that span vastly different time-scales than the simulations.  Specifically, the deformation 

rates of the simulations ranged from 106 to 109 s-1, and those in the experiments ranged 

from 0.1 to 30 Hz. 

The rubbery modulus value (E ~ 50 MPa) predicted at lowest strain rates of the 

simulation master curve is in good agreement with the prediction made using the theory 

of rubber elasticity (E = 59.9 MPa). 200,201 It is also in reasonable agreement with the 

experimental value of the storage modulus obtained using DMA in the present work (E’ ~ 

20 MPa), as well as the experimental values from literature (E ~ 12 MPa)193 and E’ ~ 20 

MPa).194  The level of agreement with the experimental values should especially be 

viewed in the context of the uncertainties in the values of the Young’s modulus obtained 

in simulations (see Figure 5.5). 
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Figure 5.7: Simulation master curve was obtained by collapsing the Young’s modulus 
(E) data on a single curve using the TTSP at 363 K.  The experimental master curve (E’) 

was obtained by collapsing the storage modulus at 363 K. 
 

Beyond an effective strain rate/frequency value of 103 s-1, the simulation master 

curve consistently shows values of the reduced Young’s modulus that are significantly 

higher than the corresponding values of the reduced storage modulus on the experimental 

master curve.  This difference of glassy moduli between the experimental and simulation 

master curve can be attributed to the occurrence of an overlap between the α and the β 

relaxation in the simulations due to the use of very high strain-rates. 4,204  At typical 

experimental conditions, the β relaxation (sub-Tg relaxation) occurs at temperatures 

significantly below the Tg.  Indeed, mechanical analysis needs to be performed at 
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temperatures ranging from 180 to 230 K at a frequency of 1 Hz in order to study the β 

relaxation behavior of cross-linked epoxy.29,204  In this work, as can be seen in Figure 5, 

the experimental storage modulus obtained using DMA shows a β transition around a 

temperature of ~ 225 K.  However, at high strain rates, the β peak temperature is 

expected to shift to higher temperatures.  This shift in the β peak temperature can be 

calculated using the value of the activation energy for the β relaxation process for this 

network.  In the literature, the activation energy (Eaβ) and peak temperature of the β 

relaxation process at a frequency of 1 Hz for the network used in this work are estimated 

as 72.5 kJ/mol and 221 K, respectively.205 These values are similar for other cross-linked 

networks.4 29,204  In Table 5.3, the value of the β peak temperature was estimated using 

the Arrhenius equation and tabulated at strain rates corresponding to the simulations.  As 

seen in the table, the α and the β relaxation modes are expected to overlap at the strain 

rates used in the simulations.  Such an overlap of the α and the β relaxation has been 

reported for poly(ethylene naphthalate) at experimental conditions,196 and previously 

predicted for a different cross-linked epoxy network at high strain rates.206  

Table 5.3: Estimated value of the β peak temperature as a function of the simulation 
strain rates 

Strain rate 

(s-1) 

β peak 
temperature  

(K) 

106 332 

107 364 

108 402 

109 450 
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Finally, it is known that the sub-Tg transition motions, which are responsible for β 

relaxation, occur at time-scales smaller than ~ 10-4 s at ambient conditions.204  Thus, 

these relaxation motions are expected to occur in the frequency range (0.1 to 30 s-1) and 

the temperature range (343 to 373 K) that was used in this work to obtain the 

experimental master curve.  These motions are not expected to occur at the strain rate 

range (106 to 109 s-1) and temperature range (210 to 735 K) used in molecular 

simulations.  Therefore, the divergence of the simulation and the experimental master 

curves at values of the strain-rates/frequencies > 103 s-1 can be attributed to the overlap of 

the α and β relaxation at simulation strain rates, and their separation at the experimental 

conditions. 

Further information on the physics of the relaxation can be obtained by inspecting 

the temperature dependence of the shift factors.  To this end, the horizontal shift factors 

used in experiments and simulations are shown in Figure 5.8.  At higher temperatures 

(> 450 K), it can be seen that the simulation shift factors show a systematic deviation 

from an extrapolation of the VFT fit for the experimental shift factors, such behavior is 

often observed at temperatures well above the Tg.
73  It can be seen from the Arrhenius 

plot207 of the shift factors (inset, Figure 5.8) that at the extremely high strain rates used in 

molecular simulations, the signatures for the α and β relaxation processes are not seen 

distinctly, which is attributed to the aforementioned overlap between the two relaxation 

processes in the simulations. 
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Figure 5.8: Simulation and experimental shift factors used to obtain the master curves in 

Figure 5.7, shown on (a) linear temperature scale and (b) Arrhenius plot. 
 

5.5 Chapter Conclusions  

The volumetric and mechanical properties of a network formed by DGEBA and 

POP(3) diamine were investigated using atomistic molecular dynamics simulations.  

Model structures were generated with the simulated annealing polymerization method; 64 

these were then subjected to stepwise cooling from the rubbery to the glassy state.  The 

glass transition temperature (Tg) determined from these volumetric data was found to be 

446 K, which is 70 – 90 K higher than the experimental values in the literature.  This 

difference is expected due to the higher cooling rates that were used in simulations, 

compared to those used in experiments.49,64,75,181 
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Simulations of the uniaxial deformation of these model structures yielded the 

values of the Young’s modulus and the Poisson ratio as a function of temperature and the 

strain rate.  The temperature dependence of the Young’s modulus demonstrated a broad 

transition from the glassy modulus to the rubbery modulus as the system moved across 

the glass transition.  The character of this transition in mechanical properties is strongly 

dependent on the strain rate.  Higher values of strain rates resulted in a broad, gradual 

transition from the glassy modulus to the rubbery modulus, whereas lower values of 

strain rates resulted in a narrower transition, which approaches the form of the 

experimental DMA temperature sweep.  At the lower strain rates simulated, i.e., at 106, 

107, and 108 s-1, rubbery behavior was obtained at temperatures sufficiently above the Tg, 

although the raw value of the rubbery modulus (i.e., the unshifted modulus) was higher 

than that measured in experiments.  The value of the Poisson ratio increases with an 

increase in temperature at all strain rates.  Specifically, the value of Poisson ratio for the 

lowest value of the strain rate is observed to be about 0.40 and 0.49 for the glassy and the 

rubbery states, respectively.  This is in line with expectations based on the experimental 

literature for the Poisson ratio of amorphous polymers.197-199   

More importantly, similar to experimental rheology, the simulated modulus 

values was collapsed onto a master curve by applying the time-temperature superposition 

principle.  At higher strain rates, the sub-Tg relaxation (or β relaxation) motions were 

inactivated and, as a result, the simulation master curve showed a higher value of the 

Young’s modulus in the glassy state than that which would be expected based on the 

experimental master curve of the storage modulus.  The lack of a distinct change in 
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modulus associated with the β relaxation suggests that, in the high strain rate regime, 

such as that found in ballistic impact conditions, the α–β overlap occurs.  Thus, to the 

extent that the β relaxation is an important contributor to the toughness of polymeric 

materials, the design of materials for ballistic performance should consider parameters 

that alter the β relaxation.206  Since molecular simulations access the short time scales of 

the intra-molecular interactions that are considered to be responsible for the β relaxation, 

simulations would provide means to further study this high strain rate aspect of the 

mechanical response of model epoxy networks.208 

These results serve to illustrate that the time-temperature superposition principle 

is an important tool to estimate properties at time scales far longer than are currently 

accessible in simulation.  While this ability has been appreciated in polymer physics by 

experimentalists for over half a century, 195 the use of time-temperature superposition 

principle for the analysis of molecular simulation data has begun only recently.  It should 

be noted that due to the overlap of the α and the β relaxations at high strain rates, the 

application of the time-temperature superposition principle can become complicated, and 

further investigations into the use of the time-temperature superposition principle for 

analyzing simulation results are necessary.196  To the best of the authors’ knowledge, the 

present development of a master curve of the Young’s modulus versus strain rate using 

this principle to treat the data obtained from molecular simulations is the first effort of its 

kind. 

In summary, these results demonstrate that as the system moves across the glass 

transition, the mechanical properties of the cross-linked systems as determined from 
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molecular simulations show the same qualitative behavior as in the experimental 

rheology measurements.  Furthermore, the principle of time-temperature superposition 

can be applied to make a connection between the simulated mechanical properties and the 

experimental data, especially, very deep in the glassy state.  Simulations provide a unique 

tool to characterize the high strain rate (> 105 s-1) response of polymeric systems, a task 

difficult to achieve in experiments. 
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CHAPTER VI 

CONCLUSIONS AND DIRECTION FOR FUTURE WORK 

 
Structure-property relationships and causality are sometimes difficult to determine 

at small length- and time-scales using experiments, e.g. for PNCs.  This is due to 

challenges associated with independently controlling the various factors: the complex, yet 

subtle interplay of which affects the thermo-mechanical behavior of these materials.24,29  

In this dissertation, two such topics were studied using molecular simulations: 

• The role of the interphase in the mechanical load transfer between the matrix and the 

filler in cross-linked epoxy-CNT nanocomposites (Chapters II, III and IV) 

• The evolution of the Young’s modulus at obtained at high strain rates across the glass 

transition in cross-linked epoxy (Chapter V) 

The use of molecular dynamics simulations of atomistically detailed model 

systems of these materials allowed for an explicit account of the specific chemical 

interactions, which are known to play an important role in the thermo-mechanical 

properties of cross-linked epoxy based systems.29  In this chapter, the main results from 

the previous chapters are summarized, and the broader implications of these findings 

dissertation are discussed.  Finally, this chapter and the dissertation are closed with 

recommendations for future work. 
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6.1 Role of the Interphase in the Matrix-Filler Load Transfer in Cross-linked 

Epoxy-CNT Nanocomposites 

Linear polymers have been studied using molecular simulations since the mid-

1980s.  However, until recently, very few studies have been performed on cross-linked 

networks using molecular simulations due to the challenges associated with the creation 

of well-relaxed atomistically-detailed model structure of these systems.  In Chapter II, the 

creation of the model structures using a novel method, namely the directed diffusion 

based simulated polymerization is discussed.  After identifying the spatially closest 

bonding pairs of atoms, a stepwise relaxation was used in which the bond length of the 

newly created bonds was increased gradually toward the equilibrium values.  In effect, 

the diffusion of the two reacting molecules was directed toward one another, rather than 

simulating a Brownian encounter due to the thermal diffusion.  This is because in highly 

cross-linked networks, as the curing process approaches complete conversion, the 

remaining unreacted species experience very slow thermal diffusivities due to the cross-

linked nature of the network.  In experiments, the curing process of cross-linked epoxy 

systems requires reaction times of the order of hours.  On the other hand, the use of the 

directed diffusion strategy reduces this time to ~ 500 ps; a time-scale that is routinely 

accessible by atomistic simulations.   

Using this method, relatively large well-relaxed, model structures of cross-linked 

epoxy (~ 50,000 atoms) were created with nearly complete conversion (~ 0.99).  This was 

achieved while maximizing the use of existing functionality in the LAMMPS simulation 

package (which is open-source),51 while minimizing the use of custom code.  The model 
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structures thus created showed volumetric properties that are in good agreement with 

experiments. 

In Chapter III, the volumetric, structural, and dynamic properties of neat epoxy, 

the epoxy – disp. CNTs system, and the epoxy – agg. CNTs system are discussed.  In this 

chapter, pristine single-walled CNTs are used as the filler.  It was observed that the epoxy 

– disp. CNTs system showed a Tg depression ~ 66 K compared to the neat epoxy.  On the 

other hand, the epoxy – agg. CNTs system did not show such a Tg depression with respect 

to the neat epoxy.  Furthermore, a comparison of the volumetric properties of the two 

nanocomposites provided a strong evidence for the presence of a compressible interphase 

between the matrix and the filler.   

Based on the chemical nature of the two materials, the interfacial interactions 

between the cross-linked epoxy matrix and the CNTs are expected to be unfavorable.  

These unfavorable interactions are responsible for the propensity of pristine single-walled 

CNTs for aggregation in almost all solvents and matrices.14,38  In the vicinity of the 

interface of the cross-linked epoxy and the CNTs, a part of the matrix is under the 

influence of these weak interfacial interactions.  This interphase region is expected to 

behave like a polymer thin film under nano-scale confinement.40  Considering this in the 

context of the parallels drawn by other researchers8,34,105-108 between the glass transition 

phenomena in polymer thin films and PNCs, the Tg depression is attributable to these 

weak interfacial interactions. 

An investigation of the local structural properties of the matrix near the filler 

showed that, despite these weak interfacial interactions, a density depletion region was 
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not observed between the matrix and the filler.  This is because the poor interfacial 

interactions between matrix and the filler are still net attractive.  Thus, the packing of the 

matrix around the filler is driven by entropy and space filling, rather than by enthalpy.  

The radial distribution function of the heavy atoms of the matrix around the axis of the 

CNTs shows only one well-defined peak with a peak height of about 1.5.   

As regards to the dynamics in the matrix, the MSD of the matrix atoms of the 

epoxy – disp. CNTs system is comparable to that in the neat epoxy despite the large Tg 

depression in the former compared to the latter.  On the other hand, the MSD of the 

matrix atoms of the epoxy – agg. CNTs system was lower than that of the neat epoxy, 

despite the two systems having comparable Tgs.  As has been pointed out in the 

literature,24,106,133 interpretation of diffusivity (and hence MSD) of atoms in 

nanocomposites is non-trivial and one needs to account for the effects such as local 

anisotropy of atom mobility due to the presence of the filler.  The MSD of the carbon 

atoms in the CNTs showed significantly higher transitional mobility than the matrix 

atoms at time-scales less than 15 ns, although the MSD reached a plateau value.  This 

higher initial mobility suggests that the dynamics of the matrix and the filler are 

decoupled due to poor interfacial interactions, while the existence of a plateau verifies 

that the CNTs are entrapped in the cross-linked matrix. 

In Chapter V, the study of the volumetric, structural, and dynamic properties of 

the epoxy – disp. FCNTs is presented.  Other than the presence of the amido-amine 

functional groups on the filler, the epoxy – disp. FCNTs system is similar to the epoxy – 

disp. CNTs system (studied in chapter IV) in other aspects such as the extent of 



Texas Tech University, Ketan S. Khare, December 2013 

129 

dispersion and the extent of conversion of the matrix.  An analysis of the volumetric 

properties of the epoxy – disp. FCNTs system shows an absence of a Tg depression 

compared to the neat epoxy, which was observed for the epoxy – disp. CNT system.  

Furthermore, a comparison of the volumetric properties of the epoxy – disp. FCNTs and 

the epoxy – disp. CNTs shows that the interphase between the matrix and FCNTs was 

significantly less compressible than that between the matrix and the pristine CNTs.  On 

the other hand as deduced from the RDF, the structure of the matrix around the FCNTs 

was almost unchanged compared to that around the pristine CNTs.   

Regarding the dynamic properties, the value of the MSD of the matrix atoms of 

the epoxy – disp. FCNTs system was significantly lower than the neat epoxy and the 

epoxy – disp. CNTs system, which was consistent with the trends in the density of the 

three systems in that the epoxy – disp. FCNTs had the highest density.  In contrast to the 

epoxy – disp. CNTs system, the MSD of the carbon atoms in the CNTs was significantly 

lower than that of the matrix atoms in the epoxy – disp. FCNTs system.  The MSD of the 

carbon atoms in the FCNTs was also more than an order of magnitude lower than that for 

the CNTs in the epoxy – disp. CNTs system.  This trend shows that covalent bonds 

between the matrix and the FCNTs have the effect of pinning the FCNTs in the matrix. 

Furthermore, in Chapter V, the mechanical properties of neat epoxy, the epoxy – 

disp. CNTs, the epoxy – agg. CNTs, and the epoxy – disp. FCNTs system are reported.  It 

was observed that the existence of a compressible interphase between the matrix and the 

pristine CNTs resulted in a lack of enhancement in the stiffness of the matrix in the epoxy 

– disp. CNTs system, which is expected due to the addition of the CNTs.  On the other 
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hand, a reduction in the amount of the compressible interphase in the epoxy – agg. CNTs  

compared to the epoxy – disp. CNTs system leads to a 12% enhancement in the value of 

the Young’s modulus of this system compared to neat epoxy.  A far more drastic 

enhancement of the Young’s modulus was observed with the use of functionalized CNTs 

in the epoxy – disp. FCNTs, and the consequent creation of an incompressible interphase 

between the matrix and the FCNT; in this case, the Young’s modulus was observed to 

increase by ~ 50% compared to the neat epoxy. 

Finally, these simulation results provide a possible molecular mechanism for the 

crazing phenomenon that has been observed in PNCs containing functionalized CNTs.  

Specifically, in experiments, it is known that the functionalization of CNTs occurs in a 

heterogeneous manner.39  As a result, the experimental samples of cross-linked epoxy 

nanocomposites and FCNTs are expected to contain both compressible and 

incompressible interphases (corresponding to the epoxy –disp. CNTs and the epoxy – 

disp. FCNTs systems respectively).  The existence of these heterogeneities in the nature 

of the interphase within the same material provide a plausible explanation for the 

observation of premature crazing and enhanced toughness, without a corresponding loss 

of stiffness, in cross-linked epoxy nanocomposites containing amido-amine 

functionalized CNTs.158 

6.2 High Strain Rate Mechanical Properties 

In Chapter V, the volumetric and the mechanical properties of a different 

chemical network that is formed by DGEBA and POP(3) diamine are discussed.  The 

simulated annealing80 based simulated polymerization method55,64 was used to create 
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large model structures (~ 200,000 atoms) of this network.  The glass transition 

temperature (Tg) determined from these volumetric data was found to be 446 K, which is 

about 70 – 90 K higher than the experimental values in the literature.   

The mechanical properties of these model structures were determined by 

performing simulations of uniaxial deformation at constant engineering strain-rates.  The 

use of constant NPT simulations concurrent with the deformation allowed the network to 

relax in response to the deformation (the barostat was only applied to the two axes that 

were lateral to the deformation or longitudinal axis).  Simulations were performed at 

temperatures ranging from 210 K to 735 K, and ultra-high strain-rates ranging from 106 s-

1 to 109 s-1 and the Young’s modulus and the Poisson ratio was determined for this 

system.  It was observed that at a given temperature the Young’s modulus increased with 

an increase in the strain-rate.  Furthermore, for the three lowest strain-rates, i.e. 106, 107, 

and 108 s-1, the Young’s modulus showed a transition from the rubbery to the glassy 

behavior, with a decrease in the temperature.  However, due to the use of significantly 

higher strain-rates than those used in experiments, the transition was extremely broad.  

The value of Poisson ratio for the lowest value of the strain-rate was observed to be about 

0.40 and 0.49 for the glassy and the rubbery states, respectively.  This is in line with 

expectations based on the experimental literature for the Poisson ratios of amorphous 

polymers.197-199 

The Young’s modulus data obtained from these simulations were then collapsed 

onto a master curve, similar to strategies used in experimental rheology.73,195  This master 

curve agreed with the master curve that was obtained using experiments for the 
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equivalent system.  To the best of the author’s knowledge, this is the first such report of 

the use of the time-temperature superposition principle to superimpose thermo-

mechanical data of amorphous polymers obtained from molecular simulations on a 

master curve.  The ability to use the time- temperature superposition on simulation data 

and then connect it with experimental data significantly enhances the range of time-scales 

accessible for molecular simulation, in addition to supplementing experiments with 

information about the viscoelastic behavior of amorphous materials at ballistic strain-

rates and at extremely high temperatures. 

6.3 Advantages of Using Molecular Simulations 

6.3.1 Greater Degree of Control over Parameters 

In molecular simulations, the motion of every atom in a condensed material, 

which results from the inter- and intramolecular forces acting on the atom, is calculated 

using the equations of motion.  In addition, these simulations permit an artificial 

intervention into these forces, which allow researchers to actively control (or bias) the 

motion of individual or groups of atoms using external forces (rather than merely 

passively monitoring the motion of atoms arising from the inter- and intramolecular 

interactions in the system).  Such a degree of active control over the motion of an 

individual atom is only possible in very specific and exceptional cases in experiments, for 

example in a scanning tunneling microscope.209  Throughout this dissertation, this active 

control over the motion of individual atoms was used to either overcome the limitation of 
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time- or length-scale accessible via simulations, or to obtain molecular insight into the 

thermo-mechanical properties of cross-linked epoxy based systems. 

The molecular simulation of cross-linked epoxy based systems requires the 

creation of well-relaxed model structures at realistic extents of conversion.  As discussed 

in chapter II, the vast majority of simulation studies reported in the literature used model 

structures of cross-linked epoxy that had extents of conversion less than 95%, sometimes 

even as low as ~60%.49  This was primarily due to the limitation of the time-scale 

accessible via simulations and the low diffusivities of reacting species in cross-linked 

matrices.  In this dissertation, the use of a novel directed diffusion49 based simulated 

polymerization allowed the creation of model structures with conversion of ~ 99%.  

Given that the Tg of these materials can change by as much as 30 K as the extent of 

conversion increases from 95% to 100%,76,78 and also given that Tg is an important 

signature of the viscoelastic state of the thermoset,42 it is important to obtain model 

structures with complete conversion.  The directed diffusion based simulated 

polymerization approach was based on the creation of long bonds (>20 nm), and then 

gradually strengthening these bonds.  The use of such an approach allowed a control of 

the extent of conversion to ~ 99% in all the four systems: neat cross-linked epoxy, and 

the three nanocomposites containing either pristine well-dispersed CNTs, pristine 

aggregated CNTs, or functionalized well-dispersed CNTs. 

The individual dispersion of CNTs, particularly pristine single-walled CNTs in 

polymer matrices, particularly in thermosets such as cross-linked epoxy, is an outstanding 

challenge in the material sciences.38  In this work, the pristine single-walled CNTs were 
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induced to individually separate by the application of external constraint forces in the 

reaction mixture before the cross-linking step, although after cross-linking, the matrix 

entraps the CNTs and the external forces are removed.  Such a separation of individual 

CNTs is thermodynamically unfavorable due to the unfavorable interactions between the 

matrix constituents and the CNTs.  As a result, the uniform dispersion of single 

individual CNTs in cross-linked epoxy was obtained, which is difficult in experiments.  

This process was also performed to create the model structures of cross-linked epoxy 

containing well-dispersed functionalized CNTs.  In turn, these structures allowed a 

systematic study of the effect of the dispersion/aggregation/functionalization of the 

CNTs, as well as to study the properties of the interphase region. 

The experimental measurement of mechanical properties of materials under ultra-

high strain-rates (>104 s-1) is challenging because of the existence of a complex state of 

strain and the creation of non-isothermal and non-isobaric conditions.  On the other hand, 

molecular simulations were employed to calculate the Young’s modulus and Poisson 

ratio under strain-rates as high as 109 s-1, due to the ability to control the temperature and 

the pressure even at the ultra-high strain-rates.  Furthermore, the complete absence of 

both, the mechanisms of chemical degradation and oxygen, allows the calculation of 

material properties at temperatures as high as 735 K, which would be difficult to perform 

in experiments. 

6.3.2 Resolution of Complex Interplay of Effects 

In the last sub-section, the utility of simulations for obtaining an independent 

control over factors affecting the thermo-mechanical properties of materials is discussed.  
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This degree of independent control allows for a resolution of the complex interplay of 

effects that often complicate the determination of causality and structure-property 

relationships in experiments.  Throughout this dissertation, there are several instances, 

where the use of molecular simulations was particularly advantageous for a molecular 

insight into the thermo-mechanical properties of cross-linked epoxy based systems.  A 

brief discussion of these instances is presented below. 

The use of the directed diffusion based simulated polymerization strategy allowed 

the creation of the four systems, neat epoxy, epoxy – disp. CNTs, epoxy – agg. CNTs, 

and epoxy – disp. FCNTs with a roughly equivalent extent of conversion (~ 99%).  Since 

a relatively small change in the extent of conversion (from 95% to 100%), can result in a 

large change in the value of the Tg (~ 30 K),76-79 the ability to independently control the 

extent of conversion, irrespective of the filler was important to attribute the observations 

of trends in other properties to either the extent of the dispersion or the nature of the 

interfacial interactions between the matrix and the filler, which is usually difficult to do 

in experiments.13,41  Similarly, the addition of FCNTs that contain amido-amine groups 

can affect the stoichiometric ratio of the epoxy and the amine groups, which, in turn, can 

affect the degree of conversion and therefore the thermo-mechanical properties of the 

nanocomposite.95  Here, it was possible to adjust the number of the epoxy monomers to 

compensate for the presence of the amido-amine functional groups. 

In Chapter III, significant insights regarding the interphase between cross-linked 

epoxy matrix and the pristine CNTs was obtained via a comparison between the epoxy – 

disp. CNTs and the epoxy – agg. CNTs systems.  In this case, the extent of dispersion 
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was varied without the use of surfactants, solvents, additives, or changes in processing 

parameters.  Each of those factors can have secondary effects on attributes such as the 

curing process, the extent of conversion, the Tg, the nature of the interphase, the creation 

of defects in the filler, etc.41,123  The independent control over the dispersion of the CNTs 

in the two systems enabled the design of systems with varying amounts of the matrix-

filler interfacial area, and hence the amount of the interphase, while avoiding a variation 

in the nature of the interphase.  Conversely, in Chapter IV, an insight was obtained into 

the effect of functionalization of the CNTs by comparing the epoxy – disp. FCNTs 

system with the epoxy – disp. CNT system.  Here, the extent of dispersion of pristine 

CNTs and FCNTs in the epoxy – disp. CNTs and the epoxy – disp. FCNTs systems was 

kept the same, while changing the nature of the interphase.  

In experiments, the functionalization of the filler is known to affect the extent of 

conversion of the matrix,95 shorten the length of the functionalized CNTs compared to the 

pristine CNTs,93,156 add significant amount of impurities in the prepared material,104 and 

furthermore, functionalize the edges and the defects of the CNTs in a preferential and 

heterogeneous manner.36,39  Each of these factors affect the eventual properties of the 

nanocomposite, which complicates the determination of the structure-property 

relationships, as was also pointed out in a review.13  Indeed, while in chapter V, it was 

discussed that the presence of these heterogeneities in the nature of the interphase provide 

a plausible hypothesis for the observation of crazing in cross-linked epoxy 

nanocomposites containing functionalized CNTs, which was reported in 

experiments.93,158 It would be difficult, if not impossible, to obtain a uniform 
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functionalization of CNTs or a uniform dispersion of CNTs in experiments to serve as a 

control. 

6.4 Directions for Future Work 

Recently, experiments210 and coarse-grained simulations211 have been used to 

study the formation and the properties of ultra-stable glassy materials via chemical vapor 

deposition, which show exceptional kinetic and thermodynamic stability.  These glasses 

provide an interesting insight into the physics of the glass transition phenomenon.72,210-212  

In this dissertation, a directed diffusion based simulated polymerization method was used 

to create model structures of cross-linked epoxy.  The directed diffusion protocol 

involves a series of molecular dynamics simulations to gradually decrease the distance 

between two reacting molecules in the system.  With certain augmentations, it is 

conceivable that the directed diffusion strategy can be used to increase the proximity of 

these reacting molecules gradually enough to emulate the creation of atomistic models of 

ultra-stable glasses of cross-linked polymers in the spirit of the chemical vapor deposition 

used in literature.  For this purpose, the directed-diffusion based approach would have to 

implemented in a layer-by-layer manner in the simulation box, such that for each new 

layer, the molecules of the epoxy monomer or the cross-linker gradually deposit on the 

substrate layer, which is at the optimal temperature (~ 0.85 × Tg).
210  The weak bonds that 

are initially used in the directed diffusion strategy, could allow the molecules to have 

sufficient leverage to relax on the substrate layer.  These bonds could then be gradually 

strengthened to equilibrium, and thus, these molecules would then be considered to have 

“deposited”. 
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The interaction of CNTs with a mixture of the epoxy monomers, the cross-linker, 

and CNTs is known to cause a partitioning of the reacting species (i.e., the epoxy 

monomer and the cross-linker) in the vicinity of the interface of the CNTs.99  It is 

hypothesized that the partitioning of the reactants would have an effect on the cross-

linking in the interphase region.  Similarly, the use of functionalized CNTs or multi-

walled CNTs will have an impact on this partitioning.  Molecular simulations could 

provide insight into the importance of this effect on the thermo-mechanical properties of 

the interphase.  Furthermore, recent research has shown that it is possible to add 

additives, compatibilizers, and polymers at the interphase between the matrix and the 

filler.213,214  Again, molecular simulations can be used to gain insight into the effect of 

such chemical interventions in the interphase region on the thermo-mechanical properties 

of the nanocomposite. 

In this dissertation, an efficient thermostat and barostat was used to maintain 

isothermal and isobaric conditions, respectively, while calculating the mechanical 

properties under ultra-high strain-rates.  It could be interesting to allow the temperature 

and pressure to evolve in response to a ballistic shockwave.  Furthermore, given the 

importance of the β-relaxation for the toughening of these networks at impact strain-

rates,29 the exceptional degree of control available over the molecular motion in these 

model structures using molecular simulations can be used to study the effect of changing 

the β-relaxation modes in these polymers on the toughness of these polymers.208 

In chapter V, the applicability of the time-temperature superposition principle to 

simulation results for Young’s modulus and its usefulness to extend the time-scales that 
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can be studied using simulations was demonstrated.  To the best of the author’s 

knowledge, this was the first effort of its kind.  A more detailed investigation of the use 

of time-temperature superposition on simpler coarse-grained models would be of interest 

in comparing the trend in individual molecular motions as a function of the temperature 

and time with the horizontal and vertical shift factors used for the superposition of the 

data obtained from these simulations.   

Finally, while atomistic simulations explicitly account for the specific chemical 

interactions that are known to play an extremely important role in determining the 

thermo-mechanical properties of cross-linked epoxy based materials,24,29 the time and 

length scales currently accessible using atomistic simulations are limited.43,215  Thus, a 

comprehensive multiscale modeling approach that is able to include the effects of 

intermolecular interactions on the thermo-mechanical properties, while still accessing 

length and time scales corresponding to commercial applications would highly 

desirable.43   

In materials where electronic effects/interactions play an important role, a 

quantum mechanics (QM) based modeling approach would be able a consider 

interactions such as π-effects that are usually neglected in classical MD simulations.216  

π–π interactions are known to play an important role at interfacial thermodynamics of 

materials such as graphene.213  However, given the high cost of QM modeling in terms of 

computational power, the use of density functional theory to model the behavior of such 

materials presents a viable alternative.217 
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In order to model the thermo-mechanical behavior of cross-linked epoxy based 

materials at longer time and length scales than those accessible by atomistic simulations, 

the information obtained from the atomistic models can be used to create coarse-grained 

models of cross-linked epoxy, which could allow the use of larger model structures for 

longer simulations, without the loss of effects arising from the chemical details in the 

system.43,218-220  Such coarse-grained simulations could be used to study phenomena such 

as crazing, where the specific matrix-filler interfacial interactions are important, but 

which cannot be currently studied using atomistic simulations.45  Finally, the information 

obtained from these simulations can be used to develop phenomenological relations that 

can be used to predict structure-property relationships in applications using techniques 

such as micromechanical, mesoscale, and finite element modeling.59,221,222 
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