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Abstract

The representative volume elements and molecular dynamics (MD) simulation are frequently used to compute the
mechanical behavior of polymer nanocomposites. In previous studies, the polymer curing process was often not considered
in the simulation process, thus the effect of residual stresses imposed on nanoparticles, matrix, and the interphase material
between the nanoparticles and the matrix were not studied. In the present paper, the effect of curing-induced residual
stresses of the nanoparticle, matrix, and interphase material on the mechanical behavior of nanocomposites was studied in
detail. A model of nanocomposites was constructed using an in-situ curing process by the MD simulation. The modulus of the
nanocomposite is obtained as 3.75 GPa, indicating a 60% improvement compared to that of the pure polymer. The results of
the tensile loading of nanocomposites show that the residual stress on CNT was obtained as -197 MPa which is 33% of the
maximum value of the applied stress on nanocomposites. The MD model is validated by analysis of the mechanical behavior

of the isolated CNT and pure polymer block under tensile loads as well as the CNT pullout simulation.
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1. Introduction

In the past few decades, the superb properties of carbon
nanotubes (CNTs) made them one of the novel nanostructures
for the reinforcement of polymeric materials.! The CNT-
reinforced polymers in the form of nanocomposite materials
have found many applications in advanced industries such as
microelectronics, aerospace, efc.”) The excellent mechanical
properties of the CNT in polymer-based nanocomposites
would cause great improvement in the properties of the
nanocomposites to suit them for applications that desire higher
mechanical properties to sustain the load and boundary
studies
characterize the mechanical behavior of nanocomposites using

conditions.’)  Many have been performed to
the representative volume element (RVE) in a molecular

dynamic (MD) simulation or finite element method (FEM).*
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1 Chen et al. used a modified embedded FE technique to
model CNT/polymer nanocomposites to overcome the
challenges
morphology.®® Xiaoxin et al. studied the AC conductivity and

in modeling nanocomposites with complex

dielectric properties of nanocomposites reinforced by CNT

using  numerical and  experimental  approaches.!
Hassanzadeh-aghdam ef al. used a micromechanical approach
to study the thermo-mechanical behavior of hybrid titanium
nanocomposites considering the effects of adding CNTs.['" Li
and Seidel used MD simulation and a multiscale modeling
approach to study the CNT interface ability in load-transfer
and mechanical behavior of CNT/cross-linked-polymer
nanocomposites.''l  They showed that enhancement in
microscale mechanical properties of nanocomposite directly
depends on the load-transfer of the CNT-polymer interface,
which improves by covalent functionalization at the interface.
The interaction between nanofillers and polymer through a
crosslinking process, which results in excessive residual stress
is one of the important concerns that have not been fully

covered in previous studies.'>"™ On the other hand, in a
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nanocomposites RVE system, the presence of CNT with
outstanding stiffness and strength properties makes CNT a
quasi-rigid material embedded in the soft polymeric matrix.
Such a physical combination and its effect on the crosslinking
or curing process of the polymer during the fabrication of the
nanocomposites should be considered in the analysis of the
mechanical behavior of RVEs that are used for the mechanical
characterization of nanocomposite materials.

The present study focused on the behavior of single-wall
carbon nanotube and polymer in the form of a CNT/epoxy
RVE system. The RVEs are constructed through an in-situ
cross-linking process of epoxy in the presence of the
embedded CNT using LAMMPS software and an in-house
developed code. The mechanical behavior of the isolated CNT,
pure epoxy, and the whole RVE along with the pull-out test of
the embedded CNT are obtained and used for stress analysis
of the RVE system.

2. Materials and Methods

The thermoset polymer matrix was composed of a
stoichiometric ratio (3:1) of EPON 862 (Diglycidyl Ether of
Bisphenol F) resin and TETA (Triethylenetetramine) curing
agent, respectively, as shown in Fig. 1.
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Diglycidyl Ether of Bisphenol F (EFON B62)

Fig. 1 The atomic structure of the epoxy resin and hardener.

The the and
nanocomposites was constructed using the PACKMOL
softwarel'¥l so that 130 TETA and 390 EPON molecules were
introduced for each one. The nanocomposites RVE was
modeled by inserting a (short) zigzag (11,0) CNT with non-
periodic boundary conditions at the central position of a

simulation box of pure polymer

rectangular orthogonal box, and the resin and hardener are
packed around the CNT as shown in Fig. 2.

The diameter and length of the embedded CNT were 0.861
nm and 9.845 nm, respectively.l'>'®) Subsequently, a static
cross-linking procedure!'” was used to cure the resin up to
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80% using the large-scale atomic/molecular massively parallel

(LAMMPS)!"®] and an in-house developed

simulator
code.[15.16,19]

Fig. 2 The initial structure of nanocomposites RVE containing the
polymer constituents and CNT.

The cross-linking procedure is based on the static cross-
linking process.['72*221 The essential assumptions of the curing
process involved:

a) The reactivity of primary and secondary amines is the same,
b) The reaction cut-off was selected based on the highest pick
in the radial distribution function between the reactive carbon
and nitrogen atoms (C-N),

¢) After each equilibrium step (50 ps), the RVE was checked
for a new bond,

d) The constants of new bonds were increased in multiple steps
gradually and reached the real values in the bond function of
the PCFF force field,!'”

e) The outputs were investigated by an in-house FORTRAN
code to introduce topology parameters equivalent to the new
bonds,

f) An annealing procedure was applied to relax the RVE
structure,

g) The overall procedure (c-f) was repeated to reach about 80%
curing followed by a final equilibration (3 ns).

The pure polymer and nanocomposites RVE dimensions
were 5.92x5.70x6.15 nmand 4.25%4.14x11.54 nm after curing
and equilibration processes, respectively. All intramolecular
and intermolecular interactions in the polymer and
nanocomposites RVEs were defined with the polymer
consistent force field (PCFF).2)! The PCFF parameters are
based on quantum mechanical calculations (Hartree—Fock
approximation with the 6-31G* basis set).” It has been
proven that it can predict nanocomposites RVE.[?*?5] The
interactions between the CNT and the polymer matrix are very
important in load transferring. Therefore, many investigations

were performed in which the interfacial interactions were
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defined based on the PCFF force field.?+3% In PCFF, the non-
bonded Van der Waals (VdW) interactions with the same
atoms (ii) are determined based on the Lennard-Jones (LJ) 9-
6 potential with a cutoff radius of 12 A as follows:

[z _3 6] (1)

where V is the interaction energy, ¢ is the equilibrium

r<r,

distance,¢ is the potential well depth, r is the atomic distance,
and 7, is the cut-off radius. The € and o between different
types (ij) are calculated with a sixth power mixing rule
(pair_modify command in LAMMPS) as follows:

1
2(Jeigj)(f o} (of+07)\6
Ej = — % 0y = (———

ij B+ 2

@

The isolated CNT was described based on the adaptive
intermolecular reactive empirical bond order (AIREBO). This
many-body force field could predict the mechanical behavior
of the carbon allotropes properly up to failure which is as
follows:

= %ZiZiij[EiR}EBO + EiL] + kw0 Lizijr B oY
3)
where Ejj REBO and E;; ") terms are the REBO potential by
Brenner and longer-ranged interactions (2 < r < cutoff) by an

equation similar to standard Lennard Jones potential

TORSION

respectively. Also, Ey;5 the term defines various explicit

4-body dihedral angles. 3"
The pressure and temperature were controlled using the
Nose-Hoover style non-Hamiltonian equations of motion at 1

Barostatting

l

5A

atm and 300 K, respectively. The pair cut-off was 1.2 nm
which is proportional to 2.56 in the VAW equation of the PCFF
force field.’?) The time-step of the simulation was 1 f5. An
optimized time step will be obtained when it is chosen
according to a period of the highest vibrational frequency of
the chemical covalent bonds.?! Also, the results of several
simulations show that choosing a 1 fs time-step is appropriate
and has led to results consistent with experimental
findings.35] The value of the strain rate was 10" ps”/. Many
researchers reported that a strain rate equal to 10" ps™/ leads to
reliable results.¢381 The stress components were calculated
using the so-called Virial equation. The pull-out test was
performed on the equilibrated nanocomposites RVE, in which
a portion of polymer in front of the pulling path was removed
and the polymer with 0.5 nm thickness at the backside of the
embedded CNT was restricted in the pull-out direction Fig. 3.
The embedded CNT was pulled out along its axial direction at
a constant velocity of 0.0001 A/fs.3

3. Results and discussion

3.1 Validation of the MD model and mechanical behavior
of the RVE constituents

The MD model is validated through the analysis of the
mechanical behavior of three cases including the isolated CNT
and pure polymer block under tensile loads as well as the
mechanical response of the CNT/cured epoxy interface
through the CNT pullout test, to analyze the interface
properties. The stress-strain behaviors of the isolated CNT and
pure polymer under tensile load were computed and shown in
Figs. 4a-b. The elastic modulus is obtained using the slope of
the stress-strain curve. Due to some fluctuation in the curve,

CNT pull-out
direction

| 1

Restricted matrix

| z

Polymer matrix

Fig. 3 The schematic view of the RVE condition during the pullout test.
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Fig. 4 (a) The stress-strain curves of the isolated CNT under tension, (b) pure polymer under tensile load, and (c) CNT/epoxy interface

from the CNT pull-out test.

this modulus is the

approximation.

calculated using least-square

The mechanical properties of the epoxy polymer are listed
in Table 1 and compared with the results of the published
experimental counterparts. As can be seen, the results are in
good agreement with the other published research works.[!516:1%]

Table 1. Comparison of the polymer properties obtained from this

study with reference results.

Property This study  Other Experiments
Simulations [43-44)
[40-42]
Density (g/cm?) 1.14 1.08-1.16 1.16
Young’s modulus  2.29-3.24 2.7-3.8 24-34
(GPa)
Poisson’s ratio 0.39 0.28-0.33 0.3-0.4
Shear modulus 0.93-1.12 1.04-1.48 1.0-1.5

(GPa)

Through the analysis of the structure, the response of the
embedded CNT pull-out from the polymer in a form of the
stress-strain curve is obtained as shown in Fig. 4c. In this
regard, the initial stress of 37.66 MPa is computed where the
slippage phenomenon has occurred in the interface between
the embedded CNT and the matrix. The very low value of the
interface shear strength denoted a sensitive physical condition
of the interface area between the soft polymer matrix and hard-

4| Eng. Sci., 2023, 22, 817

embedded CNT in the form of a stress concentration zone.

The area under the stress-strain curve is the strain energy
density that highlights the capacity of materials in energy
absorption. The maximum strain energy density of the isolated
CNT and polymer are calculated using the area underneath the
curves of Fig. 4 as 20223.81 MJ/m? and 29.80 MJ/m’,
respectively. On the other hand, the results of the pull-out test
show that the dissipation of small strain energy of 17.69
MIJ/m? could cause interface bond separation that initiates the
slippage of the polymer chains on the embedded CNT surface.
Results indicated the massive capacity of the CNT to absorb
energy in comparison with the strain energies of polymer and
CNT/polymer interface which are only 0.15% and 0.09% of
that of the isolated CNT.

3.2 Mechanical behavior of CNT/Epoxy nanocomposites
and crosslinking effects

The CNT/epoxy nanocomposites consist of four phases; the
polymer matrix, CNT/polymer interphase, CNT/polymer
interface, and the embedded CNT as illustrated in Fig. 5. As
shown in this figure, there are no molecules in the interface,
but it is created by VAW forces between the nanotube and
polymer. Also, there is an interphase region in which the
polymer chain has different arrangements and properties
compared to the bulk polymer due to the interaction with the

© Engineered Science Publisher LLC 2023
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Polymer Matrix

Interphase

Interface (Van Der
Waals excluded volume)

CNT

Fig. 5 Schematic illustration of the RVE components that are
created due to the VAW interaction between the polymer and the
CNT.

The mechanical response of the RVE system, during the
curing process, is an interactive response to deformations of
these phases. The response of the nanocomposites RVE after
the curing process under tensile load, in terms of stress-strain
behavior, and the variation of the average longitudinal stress
on the embedded CNT are computed as illustrated in Fig. 6a
(regions 1 and 2). The slope of the stress-strain curve of the
nanocomposites RVE was calculated as the elastic modulus of
the RVE, which is
approximation due to some fluctuation in the curve. The
modulus of the nanocomposites is obtained as 3.75 GPa at 2%

obtained from the least-square

strain, indicating a 60% improvement in comparison with the
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modulus of the pure polymer.

In the first phase of the result (region 1, Fig. 6a), initially,
a negative value of the longitudinal stress (residual stress = -
197 Mpa) was observed on the embedded CNT. When the
cross-linking process was finished and the temperature
decreased to ambient temperature the residual stresses
appeared in the constituents which are induced to the
embedded CNT during the polymer cross-linking process in
the RVE. The residual stress is computed as up to -33% of the
maximum tensile stress experienced by the CNT after loading
the RVE. This phenomenon indicates a considerable amount
of residual stress in the embedded CNT that must be
considered in the simulation process to account for accurate
measurement of the RVE properties.

The applied tensile load on both ends of the nanocomposite
RVE system caused deformation in the polymer that is
transferred to the embedded CNT through the interphase and
interface zones. In the process of RVE unit-cell deformation,
the load is transferred from the polymer to the embedded CNT
through Van der Waals interactions. Through this process, the
variation of the interaction force between the CNT and
polymer matrix in the interface, as well as stress variation in
the polymer phase are shown in Figs. 6b-c.

In Fig. 6a, it can be seen that the interaction force increases
to a maximum value and remain constant through the load, and
simultaneously the average stress on the embedded CNT
increases and reaches a constant value equal to 295 MPa.
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Fig. 6 (a) The stress-strain behavior of the nanocomposite RVE and the variations of average longitudinal stress on the embedded
CNT against global strain, (b) the variation of normal load between the embedded CNT and polymer versus the RVE strain, and (c)

normal stress on the polymer phase against global strain.
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Hence, the internal analysis showed that the deformation
in the embedded CNT remains constant with some fluctuation
in the stress value in comparison with the polymer
displacement which, is due to the discrete nature of atomistic
levels. Also, the variation of normal stress rate on the polymer
phase reduces to a constant value with a larger strain indicating
excessive deformation in the polymer part (Fig. 6¢). The
slippage between the embedded CNT and polymer chains is
another phenomenon that is the result of the shear debonding
in the CNT/epoxy interface zone which encounters the
creation of new attractive interactions between the CNT and
polymer. This phenomenon caused the deformation of the
embedded CNT to remain constant within the elastic region at
the state where it was expanded and subsequently, the
embedded CNT experiences a constant level of longitudinal
stress with periodic stress variation, resulting from the Van der
Waals attractive and repulsive interaction between the atoms
in the interface zone.

4. Conclusions

This study focuses on the mechanical response of CNT/Epoxy
nanocomposite RVE that is cured up to 80% bond formation
using an in-house code and LAMMPS software. The
responses of the isolated CNT, pure polymer under tensile load,
and CNT/polymer pull-out test are presented and used for
validation of the model and a better understanding of the RVE
system response. It was observed that:

e During in situ cross-linking, the embedded CNT
shrinks in the longitudinal direction leading to
significant residual stress on CNT.

e The analysis of the RVE structure identifies two
different states for the mechanical behavior of
nanocomposites, including an elastic-linear behavior
and a nonlinear response.

e  When the polymer behaves within the elastic limit, an
equivalent high response was observed by the RVE
system  resulting from intermolecular and

intramolecular interactions of the entire RVE. This
result could be considered as the pure elastic response
of the nanocomposites RVE system to calculate the
elastic modulus and other mechanical properties. In
this state, excessive residual stress on CNT is
computed after curing as -33% of the maximum stress
experienced by CNT. Also, while the RVE system is
under 2.5% strain (Fig. 6a), the maximum value of
stress in the embedded CNT is predicted 582 MPa
which is only 0.05% of the isolated CNT strength (Fig.
4a). Then the polymer undergoes a nonlinear
slippage

deformation created by the interface

6 | Eng. Sci., 2023, 22, 817

phenomenon.

e The mechanical behavior of the RVE system is the
reflection of excessive deformation in the polymer
constituent as well as the slippage phenomenon in the
interface, which establishes the global response of
RVE as a unit structure.

Future research: Since many different types of nano-
structured reinforcement such as graphene are being used to
enhance the properties of polymeric material, a similar process
as provided in this study, is recommended for investigation on
the effect of curing-induced residual stresses on the
of other types
reinforced by other types of nanoparticles.

mechanical behavior nanocomposites
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