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1. INTRODUCTION

Monomers bearing multifunctional groups may form highly
cross-linked network structures due to, e.g., polycondensation.
For example, in common epoxymolecules, there are two or more
epoxy groups which can react with the active hydrogens in
amines of the curing agents.1 The products with cross-linked
network structures exhibit excellent thermal stability, high static
modulus, low creep, and high-temperature performance, etc. As a
result, these materials are widely applied as electronic packaging,
bonding agents, and in aerospace industry as coatings, compo-
sites, and adhesives. In practice, what is the network formation
mechanism at microscale and how to control the network
structure are the main concerns in the applications. To elucidate
these concerns, a lot of theoretical, experimental, and computa-
tional studies had emerged in recent years.1�20

Theoretical studies on the formation of polymeric network
structures can be traced back to 1940s. The pioneer works by
Flory21 and Stockmayer22 built up the theoretical protocols to
deal with the network formation of monomers with multifunc-
tional groups. Subsequently, other theoretical models and treat-
ments on the curing reactions were successfully developed; they
presented a general view on the polymeric network formation
process and the resulted statistical properties.6�8,23,24 However,
these statistical curing theories can not supply much information
about the microscopic network structures and the properties
such as solvent adsorption and inhomogeneous swelling, which
are of particular interest in applications. In experiments, the
atomistic distributions in polymer network structures can be
measured by small angle neutron scattering or other relevant

apparatus.25 But the local network information, such as the
number of cross-links between monomers, the accurate cross-
linking density and distributions, can not be readily obtained in
experiments.

As a feasible route to validating experimental results and
predicting new phenomena, computer simulation becomes espe-
cially important on presenting microscopic network structures
and the corresponding physical properties.26 Coarse-grained
(CG) simulation models for polymer networks were developed
since 1990s, and the results improved our understanding on
polymer network formation and properties.27�36 However, these
CG models can not supply enough atomistic information to
specific polymer network systems such as epoxy resin. Therefore,
a direct comparison between specific experimental and CG
simulation results is very difficult. Recently, atomistic molecular
dynamics (MD) simulation method was mostly chosen in the
literatures to describe the network formation of specific polymer
systems, since themethod can reflect the local network structures
with atomistic details and manifest the relation between the
mechanical properties of the materials and the resin network
structures. For example, Yarovsky and Evans proposed a method
to predict cross-linking density in the mixture of epoxy and
curing agent molecules, and further investigated the adhesion
strength between the cured epoxy resin and an inorganic
substrate.9 Gou et al. used MD simulations to construct the
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ABSTRACT: We propose a multiscale simulation strategy to
study the interplay between diffusion and curing reaction on the
network formation and the corresponding mechanical proper-
ties of epoxy resins. Atomistic molecular dynamics simulations
are first used to estimate the parameters that will be used in
coarse-grained simulations. Then a dissipative particle dynamics
coupled with curing reactionmodel is developed and adopted to
simulate the cross-linking process of the system to form an
epoxy network structure. We find that, during the curing
process, to which extent that the components can diffuse
between each other greatly influences the generated network structure. Finally, the reverse mapping of the coarse-grained structure
to atomistic representation is carried out to analyze the mechanical properties and the Tg of the epoxy resin system.
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cross-linked networks for epoxy resins to predict the interfacial
shear strength.10 Wu and Xu also used a cross-linking procedure
based on MD simulations to build the epoxy resin networks and
studied the diffusion of water in the cross-linked structures.11

Komarov et al. proposed a multiscale simulation scheme to
generate highly cross-linked epoxy resins and studied the depen-
dence of glass transition temperature on the functional group
conversion.26 H€ostermann et al. combined MD simulations with
Kamal equation to define the chemical reaction kinetic constants
of epoxy systems which can reflect the curing process, and
studied water adsorption and network swelling.37

In general, two typical ways were employed for building cross-
linked network structures in previous studies.13 The first way is
“reacting” the mixture of monomers and cross-linking agents by
manually connecting the adjacent functional groups in the
simulations. For example in ref 9, all the possible cross-linking
reactions were manually carried out simultaneously by checking
an artificial reaction radius. The other way is using the coarse-
grained model to build a cross-linked network structure and
further map it back to the atomistic model. This strategy was
adopted by Komarov et al.,26 who designed a continuous
procedure using Monte Carlo (MC) and MD hybrid method
to study the relation between the functional group conversions
and the mechanical properties of epoxy resins. The multiscale
simulation procedure includes mapping the atomistic model to a
CGmodel, generating the cross-linked network based on the CG
model via MC method, reverse mapping the CG model to fully
atomistic representation, and finally simulating the model with
standard MD technique. The advantage of multiscale simulation
methods resides in the fact that, larger length and time scales,
which are prerequisite to correctly describe a realistic network
structure, can be accessed with much reduced computational
resources.

Here we propose a multiscale simulation strategy to reason-
ably generate chemical network structures by incorporating both
particle diffusion and curing reactions in coarse-grained models.
The current work builds upon our experiences on multiscale
simulation38,39 and particle based simulation coupled with
chemical reactions,40�42 and is enlightened by the work of
Komarov et al.26 There are also four steps in our multiscale
simulation strategy, i.e.: (1) building up coarse-grained model
from an atomistic system; (2) generating network structures with
the coarse-grained model by using hybrid dissipative particle
dynamics and Monte Carlo methods; (3) reverse-mapping
atomistic network structures from the coarse-grained model;
and (4) computing thermodynamic, dynamic and mechanical
properties of the specific network structures. This multiscale
simulation strategy shares the same advantage with the work of
Komarov et al., but the main difference is that the competition
between component diffusion and chemical reaction is inher-
ently incorporated in our model, so complex systems character-
ized by inhomogeneous network structures can be easily
generated and studied.

We then use this model to solve a typical problem in polymer
composite industry, i.e., the formation of epoxy resin with carbon
fibers. Normally, commercial carbon fibers are covered by a layer
of sizing agent, in most cases composed by epoxy molecules with
high molecular weight. The existence of the sizing agent intro-
duces new interfaces between epoxy resin and carbon fibers,
consequently influences the properties of the produced compo-
sites. Thus, the mechanism of the epoxy network formation and
the corresponding network structure with the existence of sizing

agent are the most important issues to be clarified for manufac-
turing satisfactory composites. However in experiments, it is not
easy to in situ measure the variation of the network structures
during the curing process. Simultaneously incorporating dy-
namic interface and network formation is also difficult for earlier
simulation models. Our proposed multiscale simulation strategy
is suitable to deal with this problem. We thus construct the
coarse-grained dissipative particle dynamics (DPD) model
coupled with curing reaction to simulate the formation of cross-
linked network structures for the complex system composed of
carbon fiber, sizing agent, and epoxy molecules. We further
investigate the gradient distributions of the components and
the cross-linking points along the direction perpendicular to the
carbon fiber surface, and the mechanical properties of local
network structures in the composite. It should be noted that
our multiscale simulation strategy is not limited to this specific
system only. Actually, it can be further adopted in more complex
systems in which different competing dynamic factors take effects
simultaneously.

The paper is organized as follows: section 2 exhibits the
multiscale modeling strategy and simulation details, section 3
shows the results and the corresponding discussion, and finally,
section 4 presents the concluding remarks.

2. MODEL AND SIMULATION DETAILS

We will show how the multiscale simulation strategy is carried
out by focusing on an experimentally important system. In
general, the commercial carbon fibers will be coated by a layer
of sizing agent with several tens of nanometer in thickness.
Therefore, the properties of the composite formed by carbon
fibers and epoxy molecules are strongly dependent on the
interfaces between sizing agent and epoxy molecules, the diffu-
sion of curing agent from epoxy phase to sizing agent phase, and
the network structures and the cross-link distributions along the
direction perpendicular to the carbon fiber surface. To elucidate
these influences, a model system containing the inorganic carbon
fiber surface, a layer of sizing agent with several tens of nanometer
in thickness, and a thick layer of epoxy molecules mixed with
curing agents is needed.

The epoxymolecule diglycidyl ether of bisphenol A (DGEBA),
whichwill be denoted byRA in the following, and the curing agent
4,40-diaminodiphenyl sulfone (DDS), are considered here to form
the epoxy phase. The molar mass for RA with n = 1, as shown in
Figure 1a, isMRA = 624.8 g/mol. The sizing agent (denoted by SA
in the following) is also a kind of epoxy molecule but with a larger
number of repeat unit. The experimental mean molar mass of SA
MSA = 2900 g/mol defines the number of repeat unit n = 9 in this
study, as shown in Figure 1a.

Three principal reactions can take place in the epoxy system,1

as shown in Figure 1c. During the curing reactions, the epoxy
group first reacts with one primary amine of the curing agent
(in the following we note this step of reaction as “primary curing”
reaction). The resulted secondary amine can further react with
other epoxy molecules and form a ternary amine (in the
following this step of the reaction is noted as a “secondary
curing” reaction). Moreover, the newly generated hydroxyl
group from the opened epoxy group can further react with
another epoxy to form an ether linkage. As the reaction con-
tinues, a complex polymer network structure will be generated.

We then consider to build up a simulation model with
unmovable surface particles representing carbon fiber surface, a
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layer of sizing agent on top of this surface, and another layer of
epoxy molecules mixed with DDS. In the simulation model, the z
axis is chosen to be perpendicular to the carbon fiber surface. To
reasonably reflect the diffusion process and the network struc-
tures, this model system should be large enough. Since the
experimental SA layer is several tens of nm in thickness, we
consider that the minimum layer thickness should be larger than
20 nm. Therefore, we may need to construct a, for example, 25�
25 � 25 nm3 model SA system on top of the unmovable
inorganic surface to represent this layer in our simulations.
Practically, the RA layer is at least several times thicker than
the SA layer. Thus, we may assume that RA layer is 5 times
thicker than SA, so a 25 � 25 � 125 nm3 model RA system on
top of the SA layer should be constructed further. Therefore,
about 10 million atoms will be included in this complex system.

Such a system is far too large for atomistic MD simulations, thus
the multiscale simulation strategy is inevitable needed to solve
this problem.

Similar to the work of Komarov et al.,26 our multiscale
simulation strategy includes the following four steps: (a) design
the mapping scheme between the atomistic structures and the
coarse-grained DPD beads and define the parameters in DPD
simulations; (b) do the mesoscale simulations by DPD coupled
with reactions to model the process of diffusion and the curing
reactions; (c) choose representative local network structures and
reverse-map them onto the atomistic structures; (d) apply the
standard MD simulations to analyze the properties of the
network structures.
2.1. The Coarse-Graining Scheme. Figure 2 shows the

schematic system to be simulated. In DDS/RA layer, the molar

Figure 1. (a) Molecular formula of DDS, RA, and SA; (b) schematic illustration of the coarse-graining scheme for the three components; (c) three
principal reactions in the epoxy system.
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ratio between DDS and RA is 1:2, so that the functional group
ratio between reactive hydrogen atoms in primary amines and
epoxy groups is 1:1, i.e., the epoxy groups can consume all
reactive hydrogen atoms to form the ternary amines inDDS if the
curing reaction is thoroughly accomplished. If the thickness ratio
between RA/DDS and SA is 5, the volume fractions of
the components are therefore: ϕDDS = 0.28, ϕRA = 0.56, and
ϕSA = 0.16.
According to the structural characteristics of the three kinds of

molecules, we propose the following coarse-graining scheme: the
curing agent DDS is represented by one CG bead, the RA is
coarse-grained into two CG beads, and the SA with repeat unit
number n = 9 is represented by a 10-bead chain. We define nb as
the CG bead number of each component, thus nbDDS = 1, nbRA = 2,
and nbSA = 10. As a result, as illustrated in Figure 1b, there are
three types of beads, A, B, and C in our coarse-grained model, in
which A denotes DDS, B denotes RA, andC denotes SA. Some of
the beads are taken as reactive ones which contain the amine or
epoxy groups, such as the DDS beads and the terminal beads
in RA or SA chains (indicated by the highlighted beads in
Figure 1b). Subsequently, we need to estimate their average
density, molar mass, and volume, as requested by the coarse-
grained DPD simulations.
As shown in experiments,43 150 �C (423 K) is the most

important temperature of curing process for the epoxy/carbon
fiber composite system. Therefore, in our simulations, we
exclusively focus on this temperature and try to show molecular
details of the curing process in the epoxy/carbon fiber compo-
sites. First of all, we run atomistic MD simulations in the NPT
ensemble to estimate the densities of pure components at
experimental temperature (423 K). The initial configurations
are constructed via amorphous cell tool in Materials Studio44

followed by structural relaxations. The simulation box side
lengthes are at least 22 Å, depending on the types of the
components and the corresponding experimental densities. Here
we choose COMPASS force field since it has been well
validated.45 Then the atomistic MD simulations are carried out
in NPT ensemble at T = 423 K. The Berendsen thermostat and
barostat are adopted in the simulations.46 The time step is chosen
as 1.0 fs, and the MD simulations are conducted for 500 ps. The
van der Waals interactions are based on a cutoff treatment at
10.0 Å and the Coulomb interactions are dealt with standard Ewald
summation.47 During the simulations, we trace the time evolu-
tion of system density to judge the equilibrium.When the system

density approaches to a plateau value and fluctuates with almost
the same amplitude below and above the average density, we
will take the part of trajectory starting from this time as the
equilibrium states. In practice, five independent parallel simula-
tions are carried out to verify the equilibrium and to make sure
that the data are collected in equilibrium states. From the
equilibrium data in the MD simulations, we can estimate the
component densities at 423 K: FDDS = 1.17 g/cm3 and FRA =
FSA = 1.04 g/cm3. Thus, the average density of the system is F =
ϕDDS � FDDS + ϕRA � FRA + FSA = 1.08 g/cm3.
As suggested in ref 48, a basic assumption in DPD method is

that all CG beads possess comparable masses and volumes. It is
easy to obtain the molar masses of each types of CG beads from
their respective underlying molecular formula, as shown in
Table 1. The volume fractions of each types of CG components
are also given in Table 1. Although the masses of the beads are
different, we assume that we still can use the mean molar mass
of the beads to define a single mass unit:m = ∑i=A∼C(ϕi�Mi) =
266.28 g/mol. From this mean molar mass and the average
density, we can obtain the average volume of the CG bead as
v = 409.42 Å3. We then use the average mass and volume to define
the mass and length units in our CG simulations. In classical CG
DPD simulations, the reduced bead number density is chosen
as Fn = 3. Thus, following the handling of DPD simulations in
ref 48, we can define the length scale of the simulation as L =
(vFn)

1/3 = 1.07 nm. This length scale denotes that there are 3 CG
DPD beads in a small cell of size L3. As conventionally used in
DPD simulations, the interaction radius of CG beads, rc, is set
equal to L.
In this study, we mainly focus on the interplay of the

component diffusion and the curing reaction on the physical
properties of the network structure, thus the model of carbon
fiber is reduced to a simple surface and any possible bonded
interactions between the components and the carbon fiber
surface (such as the experimentally possible curing reaction
between amine groups in DDS and dangling epoxy groups on
carbon fiber surface) are omitted. In the corresponding experi-
ments, the carbon fiber with a diameter of about 6�7 μm was
adopted.43 In our simulations, we only consider a small patch of
carbon fiber surface with side length about 26 nm. Thus, as
compared with typical carbon fiber diameter, the small patch of
carbon fiber surface adopted here can be approximately taken as a
planar wall. Two layers of regularly arranged and densely packed
frozen DPD beads are utilized to construct the wall (the periodic
boundary conditions are applied in both x and y directions but
not in z direction which is the normal direction of the surface).42

The distance between the two layers of beads in the wall, dL, is
determined by the density of the wall beads FW, i.e., dL = FW

�1/3.
In this study, we choose FW = 3 to avoid the perturbation of
density distribution in bulk phase that may be induced by the
density difference between the solid wall and the bulk phase, thus
dL = 0.69. The wall is neutral, namely, there is no incompatibility
between the component beads (including RA, SA, and DDS
beads) and the wall beads.42,49 Furthermore, to keep the wall
impenetrable, when a component bead hits the wall due to the

Table 1. Molar Mass and the Volume Fraction of the Three
Types of CG Beads

bead type A B C
M (g/mol) 248.30 312.40 289.97

ϕ 0.66 0.17 0.17

Figure 2. Schematic illustration of the initial layered structure of the
epoxy/DDS and the sizing agent. Note that, L = 1.07 nm in this study.
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integration of equations of motion, a bounce-back reflection
condition is imposed so that the bead can move back into the
bulk phase.50

For easy numerical handling, we construct the simulation box
of size 24� 24� 144 L3 with reduced bead number density Fn = 3;
consequently, our CG DPD model consists of 248832
movable beads. In the beginning of the CG simulations, this
box is divided into two parts along the z direction: the lower
region with thickness of 24L is considered as the SA layer, thus all
of the SA chains are randomly generated in this region; the upper
part with height of 120L is the DDS/RA layer, thus the DDS
beads and the RA short chains are randomly generated with
molar ratio 1:2 in this region. After the generation of the initial
configuration, there is an apparent interface between the two
layers. The simulations with mutual diffusion and the curing
reactions will start from this configuration, as schematically
illustrated in Figure 2.
2.2. DPD Method and Lowe�Andersen Thermostat. In

DPD method, the time evolution of the interacting CG beads is
governed by Newton’s equations of motion.51 Interbead inter-
actions are characterized by pairwise conservative, dissipative,
and random forces acting on a bead i by a bead j. The
conservative force takes the form Fij

C = �αijω
C(rij)eij, and the

dissipative and random forces couple together to form an
effective thermostat. eij = rij/rij with rij = ri � rj and rij = |rij|,
and αij is the repulsion strength, which takes the value of 25 for
the beads of same kind in our simulations.51 The parameter αij

between differing species is often set larger than 25, representing
the degree of incompatibility between them. ωC(rij) = 1 � rij/rc
for rij < rc and ωC(rij) = 0 for rij g rc such that the conservative
forces are soft and repulsive.
The radius of interaction, the bead mass, and the temperature

are set as the units in our DPD simulations, i.e. rc(= L) = m =
kBT� 1. Polymers are constructed by connecting the neighbor-
ing beads together via the harmonic springs Fi

S=∑jCrij. We
choose the spring constant C = 10 according to ref 52. The time
step is set as Δt = 0.05.
Instead of using coupled dissipative and random forces as

thermostat in classical DPD, Lowe invented a new thermostat for
use in coarse-grained simulations based on Andersen thermostat
(called LA thermostat).53 It is much effective on controlling the
temperature and Galilean invariant. Correct fluid hydrodynamic
behavior can be presented in this scheme, thus we adopt LA
thermostat in our coarse-grained DPD simulations instead of
using coupled dissipative and random forces. In LA thermostat,
for each pair of interacting beads, we generate a relative velocity
vij
o
3 r̂ij from a Maxwell distribution ξij(2kBT/m)

1/2 with a prob-
ability ΓΔt, in which Γ is the collision frequency and ξij is a
Gaussian distributed random number. To conserve momentum,
vi = vi +Δij, and vj = vj�Δij, where 2Δij = r̂ij(vij

o � vij) 3 r̂ij. In LA,
the bath collision frequency Γ is related to the system viscosity.53

Lowe found that the relation between viscosity η and Γ is η � Γ.
Thus, by LA, we can easily tune up the viscosities of the
components over several orders of magnitude to simulate differ-
ent orders of diffusion dynamics.38,54 To quickly approach to the
relative diffusion equilibrium in our simulations, we chooseΓ = 10
so that the coupling between diffusion and curing reaction process
can be well manifested. The velocity Verlet algorithm is used to
integrate the equations of motion.55 Detailed integration scheme
including LA thermostat can be found in refs 53, 54, and 56.
2.3. Defining Repulsive Parameters in DPD. There are

several different ways to estimate interaction parameters in

DPD simulations.14,48,51 For example, in ref 48, the authors
mapped the binding energies between different species at the
atomistic level to define the DPD interaction parameters be-
tween polymer and clay. In another multiscale modeling ap-
proach, Scocchi et al.14 proposed a similar route to determine the
repulsive DPD parameters bymapping the energy values resulted
from the atomistic MD simulations. In this research, we estimate
the DPD interaction parameters between different components
from Flory�Huggins χ-parameters, since Groot andWarren had
established a well validated mapping scheme between them.51

To obtain the Flory�Huggins χ-parameters of the compo-
nents at a specific temperature, we need to estimate their solubility
parameters first by using atomistic MD simulations.39,57 On
the basis of the densities of the components at experimental
temperature (423 K), canonical ensemble MD simulations are
conducted for different components. The initial configurations
with periodic boundary conditions are generated with the amor-
phous cell module in Materials Studio at 423 K with respective
experimental densities. The COMPASS45 force field is adopted
in the simulations. The van der Waals interactions are based on
cutoff treatment and the electrostatic interactions are dealt with
standard Ewald summations.47We use a Berendsen thermostat46

to control the target temperature. The integration time step is
chosen as 1.0 fs, and the simulations last 1 ns, in which the last
200 ps trajectories are used for calculating ensemble averages. For the
system containing kmolecules of the same species, we can obtain
the nonbonded energy of the model, Enb

k . Then each molecule is
extracted to vacuum to calculate the nonbonded energy for the
individual molecule. Thus, the cohesive energy Ecoh can be
calculated via57

Ecoh ¼ ð∑
k

i¼ 1
Eisolatednb ðiÞ � EknbÞ=k ð1Þ

where Enb
isolated(i) is the nonbonded energy for the ith isolated

molecule in vacuum. The cohesive energy densities of the
components at the experimental temperature, ecoh, can therefore
be calculated, i.e., ecoh = Ecoh/Vm, whereVm is the molar volume of
the component. Subsequently, the solubility parameters of the
components can be estimated with δ = (ecoh)

1/2. The simulation
results are as shown in Table 2.
The Flory�Huggins interaction parameters χ at 423 K can

therefore be calculated via39,58,59

χij ¼
ðδi � δjÞ2vref

kBT
ð2Þ

where δi and δj are the solubility parameters for component i and
j, respectively, and vref is the reference bead volume. The
reference bead volume vref can be taken as the average size of
the coarse-grained beads, which is v = 409.42 Å3 in this study.
Therefore, the values of χij between different components are
obtained.

Table 2. Atomistic MD Simulation Results for the Solubility
Parameters of DDS, RA, and SA

cell size (Å3) Ecoh (kcal/mol) δ ((cal/cm3)1/2)

DDS (22.89)3 22.43 10.29

RA (26.95)3 38.24 7.98

SA (27.89)3 149.72 7.33
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The empirical relation between Flory�Huggins χ parameters
and DPD interaction parameters51 is used to evaluate the DPD
interaction parameters between different species:

χ ¼ ð0:286 ( 0:002Þðαij � αiiÞ ðF ¼ 3Þ ð3Þ
where αii(=25) and αij are the DPD interaction parameters
between the same and different types of species, respectively. The
calculated DPD interaction parameters between different com-
ponents, αij, are shown in Table 3. Obviously, the compatibility
between the three components is high. Thus, we can expect an
apparent mixing between them due to mutual diffusion.
2.4. Modeling Curing Reaction. We employ the idea in our

previous works40�42 by introducing the reaction probability Pr to
model the curing reactions in DPD. In each reaction time interval
τ = NstepΔt (where Nstep is a constant number), if an active end
meets several reactable beads (e.g., a bead containing the active
amine hydrogenmeets the beads containing epoxy groups or vice
versa) in the reaction radius (taken the same as the interaction
radius for convenience), first it randomly chooses one of the
reactable beads as the reacting object. Subsequently, another
random number is generated, and by checking if it is smaller than
the preset Pr, we decide whether the reacting object will be
connected to the active end or not. The model corresponds to
the reaction process with a constant reaction rate. In the
literatures, similar Monte Carlo-like reaction strategies were
proposed to reflect the active energy barriers in chemical
reactions.60,61 In this study, the reaction probability Pr is similarly
dependent on the activation energy barrier of the reaction, thus
we assume that different reaction probabilities correspond to
different reaction rates of the systems determined by different
levels of reaction activation energies.40 In the simulations, we
adopt reaction probability Pr = 0.001 and the reaction time
interval τ = NstepΔt = 1 (i.e., the reaction may take place for once
determined by Pr within a DPD time unit),42 which represent a
relatively moderate reaction with regard to the simulation time
unit according to our previous experiences.
Here we follow the experimental treatment of this complex

system to set up our simulations. First in DPD simulations, the
reaction is switched off until a relative diffusion equilibrium,
defined by the time that the front of spreading DDS beads arrives
in the region very near to the surface, is reached. This step is
mimicking the thermal mixing stage in experiments to relieve the
interfacial tensions. Subsequently, the curing reaction is allowed
to take place in the simulations until the conversion of the
functional groups achieves over 80%. Finally the network struc-
tures can be obtained.
During the modeling of curing reactions, some important

issues should be noted: (i) According to the experimental
results,1 we assume that the etherification reactions between
the generated hydroxyl groups due to ring open and other epoxy
groups can be neglected, as the same handling in ref 11. (ii) The
terminal beads of RA and SA chains contain the epoxy groups;
thus, these beads are considered as the active beads. During the

curing reaction, atmost one newbond can be formed from each of
these beads, which corresponds to the reaction between the epoxy
group with one amine group in DDS. (iii) For each DDS bead, at
most four new bonds can be formed since one DDS molecule
contains four reactive hydrogen atoms in two terminal amine
groups. It should be noted, in CG level, the formation of
the former two bonds from DDS bead can be considered as the
consumption of two hydrogen atoms in primary amines (i.e., the
primary curing reaction), while the latter two bonds are related to
the secondary curing reaction. According to the experimental
results of these reactions,1 the secondary curing reaction corre-
sponds to a higher activation energy, thus the reaction probability
in the secondary curing reaction is set as 1/10 of the former, i.e.,
Pr= 0.0001, to represent amore difficult reaction in our simulations.
We then carry out simulations with curing reactions in this

typical epoxy system. Figure 3 shows the network structures of
the epoxy resin with different resolutions of representation after
the accomplishment of the curing reactions. We can see a
gradient change of the network composition due to the mutual
diffusion between the components.
2.5. Reverse Mapping and All Atomistic MD Simulations.

To analyze the mechanical properties of the epoxy resin after the
curing reactions, we reverse-map the local CG structures into all
atomistic structures based on the component and the cross-link
distributions along z axis (i.e., the direction perpendicular to the
surface). Actually, there are different ways to do reverse mapping
from the results of a coarse-grained simulation. Since in the
coarse-graining scheme, the correspondence between a coarse-
grained bead with the underlying atomistic structures has been
defined clearly, we therefore may insert the atoms into the space
occupied by the coarse-grained beads to reconstruct the polymer

Table 3. DPD Interaction Parameters between Different
Components

αij DDS RA SA

DDS 25.00 30.47 33.99

RA 25.00 25.43

SA 25.00

Figure 3. Network structures of the epoxy resin system with different
resolutions of representation after the accomplishment of the curing
reaction. In parts a and b with stick representations, the red stick
represents the bond between RA bead and other beads, the green stick
represents the bond between the curing agent DDS bead and other
beads, while the cyan stick represents the bond between SA bead and
other beads. Part c shows the reverse mapped all atomistic representa-
tion of the local network structures.
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chains. We had used this reverse mapping procedure and rebuilt
the polyethylenemelt after coarse-grained simulations in previous
studies.38 However, it is not quite feasible to use this reverse
mapping procedure on our epoxy systems in this research,
because randomly generating bonds between atoms belonging
to nearby coarse-grained beads will inevitably result in bond
crossing through phenyl rings in the epoxy molecules. We then
consider to use another reverse mapping scheme. As we know, in
the coarse-grained simulations, the most important results are the
component ratios and the cross-link density in a local network
region. Therefore, we use these information to define our
atomistic systems; i.e. in practice, we construct the atomistic
systems with the same component ratios and cross-link density as
those obtained from the CG simulations. The advantage of this
reverse mapping scheme is that we can largely avoid the possibility
of the bond penetrating into the phenyl rings. As a final step, after
the reconstruction of the atomistic system, we also check all the
phenyl rings to eliminate any bond penetrating by moving this
bond out of the ring. The energetic unfavorable configuration will
be easily relaxed in the following MD simulations.
To obtain the component ratios and the cross-link density in

our CG model, we need to take into account all molecules with
center of mass residing inside the selected reverse mapping
region. For the network structure generated in our DPD simula-
tions, we choose three representative locations along z axis to
construct the all-atomistic network structures. In each location,
first we construct an atomistic system with generally the same
component ratios as that obtained from the CG system. Then
the reactive groups in the molecules are bonded to construct the
network structure with the cross-link density coinciding to the
value obtained from CG simulations.
After the reverse mapping, to ensure that the atomistic

structures are fully equilibrated for the calculation of Tg and
mechanical properties, we use annealing algorithm via MD
simulations to relax these structures. In the annealing algorithm,
NVT simulations are performed at sequential temperatures from
250 to 600 K with an interval of 50K, then the temperature is
decreased step by step to 250 K to finish one annealing loop. The
final structures are then used in the following MD simulations to
evaluate Tg and mechanical properties.

3. RESULTS AND DISCUSSION

The mesoscopic simulations are conducted in canonical
ensemble with DPD method. The whole simulation is divided
into two stages. The first stage is the diffusion stage, which is
adopted to mimic the experimental relative diffusion equilibrium
stage. In experiments, relative diffusion equilibrium means that
component mutual diffusion without reaction will be kept until
some DDSmolecules arrive in the region near to the carbon fiber
surface. After generating the initial configuration (as shown in
Figure 2), DPD simulations without reactions are carried out to
allow the components in the two layers to diffuse mutually due to
their chemical potential diferences. The diffusion stage is accom-
plished when about 1% of the DDS beads diffuse into the layer
3 nm from the surface, representing the relative diffusion
equilibrium in experiments. We find that 4.5 � 105 timesteps
DPD simulations are enough in this stage for all the parallel
samples. The second simulation stage is the curing reaction stage,
in which, 1� 106 timesteps DPD simulations are conducted with
the curing reactions switched on to model the formation of
network structures. In this stage, the functional group conversion

higher than 80% will be achieved. As a result, the compositions at
different network locations are quite different due to component
mutual diffusion, as demonstrated in Figure 3a.

We obtain the density distributions of different components
along the direction perpendicular to the surface after the first
stage of DPD simulations, as shown in Figure 4. The vertical
dashed line in Figure 4 indicates the initial interface between
DDS/RA and SA phases. The SA layer is on the left side, while
the DDS/RA layer is on the right side of the vertical dashed line.
The position at z/Lz = 0 means the location of the carbon fiber
surface. We find that in SA dominating layer, RA has a higher
normalized density than that of DDS along the z direction. It can
be attributed to that, when some DDS beads diffuse near to the
surface at relative diffusion equilibrium, a great amount of RA
beads have reached there due to relatively better compatibility
between RA and SA. As shown in Figure 4, SA does not diffuse
deeply into the DDS/RA layer due to its low mobility. The
distribution of epoxy groups with respect to that of amine groups
should be an important factor to determine the local composition
and the network structure. We also calculate the density dis-
tribution of total epoxy groups (as the sum of epoxy groups in RA
and SA), as shown in Figure 4. We can find that the epoxy groups
distribute uniformly in the DDS/RA layer, but show a slight
decrease in the SA layer. This is mainly because that both SA and
RA molecules possess two end epoxy groups, but SA molecules
are much longer than RA. In comparison, DDS molecules (each
DDS molecule possesses four amine groups) distribute uni-
formly in the DDS/RA layer, but show an obvious insufficiency
in the SA layer.We define the difference between the two types of
functional groups at each position perpendicular to the surface as
δF = F(epoxy)� F(hydrogen) The results are also shown in Figure 4,
in which, the regions with δF > 0 indicate the insufficiency of
amine hydrogen atoms in the curing reactions, while the regions
with δF < 0 indicate the insufficiency of epoxy groups during the
curing reactions. It is clear that in the region z/Lz e 0.3, the
amine hydrogens are extremely insufficient, while in the region
0.3 e z/Lz e 0.7 the epoxy groups become insufficient. In the
region z/Lz > 0.7, the two types of functional groups are
equivalent in molar ratio because they are mixed well in the

Figure 4. Gradient distribution in the z direction of the normalized
density of different components after the accomplishment of the
diffusion stage. Five independent samples are simulated under the same
condition to calculate the mean value and the error bar. The error bars
are not shown here for clarity.
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beginning. As a result, we can expect a lack of cross-linking points
in the region near to the surface, while a relatively higher cross-
linking density in the top part of DDS/RA layer.

We switch on the curing reactions in the second stage of DPD
simulation, then the epoxy groups consume the reactive amine
hydrogens to gradually form the network structure. The extent of
the curing reaction can be indicated by the percentage of opened
epoxy groups (i.e., those attend the curing reactions) in the total
original epoxy groups. The results are shown in Figure 5. In the
early stage of the curing reactions (about 6� 104 timesteps), the
percentage of the opened epoxy groups increases sharply to a
value about 50%, after that, the percentage increases quite slow.
This result could be partially ascribed to our reaction model, in
which both primary and secondary curing reactions are consid-
ered to reflect the experimental fact. The first two reactions of the
DDS bead correspond to the transformations from primary to
secondary amines (i.e., the primary curing reaction), while the
other two reactions correspond to the transformations from
secondary to ternary amines (i.e., the secondary curing reaction).
The reaction probability of the secondary curing reaction ismuch
smaller than that of the primary curing reaction. Therefore, the
conversion of 50% epoxy groups generally corresponds to the
consumption of the primary amines in the system, which is a very
fast process. In the following 9.4 � 105 timesteps, the curing
reaction is quite slow and the percentage of opened epoxy groups
reaches over 80% finally. Besides the reason that the secondary
curing reaction is slow in our model, another reason could be the
diffusion slowing down in the late stage of curing reaction. As the
curing reaction proceeds, the reactants become insufficient in
local regions. Further curing reaction requires that the chemically
active groups move around to find their reacting targets in the
system. However, in the late stage of curing reactions, most of the
components become part of the large network structure, thus the
mobilities of the reactive beads are largely reduced and the curing
reactions are effectively slowed down.We also use the percentage
of unreacted reactive groups in the total original reactive groups
to characterize the curing conversion, as shown by the dashed
line in Figure 5. This value decreases sharply in the beginning of

the curing reaction and then the decrease slows down apparently.
We find that at last less than 20% of the reactive groups are still
unreacted in the system. It should be noted that, at the end of the
curing reaction, the sum of the value in the solid line and that in
the dashed line is generally 100%, indicating that the 20%
unreacted reactive groups are all epoxy groups. It implies that
in the end of our simulations, there is nearly no primary amine
(i.e., no unreacted DDS), and 20% of the secondary amines are
waiting to be saturated by the rest of epoxy groups.

We further investigate the density distributions of the com-
ponents and the reactive groups after the curing reactions in our
simulations. The results are shown in Figure 6. It is clear that the
density distribution of the unreacted DDS beads (including two
primary amine groups) is basically zero, while in comparison, the
reacted DDS beads (including at least one secondary or ternary
amine group) distribute everywhere in the system. This indicates
the extent of the curing reactions in our simulations, and supplies
a possible way to directly compare to experimental results of the
extent of curing reactions. Moreover, the density of the reacted
RA/SA beads (i.e., the generated hydroxyl groups) is higher in
the DDS/RA layer than that in the SA layer. It is mainly
attributed to that the distribution of DDS in the SA layer is quite
low, whereas in DDS/RA layer, both DDS and RA beads mix
well. In contrast, the distribution of the unreacted RA/SA beads
looks opposite. We can find a few unreacted epoxy groups in the
DDS/RA layer but a large number of them in the SA layer. It is
quite difficult for the long SA chains to diffuse into the network
structure where most of the unsaturated secondary amine groups
locate. Therefore, in the end of our simulations, the unreacted
epoxy groups mostly distribute in the SA layer, whereas the
unsaturated secondary amine groups mostly distribute in the
DDS/RA layer. These two types of reactants can not easily meet
together due to the high cross-link density of the network
structure, thus further conversion of the functional groups slows
down in the late stage of curing reactions.

Figure 5. Time evolution of the conversion during the curing reaction.
Five independent samples are simulated under the same condition to
calculate the mean value and the error bar. The error bars are not shown
here for clarity.

Figure 6. Gradient distribution in the z direction of the normalized
density of different groups after the accomplishment of the reaction
stage. Note that, the reacted DDS bead represents the DDS with at least
one secondary or ternary amine group, while the unreacted DDS bead
means that the two amine groups in theDDS are both primary ones. Five
independent samples are simulated under the same condition to
calculate the mean value and the error bar. The error bars are not
shown here for clarity. The tagged gray regions indicate the selected up-,
middle-, and down-slices for use in reverse mapping procedure.
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To further analyze the mechanical properties of the network
structure, it is necessary to obtain the cross-link density distribu-
tion after the curing reactions. Also as shown in Figure 6, the
density of the cross-linking points in the DDS/RA layer is higher
than that in the SA layer. We then choose three slices of the local
network structures along z axis (as shown in Figure 6) and
reverse map them into the all atom representations as illustrated
in Figure 3c. In the following, we name the representative
network structures as net-up, net-middle, and net-down from
up to down along z-axis, respectively. Since the cross-link
densities are different in the network structures, we expect to
find a general dependence of the mechanical properties on the
cross-link density at different locations. In literatures, there are
some applications of MD simulations on the prediction of
mechanical properties of polymers.16,18,62�64 Here, we also
adopt the constant-strain minimization method65 to calculate
the mechanical properties of three parts of network structures. In
this method, the mechanical properties are obtained from
changes in the total energy of the systems subjected to deforma-
tion. The stiffness matrix is derived from the second derivative of
potential energy (U) with respect to the strain (ε),65

Cij ¼ 1
V

∂U2

∂εi∂εj

 !
¼ ∂σi

∂εj
ð4Þ

whereV is the volume, εi is the ith component of the strain tensor
and σi is the ith component of the stress tensor. Thus, the
stiffness matrix of isotropic amorphous materials can be simply
determined by two Lam�e constants (λ, μ) as follows:

Cij ¼

2μ þ λ λ λ 0 0 0
λ 2μ þ λ λ 0 0 0
λ λ 2μ þ λ 0 0 0
0 0 0 μ 0 0
0 0 0 0 μ 0
0 0 0 0 0 μ

0
BBBBBBBBB@

1
CCCCCCCCCA

ð5Þ

From this symmetrical matrix, it is easy to derive the values of
the two Lam�e constants. Therefore, we can further calculate the
characteristic modulus as: the bulk modulus K = λ + (2/3) μ and
the shear modulus G = μ, respectively.

Five independent parallel simulations for each structure are
carried out to calculate the mean value and the standard error.
The results are shown in Table 4. It is clear that for the three
network structures, as the cross-link density increases from down
slice to up slice, the shear modulus increases remarkably. But
there is no apparent dependence of the bulk modulus on the
cross-link density. We find that the results of the moduli are
generally in harmony with those of the polymer systems obtained
from MD simulations.11,17,18 According to the calculated bulk
and shear moduli, we can estimate the Poisson’s ratios65 of each

network structure. The Poisson’s ratios for net-up/middle/down
structures are 0.27�0.40. We think these values are reasonable as
compared with common polymer systems, for example, the
Poisson’s ratio for cross-linked poly(vinyl alcohol) by 1,2-etha-
nediol with conversion of 90% was found to be around 0.35 from
MD simulations.17

We also study the glass transition temperatures (Tg) of the
three representative network structures via NPT ensemble all-
atom MD simulations. The changes of specific volume with
temperature are obtained in the MD simulations, by which we
may estimate Tg from the slope change.66,67 The temperature
range between 250 and 600 K is scanned with the interval of 50 K.
To make sure that the chain configurations are fully relaxed and
the MD simulations are equilibrated, for each configuration the
MD simulation is first performed for 250 ps at each target
temperature. Then another simulation with 250 ps is performed
to collect the data. As shown in Figure 7, we present the
volume�temperature relations of the three network structures.
From net-up to net-down, we find that the temperatures
corresponding to the slope change in the volume�temperature
plots of the three network structures are generally the same. It
implies that the glass transition temperatures of the three net-
work structures have no apparent differences. As we know, Tg

correlates with the chain backbone flexibility. In general, the

Table 4. Mechanical Properties of the Network Structures at
Different Representative Positionsa

sample bulk modulus (GPa) shear modulus (GPa)

net-up 2.271 ( 0.344 1.217 ( 0.244

net-middle 3.415 ( 1.038 0.804 ( 0.461

net-down 2.510 ( 2.305 0.527 ( 0.385
a Five independent parallel simulations for each structure are used to
calculate the mean value and the standard error.

Figure 7. Relationship of specific volume and temperature for the three
slices in the network: (a) the up slice; (b) the middle slice; (c) the
down slice.
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more flexible the chain backbone is, the lower Tg will be.
Backbone flexibility will be reduced due to cross-linking between
chains, thus higher cross-link density normally corresponds to
higher Tg. In the down slice of our samples, for the comparatively
lower cross-link density, lower Tg is expected. However, the
formation of highly cross-linked structures (even in the down
slice) leads to a sharp reduction of the chain backbone flexibility
in all the slice samples, which will eliminate the difference on the
chain mobilities in different slices. Therefore, we find the Tg

values of all the samples are close to each other. Thus, we may
conclude that, the cross-link is too dense in this composite
material, so that the cross-link density influence on Tg is small.

4. CONCLUSIONS

In this study, the influence of the interplay between diffusion
and curing reaction on the mechanical properties of a typical
epoxy resin system is investigated via multiscale simulations. On
the basis of the multiscale simulation strategy, we construct the
mesoscopic DPD model coupled with the curing reaction to
simulate the mutual diffusion process between different compo-
nents as well as the formation of network structure in the epoxy
resin system. We then reverse map the coarse-grained structure
back to the all atomistic representation, and analyze the mechan-
ical properties as well as the thermal mechanical properties of
different network structures. This multiscale simulation strategy
is not limited to this specific system, but also applicable in other
complex systems with competing dynamic influencing factors.
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