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Epoxy resin/SWCNTs composites

Atomistic and mesoscale simulations were conducted to estimate the effect of the diameter and weight
fraction of single walled carbon nanotubes (SWCNTs) on mechanical behaviour and glass transition tem-
perature (Tg) of SWCNTSs reinforced epoxy resin composites. Atomistic periodic systems of epoxy resin
and epoxy resin/SWCNTs were built with different weight ratios and were subject of an extensive mul-
tistage equilibration procedure. Molecular dynamics simulations were used to estimate glass transition
temperature, Young modulus and solubility parameter of epoxy resin and epoxy resin/SWCNTs compos-
ites. Dissipative particle dynamics method and Flory-Huggins theory was employed to predict epoxy
resin/SWCNTs morphologies. The results show that incorporation of SWCNTs with diameters ranging
from 10 to 14 A has beneficial effect on mechanical integrity and T,. Overall, the agreement between pre-
dicted material properties and experimental data in the literature is very satisfactory.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their excellent physical, chemical and mechanical prop-
erties carbon nanotubes (CNTs) [1] continue to be one of the hot-
test research areas and are considered to be highly potential
nanofillers to improve the polymers properties [2]. There has been
much speculation as the excellent properties of the CNTs may be
transferred to the polymer composites just by combining the right
choice of base materials with the suitable CNTs amount and appro-
priate processing method [3-6]. Carbon nanotubes dispersion
within polymer matrix is another important challenge given their
natural tendency to aggregate due to inter-molecular van der
Waals interactions. For successful dispersion a strong binding be-
tween the polymer and the carbon nanotubes that can overcome
strong van der Waals interactions between the tubes themselves
is required [7]. On the base of van der Waals interactions recent
studies indicated that polymers show the ability to discriminate
between carbon nanotube species in terms of either diameter or
chiral angle [8]. Maiti et al. investigated the effect of single walled
carbon nanotubes (SWCNTs) diameter on the material morphol-
ogy. Based on solubility parameter he explains why poly(methyl
methacrylate) mixes well with SWCNTs of diameter close to
1.4 nm, i.e. SWCNTs (10,10) but not with SWCNTs (15,15), diame-
ter ~ 1.9 nm, and why poly(m-phenylenevinylene-co-2,5-dioctyl-
oxy-p-phenylenevinylene) shows selective affinity to SWCNTs of
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diameter ~ 1.5 nm [9,10]. Efficient dispersion and possibly the
alignment of CNTs within a matrix is difficult to control and design
experimentally conversely, computationally molecular modeling
can provide such crucial insights [7,9]. The prediction of the CNTs
dispersion and alignment within polymer matrices would allow for
the rational decisional process for the definition of new and im-
proved composite materials and would limit the efforts of syn-
thetic chemists in following the inefficient Edisonian prescription
of creating all possible mixtures in order to isolate the desired
material. Computational molecular modeling at atomistic and
mesoscale has been demonstrated to accurately reproduce
mechanical behaviour, solubility parameters and material mor-
phology [7,9,11-14]. However a reliable quantitative description
at atomistic and mesoscale for a composite polymer/CNTs is rather
challenging because of the significant number of atoms involved,
large equilibration times and the very complex chemical network
structure which might present practical difficulties when attempt-
ing to simulate their properties in a realistic fashion. Previously we
have reported atomistic simulations of epoxy resin/SWCNTs com-
posite system but this first foray was not successful due to approx-
imation of some features of the real material [15]. Our previous
experience in this area has led us to adopt a policy of ensuring that
the computational models represent as accurately as possible the
real network, relying on experimental data such as, cross-linking
degree of the polymer, density of the real material, number of re-
peated units within the polymer chains etc. Up to now, however,
there are very few works reporting the computational character-
ization of epoxy resin/SWCNTs composites and to the best of my
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knowledge no computational work assessed the effect of the
diameter of SWCNTs on mechanical properties or the morpholo-
gies of SWCNTs reinforced epoxy resin composites [15-17].

Epoxy resins are actually finding broad applications in a variety
of industries, medicine, household and are also important bulk
structural materials for aerospace projects [17]. Their mechanical
properties are of relevance for all upper mentioned applications
consequently, numerous studies are focused on improving epoxy
materials properties using nanofillers such as CNTs able to improve
or/and to impart new properties [17]. However, questions concern-
ing the appropriate type of CNTs, e.g. SWCNTSs, double-walled CNTs
(DWCNTs) or multi-walled CNTs (MWCNTs), and the relevance of a
surface functionalisation are still to be answered [16-18].

The aim of this work was to define a modeling recipe based on
(i) forcefield based atomistic simulation to predict the glass transi-
tion temperature, mechanical behaviour of composite materials
epoxy resin/SWCNTs with different diameters and further to derive
solubility parameters values among all system components; (ii)
mapping of solubility parameters values onto mesoscale simula-
tion parameters; (iii) mesoscale simulations to determine compos-
ite systems morphologies.

2. Computational methodology

The molecular models construction and subsequent simulations
were conducted using the Materials Studio 5.0 molecular modeling
package of Accelrys and the COMPASS forcefield [19]. The non-
bond interactions (van der Waals and electronic static forces) with-
in a cutoff distance of 9.5 A were considered.

2.1. Construction of the computational bulk models

Single repeated unit of epoxy resin, i.e. diglycidyl ether of
bisphenol A, has been manually constructed and minimized in or-
der to obtain a stable starting structure. Conversely, the SWCNTs
with different diameters, SWCNTs (4,4) (diameter ~ 5 A), SWCNTs
(8,8) (diameter ~ 10 A) and SWCNTSs (10,10) (diameter ~ 14 A) and
4.92 A axial length are available as standard model in software data
base. The axial length of carbon nanotubes was reduced in order to
diminish the computational cost. Charge groups have been as-
signed to fragments of each repeated unit and SWCNTSs. The iso-
lated epoxy chain configurations consisting of 11 monomers
were then generated starting from the repeated units using Build
Polymer tool of the software. Computational bulk models of epoxy

resin, epoxy resin/SWCNTs (4,4), epoxy resin/SWCNTs (8,8) and
epoxy resin/SWCNTs (10,10) were implemented with 91:9 and
95:5 weight ratios under periodic boundary conditions employing
the Amorphous cell module based on Theodorou and Suter [20]
packing technique. This allows us to determine both the effect of
SWCNTs diameter and relative composition on the mechanical
behaviour and glass transition temperature. In order to simulate
the cross-linking process the epoxy resin chains and the curing
agent, ethylene tetra-amine, were manually linked together by
breaking and forming the appropriate bonds. The main features
of the computational systems, number of atoms and polymer
chains, density, dimension, are listed in Table 1. Since the systems
contain aromatic elements the packing stage was performed for all
the models at a very low initial density, 0.01 g/cm? [21].

2.2. Equilibration of the computational bulk models

The initial packing models were subject to an extensive multi-
stage equilibration procedure composed of a sequence of energy
minimisation and constant number of molecules, pressure and
temperature (NPT) and constant number of molecules, volume
and temperature (NVT)-molecular dynamics (MD) simulations
with forcefield parameters and annealing [21,22]. A first equilibra-
tion cycle consisted of five steps of energy minimisation and MD
simulations in which conformation and non-bonded pair interac-
tion terms in the forcefield have been scaled down, by scaling
factors from 0.01 to 1 [21,22]. Each step of minimisation was per-
formed using two different algorithms: initially Steepest descent
algorithm was used since it is an extremely robust method most
likely to generate a lower-energy structure, generally applied for
the first 10-1000 steps of minimisation. Afterwards, the most ad-
vanced Conjugate gradient-Fletcher-Reeves algorithm was used
to achieve efficient convergence to the minimum. The energy
convergence criterion was to meet at derivative of less than
0.001 kcal mol~'. Each step of NVT-MD simulation runs for
300,000 steps and the time step was 1 fs. The Berendsen thermo-
stat was used to control the temperature. After this equilibration
cycle each packing model was subject of a short MD-NPT, simula-
tion at p=1GPa and T=300K for about 5000 steps in order to
compress the model and to reach the density of the real material.
The Berendsen barostat was used to control the pressure during
NPT-MD simulations. After the compression stage the systems
present a certain degree of unrealistic tension which indicates that
the packing models need further equilibration. The equilibration
cycle consisting of five steps of MM and MD calculations each

Table 1
Main characteristics of the computational systems.
Model name Model Total no. of atoms No. of atoms of No. of atoms of Model density Model Elastic Poisson’s
composition within the model SWCNTs epoxy resin (g/cm?) length modulus ratio
(w/w) (A) (GPa)
Epoxy resin 100 4590 - 4590 1.061 36.79 3.58+0.22 0.28
Epoxy resin/ 95/5 4654 128 4526 1.103 36.90 3.86+0.50 0.30
SWCNTs (4,4)
Epoxy resin/ 91/9 4782 210 4572 1.152 38.30 521+0.32 0.29
SWCNTs (4,4)
Epoxy resin/ 95/5 4718 128 4590 1.106 36.94 4.43 +0.48 0.33
SWCNTs (8,8)
Epoxy resin/ 91/9 4846 192 4654 1.167 36.75 5.95 +0.47 0.29
SWCNTs (8,8)
Epoxy resin/ 95/5 4750 160 4590 1.114 36.87 6.12 £0.85 0.27
SWCNTs (10,10)
Epoxy resin/ 91/9 4830 240 4590 1.158 36.88 7.51+0.39 0.33

SWCNTS (10,10)

From Ref. [31] the density of epoxy resin is 1.06 g/cm>. From Ref. [2] the density of SWCNTs is 2.1 g/cm®. Densities were calculated by the weight average of epoxy resin and

SWCNTs.
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one characterised by scaling factors was coupled with annealing
technique which consists of a sequence of NVT-MD simulations
at 750K, 600K, 450K, and 300 K each one for 300 ps to further
equilibrate the computational systems. The equilibration routine
was repeated until computational bulk model reached the density
of the real material and total energy and temperature reached sta-
ble values during MD calculations. The overall simulation time re-
quested for the equilibration procedure for each of the models was
of about 8 ns.

2.3. Assessment of mechanical properties, glass transition temperature
and morphology of computational bulk models

Discover Analysis tool, which uses a static approach originating
in the work of Theodorou and Suter [20] was used to describe
mechanical behaviour of epoxy resin and epoxy resin/SWCNTs
composite systems. Thus, for each of the computational systems
virtual uniaxial traction tests along the x, y, and z perpendicular
edges were performed and Young moduli along these directions
were calculated. Afterwards, the Young modulus of the epoxy resin
and epoxy resin/SWCNTs composite systems was calculated by
taking the average value in the x, y, and z directions. A more
detailed description of these methods is given elsewhere [23].

MD-NPT simulations were conducted to predict glass transition
temperature (Tg) by monitoring changes in cell density. MD
simulations started from 440K under a pressure of 0.1 MPa.
Temperature was decreased with a rate of 10 °C/200 ps and was
controlled with Berendsen thermostat. Each subsequent simula-
tion was started from the final configuration obtained at the
previous temperature. The MD simulations were performed with
a step of 1 fs. Changes in computational bulk model density were
plotted against the entire working range of temperature.

Amorphous Cell analysis module was further employed to pre-
dict solubility parameter, 6, of epoxy resin using the Scatchard and
Hildebrand theoretical treatments of mixing [24,25]. A collection of
solubility parameters for SWCNTs with different diameters, calcu-
lated by Maiti and co-workers employing atomistic molecular
modeling, are available in the literature [9]. Afterwards Flory Hug-
gins theory and dissipative particle dynamics (DPD) mesoscale
technique [26,27] was used to estimate the dispersability of
SWCNTs with different diameters within epoxy resin matrices.
DPD provides a dynamics algorithm for studying coarse-grained
systems over long length and time scales. In DPD calculations a
small region of material (group of atoms) is represented by a single
bead, therefore the number of particles to be simulated is reduced
with respect to atomistic simulations. The beads mutually interact
via soft potentials. Three forces are acting between each pair of
nonbonded beads: a conservative force, F; interaction which is lin-
ear in the bead-bead separation, a dissipative force, Fg-, represent-
ing the viscous drag between moving beads, and a random force,
Fg-. representing stochastic impulse. The nonbonded interactions
between a pair of nonbonded beads can be written as:

fi= DR+ F 4] W

i#j

Groot and Warren established a link between the conservative force
and the Flory-Huggins interaction parameter, ), which is a measure
of the compatibility of binary mixtures. Flory-Huggins interaction
parameters were calculated using the following equation [28].

(8 — 6;)*V
1y = 2)
where ¢; and §;, are the solubility parameters of i and j species, Vis a

reference volume, taken to be the mean molar volume of the two
beads (SWCNTs and epoxy resin beads), while R is universal gas

Table 2

Solubility, Flory-Huggins and repulsion parameters for system components.
Species 5 (Jem?)'? L a;
Epoxy resin 18.60 0 25.0
SWCNTs (4,4) 28? 29 54
SWCNTs (8,8) 20° 0.65 25.65
SWCNTs (10,10) 19° 0.05 25.05

¢ From Ref. [9].

constant, and T is temperature. Subsequently, Flory-Huggins
parameters were converted into repulsion parameters (a;;) between
pairs of beads using Eq. (3) and their values are listed in Table 2.

a; +25 (3)

_ X
Y7 0.306
In addition, there is also a harmonic force between bonded beads.
Bonded beads interact by Hookean springs controlling the bonds
stretching and angles bending. A single spring constant is used to
specify the average bonded interactions. All forces are short-ranged
with a fixed cut-off radius, r., set as unit length.

In present study an epoxy resin monomer, diglycidyl ether of
bisphenol A, is represented with a single bead. The considered
epoxy resin chains consisted of 11 beads. For SWCNTs mesoscale
model seven aromatic rings were represented with a bead.
SWCNTs with different diameters, SWCNTs (4,4) (diameter ~
5 A), SWCNTs (8,8) (diameter ~ 10 A) and SWCNTs (10,10) (diam-
eter ~ 14 A) and 100 A length were implemented. Computational
cubic bulk models of epoxy resin/SWCNTs (4, 4), epoxy resin/
SWCNTs (8, 8) and epoxy resin-SWCNT (10,10) were implemented
with different compositions 91:9 and 95:5 (w/w) within a simula-
tion box of 20 x 20 x 20 consisting of 2.4 x 10,000 beads. The
beads of the same molecule are connected by harmonic spring hav-
ing the spring constant ¢ = 4. The DPD calculations run over 2 x 10°
steps with a time step of 0.05 reduced units (r.u.). As Groot and
Warren suggested density of the system was set to p =3 r.u. [27].

3. Results and discussion

The methodology adopted in the present work couples atomis-
tic and mesoscale computational techniques in order to get more
exhaustive insights on epoxy resin and epoxy resin/SWCNTs
(4,4), epoxy resin/[SWCNTs (8,8) and epoxy resin/SWCNTs
(10,10) composite systems properties. The present simulation
work is focused on composite systems with large SWCNTs weight
fraction (5 wt.% and 9 wt.%). Although experimental systems typi-
cally contain much lower weight fraction of CNTs, the simulation
results can help to make useful prediction for lower SWCNTs
weight fraction enhancement effect by extrapolation.

The equilibration routine allows the obtainment of stable peri-
odic cells in which SWCNTs and cured epoxy resin chains are
placed randomly in non-overlapping positions. Fig. 1 is a snapshot
of the last MD simulation step for the model epoxy resin/SWCNTs
(8,8) (91:9 wjw).

3.1. Prediction of mechanical properties

A first investigation of the computational bulk models it consid-
ers the mechanical behaviour. Models were subject of virtual uni-
axial tests along three perpendicular directions further Young
moduli and Poisson ratios of epoxy resin and epoxy resin/SWCNTs
composite systems were calculated and are listed in Table 1. These
values are taken from the average of the three configuration runs
for a given set of parameter values. Young modulus values are po-
sitive and Poisson ratios are consistent with the theory of linear
elasticity; hence, mechanical stability of the material was achieved.
Poisson ratio values ranging from 0.29 to 0.33 is indicating that the
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Fig. 1. Computational bulk model of epoxy resin/SWCNTs (8,8) (91/9 w/w) after
the equilibration procedure.

composites epoxy resin/SWCNTs are rigid materials. Generally a
reinforcement of the epoxy resin was observed with the addition
of the SWCNTSs. The reinforcement was related on the one hand to
the SWCNTs amount and on the other hand to the SWCNTs diame-
ter. Higher values of SWCNTSs percentage cause an increase of mate-
rials stiffness, this effect is evident for SWCNTs fraction of about
5 wt.%. Doubling the SWCNTSs content (from 5 wt.% to 9 wt.%) the
values of Young’s modulus significantly increase particularly for
epoxy resin/SWCMTs (8, 8) and epoxy resin/SWCNTSs (10,10) com-
posite systems. Conversely the Young moduli were related to the
material components as depicted in Table 1. The maximal value
of Young’s modulus (7.51 GPa) was obtained for the composite sys-
tem epoxy resin/SWCNTs (10,10) (91:9 w/w) thus we can conclude
that the best reinforcement of epoxy resin is produced by SWCNTs
(10,10). Similar reinforcement extent was observed by adding the
SWCNTs (8,8) instead by adding the SWCNTs (4,4) just a marginal
effect was observed. The difference in the reinforcing efficiency be-
tween SWCNTs (4,4), SWCNTs (8,8) and SWCNTs (10,10) is most
likely due to different interfacial adhesion (intermolecular forces)
between SWCNTSs and epoxy resin chains. Similar trend was found
in the work of Gojny and co-workers [29,30]. They observed an
efficient stress transfer from epoxy matrix to the tubes just in the
case of a good interfacial adhesion between the CNTs and epoxy
matrix. Interfacial adhesion quality was estimated assuming Flory-
Huggins theory on the base of solubility parameters [26]. The
solubility parameter values for systems components are depicted
in Table 2. Flory-Huggins theory predicts that components
with similar é values lead to small repulsions, accordingly epoxy
resin (6 =18.60(J/cm3®)~%%) should present a good adhesion
with SWCNTs (8,8) (6=20(J/cm®)™%%) and SWCNTs (10,10)
(6 =19 (J/Jem3)7%>). In contrast, SWCNTs (4,4) which exhibits a sig-
nificantly different 6 value (6 = 29 (J/cm?)~%°) is expected to present
high repulsion toward epoxy resin, therefore a poor adhesion and
tendency to agglomerate.

The numerical Young modulus value for epoxy resin is in good
agreement with theoretical and experimental results from the lit-
erature which range from 3.43 to 3.75 GPa [31,32]. The predicted
Young's modulus values for epoxy resin/SWCNTs composite sys-
tems compare well with recent experimental measurements from
the literature. Li et al. studied epoxy resin/SWCNTs and measured
an increase of the modulus from 4 to 7 GPa with addition of 5 wt.%

12
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Fig. 2. Changes in unit cell density of epoxy resin and epoxy resin/SWCNTs (10,10)
(91/9 w/w) with temperature.

of SWCNTSs [33]. The calculated Young modulus values of epoxy
resin/SWCNTs are slightly higher than the values reported in the
literature. This small difference between the predicted and exper-
imental values can be attributed to the larger weight fraction of
SWCNTs considered and to the low imperfections density of the
models. In real material, it is most likely that a certain amount of
the material presents imperfections which are not fully taking into
account the idealised situation stipulated in the atomistic
simulation.

3.2. Glass transition temperature

Molecular dynamics simulations were employed to predict the
changes in density against the temperature for epoxy resin and
epoxy resin/SWCNTs (10,10) (91/9 w/w) computational bulk mod-
els. For both a steady increase of the density with decreasing tem-
perature followed by a clear change in the density slope curve was
observed (Fig. 2). The abrupt change in the density slope curve de-
fines the value of glass transition temperature at approximately
110 °C for epoxy resin and at approximately 125 °C for epoxy re-
sin/SWCNTSs (10,10). The glass transition temperature of the epoxy
resin/SWCNTs (10,10) is 15 °C higher than that of pristine resin.
The significant increase of T, was attributed to an adequate
SWCNTs (10,10) dispersion and strong SWCNTs (10, 10)/epoxy re-
sin interfacial interactions which constrain the polymer chains
mobility. Both increases and decreases in the T, have been reported
in the literature dependant upon the dispersion and interaction be-
tween the matrix and the filler [17,28]. Sangermano and co-work-
ers observed that the increase of T, of CNTs/epoxy resin depends
on the CNTs dispersion and interfacial interaction. Their studies
have revealed an increase of epoxy resin Tg, with 9-13 °C with
the addition of SWCNTSs [34]. The predicted T, value for epoxy resin
is very close to the experimental T, =105 °C [31] and predicted
T, =109 °C [30] values found in the literature.

3.3. Prediction of SWCNTSs dispersion within computational systems

In order to analyze the SWCNTSs dispersion homogeneity within
epoxy resin/SWCNTs composite systems with different composi-
tions DPD mesoscale simulation technique was employed. Fig. 3
illustrates the morphology of the three composite systems after
2 x 10° DPD calculation steps. At the beginning of the calculation
all the components were mixed together, after 10,000 steps
SWCNT (4,4) congregate, as expected according to Flory—Huggins
theory [25]. As the simulation time increases the formation of
SWCNTs (4,4) domains was observed for both system composi-
tions 91:9 and 95:5 (w/w). SWCNTs (8,8) and SWCNTs (10,10)
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Fig. 3. Equilibrium morphology of epoxy resin/SWCNTs (4,4) (95/5 w/w) (a), epoxy resin/SWCNTs (8,8) (91/9 w/w) (b) and epoxy resin/SWCNTs (10,10) (91/9 w/w) (c)
systems as modelled by DPD. SWCNTs are shown in black and epoxy chains are shown in light grey.

mix well with epoxy resin polymer chains. From Fig. 3b and c, it
can be easily observed that SWCNTs (8,8) and (10,10) are well
embedded into the epoxy matrix and singularly dispersed regard-
less of their concentration. Therefore, the improvement of mechan-
ical properties and T, observed by means of atomistic molecular
modeling is reasonable.

Uniform dispersion of carbon nanotubes in the epoxy resin is a
fundamental challenge. The effective utilization of SWCNTs in
composite applications strongly depends on the ability to homoge-
neously disperse them throughout the epoxy resin matrix. The
methodology adopted in the present work couples atomistic and
mesoscale computational techniques in order to get more exhaus-
tive insight on materials morphology and how this influence phys-
ical properties of materials. Within this perspective, adjoining
computational modeling to the necessary experimental activity
adds more insight on the molecular phenomena that take place
at the nanoscale, and possibly helps the experimentalists in con-
ducting more focused and model-oriented tests avoiding the
time-consuming approach based on the trial-and-error procedure.

4. Conclusions

This work confirms that MM, MD and DPD computational tools
allow to achieve well equilibrated bulk models and to predict
epoxy resin and epoxy resin/SWCNTs composite material proper-
ties accurately.

The simulation results suggested that SWCNTs (10,10) and
SWCNTs (8,8) are properly dispersed within the epoxy resin matrix

and have beneficial effect on mechanical integrity and T,. Instead
incorporation of SWCNTs (4,4) generates just a marginal effect
on mechanical behaviour due to weak interfacial adhesion with
epoxy resin chains and their tendency to agglomerate.

The maximal value of Young modulus (7.51 GPa) was obtained
for the composite system epoxy resin/SWCNTs (10,10) (91:9 w/w)
thus can be concluded that the best reinforcement of epoxy resin is
produced by SWCNTs (10,10).

The simulation results indicate that incorporation of SWCNTs
(10,10) at 9 wt.% in the epoxy matrix lead to an increase of T, with
about 15 °C.

The prediction of epoxy resin/SWCNTs composite properties
priori to laboratory design can help to conduct more focused and
model oriented investigations, avoiding the time consuming trial
and error approach.
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