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This paper reports the use of molecular dynamics simulations to study the thermomechanical properties
of an epoxy molding compound formed by curing tri/tetra-functionalized EPN1180 with Bisphenol-A. An
interactive crosslinking-relaxation methodology is developed to construct the simulation cell. This
crosslinking-relaxation methodology allows the construction of highly crosslinked polymer network
from a given set of monomers. Based on this computational algorithm, three-dimensional simulation
cells can be constructed. By using an existing polymer consistent force-field, several thermomechanical
properties of the model epoxy are computed such as the curing induced shrinkage, gelation point,
coefficient of thermal expansion, glass transition temperature, Young’s modulus and Poisson’s ratio. The
dependence of these properties on crosslink density and temperature is also investigated. Simulated
results are compared with existing theoretical or experimentally measured values when available. Good
agreements are observed.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy is a class of thermosetting polymers synthesized chemi-
cally by curing molecules containing epoxy groups and hardeners
with active hydrogens such as hydroxyls or amines. Various
crosslinked epoxy compounds have been widely used in the elec-
tronic industry as encapsulants, adhesives and the matrix materials
for printed wiring boards. Because of their ubiquitous nature, the
thermomechanical behavior of these epoxy compounds plays
critical roles in the efficiency and reliability of microelectronic
packages. To design reliable electronics packaging and devices, it is
critical to know accurately the thermomechanical properties of
these epoxy compounds under various temperature and loading
conditions.

The conventional approach to obtain the thermomechanical
properties of engineeringmaterials is to conduct experimental tests.
However, experimental testinghas its limitations. For example,most
tests are typically very time-consuming and expensive. Such diffi-
culties are further exasperated by the recent advances in the appli-
cation of nano-materials, because direct testing of nano-size
samples is nearly impossible with the existing testing capabilities.
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Recent advances in molecular level simulations, such as the
molecular dynamic (MD) simulations, offer an alternative approach
to obtain thermomechanical properties. For example, if conducted
appropriately, MD simulations are capable of predicting many
thermomechanical properties of crystalline solids such as the
coefficient of thermal expansion (CTE) [1,2], elastic modulus [1,2],
tensile strength [3,4], etc.

Conducting MD simulations of polymeric materials is rather
challenging. Unlike in the crystalline solids, the molecules in
polymeric materials are somewhat randomly connected. Such
amorphous molecular nature makes it very difficult to construct
the MD simulation model. This is particularly true for polymers
with crosslinked network structures.

Over the decades, extensive research has been conducted to
construct the crosslinked network of polymeric molecules. Early
works were mainly concentrated on the kinetic aspects of the
network build-up process through Monte Carlo simulations on
idealized models, without considering chemical details [5,6].
Prediction/reproduction of thermo-mechanical properties for
realistic materials was, however, not intended in these investiga-
tions. In recent years, fully atomistic representations of polymer
networks have been proposed along with realistic force-fields that
have been extensively parameterized and validated. Some of these
works follow the approach of manually connecting constituent
monomers into a fully cured network [7e10]. Such manual
approaches are not only limited to rather small model size, but also
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Fig. 1. Molecular structures of (a) Epoxy and (b) Hardener [25].
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somewhat unrealistic in that there is no reason to assume in priori
how monomers are linked to each other. More advanced method-
ologies involve dynamic curing of network starting from physical
mixture of monomers. For example, Komarov et al. [11] developed
a mapping/reverse mapping procedure for epoxy network forma-
tion, where monomers were first coarse-grained to bead-springs
models and placed on lattice sites. Covalent links were randomly
created between reactive beads. Afterwards the crosslinked system
was reverse-mapped to the atomistic level. Yarovsky et al. [12]
applied a crosslinking scheme for epoxy resins (with crosslinker
CYMEL 1172 and 1158). Both works performed chemical curing in
a one-step fashion, i.e., all bonds between reactive bead/atoms
were introduced simultaneously. Other authors have proposed
multi-step procedures which create covalent bonds and equilibrate
the structure iteratively. For instance, Wu and Xu [13] studied
DGEBA-IPD epoxy system through MD simulations. Their atomistic
model was constructed by repeatedly crosslinking and relaxing the
system until the desired conversion rate was reached. Similarly,
Varshney et al. [14] used cyclic crosslinking algorithm, which
conducted multi-step topology relaxation, to construct epoxy-
based polymer network.

Based on the molecular models built by the afore-described
approaches, various MD simulation techniques have been used to
simulate the dynamic [15], thermal [7e9,11,14,16e20], mechanical
[7,8,13,16,18]and diffusion [10,12,21,22] behavior of epoxies and
epoxy-as-matrix composites. Simulation results were in reasonably
good agreement with experimental measurements, indicating that
MD simulation can be an efficient and accurate tool to study ther-
mosetting polymers. Dependency of material properties on cross-
link density, or the degree of polymerization, has also been
examined through molecular simulations [16,18,23,24]. For
example, Li and Strachan [18] studied EPON862/DETDA epoxy
system and predicted significant increase in glass transition
temperature (Tg), stiffness and yield stress with conversion. Ban-
dyopadhyay et al. [24] investigated the same material system and
reported increasing Tg and elastic constants but decreasing coeffi-
cient of thermal expansion (CTE) with respect to cross-link density.
The authors also reported that the magnitude of property changes
decrease above a threshold conversion (63%).

The present work aims at utilizing molecular dynamics simu-
lation to study not only material properties of a Novel epoxy
molding compound but also its structuraleproperty relationship by
varying the degree of curing of the molecular model. Conversion
dependence of epoxy’s properties is essential to material design
thus worthy of thorough investigation. The rest of the paper is
organized as follows. Crosslinking scheme and inter-atomic
potentials are described in Section 2. Section 3 presents results
on material properties and structural-property correlations, as well
as related discussions. Finally some concluding remarks are
summarized in Section 4.

2. MD simulation methodology

The model material studied in this work is an epoxy phenol
novolac (EPN). The EPN consists of EPN-1180 as epoxy and
Bisphenol-A (BPA) as hardener [25]. Their chemical structures are
illustrated in Fig. 1(a) and (b), respectively. The epoxy monomer is
a mixture of 3 mers and 4 mers, and the number averaged length is
3.6. Benzene rings in the epoxy resin are connected through
methylene groups. The distribution of ortho-, meta- and para-
connections are considered to be trivial and thus followed an
arbitrary arrangement in modeling epoxy monomers. Fig. 2 eluci-
dates the curing reaction mechanism. In the presence of catalyst,
the carbon-oxygen bond in the epoxy monomers is broken, which
opens the epoxy ring. The oxygen-end of the opened epoxy ring
takes over the hydrogen atom from a nearby hydroxyl group in
a BPAmolecule, leaving a dangling oxygen in the BPAmolecule. This
dangling oxygen then forms a covalent bond with the carbon-end
of the opened epoxy ring. This process links the epoxy monomer
to a BPA molecule. Since each BPA has two hydroxyl groups, two
epoxy monomers may be attached to the same BPA molecule. This
process allows the formation of polymer chains. Furthermore,
depending on the functionality of the epoxy monomers, multiple
BPA molecules might be attached to the same epoxy monomer,
which forms the crosslink between the polymer chains. Using the
stoichiometric mixing ratio of tri-epoxy:tetra-epoxy:BPA ¼ 2:3:9,
the theoretical full conversion can be reached and the average
epoxy functionality of f ¼ 3.6 is maintained.

The first step in conducting MD simulations is selecting the
appropriate inter-atomic potentials to describe the interactions
between atoms in the molecular model. In this work, we will use
the following polymer consistent force-field (PCFF) [26],
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This PCFF has been parameterized and validated for various
organic and in-organic species [26e29]. It consists of valence and
non-bond forces, as is seen from Eq. (1). The valence terms are for
bond stretching, angle bending, dihedral and improper interac-
tions, as well as coupling between them. The non-bond terms
include the electrostatic and van der Waals forces. The latter is



Fig. 2. Curing reaction mechanism [25].

Fig. 3. Snapshot of atomistic configuration after crosslinking.
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represented by the Lennard-Jones (LJ) 9e6 potential. In our calcu-
lations, a cut-off distance of 12.5�A is used for the LJ potential, while
the electrostatic force is calculated using the Ewaldmethod with an
accuracy of 1 � 10�6 to account for its long-range nature.

The next step is to construct the initial molecular model for
conducting the MD simulations. The most challenging aspect of
constructing the model is how to accurately describe the cross-
linked network of polymers. The actual curing process of thermo-
setting polymers, which results in the crosslinked network, is
a complex quantumechemical process involving the breakage/
formation of covalent bonds and hydrogen transfers. Depending on
the temperature, the curing time required to reach full conversion
may range from tens of minutes to hours. Simulating the actual
curing dynamics at the molecular level is beyond the capability of
even the fastest computer in the world now. Instead, we have
developed amethodology that yields the final crosslinked structure
without actually simulating the details of the chemistry of the
curing process. The basic idea of this methodology is to use spatial
proximity as a criterion for bond formation. When the hydroxyl
oxygen of a BPAmolecule is within a threshold distance to an epoxy
monomer’s epoxy carbon, which has been exposed as active sites by
pre-opening the epoxy ring, they readily react with each other and
form a chemical bond. The initial threshold distance used is 3�A. This
distance is somewhat subjectively determined based on the van der
Waals radii of the reacting atoms. As the crosslink density increases,
formation of new bonds becomes more difficult. To speed up the
process, the threshold distance is increased gradually to 10 �A. The
process described above is implemented in the following steps.

1. Create epoxymonomers and BPAmolecules by using the sketch
tool in the Material Studio Visualizer [30]. Epoxy rings were
pre-opened for the convenience of forming chemical bonds,
leaving the ending epoxy carbons and hydroxyl oxygens on
BPA’s as reactive sites. The geometries of these molecules are
optimized by energy minimization.

2. Randomly seed epoxy monomers and BPA molecules into
a cubic simulation box at the target density of 1.2 g/cc with
periodic boundary conditions in all three orthogonal directions.
This is done by using the Amorphous Cell module in Material
Studio based on the self-avoiding random-walk of Theodorou
and Suter [31]. The mixture contains 8 tri-functionalized
epoxies, 12 tetra-functionalized epoxies and 36 BPAs, corre-
sponding to 2766 atoms and cell length of w30 �A. The stoi-
chiometric mixing ratio of tri-epoxy:tetra-epoxy:BPA¼ 2:3:9 is
maintained.

3. Conduct MD simulation in the NVT ensemble at 300 K to relax
the system from internal stress built up during the formation of
new chemical bonds in the previous steps, and to allow atoms
to move around so reactive sites may get closer. Periodic
boundary conditions (PBCs) are prescribed in all three
orthogonal directions of the cubic simulation box. Further
equilibration and removal of residual stress is performed by
running long term MD simulation in NPT ensemble upon the
completion of cross-linking process, as will be described later
on. We believe that NVT versus NPT during the cross-linking
process would not cause noticeable difference in structure
and material properties to the resultant epoxy model. Several
existing work, e.g., Wu and Xu [13] and Yarovsky and Evans [12]
followed the same NVT ensemble MD in their equilibration
phase of curing simulation.

4. Identifyall thepairs ofhydroxyl oxygenandendingepoxycarbon
that are separated by a distance within the bond formation
threshold. Each pair is marked as one “close contact” and is
linked by newly formed covalent bond. If one ending epoxy
carbon is involved inmultiple close contacts, it will be bonded to
oneofhydroxyl oxygens inproximity. Both reactive atoms (epoxy
carbon and hydroxyl oxygen) are then marked as reacted and
forbidden from possible reaction to other reactive atoms.

5. Repeat steps 3 and 4 above until the desired conversion rate is
reached.

We note that once a link is introduced between hydroxyl oxygen
andepoxycarbon, the chargedistribution around these atomswill be
altered. Therefore, partial charges of the entire system need to be re-
assigned upon the completion of crosslinking. This can be accom-
plished by using the bond increment charging algorithm of the PCFF
force-field. Thefinal step of the crosslinkingprocess is to saturate the
remaining reactive sites (unreacted epoxy carbons and BPA oxygens)
withhydrogens. Our cross-linkingmethodology is dynamic innature
since it involves molecular mechanics/dynamics equilibration in
the intervals of bond formations. Compared to static approach, e.g. in
the work by Bandyopadhyay et al. [24] which cures statically the
EPON862-DETDA system based on root mean square (RMS) distance
between reactive atoms and relates the conversion rate (or crosslink
density) to the RMS distance being used, we believe the dynamic
scheme introduces new covalent bonds more gradually and thus
generates more energy favorable configurations.

In the end, in order to achieve a fully relaxed network, the
crosslinked system is further equilibrated byMD simulations under
the canonical (NVT) ensemble at 600 K for 1 ns, followed by NVT
annealing to 300 K at the cooling rate of 10 K/10 ps. Afterwards,
another MD simulation is run under the NPT ensemble for 1 ns at
300 K and atmospheric pressure to bring the system to the correct
density of 1.172 g/cc. The NoseeHoover thermo- and barostats are
used to adjust temperature and pressure in all the MD simulations.
An example of the crosslinked structure for the studied epoxy resin
is shown in Fig. 3. The conversion rate for this example is 90%.
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Before closing this section, we note that, because of the PBCs
used, covalent bonds are formed not only among the original set of
monomers but also between monomers and their virtual neigh-
bors. Consequently, the crosslinked system is actually an infinitely
percolating network. Ideally, the system should consist of one
single macromolecule upon gelation as is the case for realistic
thermosetting polymers. This can be confirmed by investigating the
molecular weight of the largest and second largest group during
the simulated curing process. At high degrees of polymerization
(>80% conversion), molecular weight of the largest group builds up
to its upper limit after increasing drastically while that of the
second largest group drop to very low level from its peak value,
indicating that a system-spanning cluster has formed and most of
the subsequent reactions would occur within this cluster. There-
fore, the peak of the second largest group represents the conversion
at which gelation occurs, or the gel point. As seen from Fig. 4, the
gel point predicted by our MD simulation is around 74%. Following
Miller and Macosko’s theory [32], the theoretical gel point for our
epoxy system (tri/tetra-functionalized epoxy þ bi-functionalized
crosslinker) is 62%. The discrepancy between the MD and theo-
retical results are most likely due to the occurrence of intra-
molecular curing reactions. There is a possibility that the two
reactive sites of a crosslinker (BPA) connects to the same epoxy
monomer in both simulation and reality while it is assumed in
theory that no intra-molecular reaction occurs. In other words, the
74% predicted from our MD contains the intra-molecular reaction
while the theoretical value of 62% does not.

3. Results and discussions

3.1. Local structure evolution

The local structure evolution during the curing process was
studied by investigating the radial distribution function (RDF) for
specific groups of atoms. The RDF describes the probability of
finding species a and b at a separation distance r:

gabðrÞ ¼
nab

�
r
�

4pr2dr
�
NaNb=V

� (2)

where Na and Nb are numbers of species a and b, V is the system
volume. nab(r) is the number of aeb pairs within the range of
(r � Dr/2,r þ Dr/2). The RDF converges to unity at large distances
since spatial correlation no longer exists, and has a value of zero
within short range due to excluded volume interaction. We here
Fig. 4. Variation of molecular weight of the largest and second largest fragment with
degree of curing.
mark hydroxyl oxygens on BPAs as “minus centers” and the ending
epoxy carbons on EPNs as “plus centers”. Fig. 5(a) and (b) plot RDFs
for minus center-minus center pairs and plus center-plus center
pairs, respectively. Minus center RDF’s for all conversions share
a commonpeak at 9.5�A, corresponding to the distance between the
two hydroxyl oxygens on the same BPA molecule. Since hydroxyl
oxygen atoms mark the two ends of a BPA molecule, the above
observation indicates that the hardeners (BPA) do not experience
significant stretch when crosslinking is completed. At 0% conver-
sion, we see a noticeable peak at approximately 2.9�A in theminuse
minus RDF, which decreases in magnitude as the conversion
becomes higher. Meanwhile the principal peak shifts to 6 �A. To
understand this transition, we present the reactedereacted
(Fig. 6(b)) and unreactedeunreacted (Fig. 6(a)) components of the
minus center RDF’s. It is clearly shown that the 2.9 �A peak corre-
sponds to the most probable inter-atomic separation between un-
reacted minus centers while the 6 �A peak is for reactedereacted
minus-center pairs. The reason why reactedereacted minus
centers show a different spatial distribution is that, each of the
reacted minus centers is linked to one specific epoxy carbon thus
has to re-position itself in accordance to the location of its con-
nected epoxy carbon. When the curing reaction proceeds, the
number fraction of unreactedeunreacted and reactedereacted
pairs decreases and increases, respectively, so does their contri-
butions to the total minus-center RDF. As a result, the main feature
shifts from2.9 to 6�A. As for the pluseplus RDF (Fig. 5(b)), two peaks
at approximately 4 and 5.6 �A are observed. The former peak
diminishes as the conversion approaches to 90%. The latter one
Fig. 5. RDF’s of reactive atoms at different conversion rates for (a) Minus centere
minus center pairs (b) Plus centereplus center pairs.



Fig. 6. Contributions to the RDF from (a) Unreactedeunreacted minus-center pairs, (b) Reactedereacted minus-center pairs, (c) Unreactedeunreacted plus-center pairs and
(d) Reactedereacted plus-center pairs.

Fig. 7. Volumetric shrinkage upon crosslinking.
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roughly keeps its position but varies in magnitude. Fig. 6(c) and (d)
indicate that the unreactedeunreacted component of the plus
center RDF has peaks at both 4 and 5.6�A, while the reactedereacted
part has a single peak at 5.6�A which coincides that of the reactede
reacted minus-center RDF with difference of only 0.4 �A, implying
that reacted plus centers re-distributed themselves in accordance
to their linked minus centers. It is again the change of relative
contribution from unreacted and reacted parts that changes the
overall radial distribution function.

3.2. Crosslink induced shrinkage

Another effect of crosslinking is volume shrinkage or increase in
density. To observe this shrinkage, systems generated along the
trajectory of the polymerization simulation, with conversions of 0,
25%, 50%, 75% and 90%, were equilibrated at 300 K following the
same protocol described in Section 2. The cell volume at the
equilibration state for each conversion was obtained and shown in
Fig. 7, along with volumetric shrinkage with respect to the un-
crosslinked state. For the highest crosslinked system (with
conversion of 90%), a volume shrinkage of 4.24% is predicted.
Bandyopadhyay et al. [24] reported a reverse trend in crosslinking
induced volume change, i.e., 53% cured epoxy system having higher
density than its 76% counterpart at temperatures lower than Tg, and
attributed it to the easiness of the less cross-linked epoxy system to
pack into dense configuration. However, we do not observe this
unusual behavior in our simulation and volume shrinks consis-
tently with crosslink density.
3.3. Thermal expansion and glass transition

3.3.1. Glass transition temperature and CTE determination
Once the system was sufficiently equilibrated, the atomistic

model was ready for subsequent production runs for material
property calculation. In order to study the temperature dependence
of various thermodynamic quantities, a high temperature annealing
protocol was followed. The temperature was first raised up to 500 K
and equilibrated for 500 ps using an NPT ensemble under atmo-
spheric pressure, and then dropped by 20 K each time until it
reached 200 K. At each temperature, the systemwas equilibrated by



Fig. 9. Volume versus temperature relationship for the 90% cured epoxy system, fitted
by bilinear function. The intersection corresponds to Tg.
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an NPT MD simulation at atmospheric pressure for 200 ps.
Temperature and pressure were adjusted by the NoseeHoover
thermostat and barostat in all simulations. For each temperature,
the volume of the simulation box V was sampled over the entire
duration of the MD simulation and averaged. The duration over
which the volume is averaged at each temperature is an issueworth
of discussion. Before cooling initiates the structure has been well
equilibrated following the above mentioned procedure. Since each
temperature drop is only 20 K, the structure is re-equilibrated very
quickly every time its temperature is decreased. Thus the error
associated with the choice of the duration for averaging is negli-
gible. This is supported by Fig. 8 which plots the volume versus
temperature relationship for the 90% cross-linked system obtained
by averaging over the entire 200 ps duration at each temperature or
over the 100e200 ps duration. Fig. 9 plots the volume versus
temperature relationship. It is seen that there is a discontinuity in
the volume versus temperature slope, which gives the glass tran-
sition temperature Tg. The glass transition temperature Tg marks
a second-order phase transition from glassy to rubbery state, and is
one of themost important properties of polymericmaterials since it
determines the temperature range for processing and operating the
material. To determine the glass transition from volume versus
temperature data segmental linear regression needs to be con-
ducted, which depends on the temperature range selected for
fitting. Bandyopadhyay et al. [24] derived Tg as a temperature range
based on five choices of temperature ranges for data fitting. We
followed similar approach in our study by using temperature ranges
[Tmin, T1] and [T2, Tmax], where Tmin and Tmax are fixed as 200 K and
500 K while T1 and T2 vary. Our predicted Tg is 402.6 � 4.9 K and it
compares well with the experimental data that range from 369 K
from dilatometric measurements to 396 K from DMA measure-
ments [9]. The fact that our predicted Tg is somewhat higher has to
do with the higher cooling rate used in our MD simulations.

The volumetric coefficient of thermal expansion (CTE) a is
defined by

a ¼ 1
V0

�
vV
vT

�
P

(3)

where V0 is the equilibrated system volume before the cooling
simulation starts. The fractional change of volume DV/V0 is
obtainable from data shown in Fig. 9 and its slope versus temper-
ature is the coefficient of volume thermal expansion. CTE of the
cured (90%) epoxy is calculated as 191.2 � 14.7 ppm/K in the glassy
state and 396.7 � 28.072 ppm/K in the rubbery state, which are
Fig. 8. Volume versus temperature relationship for the 90% cross-linked system.
Volume at each temperature is obtained by averaging over the entire 200 ps duration
or over the 100e200 ps duration.
close to experimental measured values ag,exp ¼ 195 ppm/K and
ar,exp ¼ 579 ppm/K [33], respectively. The error of CTE prediction is
again associated with temperature range choice while doing
segmental linear regression.

The glass transition temperature can also be obtained by
calculating the free volume as a function of temperature, since the
free volume undergoes an abrupt change when the material goes
through glass transition, according to Fox and Flory’s theory of glass
transition [34]. By probing the polymer cell with a spherical probe,
using the “Atom Volume & Surfaces” tool of the Material Studio
software, the free volume in the 90% crosslinked epoxy was
calculated as a function of temperature during the annealing
process. Several radii of the probe sphere ranging from 0.7�A to 1.4�A
were used, and the results are almost identical regarding the
temperature at which free volume experiences transition. Similar
to the volume analysis, free volumewas sampled and averaged over
the MD trajectory at each temperature. Fig. 10 plots the free volume
versus temperature relationship using 0.7 �A as the radius of the
probe sphere. It is observed that below 400 K, there is only a slight
increase of free volume with temperature, while afterwards the
rate of change of free volume rises abruptly. This significantly
increased free volume facilitates highermolecule mobility and local
structure transitions, leading to more rubber-like material
behavior. Therefore, the intersection of the bi-linear function used
to fit the raw data signifies the glass transition temperature. It is
seen from Fig.10 that the Tg so obtained is 399 K, almost the same as
the Tg predicted by volumeetemperature data.
Fig. 10. Free volume versus temperature relationship for the 90% cured system, fitted
by bi-linear function. The intersection corresponds to Tg.



Fig. 12. Total radial distribution function for the 90% crosslinked system at tempera-
ture of 300 K and 500 K.
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3.3.2. Interaction energies
MD simulations allow us to examine the role of different

components of the potential energy near the glass transition
temperature. Fig. 11 plots variation of non-bond, bond stretching,
angle bending and dihedral energies with temperature for the
highest crosslinked system. It is observed that only the non-bond
(LennardeJones plus Coulombic) potential energy exhibits
a discontinuity in energy versus temperature slope at roughly 400K,
quite close to the Tg predicted through volumeetemperature rela-
tionship. All other energy components consistently increase linearly
with temperature. One may conclude that the non-bond energy
plays a vital role in the glass transition process of the epoxy system,
while degrees of freedom associated with valence energies are in
equilibrium both in glassy and rubbery states. A previous MD study
[35] found that, in chain-wise polymeric materials, not only non-
bond energy but also the torsional dihedral energy experiences
a break in its slope versus temperature at Tg. This difference is due to
the fact that the network structure is more topologically con-
strained in the crosslinked epoxy system studied here than that in
the chain-wise polymeric materials studied in [35].

3.3.3. Static structure
Difference in molecular structure in rubbery and glassy states of

polymers is of great interest, since it is likely to reveal deep insight
regarding the origin of glass transition. In the current investigation
we studied some structural aspects, namely radial distribution
function (RDF) and torsion distributions at temperatures below and
above Tg. In Fig. 12 we present the total RDF at 300 K and 500 K.
Note that the total RDF shown here only considered the intermo-
lecular contributions, i.e., between atoms that are not directly
bonded nor at the two ends of an angle/torsion. As far as the
Fig. 11. Temperature dependence of potential energy components for the system of 90% con
and d) Dihedral torsion energy.
temperature effect is concerned, there is only slight variation of the
total RDF, with peaks being higher at 300 K than at 500 K. This
indicates the change in density of the studied epoxy system. We
also paid special attention to the RDF between hydroxyl groups,
since hydroxyl oxygens and hydroxyl hydrogens form H-bonds.
Although there is no explicit term for hydrogen bonding in the PCFF
force field, the interaction is implicitly considered by tuning LJ
parameters of specific types of atoms. Fig. 13 reveals a peak at 2.8�A
associated with H-bonds, which is much sharper at 300 K than at
500 K. Therefore H-bonds decrease significantly with temperature.
This finding is consistent with that of Wu and Xu’s work [17] which
applied COMPASS force field in studying DGEBA/IPD system.
version. a). Total non-bond energy, b) Bond stretching energy, c) Angle bending energy



Fig. 13. Radial distribution function between hydroxyl oxygens within the 90%
crosslinked system at temperature of 300 K and 500 K.
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Torsion distributions are investigated for torsions aligned along
the epoxy monomers’ backbones, and along newly created cross-
links. Their torsionangledistributionsareplotted inFig.14(a) and (b).
The temperature dependence of torsion distribution is trivial, due to
the highly constrained network structure in the cross-linked system.

3.3.4. Translational dynamics of polymer strands
Aside from static structure, we would like to study epoxy

network strands’ dynamic properties at temperatures below and
Fig. 14. Torsion distributions for dihedrals aligned along (a) Epoxy backbones, and (b)
Newly created crosslinks.
above Tg. The translational dynamics of polymer chains is measured
by themean square displacement (MSD) of certain groups of atoms.
MSD is defined as:

MSD ¼ 1
3N

XN�1

i¼0

�����Ri!�
t
	� Ri

!�
0
	����2



(4)

where N is the number of particles studied, and the angle bracket
stands for averaging over all choices of time origins. In the current
investigation we chose to examine the MSD for epoxy backbone
atoms, i.e. the methylene carbons connecting benzene rings in the
epoxy monomers. Fig. 15 plots this group of atoms’ MSD versus
time curves for the first 100 ps, at various temperatures. As ex-
pected the diffusional behavior consistently increases with
temperature. Besides, the mobility of the epoxy backbone atoms
shows transitional behavior at lower and higher temperatures, as
can be seen in Fig. 16 which presents MSD’s at a specific time, 20 ps
in the current work, for different temperatures. The choice of the
time for comparison of MSD is somewhat subjectively made, but
other choices have been tested and the results are close in terms of
the temperature at which transition occurs. In Fig. 16 it is clear that
the slope of MSD versus temperature shows a discontinuity at
roughly 381 K. This is reasonably close to the glass transition
temperature determined from volume versus temperature data.
The abrupt increase of mobility of epoxy strands is consistent with
free volume’s transitional behavior around Tg, indicating it is the
significantly increased free volume that facilitate higher polymer
chain mobility and more rubbery material behavior.

3.3.5. Dependence on cross-link density
It is well-known that the glass transition temperature increase

with increasing crosslinking density. In order to investigate such
dependence on crosslink density, the same high temperature
annealing protocol was used to study systems with conversions of
0%, 25%, 50% and 75%. Fig. 17 plots the volume versus temperature
relationship for all cases. As expected, the less cured system with
lower crosslink density has larger volume at given temperatures,
the glass transition temperature increases with increasing crosslink
density. The results are shown in Fig. 18(a). It shows that Tg
increases from 309 K for 0% conversion to 402 K for 90% conversion.
For comparison, the corresponding experimental measurements on
the same epoxy compound [33] are presented in Fig. 18(a). Also
shown is the fitting of experimental data to the Debenedetto
equation [36]:
Fig. 15. Mean square displacement versus time curves for epoxy backbone atoms at
different temperatures.



Fig. 16. MSD at the time of 20 ps at different temperatures.

Fig. 18. (a) Tg versus conversion relationship; (b) Coefficient of thermal expansion
(rubbery and glassy) versus conversion relationship.
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TgðaÞ ¼ Tg0 þ
�
Tg1 � Tg0

	
la

1� ð1� lÞa (5)

where Tg0 andTg1 are limiting glass transition temperatures and l is
an adjustable parameter, with the value of 0.54 [33] in this case. It is
seen that our MD simulations predict the same dependence of Tg on
conversion as the experimental data. However, Tg predicted here is
about 30 K higher than the experimental value at all conversions.
This difference comes mainly from the fact that cooling rate used in
theMD simulations is about 10 orders ofmagnitude higher than the
cooling rate occurred in the experimental measurement. To
account for the effect of cooling rate on Tg, the WilliameLandele
Ferry (WLF) equation [18] may be used, which describes the
correlation between relaxation time and temperature measured
from a reference value. TheWLF predicts an increase in Tg of 3 K per
decade [18] increase in cooling rate. Therefore, the Tg predicted by
our MD simulation should be approximately 30 K higher than that
from experiment. This explains the roughly 30 K shift between the
MD and experimental curves shown in Fig. 18(a).

The dependence of CTE on conversion was also obtained.
Fig. 18(b) plots the rubber and glassy state CTEs for all conversions.
As expected, the rubbery CTE decreases with conversion while the
glassy CTE stays almost constant as conversion increases.
Fig. 17. Volume versus temperature relationship for systems with different conver-
sions: black square: monomer mixture, red circle: 25%, blue triangle: 50%, cyan dia-
mond: 75%, magenta pentagon: 90%. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
3.4. Mechanical properties

3.4.1. Elastic constants determination
Calculation of mechanical properties through molecular simu-

lations usually follows one of three methods, namely static,
dynamic or fluctuation approaches. The static method loops over
constant-strain energy minimization and produces stressestrain
curves for the studied material at 0 K. It is thus not appropriate if
one wants to obtain elastic constants at finite temperatures. The
fluctuation formula [37,38] requires long simulation time, usually
on the order of tens or even hundreds of nano-second, especially
for polymers which are highly amorphous, thus is computationally
expensive to perform. In this work, we applied the dynamic
method, i.e., molecular dynamics simulation of tensile deformation,
to study the elastic properties of our epoxy molding compound.We
note that, to simulate tensile deformation, much larger model is
needed than that used for structural and thermal analyses, for the
sake of reducing noises in the engineering stress data. Following
the crosslinking and equilibration procedures described in Section
2, a model having 240 3 mers, 360 4 mers and 1080 BPAs (corre-
sponding to 82,992 atoms) was constructed. This corresponds to
a cell length of w95.50 �A. To simulate tensile deformation, the cell
length along the loading direction is continuously elongated, while
the atmospheric pressure is maintained on lateral surfaces. Due to
the Poisson’s effect, the simulation cell would shrink in the direc-
tions transverse to the tensile axis. Bandyopadhyay et al. [24]
combined isotropic bulk and three-dimensional shear deformation
to determine bulk and shear moduli and in further elastic



Fig. 20. Stressestrain response of the 90% crosslinked system at 300 K under various
loading rates.

S. Yang, J. Qu / Polymer 53 (2012) 4806e4817 4815
constants. As long as the simulated sample is large enough to be
considered as isotropic, there should not be difference in the
derived elastic properties upon choice of different deformation
schemes. The rate of deformation applied in MD simulation of
tensile test was 1 � 109 s�1. This rate is typical of MD simulations,
albeit is much higher than those used in quasi-static tensile tests.

Fig. 19(a) plots the stressestrain curve of the 90% cured system
at room temperature (300 K). The lateral stress remains approxi-
mately zero. The longitudinal stress shows a linear elastic regime
up to approximately 5% strain. The Young’s modulus was extracted
by performing linear regression on the raw stress-strain data. The
uncertainty is due to the different choices of strain range used for
the linear regression. In this work, the strain range used is [0,εu]
with ε

u varying from 2% to 5%, which gives Young’s modulus of
2.517 � 0.168 GPa. The lateral versus longitudinal strain relation-
ship is plotted in Fig. 19(b). Here the lateral strain stands for the
average of compressive strains along x and y directions. The Pois-
son’s ratio can then be extracted from data shown in Fig. 19(b) by
linear regression. Following the same approach used for modulus,
we found that the Poisson’s ratio is 0.375 � 0.0048, falling in the
range of 0.30e0.46 for typical glassy state thermosetting polymers.

3.4.2. Strain rate effect
To explore potential effect of strain rate on mechanical behavior,

we examined three other rates of deformation and their stresse
strain responses together with that for the rate of 1 � 109 s�1 are
plotted in Fig. 20. Our simulations show that yielding strongly
depends on rate while the Young’s modulus is less sensitive. This
Fig. 19. (a) Stressestrain response and (b) Lateral versus longitudinal strain curve for
the 90% cured epoxy model at 300 K, using strain rate of 1 � 109 s�1.
finding is consistent with the work by Li and Strachan [18]. Due to
obviously more severe non-linearity in the stressestrain curve for
the rate of 1 � 108 s�1, we restrict our strain range for linear
regression within 2%. For rates other than 1 � 108 s�1, we followed
the same fitting scheme mentioned above. Fig. 21 plots the
modulus versus strain rate relationship. The error bars in the figure
are associated with multiple choices of strain range. Within the
range of strain rate (108e5 � 109 s�1) investigated, the modulus
varies from 2.3 to 2.6 GPa. From reference [33], the experimental
measured glassy plateau of the elongation modulus master curve is
2.1 � 0.2 GPa, which is close to our simulation predicted values.
Therefore, MD simulation is capable of predicting elastic properties
in reasonably good agreement with experiments.

3.4.3. Role of conversion rate
The Young’s modulus and Poisson’s ratio depend on the cross-

link density. Simulation cells with conversions of 75%, 50% and 25%
were investigated at room temperature (300 K). The dependence of
modulus on conversion rate is shown in Fig. 22(a). Our simulations
indicate a stiffening of the epoxy molding compound from 1.8 GPa
to 2.5 GPa as degree of cross-linking increases from 25% to 90%. The
decrease of room temperature modulus with conversion can be
attributed to two factors. First, at lower conversions the epoxy
molding compound possesses less network connectivity. Second,
Fig. 21. Young’s modulus derived under different loading rates for the 90% crosslinked
system at the temperature of 300 K



Fig. 22. Young’s modulus (a) and Poisson’s ratio (b) at room temperature for structures
with different conversion rates.

Fig. 23. Young’s modulus (a) and Poisson’s ratio (b) versus temperature measured
from Tg (T � Tg) relationships.
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the lower glass transition temperature at lower conversions leads
to an increase in temperature measured from Tg, i.e., T � Tg. As for
the Poisson’s ratio (shown in Fig. 22(b)), we do not observe
a monotonically decreasing trend with increasing conversion. The
too low Poisson’s ratio for the 25% cross-linked system is likely due
to numerical errors such as insufficient ensemble averaging.
However, since room temperature is lower than Tg’s for all four
systems, our MD computed values are within the range of typical
glassy state epoxy’s Poisson value.

3.4.4. Role of temperature
The role of temperature in the epoxy molding compound’s

mechanical behavior was examined by conducting the same MD
simulation of uni-axial tension at various temperatures. Due to the
significantly higher strain rate in MD tensile test than in experi-
ment, and the well known rate-dependency of polymers’ modulus
at temperatures higher than the glass transition temperature, we
restrict our MD study of mechanical properties in the glassy
temperature range. Temperature’s effect on modulus and Poisson’s
ratio for structures with different conversions are summarized in
Fig. 23(a) and (b). Note that temperatures are measured from their
respective Tg’s. Reduction of modulus is seen at higher tempera-
tures, as expected. Another observation is that within the glassy
temperature range, temperature affects moduli of structures with
different conversions in a similarly linear fashion, evidenced by the
fact that in Fig. 23(a) the data for various conversions stay readily
aside a linear function. The Poisson’s ratio scatters within the range
from 0.36 to 0.41, falling in the range of 0.30e0.46 for typical glassy
state thermosetting polymers.
4. Conclusions

In this paper, we conducted molecular dynamics (MD) simula-
tions to study the thermomechanical properties of a model epoxy
molding compound. A multi-step crosslinking-relaxation method-
ology was developed to construct the simulation cell. This
crosslinking-relaxation methodology allows the construction of
highly crosslinked polymer network from a given set of monomers.
Based in this computational algorithm, three-dimensional simula-
tion cells were built for MD simulation. A polymer consistent force-
field was used to describe the inter-atomic interactions during the
MD simulation.

By conducting the MD simulations, we have computed several
thermomechanical properties of the model epoxy such as curing
induced shrinkage, gelation point, coefficient of thermal expansion,
glass transition temperature, Young’s modulus and Poisson’s ratio.
The dependence of these properties on crosslink density and
temperature was also investigated. While in literature there
has been researchers (Bandyopadhyay et al., [24]) reporting that
a threshold cross-link density (or conversion) might exist for epoxy
system, above which thermomechanical properties exhibit little
change, we do not observe clear evidence for this phenomenon.
Simulated results were compared with existing theoretical or
experimentally measured values when available. Good agreements
are observed. Therefore, we conclude that MD provides a useful
tool to study the thermomechanical properties of crosslinked
thermosetting materials.

Before closing, we mention two limitations of using MD to
simulate the thermomechanical behavior of polymeric materials.
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One of them is the long range forces in polymer. Unlike in crys-
talline materials, atoms in polymers interact through long range
forces. Their interaction extends over a large distance. Therefore,
the size of the simulation cell must be sufficiently large. This issue
becomes even more pronounced when simulating failure. The
other limitation is the extremely high strain rate used in MD.
Although MD simulations of crystalline materials face the same
issue, the problem is much more severe for polymer because of its
visco-plastic nature.
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