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a b s t r a c t

Molecular dynamics and molecular mechanics simulations are used to establish well-equilibrated,
validated molecular models of the EPON 862-DETDA epoxy system with a range of crosslink densities
using a united atom force field. Molecular dynamics simulations are subsequently used to predict the
glass transition temperature, thermal expansion coefficients, and elastic properties of each of the
crosslinked systems. The results indicate that glass transition temperature and elastic properties increase
with increasing levels of crosslink density and the thermal expansion coefficient decreases with crosslink
density, both above and below the glass transition temperature. The results demonstrate reasonable
agreement with thermomechanical properties in the literature. The results also indicate that there may
be a range of crosslink densities in epoxy systems beyond which there are limited changes in thermo-
mechanical properties.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Epoxy-matrix composites are one of the primary structural
materials used in modern civilian aircraft. Their popularity is due to
their excellent specific stiffness, specific strength, and processing
properties. Because the mechanical properties of epoxy composites
depend significantly on the molecular-scale structure of these
materials, structureeproperty relationships are needed to permit
design optimization. This also applies to processing conditions,
which can significantly alter the structure, and therefore properties,
of epoxy composites.

Epoxy resins are formed when epoxy monomers react with
compounds known as crosslinking or curing agents, with active
hydrogens such as amines and anhydrides [1]. Trial-and-error
approaches for experimentally optimizing the processing conditions
of epoxy materials can become time-consuming and expensive.
Over the last two decades, molecular dynamics (MD) simulations
based on bead-spring models [2,3] and Monte-Carlo simulations
based on the bond-fluctuationmodel [4e6] have been used to study
the molecular behavior of epoxy materials. The bead-spring models

do not fully consider the details of the molecular structures and thus
cannot predict the influence of specific groups of atoms on the
physical properties. In the last few years, MD at the atomic scale has
been quite successful in exploring different phenomena occurring at
pico- to nano-second time scales in epoxy resins [7]

Many researchers have studied the formation of crosslinked
epoxy resins using different approaches of simulated crosslinking.
Doherty et al. [8] created PMA networks using lattice-based
simulations using polymerization molecular dynamics scheme.
Yarovsky and Evans [9] discussed a crosslinking technique which
they used to crosslink low molecular-weight, water-soluble, phos-
phate-modified epoxy resins (CYMEL 1158). The crosslinking
reactions were carried out simultaneously (static crosslinking
process). Crosslinking of epoxy resins using molecular dynamics
was performed by Xu et al. [1] and their model was used to study
the diffusion of water in crosslinked networks. An iterative
Molecular Dynamics (MD)/Molecular Minimization (MM) proce-
dure was used to crosslink an epoxy resin (DGEBA), with one
crosslink established per iteration. Other computational studies
[10,11] involving crosslinking of epoxies have been performed. All
of the studies discussed thus far were performed on relatively small
model systems (less than 2200 atoms).

Heine et al. [12] simulated large PDMS networks using
a dynamic crosslinking approach and Varshney et al. [7] used
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Heine’s dynamic crosslinking approach and Xu’s MD/MM concept
[1] to crosslink EPON 862 with DETDA. Varshney et al. [7] modeled
two different systems having molecules of EPON 862 and DETDA in
the ratios of 128:64 and 256:128 (EPON862:DETDA). Although
these studies have made significant progress in the molecular
modeling of crosslinked epoxies, relatively large molecular models
(>20,000 atoms) have not yet been developed to predict the
influence of crosslink density on awide range of thermomechanical
properties of EPON 862-DETDA polymers.

The objective of this study was to establish a relatively large
molecular model of the EPON 862-DETDA crosslinked epoxy system
and to predict the influence of crosslink density on the thermo-
mechanical properties. In this paper, an efficient and accurate
methodology of creating molecular models of a crosslinked epoxy
system containing more than 25,000 atoms is described. Molecular
models are built for three different crosslink densities, and the
models predict that the glass transition temperature, coefficient of
thermal expansion, and elastic properties are dependent on the
crosslink density. The results also suggest that there may be a small
range of crosslink density which exhibit insignificant changes in
properties. The results of this paper are generally consistent with
experimental data and computational data of similar studies. Devi-
ations of the results with the literature are discussed.

2. Molecular modeling

This section details the procedure for establishing the molecular
model of the crosslinked epoxy. The modeling of the uncrosslinked
monomer/hardener solution is described first, followed by
adescriptionof the crosslinkingprocedure. The LAMMPS (Large Scale
Atomic/Molecular Massively Parallel Simulator) software package
[13]was used for all of theMMandMDsimulations described herein.

2.1. EPON 862-DETDA uncrosslinked structure

The initial uncrosslinked molecular model structure was
established using a procedure similar to that used by Varshney et al.
[7] and consisted of the EPON 862 monomer (Di-glycidyl ether of
Bisphenol-F) and the crosslinking agent DETDA (Diethylene
Toluene Diamine). The molecules of EPON 862 and DETDA are
shown in Fig. 1. A stoichiometric mixture of 2 molecules of EPON
862 and 1 molecule of DETDA was modeled first. The initial atomic
coordinates were written to a coordinate file in the native LAMMPS
format and the OPLS United Atom force field [14e16] was used for
defining the bond, angle, and dihedral parameters. The OPLS United
Atom force field was developed by Jorgensen and co-workers
[14,15,17]. In this force field, the total energy of a molecular system
is a sum of all the individual energies associated with bond, angle,
dihedral, and 12-6 LennardeJones interactions. The equilibrium
spacing parameter s of the LennardeJones potential was taken to
be the arithmetic mean of the individual parameters of the
respective atom types while the well depth parameter 3 was taken

to be the geometric mean of the values of the respective atom
types. The non-bonded van der Waals interactions were modeled
using the 12-6 LennardeJones potential. By using this particular
united atom force field, all CH3, CH2, CH, and alkyl groups were
modeled as single united atoms with their corresponding masses,
except for the C and H atoms in the phenyl rings of both the
monomer and hardener molecules and one CH3 group directly
connected to the phenyl ring of the DETDA molecule. Thus in a 2:1
structure the number of atoms was reduced from 117 atoms to 83
atoms by the use of united atoms. As shown in Fig. 1, one molecule
of EPON 862 has 31 atoms (including united atoms) and one
molecule of DETDA has 21 atoms (also including united atoms).

The initial 2:1 structure was formed in a 10 � 10 � 10 Å simu-
lation box with periodic boundary conditions. This structure was
subjected to four MM minimizations and three MD simulations in
order to minimize internal forces (thus reduce internal residual
stresses) resulting from the construction of bonds, bond angles, and
bond dihedrals. After stabilizing at a relatively low energy value,
this structure was replicated to form eight more structures within
the simulation box so that a 16:8 molecular mixture of EPON 862
and DETDA monomers was established. A slow stress relaxation
procedure was performed over a cycle of 20 MM and 10 MD
simulations. All MD simulations were conducted in the NVT
(constant volume and temperature) ensemble for 100 ps at 600 K.
The NVT ensemble made use of the Nose/Hoover thermostat and
barostat for temperature and pressure control, respectively [18].
After every cycle of MD and MM, the box size was reduced by
a small amount. After all MM and MD runs, a density of 1.21 g/cm3

(1210 kg/m3) was achieved. The final pressure value of the last
minimizationwas less than 1 atm (101,325 Pa) which indicated that
the structure had almost no residual stress. This equilibrated
structure was used for the subsequent crosslinking step.

2.2. Crosslinking procedure

The equilibrated structure of the 16:8 model was statically
crosslinked based on the root mean square (RMS) distance between
the N atoms of DETDA and CH2 groups of the EPON 862 molecules,
similar to theapproachusedbyYarovskyandEvans [9]. Simultaneous
breaking of CH2eO bonds in the epoxide ends of the EPON 862
molecules and NeH bonds of the DETDA molecules made the acti-
vated CH2 ends capable of forming crosslinkswith activated N atoms
of the DETDA molecules. A particular activated N could form
a crosslinkwith the activatedCH2 of anyadjacent EPON862molecule
within a specified cutoff distance. While the actual crosslinking
reaction is quite complex, the fundamental mechanisms that were
modeled in thiswork are depicted in Figs. 2 and 3. Three assumptions
were made for the crosslinking process:

Fig. 1. Molecular structures of EPON 862 resin and DETDA crosslinking molecules.
Atoms in boxes have been considered as united atoms.

Fig. 2. First step of Crosslinking reaction: The lone pair of electrons of the nitrogen
atom attacks the carbon atom next to the epoxide oxygen, forming a CeN bond and
leaving a negative charge on the oxygen and a positive charge on the nitrogen. (The
wavy lines represent the remaining parts of the EPON 862 and DETDA molecules in the
respective structures).
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1) Both primary amines in DETDAwere assumed to have the same
reactivity

2) The CH2eO and NeH bonds were broken simultaneously
(Fig. 2)

3) An N atom was partially activated when it had only one acti-
vated CH2 within a defined cutoff distance.

The starting point of the crosslinking reaction is shown in Fig. 2
where the nucleophilic amine of the DETDA molecule reacts with
the unsubstituted epoxy C, and the adjacent oxygen atom attains
a negative charge when the CeO bond is broken. After forming
a bondwith the C atom, theNatomattains a positive charge and thus
the neutrality of the EPON 862-DETDA system is maintained. Cross-
links were formed by computing all RMS distances between each N
atom and the CH2 united atomswithin a defined cutoff distance. The
CH2 radicals located outside the cutoff distance of a particular NH2
group were not crosslinked to that particular group. The cutoff
distance was chosen to achieve a desired level of crosslinking as
mentioned below. In the next step, the H ions were formed by
breaking NH2 bonds and were reacted with the O� atoms of the
broken epoxide ends. This bond formationwas also performed based
on the closest RMS distances between the O� and Hþ atoms. The
second step of the crosslinking reaction is shown in Fig. 3.

To determine the influence of the RMS distance on the total
number of crosslinks formed, the crosslink density was determined
for a range of RMS cutoffs for two different molecular models
constructed in the manner described above (Fig. 4). The crosslink
density of the epoxy system was defined as the ratio of the total
number of crosslinks that were formed to the maximum number
that could be formed. For example, an epoxy network having 16 out
of 32 crosslinks is defined as having a 50% crosslink density.

In Fig. 4 a steep rise can be seen where the crosslink density
increased from just above 15% to almost 60% over a span of a cutoff
distance between 2 and 4 Å. Another important aspect of this graph
is the plateau over which the crosslink density increased very little
over a range of 4e8 Å and again after 10 Å. It is important to note
that the trends of the two systems are very similar, demonstrating
reproducibility in the crosslink density/RMS distance relationship.
Therefore, a large increase in crosslink density occurred from28% to
56% for the first system over a range difference of 1 Å. For the
second system, the large increase in crosslink density occurred
from 3% to 38% over 1 Å range. This trend was close to the trend of

crosslink densities found by Varshney et al. [7] by using an alter-
native, dynamic-based crosslinking approach. Varshney et al.
reported an increase in crosslink density from 0% to 80% over
a range difference of 1 Å. This demonstrates that the extent of
crosslinking increases rapidly over a certain range of distance
between the crosslinking atoms.

Three representative crosslink densities were chosen for the
subsequent modeling steps: 50% at a cutoff of 3.8 Å, 59% at a cutoff
of 5 Å and 72% at a cutoff of 8 Å. These crosslink densities were
chosen because they represent the expected range for a stoichio-
metric monomer/hardener mixing ratio.

2.3. Modeling EPON 862-DETDA structure having 432:216
stoichiometric ratio

The crosslinked 16:8 models were equilibrated by performing
two MM minimizations and one MD run alternately to remove the
residual stresses generated during the formation of the crosslinks.
The MD runs were NVT simulations for 100 ps at 500 K. The

Fig. 3. Second and Final steps of crosslinking reaction: (A) The negatively charged oxygen abstracts a proton from the neighboring protonated amine, resulting in an alcohol group
and an amine group and the crosslinking is complete. (B) The same crosslinked nitrogen reacts with another epoxide end of EPON 862 in the same way and forms two crosslinks.
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equilibrated, crosslinked 16:8 models were replicated 26 times for
each crosslink density, and each replica was rotated and translated
to form a 3 � 3 � 3 array of 16:8 structures for each crosslink
density. The large systems had 432 molecules of EPON 862 and 216
molecules of DETDA (Fig. 5). For three different defined crosslink
densities, the 16:8 models had differences in the number of bonds,
angles, and dihedrals. Each of these three samples had 17,928
united atoms representing a total 25,272 explicit atoms.

The models having a 432:216 monomer ratio of EPON 862 and
DETDA chains were further equilibrated using MD and MM tech-
niques with continuous shrinking of the volume until the models
reached densities close to 1.2 g/cm3(1200 kg/m3). Between 30 and
35 minimizations and 12 NVT simulations were required for the
equilibrationof each individual 432:216EPON862-DETDAmodel. At
every stage of volume reduction, one minimization was performed
to relax the coordinates of the atoms in the new reduced size of the
simulation box. This was followed by a 100 ps NVT simulation at
500 K. The temperature for NVT was kept relatively high so that
atoms had enough kinetic energy to sample local configuration
space. Thiswas followedbyoneor twominimizations, dependingon
the energy and pressure values obtained after the simulations. That
is, if the pressure was not close to 1 atm after the first minimization
after the NVT simulation, then very small changes weremade to the
box dimensions and a subsequent minimization was performed.
Once equilibrated, the models were further crosslinked based on
RMS cutoff distance approach described above. The additional
crosslinking steps were performed so that the 27 sub-units of the
molecular model were crosslinked with one another, thus creating
a stable solid structure and increasing the crosslinkdensities further.
The 50% crosslinked structure had a 54% crosslink density after this
step, the 59% crosslinked structure became 63% crosslinked and the
72% crosslinked structure increased to 76%. After this additional
process of crosslinking, the structures were further equilibrated at
the same volume with two NVT simulations at 500 K and 300 K for
100 ps each with in-between MM minimizations. It is important to
note that the equilibrated structures model an infinite network of
crosslinked epoxy due to the use of periodic boundary conditions.
Therefore, the modeled structures do not represent localized

crosslinking,which is observed inmicrogelswithhighly-crosslinked
particles on the order of 10 Å [19]

The spatial density distributions of these structures were
calculated to determine the degree of uniformity of the polymer in
the simulation box. The simulation boxes for each crosslink density
were equally divided into 10 divisions along the X, Y and Z axes and
the total masses of all the atoms present in each of those ten
divisions was determined. The total mass of atoms present in each
division was then divided by the volume of that division to calcu-
late the density of atoms present in that particular division. The
spatial density distributions of the 54%, 63% and 76% crosslinked
systems are shown in Fig. 6.

The data in Fig. 6 indicate that the densities of the 54%, 63%, and
76% crosslinked systems were uniform along all three axes of the
simulation boxes. This indicated that the equilibration method
involving minimizations and in-between NVT simulations was
thorough and led to a homogeneous epoxy network.

3. Results and Discussions

Once models were equilibrated, they were used to determine
the glass transition temperature (Tg), thermal expansion coefficient,
and elastic properties of each of the crosslinked systems. The
procedures and results for these simulations are described in this
section.

3.1. Glass transition temperature range determination

For each of the three crosslinked epoxy models, NPH (constant
pressure and constant enthalpy) simulations were run for 400 ps
from �70 �C (203 K) to 330 �C (603 K) at pressures of 1 atm. These
simulations were performed to simulate the process of constant
heatingof theepoxysystems fromcryogenic temperatures toelevated
temperatures. Using the results of the NPH simulations, density
versus temperature curveswere plottedwhich are shown in Fig. 7 for
the 54%, 63% and 76% crosslinked systems. Data within the temper-
ature range of �30 �C to 300 �C was used for calculating glass tran-
sition temperatures. The simulation data within the initial
temperature range from�70 �C to�30 �Cwerediscarded toeliminate
the effects of molecular relaxation and initial oscillation of the
temperature and pressure around the set values. The densi-
tyetemperature curves showed a characteristic change in slope in the
Tg region. Typically the Tg is determined by finding the intersection
between linear regression lines fit to the data points belowand above
the change in slope. However, the change in slope is usually gradual.
As a result, the Tg determination is highly sensitive to the manner in
which thedata points on the density versus temperature graph arefit.
Therefore, it is more appropriate to describe the Tg as a temperature
range rather than a single temperature value. To determine the Tg
range, a series of linear regression lines were fit using temperature
ranges of 80�, 90�, 100�, 110� and 120� C intervals of temperature for
each of the crosslinked systems shown in Fig. 7. The ranges of the
intersection points from these series of fits comprised the Tg range.

The Tg was found to be in the range of 124 �Ce141 �C with an
average Tg of 133.44 �C for the 54% crosslinked structure. For the
63% crosslinked structure, an average Tg of 142.10 �C was found in
the range of 132 �Ce149 �C. For the 76% crosslinked structure, an
average Tg of 151.20 �C was found in the range of 143 �Ce157 �C.
From the data it is clear that the average Tg increased as the
crosslink density increased, which is likely due to the increasing
number of covalent bonds as the crosslink density increases. As
a result, there is more resistance to increases in free volume as the
temperature increases for increased levels of crosslinking. Similar
increases in Tg due to additional crosslinking have been observed in
graphiteeepoxy composites [20,21]Fig. 5. 432:216 model of EPON 862-DETDA containing 17,928 united atoms.
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In Fig. 7, the density of the 54% crosslinked system is lower than
that of the 76% crosslinked system at high temperatures, while this
trend is opposite at lower temperatures. The reason for this
behavior can also be explained based on the difference in crosslink

density. 54% crosslinked structure had more uncrosslinked freely-
moving polymer chains that reoriented themselves into a dense
configuration at lower temperatures. At high temperatures, the
uncrosslinked epoxy chains can lead to more expansion of the
volume and thus the 54% crosslinked structure had a lower density
than the 76% crosslinked structure. All these NPH simulations were
performed by using equilibrated configurations of these cross-
linked systems. During equilibration, volumes of the crosslinked
structures were decreased based on two criteria: 1. The pressure
has to decrease along with the energy during a minimization 2. The
final equilibration should lead to a pressure of close to 1 atm with
the structure attaining a density of around 1.2 g/cm3

The equilibration process of the 63% crosslinked structure made
its density slightly higher than the densities of the equilibrated 54%
and 76% crosslinked structures. As the density was already a bit
high before the NPH simulations were started, the 63% crosslinked
structure’s density varied over a range which did not overlap the
density variations of the other two systems. In this research, the
focus was placed on the variations of the densities with respect to
temperature, not on the absolute value of the densities. This issue
would likely be resolved if multiple material systems were inde-
pendently constructed for each crosslink density. Because of
limited computational recourses, only one structure was estab-
lished for each crosslink density for the current study.

Varshney et al. [7] predicted a Tg of 105 �C for the same EPON862-
DETDA system but with a crosslink density of 95%. Fan et al. [10]
predicted the Tg for a 100% crosslinked EPON 862-DETDA system to
be 109 �C.Miller et al. [22] experimentallymeasured a Tg of 150 �C for
the same epoxy system, though the actual crosslink density was
unknown. Clearly, the presently predicted values of all three cross-
linked systems agree with the experimental values more than they
agreewith the predicted values in the computational literature. Both
Varshney et al.’s work and Fan et al.’s work have predicted Tg values
much less than experimentally measured values. This is especially
surprising since the simulated cooling rates are much faster than the
experimental cooling rate, which should lead to higher predicted
values of Tg. The predicted values in the current study do not show
such a discrepancywith experiment,which indicates that the chosen
OPLS forcefield, equilibrationprocess, and simulatedheatingprocess
accurately modeled the molecular behavior of the epoxy system.

3.2. Volume shrinkage and thermal expansion coefficients

Using the results from the NPH simulations described in the
previous sub-section, the volume shrinkages with respect to the
volume at 300 �C for the 54%, 63%, and 76% crosslinked systems for
the temperature range of �30 �C to 300 �C were determined and
are plotted in Fig. 8. From the plot it is clear that all three systems
experienced significant changes in volumewhen heated to elevated
temperatures. It is also clear that the 54% crosslinked system
exhibited a significantly larger amount of shrinkage than the 63%
and 76% systems, which were nearly identical. This is likely due to
the difference in the number of covalent bonds present in the three
structures. The 54% crosslinked structure had fewer covalent bonds
and a larger number of free chains with higher mobility than the
63% and 76% crosslinked structures. Therefore, at decreasing
temperatures, the 54% crosslinked model was able to adapt a more
compact conformation than the 63% and 76% crosslinked models.

Linear regression lines were fitted on the volume shrinkage
curves shown in Fig. 8 to determine the coefficient of volumetric
thermal expansion (CVTE) in both the rubbery and glassy regimes.
Because the method of fitting the data can affect the resulting
predicted values of CVTE (similar to the predicted Tg described
above), two different ranges were chosen to fit the curves for both
the rubbery and glassy regions. In the glassy regime, the data were
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fit for the 0�e120 �C range and the 20�e120 �C degree range. For
the rubbery region, ranges of 160�e280 �C degrees and
160�e260 �C degrees were fit. Therefore, temperature ranges of
100� and 120 �C were fit above and below the Tg, and the CVTE was
calculated with

b ¼ 1
V0

�
vV
vT

�
P

(1)

where V0 is the initial volume of the simulation box before the NPT
simulation, and the subscript P implies a constant-pressure process.
The coefficient of linear thermal expansion (CLTE) is defined as

a ¼ b

3
¼ 1

L0

�
vL
vT

�
P

(2)

where L0 is the initial length of each side of the cubic simulation box
before the NPH simulation. The CLTE values obtained for the three

Fig. 8. Volume shrinkages with respect to the volume at 300 �C for 54%, 63% and 76% crosslinked structures.

Fig. 7. Density vs. temperature curves for 54%, 63% and 76% crosslinked system.
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crosslinked systems are given in Table 1. These values are the
averages of the CLTE values obtained over the temperature ranges
of 100� and 120 �C.

The results shown in Table 1 generally indicate an increasing
trend in the coefficients of expansion with decreasing crosslink
density, which is likely because the polymer chains are less con-
strained in lower-crosslink systems, resulting in greater mobility
during the thermal expansion process. This also explains the greater
expansion that was predicted above Tg for each of the crosslink
densities. The results were found to be consistent with those
reported by Fan et al. [10] and Wang et al. [23]. Fan et al. predicted
CLTE values of 18.5�10�5�C�1 above Tg and 5.5�10�5�C�1 below Tg
for a 100% crosslinked EPON 862-DETDA system. Wang et al’s
experimental work with the pure EPON 862-DETDA system gave
CLTE values of 18 � 10�5�C�1 above Tg and 6.4 � 10�5�C�1 below Tg.

3.3. Elastic properties

Simulated deformations were performed on all three crosslinked
systems to determine their elastic properties. In these simulations,
strains were imposed on the periodic MD models in the NVT
ensemble, and the corresponding averaged stress components (virial
stress) were determined for a complete stressestrain response. Two
typesof strainswere appliedon the structures: volumetric and three-
dimensional shear strains. NVT simulations were run at 300 K (room
temperature) for 200 ps with timesteps of 0.2 fs. Strain increments
were applied at every timestep such that the desired cumulative
strainwas reachedby the endof the 200ps simulation. It is important
to note that although the elastic response of polymers is generally
dependent on applied strain rate, and the simulated deformations
are at relatively high-strain rates, it is expected that the predicted
elastic properties are close to those observed experimentally.
Although excellent agreement between experiment and high-strain
rate simulations has been observed in the literature [24e26], the
reason for the apparent lack of strain-rate effects in predicted prop-
erties is unclear. For the volumetric strains, equal strain magnitudes
were applied in all three coordinate directions in both tension and
compression according to kinematic equation

3xx ¼ 3yy ¼ 3zz ¼ �0:005 (3)

where 3ij is the infinitesimal strain tensor component with respect
to coordinate directions i and j. The overall dilation of themolecular
model was

D ¼ 3xx þ 3yy þ 3zz (4)

For each timestep in these simulations, the overall hydrostatic
stress sh of the model was calculated by

sh ¼ 1
3
�
sxx þ syy þ szz

�
(5)

where sij is the volume-averaged viral stress tensor component
with respect to the coordinate directions i and j. For each timestep
of the final 198 ps of the simulations, the hydrostatic stress and
dilatation were used to perform a linear regression analysis to
establish the bulk modulus

K ¼ sh
D

(6)

The bulk moduli calculated for positive and negative dilatations
were averaged. The data gathered during the first 2 ps of the
simulations were not used in the regression analysis because
molecular structures typically undergo rapid, local relaxation
during the initial stages of MD simulation. The structures were
well-equilibrated before the start of these deformations and thus
did not need significant time for relaxation. In the initial 1e1.5 ps of
the deformation simulation, the initial oscillation of the total
pressure values died out. Nearly one million data points were used
to calculate the bulk modulus for each epoxy system. Similarly,
a three-dimensional shear strain was applied to the molecular
models

gxy ¼ gyz ¼ gzx ¼ �0:005 (7)

where gij is the infinitesimal engineering shear strain component
with respect to the i and j coordinate directions. The corresponding
volume-averaged shear stresses syz, sxz, and sxywere calculated for
each timestep. Each shear stress component was compared to the
corresponding applied shear strain for each timestep of the final
198 ps of the simulations. A linear regression analysis was per-
formed to determine the corresponding shear modulus, which is
given by

G ¼ sxy
gxy

(8)

For each crosslink density, the three calculated shear moduli
were averaged for both positive and negative applied shear strains.
After calculating bulk moduli and shear moduli for all the cross-
linked structures, Young’s moduli (E) and Poisson’s ratios (n) were
calculated according to

E ¼ 9KG
3K þ G

(9)

y ¼ 3K � 2G
2ð3K þ GÞ (10)

Using Equations (3)e(10), the elastic properties were calculated
for the 54%, 63% and 76% crosslinked structures and the values are
given in Table 2.

The results inTable2 showan increasing trend inYoung’smodulus
and shear modulus among the 54%, 63% and 76% crosslinked struc-
tures. Littell et al. [27] experimentally measured mechanical proper-
ties of the same epoxy system and reported Young’s modulus values
of 1.6e2.9 GPa, shear modulus Values of 0.6e1.0 GPa, and Poisson’s
ratio in the range of 0.35e0.43. Fan et al. [10] predicted Young’s
modulus of 3.75 GPa for their 100% crosslinked EPON-DETDA
computational model. The results obtained in this computational
study are thus consistent with the literature [10,27].

The bulk modulus shows a very small decreasing trend with
increasing crosslink density, signifying that volumetric deformation

Table 1
Thermal Expansion Coefficients of crosslinked structures.

Coefficient of Linear Thermal Expansion (a) � 10�5 (�C�1)

54% 63% 76%
Above Tg 20.0 13.6 14.0
Below Tg 12.9 9.1 8.6

Table 2
Mechanical properties of crosslinked structures (units in GPa).

K (bulk
modulus)

G (shear
modulus)

E (Young’s
modulus)

y (Poisson’s ratio)

54% Crosslinked 2.961 0.154 0.453 0.475
63% Crosslinked 2.914 0.707 1.963 0.388
76% Crosslinked 2.661 0.831 2.258 0.359
Experimental

sample [27]
0.6e1.0 1.6e2.9 0.35e0.43
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probably does not have a strong sensitivity to crosslinking. The
increasing trends in shear modulus and Young’s modulus with
increasing crosslink density indicate that with crosslinking, the
molecular structure becomes stiffer because of the presence ofmore
covalent bonds. Similar trends have been reported in other epoxy
systems by Gupta et al. [28] and in epoxy-nanotube composites by
Miyagawa et al. [29]. Lees and Davidson [30], Lee and Neville [31],
and Burhans et al. [32] discuss data that show increasing distances
between reactive sites in epoxies result in decreasing crosslink
densities and decreasing elastic properties. It is important to note
that this trend is not always observed, specifically, Vakil andMartin
[33] reported that glassy modulus is not affected by the degree of
crosslinking. Another important observation is the similarity of
shear modulus, Young’s modulus, and Poisson’s ratio values of the
63% and 76% crosslinked structures. This similarity in mechanical
properties is in agreement with the volume shrinkage results dis-
cussed above. It is important to note that these results may be
sensitive to the limited number of modeled systems at each cross-
link density. That is, if multiple systems had been individually
constructed at each crosslink density, the apparent trends could
differ slightly. Because of the uniformdistribution of density and the
agreement between computed and measured Tg values (described
above), the trends in elasticmoduli should be accurately reflected in
the modeled molecular structures. Furthermore, it is important to
note that although the predicted elastic properties are intuitive, that
is, the elastic moduli are the same magnitude as the majority of
polymers (Young’s modulus between 1 and 5 GPa), the importance
of the results is in the model validation and predicted trends as
a function of crosslink density and the ability to predict this trend
computationally.

4. Conclusions

A molecular modeling study of a crosslinked EPON 862-DETDA
epoxy polymer with various degrees of crosslinking has been per-
formed using a united atom force field. The Tg, thermal expansion
coefficients, and elastic properties of the epoxy system were pre-
dicted for a range of crosslink densities. The predicted thermo-
mechanical properties were mostly consistent with those given in
literature, thus validating the computational approach used. The
results indicate that with increasing crosslink density, the Tg and
elastic stiffness tend to increase, while the coefficient of thermal
expansion decreases, both above and below Tg. For thermal
expansion coefficients and elastic properties, the magnitude of
these changes generally decreased substantially for crosslink
densities above 63%.

The density versus temperature curves that were used to deter-
mine the Tg of the simulated epoxy indicate that reporting singular
values of Tg may be unrealistic for models of the size mentioned in
this work. The nonlinearity in these curves introduces a degree of
subjectivity for the determination of Tg using regression analyses
above and below the nonlinear portion of the curves. Instead, the Tg
should be reported as a temperature range in which the physical
structure of the polymer undergoes a structural change.

The results of this study also indicate that for this epoxy system,
and possibly similar epoxy systems, there might be a threshold
crosslink density beyond which thermomechanical properties
exhibit little change. At 63% crosslinking, the structure is already
immobilized to a large extent and increasing the crosslink density
to 76% may only change the thermomechanical properties slightly.
Unfortunately, it is difficult to experimentally quantify the crosslink
density of epoxies. The extent of cure can be monitored during the
polymerization reaction using Infrared (IR) or dielectric spectros-
copy. These techniques utilize changes in spectral features, such as
the intensity of the epoxide group vibration (IR) [34,35] or the

frequency of maximum permittivity or loss (dielectric) [36,37], to
determine the progress of reaction. So while these methods permit
the study of the cure reaction and yield a relative measure of the
extent of reaction, they cannot determine the crosslink density for
a cured epoxy sample. Without this data, it is difficult to make
definitive statements regarding the validation of the observations
in this study.
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