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Molecular dynamics study on effects of aspect
ratio of carbon nanotubes in thermosetting
epoxy based nanocomposites including
modeling of crosslinking process

Jung-Hoon Sul*, B. Gangadhara Prusty and Donald W. Kelly

School of Mechanical and Manufacturing Engineering, UNSW Australia, Sydney, NSW 2052, Australia

Abstract A comprehensive modeling and simulation

approach using molecular dynamics (MD) is presented in

this paper. The influence of aspect ratio of carbon

nanotubes (CNTs) in thermosetting epoxy is studied

using MD. The thermo-mechanical properties of epoxy

models reinforced by CNTs with various aspect ratios are

extracted. CNTs with the higher aspect ratio increase

stiffness of the epoxy resin with facilitating premature

yield in tension while a noticeable degradation in thermal

properties is evidenced. The evolution of internal energy

during straining shows that CNTs prolong the constant

transition rate of dihedral and van der Waals energy in

the elastic region. This might delay conformational changes of epoxy molecules to the lower energy level. Free volume

and pair distribution function studies of the molecular models with CNTs compared with the neat epoxy model provide

the plausible conclusion that the steric hindrance of CNTs in the three-dimensional epoxy molecular domain may result

in the less dense structure of the epoxy.
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Introduction

Carbon nanotubes (CNTs) have attracted a considerable
amount of attention from research communities in a wide
variety of fields owing to their extraordinary electrical,
thermal and mechanical properties.1 Despite their excep-
tional potential for improving properties of current materials,
their practical application has been stagnant due to issues
with dispersion during manufacture. These issues can be
even more serious in structural applications in which viscous
polymeric resin is widely used as a matrix. There has been a
substantial amount of research to disperse CNTs in poly-
meric resins such as thermosetting epoxy using various
methods such as a chemical modification by means of
functionalization2,3 and physical mixing1,4,5 including ultra-
sonication, extrusion, calendaring, etc. Although there is a
wide range of dispersal methods that have been developed

to deliver a relatively good dispersion state of CNTs in vis-
cous polymer resins, the resulting states are not at the per-
fect stage. Furthermore, functionalization of CNTs can result
in defects, catalytic effects of CNTs and the uncontrollable
stoichiometry of the epoxy. In addition to the dispersion
issues, the current mass-production processes of CNTs leave
some challenges in the application of CNTs.6 For example,
the purity of CNTs and lack of tailoring their structure will
affect performance of materials for engineering structures.
Efficiency of CNTs in reinforcing polymer strongly depends
on the crystalline structure of CNTs at atomic scale while
load transferring from matrix to CNT through the inter-
mediate phase between CNTs and surrounding polymer
plays a key role at micro-scale.7 However, resolving such
issues is a matter of time as processing and characterization
technologies are being advanced rapidly. On the fabrication
side, for example, investigators8,9 developed a new synthetic
approach that can afford a flawless CNT with control of its
structure and length.*Corresponding author, email: j.sul@unsw.edu.au
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Computer simulation, in the meantime, has provided a suc-
cessful and attractive complement to empirical or experimental
research in numerous fields in which real-life technologies are
too costly or yet to be successfully implemented. Simulations at
the atomic level have been successfully applied in the phar-
maceutical industry and have potential to guide the research
effort by simulating the properties of novel materials.10 Among
those atomistic simulation methods, molecular dynamics (MD)
has been acknowledged to be a powerfulmethod for providing
a better understanding of the role of atomistic structures of
materials at the macroscopic scale.11 However, studies using
MD for cross-linked epoxy in literature are limited withminimal
consideration of the physical chemistry compared to other
materials because the molecular structures of epoxy promotes
highly strained local regions with high local crosslink density.12

There have been a limited number of studies10,13–16 involving
cross-linked epoxy models that are chemically and physically
valid with a development of molecular modelling techniques
and improved computing performance. These studies focus
mainly on extracting thermo-mechanical properties of existing
material systems and showgoodagreementwith experimental
data. The materials science and mechanical engineering com-
munity has nowdirected their focus to thedevelopmentof new
material systemsusingMD. Publishedwork on the theoretical17

and experimental18 investigations report that aspect ratio of
CNTs is an important parameter affecting the amount of stress
transfer from amatrix to CNTs in compositematerials to a great
extent. Zho etal.19 also investigated theeffects ofCNT lengthon
strain-stress behavior of epoxy resin using two different CNT
lengths and demonstrated that longer CNTs increased the
Young's modulus of the epoxy resin by 10 times whereas
shorter CNTs provided 20 % higher Young's modulus than
the neat epoxy. Coto et al.20 studied the influence of the
geometrical properties of CNTs on the interaction with epoxy
by a pull-out simulation. They claimed that the length of a CNT
played a significant role in determining the interfacial strength
between CNTs and epoxy rather than the diameter or chirality
of the CNT.While the influences of CNT aspect ratio on stiffness
and strength of nano-composites have been fruitful, its effect
on thermal properties and curing behavior of the epoxy resin
has not been deeply explored.
In this paper, the atomistic modeling and MD simulation

methodology is described in detail. The main objective of this
research is to model the realistic structure of diglycidyl ether of
bisphenol-A (DGEBA) cured with 3,3'-diamino diphenyl sulfone
(3,3'-DDS) that is widely used in the aerospace engineering and
to quantitatively investigate the effect of CNT additives with
various aspect ratios on the thermo-mechanical performance
of the epoxy resin. The atomistic modeling methodology
presented in this study is a dendrimer building approach
derived from repetitively branchedmolecules. Highly branched

molecules radiating from a central seed monomer via a step-
wise procedure can ensure physical and chemical validity of
themodel. Simulationalgorithmsaredeveloped toevaluate the
thermal properties in an isobaric simulation process and the
mechanical properties under uniaxial deformation. In addition,
the importance of epoxymolecular weight has been neglected
in MD simulations while it has been a significant topic of
experimental studies21–23 for decades. This study attempts to
overcome limitations of the previous modeling works that
cannot control the epoxy equivalent weight of the atomistic
model. The results based on four different models with various
aspect ratios of CNTs are compared and discussed. The simu-
lation results with the different reinforcement are further
investigated by considering other properties, including the free
volume of the molecular structures modeled, pair distribution
functions of crosslinks and decomposition of the potential
energy evolution.

Molecular modeling and simulation
methods

The methodology used to generate the atomistic models
and crosslinks, and calculate thermo-mechanical properties
using MD is elaborated in this section.

Modeling constituents of epoxy and its cross-
linking

The epoxy system chosen in this study is DGEBA, commercially
knownas EPON825, cross-linkedwith 3,3'-DDSwhose chemical
structures aredepicted inFig. 1.All of the constituentmonomer,
oligomer and reinforcements were modelled in a commercial
MD simulation package, Materials Studio 6.0.24 The charge
equilibration (QEq) approach25 was used to predict the partial
charge distribution to each atom composing the molecules as
depicted in Fig. 2a. Based on the charge calculation, atoms that
make a neutral charge summation in the monomers were
grouped together. The size of each group is within the range of
3 Å determined from the van der Waals radii of the atoms
for using the group summation of electrostatic and van der
Waals energy. The group summation enables not only rapid
non-bond energy calculations, but also allows prevention of
fluctuations near a cut-off distance that can occur if pairwise
only interactions of atom based summation are used.
Furthermore, the neutrally charged group ensures the dipole-
dipole interaction in the electrostatic interaction between a
pair of groups so that erroneous monopole terms are not
introduced.26

The crosslinking process adopted in this study followed
the dendrimer modelling approach on the literature,11,12,27

constructing a highly branched polymer structure. Chemical
reactions were not simulated in this study so that each of the

(a) (b)

Figure 1 Chemical structures of a diglycidyl ether of bisphenol-A and b meta-substituted 3,3’-diamino diphenyl sulfone
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oligomer and monomers required to be modified to repli-
cate the cross-linked structure. The polymerization pro-
cedure is illustrated in Fig. 3 showing the following steps:
(1) the highly strained oxirane ring in DGEBA and the

reactive amine group in 3,3'-DDS;
(2) the epoxide ring is opened by moving the alpha carbon

atom to the amine group in 3,3'-DDS. A hydrogen atom
is added to the epoxide oxygen atom to form an
alcohol group. One of the hydrogen atoms attached to
the beta carbon atom in DGEBA is designated as a
connecting site shown in the red cages;

(3) each of the connecting hydrogens is removed so that the
alpha and beta carbon atoms are connected again to

create the covalent bondbetween the epoxide and amine
groups. This allows maintaining the continuous neutral
charge group even after the polymerization procedure.

The base epoxy, DGEBA, that consists of a repetitive pair of
bisphenol-A and epichlorohydrin has 0.05 of the average
number of bisphenol-A moiety based on the experimental
molecular weight. Tomatch themolecular weight of the epoxy
model with the experimental value,molecularmodels with two
different degrees of polymerization were prepared, one with
n ¼ 2 and another with n ¼ 0. A seven generation dendrimer
was built in stoichiometric proportion as illustrated in Fig. 4
using the polymerization scheme outlined above. In the den-
drimer modelling process, the DGEBA oligomer model with

(b)

(a)

Figure 2 Polymerised set of DGEBA and 3,3’-DDS showing a charge in coulomb of each atom for group summation of

electrostatic and van der Waals energy and b force field type for each atom

Figure 3 Schematic illustration of polymerisation process
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n ¼ 2was used in thefirst generation of the dendrimericmodel
while the rest of generations for DGEBA (i.e. third, fifth and
seventh generations) consisted of the model with n ¼ 0.
The resultant molecular weight in Table 1 shows very good
agreement with the experimental data obtained from the
manufacturer of the commercial DGEBA.

Atomistic modeling of carbon reinforcements

Three different carbon structures were modeled and used as
reinforcement in the epoxy resin modeled previously. All
carbon structures modeled in this study were the armchair
single walled CNTs with the chiral indices of (5,5), which makes
the diameter of all reinforcements 6.78 Å. As illustrated in Fig. 5,
the reinforcements have the approximate aspect ratio of (a) six
with 39.35 Å in length, (b) one with 7.38 Å and (c) 0.36 with
2.46 Å respectively. Accordingly, the carbon reinforcements
used in this study are termed with respect to their aspect ratio,
namely AR6, AR1 and AR0.36.
A bottom-up synthetic approach has been developed to

overcome current issues with fabrication of CNTs6 and to syn-
thesize nanohoops8,9 also known as cycloparaphenylene. This
development may enable modeling the short carbon
reinforcements shown in Fig. 5. The carbon atoms that form the

structure of CNTs have sp2 hybridised orbitals resulting in strong
s bonds as in CNTs. Although the development of the CNT
reinforcements modelled in this study is still in progress, the
estimated behavior of CNTs with the low aspect ratio in the
epoxy was investigated with an implicit assumption that they
will become available for mass-production in a short period
of time.

Force field and functional form

The trajectories of particles during MD simulation in this
study were calculated by a condensed-phase-optimized ab
initio force field, COMPASS (condensed phase optimized
molecular potentials for atomistic simulation studies)29

throughout the whole MD simulation. COMPASS adopts the
functional form to calculate the potential of the system from
QMFF (quantum mechanical force field)30 as shown in
equation (1)
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b
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where b is the bond length, h is the bond angle, w is the
dihedral angle, x is the out-of-plane angle and subscript 0
represents the reference value of each symbol. In the non-

Figure 4 Schematic representation of dendrimer model used in this study

Table 1 Comparison of molecular information for DGEBA
model and commercial DGEBA

EPON 82528
DGEBA in 7
gen. model

Average molecular weight/gmol21 355 354.6
Epoxide equivalent weight/g eq21 175–180 177.3
Average degree of

polymerisation
n ¼ 1.05 n ¼ 1.025
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bond energy terms, q, 1 and r* are the partial charge, depth
of the well, and diameter of an atom respectively while van
der Waals forces were calculated by the 9-6 Lennard-Jones
function. The force-field parameterization in COMPASS is a
hybrid process consisting of ab initio parameterization and
empirical optimization.29 Types of the atoms used in the
model are shown in Fig. 2b and the definitions of each atom
in the model are elaborated in Table 2 for reproduction of
future investigators.

Packing in an amorphous cell and simulated
annealing for equilibration

The seven generation cross-linked dendrimeric model
described in the section on `Modeling constituents of epoxy
and its crosslinking' underwent the geometry optimization
process by energy minimization. Steepest descent was used
for 10 000 iterations with the assumption that the initial
configuration built in the dendrimer method was distant
from the minimum energy surface. The structure was then
further optimized by Quasi-Newton with a maximum of
40 000 iterations until a change in energy between con-
secutive iterations was less than 0.001 kcalmol21.
To maintain the same weight fraction of 3 percent regardless
of the reinforcement type, the carbon reinforcements with
the different number depending on their molecular weight
were packed with two of the optimized seven generation
dendrimeric epoxy model in a three dimensional periodic
boundary cell at the density of 0.4 g cm23 to avoid discon-
tinuous surface effects. This process was iterated six times for
each arrangement to avoid dependency on the initial con-
figuration and secure several local minima resembling the
probable global optimum. Simulated annealing was carried
out to densify the epoxy systems and to approximate the
global potential energy state. The simulated annealing used
in this study starts at the high temperature to prevent the
system from being trapped in the neighborhood of local
energy minima and to explore a larger configurational space
until the temperature reduces gradually to room temperature.

A series of NVT (constant number of particles, volume and
temperature) and NPT (constant number of particles, press-
ure and temperature) simulations for 0.5 ns was conducted
with the integration time-step of 1 fs from 650 K with a
decrement of 50 K until the system equilibrated at 298 K and
atmospheric pressure. The time-step of 1 fs was chosen by
monitoring conservation of potential energy in NVE (con-
stant number of particles, volume and energy) ensemble and
it was used throughout the study unless otherwise stated.
The temperature and pressure of the molecular models were
regulated by Andersen thermostat31 and Berendsen baro-
stat32 to prevent undesirable changes in the shape of the
simulation cell with a cut-off radius of 12.5 Å for the group-
based summation. These temperature and pressure control
methods were used throughout the whole MD simulation
procedure. The volume occupied by the molecules of the
constituents was calculated to get the fraction of free
volume in the simulation cell with a probe radius of 1.4 Å for
the solvent accessible surface area. The probe radius
was defined by the van der Waals radii of the elements
of interest, namely the nitrogen and oxygen atoms.
A representative model with the epoxy reinforced by CNTs
with AR0.36 and the free volume in the simulation cell is
presented in Fig. 6. It should be noted that the free volume
calculation does not involve the volume inside the CNT walls
as the inner volume is not accessible by the bulky epoxy
molecules. The molecular properties of the resulting struc-
tures are listed in Table 3. The properties shown in Table 3
resulted from the average of six frames for each configur-
ation. A trend is observed from the free volume calculated
for each material system that the bigger reinforcement

(a)

(b)

(c)

Figure 5 Atomistic sketch of carbon structures used in

this study: a (5,5) single walled CNT with aspect ratio of 6

(AR6); b particle type (5,5) CNT with aspect ratio of 1 (AR1)

and c CNT with aspect ratio of 0.36 (AR0.36)
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results in the higher free volume in the cross-linked
epoxy domain. These results agree with the experimental
study33 supporting the finding that the larger interfacial area
of nano-contents leads to the higher free volume in the
resin.

MD simulation

The simulation algorithms used in this study were scripted by
Perl programming language, which in turn was interpreted by
MaterialsScript Application Programming Interface in Materials
Studio 6.0. The simulation methodology used in the study is
divided into two categories, namely dynamic analysis for ther-
mal properties and static analysis for mechanical properties.
The dynamic analysis algorithm was developed earlier by the
authors11 for evaluation of thermal properties of material
system. Each of the simulation-ready cells was equilibrated at
800 K by increasing the system temperature with an increment
of 50K for the sufficient time of 0.5 ns using an NPT ensemble
under atmospheric pressure. The system temperature of the
equilibrated structureswas then dropped progressively by 10K
until the temperature reached 100 K while the variation in
volume of the system under a temperature change was traced.
The simulation period of 100 ps between the temperature
changes was used and the last 20ps was considered as a

production period from which the trajectories were averaged
for the required volumetric property.
A static approach was implemented for the mechanical

property simulation with a strain-controlled algorithm.
A limitation of the Berendsen barostat is that a change in a
cell shape is infeasible so that stresses in each direction
cannot be controlled separately. For this reason, the strain-
controlled algorithm changed the individual length in each
axis of the simulation cell. The global pressure tensor was
then calculated and translated into the Cauchy stress tensor
by Virial theorem34 to extract responses of stress to the strain
change in each direction. The new cell lengths in transverse
directions were determined based on equation (2)

Ly,z ¼ L0(1þ 1x)
2g (2)

where L0 is the initial length of the cubic cell, 1x is the strain in
the longitudinal direction and h is the strain control factor. First,
the strain was controlled with the strain control factor of (1. The
simulation cell was stretched up to 5% strain for isotropic
expansion to define the Poisson's ratio of the systems prior to
the mechanical property simulation. Each simulation cell was
strained at a constant rate of 2 £ 109 s21 and then relaxed for
10ps after each strain variation. The stress responses over the
last 2 ps of the relaxation process were averaged and Poisson's

Table 2 Atom types used in this study

Material General class Atom Type

Epoxy resin Hydrogen types h1 Nonpolar hydrogen
h1o Hydrogen bound to oxygen or fluorine

Carbon types c Generic carbon
c3a Carbon, sp2 hybridised aromatic
c44 Carbon, sp3 hybridised with 4 heavy atoms
c4o Carbon, sp3 hybridised bonded to oxygen

Nitrogen types n3 Nitrogen, sp3 hybridised in amines
Oxygen types o1 ¼ Oxygen, sp2 hybridised in carbonyl

o2e Oxygen, sp3 hybridised in ethers
o2h Oxygen, sp3 hybridised in alcohol

Sulphur types s4 ¼ Sulphur, 4 bonds with 2 double bonds
Carbon structures Carbon types c Generic carbon

c3a Carbon, sp2 hybridised aromatic

(a) (b)

Figure 6 a DGEBA/3,3’-DDS model with 3wt-% of CNTs with AR0.36 in three-dimensional periodic boundary cell and b free

volume of a with occupying molecules being hidden
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ratio for each material system was calculated based on the
average stress in the longitudinal and transverse directions.
The Poisson's ratio for each material system from the isotropic
expansion simulation was taken for the strain control factor in
equation (2) for the mechanical property simulation.
The simulation-ready cells were again strained at the same rate
up to 25% strain at 300 K while the trajectories of the MD
simulation were stored over the production run at a sampling
rate of 10 fs21 in the NVT ensemble.

Evaluation of trajectories and discussion

The MD trajectories resulting from the simulated annealing
were analyzed and their results are presented in this section.
Each simulation setwas repeated six times for eachof six frames
to maintain the statistical significance of the results. The initial
velocity of particles at the given temperature in the atomistic
models was defined by the Maxwell–Boltzmann distribution.

Glass transition temperature and coefficient of
thermal expansion

The glass transition temperature Tg of each material system is
identified in this section. Tg is one of the most important
properties of amorphous materials since Tg differentiates the
glassy phase from the rubbery phase that causes a loss of
structural integrity of amorphous materials. The trajectories of
the periodic simulation cells that underwent the thermal
property simulation at the cooling rate of 0.1 K ps21 were
sampled every 10 simulation steps (i.e. every 10 fs) for the last
20% from the isothermal and isobaric simulation. The high
sampling resolution was used to secure a great number of
simulation data points because the molecular structures may
fluctuate under changes in temperature even with the long
period of equilibration. The variation in specific volume (the
reciprocal of density) of each system under changes in tem-
perature was calculated from the trajectory obtained in the

Table 3 Properties of simulation ready cells for each configuration after equilibration

Neat epoxy with CNT AR6 with CNT AR1 with CNT AR0.36

No. of reinforcement 0 1 6 11
No. of atoms 18866 19534 19554 19554
Density/g cm23 1.176 ^ 0.003 1.202 ^ 0.003 1.185 ^ 0.001 1.180 ^ 0.001
Cell length/Å 57.86 58.01 58.32 58.40
Free volume fraction 0.063 ^ 0.007 0.081 ^ 0.012 0.075 ^ 0.008 0.067 ^ 0.006

Figure 7 Specific volume as function of temperature for material systems a neat epoxy b with CNT AR6 c with CNT AR1

and d with CNT AR0.36
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MD simulation. A linear regression analysis was conducted in
the distinctive glassy (from 100 to 300K) and liquid region
(from 600 to 800 K) to get the representative linear graph in
both the phases. Tg for each material system was determined
from the intersection between the linear graphs as shown
in Fig. 7.
The coefficient of thermal expansion (CTE) has been

widely used as an indicator of thermal stability of ma-
terials.35,36 The smaller CTE means that the material deforms
less for a temperature change than those have a higher CTE.
The volumetric CTE can be calculated from the same tra-
jectories in the thermal property simulation under constant
pressure by equation (3)

aV ¼ 1
V0

LV
LT

� �
P

(3)

where V0 is the initial system volume prior to the quenching
process. The volumetric strain, DV/V0, can be obtained from
the specific volume– temperature graphs in Fig. 6 as the
mass of system was conserved during the simulation without
a change in shape of the cell. Owing to the nature of the
barostat used in this study, the simulation cell was expanded
in an isotropic manner by which the coefficient of volumetric
thermal expansion (the gradient in the glassy phase of the
graphs from Fig. 6) can be converted to the linear CTE by
aL ¼ aV/3 as shown in Table 4. The results demonstrate that
the CNT-type reinforcements have lowered Tg of the nano-
composites at elevated temperatures.
The Tgs of the epoxy-based nanocomposites were sensi-

tively affected by the size of the CNT reinforcements. The Tgs
decreased linearly with the increasing aspect ratio of the
CNTs. Furthermore, the CNT additives with greater than 1
aspect ratio led to a small reduction in the CTE while the CTE
for the nanocomposite reinforced by CNTs with AR0.36 was
higher than that of the neat epoxy. The molecular network
formed by CNT additives would restrain shrinkage of the
epoxy molecules during the simulated annealing. However, it
is relatively difficult to conclude whether the marginal changes
in CTE are caused from the lower crosslinking density or the
extremely low or even negative CTE of CNTs.37 In combination
with the free volume study shown earlier, the slightly
higher CTE of the epoxy reinforced by CNTs with AR0.36 can be
caused by the free volume from the evenly distributed small
CNTs with AR0.36 allowing the extra space for the epoxy
molecules to expand at the elevated temperatures.

Mechanical property

The trajectories that resulted from the constant stain con-
trolled simulation were analyzed. Unlike continuum analysis,

any of material systems at the nano-length scale cannot be
isotropic in the discrete analysis. Therefore, the three-
dimensional simulation cells were deformed with uniaxial
tensile strain alternately along all three directions and results
were averaged to avoid any anisotropic effects of the carbon
reinforcement on final properties. As mentioned above, the
deformation in the transverse direction was controlled by
Poisson's ratio defined from the isotropic expansion simu-
lation. The stress–strain relationship of each material is
illustrated in Fig. 8. It is observed that the longer reinforce-
ment provides the stiffer slope of the linear portion in the
stress–strain curves while the neat epoxy provides the
gentlest gradient. It can be interpreted that theCNT structures
with the higher aspect ratio can impart more effective stif-
fening performance over the neat epoxy. Young's moduli of
the materials were defined by a linear fit of the stress-strain
curve within the strain range from 0 to 5 %. The resultant
Young's moduli are shown in Table 4 together with yield
strength and strain at 0.2% offset. As depicted in Fig. 8, the
reinforcements with higher aspect ratio provide the better
stiffening effect, evidenced by stiffer curves in the elastic
region with higher stress. Several investigators1,2,4,5 have
reported that the stiffening effect of CNTs on a thermosetting
polymer depends on the dispersal state of CNTs in the epoxy.
Perfect dispersion is a property of the simulation but is harder
to achieve experimentally. On the other hand, the CNT
reinforcement accelerates the yield and the phenomenon
becomes severer with the higher aspect ratio CNTs.

Evolution of potential energy under deformation

Evolution of major internal energy contributions during
straining were calculated using equation (1) to understand
further how the internal energy varies between the material
systems under stretch. Interestingly, the contribution to
changes in the potential energy by bond-length and bond-
angle is not significant under deformation. The simulation
results show that the large portion of deformation energy is
accommodated by van der Waals and dihedral interactions.
On the energy evolution during straining amorphous poly-
mer, Capaldi et al.38 has reported that the increase in stress
of system is accompanied by a sharp increase in the dihedral
angle transition rate and a pronounced change in dihedral
angle transition rate immediately after yield. While the direct
comparison of changes in energy between different systems
might be meaningless, correlation of energy decompositions
can be found with changes in the response of stress (Fig. 8)
to strain in the system. The dihedral energy steadily increa-
ses within the elastic region and it might determine the
plastic behavior of the materials in conjunction with van der

Table 4 Simulation results from thermal and mechanical property algorithm

Neat epoxy With CNTs AR6 With CNT AR1 With CNT AR0.36

CTE in glassy phase/1026 K21 54.5 ^ 1.1 53.4 ^ 0.7 54.0 ^ 1.4 56.4 ^ 1.2
CTE in rubbery phase/1026 K21 220.24 ^ 3.4 203.40 ^ 5.3 208.10 ^ 3.0 210.69 ^ 4.7
Tg /8C 184.5 ^ 3.2 172.2 ^ 6.2 175.7 ^ 2.4 179.1 ^ 3.5
Poisson’s ratio 0.38 0.33 0.34 0.37
Young’s modulus/Gpa 2.5 ^ 0.0 3.0 ^ 0.0 2.7 ^ 0.0 2.7 ^ 0.1
Yield strength/Mpa 140.6 ^ 5.5 159.4 ^ 4.5 141.1 ^ .6.5 150.4 ^ 7.2
Yield strain 0.064 ^ 0.002 0.052 ^ 0.006 0.056 ^ 0.004 0.060 ^ 0.008
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Waals energy. When the combination of van der Waals and
dihedral energy increases the stress-strain curve shows strain
hardening, and vice versa. Similar results have been reported
in the literature39,40 that attributes the results to confor-
mational changes from the gauche state to the lower energy
level trans state. The energy decomposition in Fig. 9
demonstrates that the lengthy CNTs delayed both the van
der Waals and dihedral energy leveling out.

Degree of crosslinking by analyzing local
structures

Bulk density of the final structure resulting from the MD
simulation has often been used to measure the degree of

crosslinking.10,11,15,16 A direct comparison of bulk density is
not applicable to the nanocomposites reinforced by addi-
tives that have dramatically different density to that of
resins. Therefore, this study focuses on the probability of
crosslinks in the three-dimensional epoxy domain to inves-
tigate the effect of the reinforcing CNT structures on the
crosslinking density of the epoxy resin. There are a number
of approaches to define the degree of crosslinking, such as
swelling41 and the average molecular weight of cross-
links42,43 based on the rubber elasticity theory. On the other
hand, some of previous investigations15,16,44 have dealt with
the progression of the local structure during the curing
process to compare the degree of crosslinking for each
system by the pair distribution function (PDF). The PDF of
the nitrogen atom (n3 in Table 2) in the amine group and the
oxygen atom (o2h in Table 2) in the hydroxyl group, gen-
erated from the formation of a covalent bond between
DGEBA and 3,3'-DDS, was used in this study. The PDF pro-
vides information on the probability for existence of a par-
ticle as a function of distance from a reference particle with
its center located in a spherical shell of an infinitesimal
thickness at a distance (r) as defined in equation (4)45

gNO(r) ¼ 1
xNxOr

1
N

XNN

i¼1

XNO

j¼1

d(r 2 ri þ rj)

* +
(4)

where xN and xO are the mole fraction of nitrogen and
oxygen designated earlier respectively, NN and NO are the

Figure 8 Stress–strain response of neat and CNT

modified epoxy

(a)

(c)

(b)

(d)

Figure 9 Decomposition of potential energy under deformation a neat epoxy b with CNT AR6 c with CNT AR1 and d CNT

AR0.36
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number of the same nitrogen and oxygen respectively, and
r is the overall density of the molecular model. The angle
brackets imply the configurational average of the system
and N is the total number of the nitrogen and oxygen atoms.
The summation of intra- and inter-molecular PDF of N-O
correlation is depicted in Fig. 10. As in the literature15 using
the same epoxy system, the first three peaks are observed at
3, 3.8 and 4.3 Å as a result of covalent bond creation. Owing
to the same conversion rate throughout the whole simu-
lation procedure, the peaks are positioned at these radii.
However, the probability of finding N or O atoms within
certain radii from the reference atom distinctively increases
with the same order in the Tgs in Table 4 until the average
number of atoms becomes proportional to the shell volume.
These results can be interpreted that the bulkier reinforce-
ment in the cross-linked epoxy causes a less dense local
structure due to its physical hindrance in the three-dimen-
sional domain potentially reducing the degree of cross-
linking of the thermosetting resin.

Conclusions

This paper elucidated a detailed methodology of modeling the
atomistic structures of thermosetting epoxy and its crosslinking
process with the CNT reinforcements with various aspect ratios.
The dendrimeric approach adopted in this investigation suc-
cessfully mimicked the polymerization process of DGEBA cross-
linked with 3,3'-DDS. Molecular dynamics was implemented to
estimate the thermo-mechanical properties of the epoxy resin
reinforced by the diverse CNTs at the constant weight fraction of
3%. The study on the configurational information of the average
molecular trajectory from the simulated annealing for each
nanocomposite showed that the higher aspect ratio reinforce-
ments led to higher free volume in the local epoxy molecular
domain.
The MD simulation provided the notable influence of the

CNTs with AR6 increasing the elastic properties of the epoxy
resin with compromising thermal properties. In contrast, the
influence of CNTs with the lower aspect ratio was less pro-
nounced. It is observed that inclusion of the CNTadditives in the
epoxy resin results in the lower glass temperature and CTE
besides the epoxy reinforced by CNTs with AR0.36. In addition,
the CNT reinforcements stiffen the epoxy matrix and increase
the strength, whereas reducing the strain at yield. The focus of
the studywas thendirected to the investigationof the causes for

the MD simulation results. The averaged free volume from a
series of equilibrated trajectories presented the indirect
relationship between the size of the CNT-additives and the
crosslinking density since the increase in free volume is pro-
portional to the aspect ratio of the additives. The pair distri-
bution function study for the amine and epoxide group
demonstrated the similar results that the pristine epoxy resin
provides the densest molecular configuration followed by the
material systemwith the smallest reinforcements. This allows us
to induce that the steric hindranceof thebulkyCNT structures to
densification of the local epoxy molecular domain causes the
lower crosslinking density, allowingmore free volume. Thismay
result inmore spaceunder the sameannealingandequilibration
process. The additional space occurred from packing CNTs with
the epoxy may increase the mobility of polymer chains for an
easier long range segmentalmotion facilitating earlier transition
at elevated temperatures. However, the existence of CNT addi-
tives in the epoxy directly provides the higher stiffness and
strength under deformation. The evolution of energy
decomposition as a function of strain indicates that torsional
movementof theepoxymoleculeswas impededby thephysical
obstruction of the CNT additives which leads to delaying the
energy state moving to the lower state. The results from this
investigation can be implemented to impart the general idea
of the influence of CNTs that are currently used or other
nanoscale reinforcements on the crosslinking behavior of the
epoxy resin.
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