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ABSTRACT 

 
 Raw natural rubber (NR) or polyisoprene (PI) is low mechanical strength 
material such that can be improved by reinforcement filler. Previous experimental 
studies on the mechanical properties of NR have reported that single-walled carbon 
nanotubes (SWCNTs) enhance the strength of PI composite noticeably. This thesis aims 
to study the role of SWCNT in morphology and mechanical properties of cross-linked 
PI nanocomposites using dissipative particle dynamics (DPD) simulation. Polyisoprene 
composited with SWCNT (2%, 4%, 6%, and 8%) were simulated by DPD. Although the 
polymer dynamics can be described by the coarse-grained DPD simulation, the 
polymer chain crossing (topology violation) can be found during simulation. The 
modified segmental repulsive potential (mSRP) is introduced in conjunction with DPD 
to simulate the PI entanglement.  The DPD and DPD/mSRP models were used to 
predict the stress-strain curve and compared to experimental test. The Young’s 
modulus was computed as a function of % mixture. Self-aggregation of SWCNT at high 
concentration on morphology of PI was investigated. Analysis of structural and 
dynamical functions such as radial distribution function, were used to monitor the 
change of structural behavior during deformation. An increase of mechanical strength 
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of PI nanocomposites was attributed to the self-aggregation and movement direction 
of SWCNT. We also reparameterized the repulsive interaction parameter of PI to 
reproduce the experimental value. Our suitable computational protocol and suggested 
parameter are essential for DPD simulation. Knowledge of mechanical properties is 
useful for long-term study of an entangled PI composites with reinforcement filler.  
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CHAPTER 1  
INTRODUCTION 

 
1.1 Statement of Problems 
 
 Natural rubber (NR) has been widely used in the industry due to its unique, 
for example, elasticity, low cost, light weight, and ductility.(1–3) A polymer form of NR 
is polyisoprene (PI), which is characterized as elastomer. One of the important feature 
of elastomer is the toughness, which represents the hardness and strength of material. 
The comprehensive strength can be determined using several parameters, for 
example, the Young’s modulus, bulk modulus, and shear modulus or modulus of 
rigidity. The Young’s modulus or elastic modulus was preferred and used to quantify 
the comprehensive strength of elastomer.(4) The experimental test to measure the 
Young’s modulus is an elastic deformation, where the ratio between stress and strain 
are determined continuously until the sample has cracked. Previous studies have 
shown that the Young’s modulus accurately determined the tensile elasticity of 
polymer.(5–7) 

 

Figure 1.1. Cross-linking polymer. Sulfur highlighted in yellow. 
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 The force resistance of NR, compared to other elastomers, is still poor and 
need to be enhanced.(8,9) One simple idea to overcome this shortcoming is by adding 
polymer additive or reinforcing filler. Synergistic combination between flexibility of 
rubber and rigidity of reinforcement filler leads to an improvement of mechanical 
properties of rubber or elastomer compound. In industrial process, vulcanization is 
mostly used. Figure 1.1 shows the structure of cross-linked polymers that used sulfur 
(S) as cross-linker. As can be seen from Figure 1.1, the polymer chains are linked by 
sulfur cross-links agent at high temperature. The cross-link through the sulfur bridge 
has improved polymer properties drastically.(10,11) Besides sulfur agents, graphene 
sheet (GS), an allotrope of single layer of carbon atoms, and carbon black (CB), a 
colloidal form of carbon obtained by thermal decomposition of hydrocarbon, were 
used.(12,13) Nowadays, GS and CB are popular due to easy accessibility and low cost. 
Even though CB can enhance the strength of material, but it is not sufficient to tackle 
the poor mechanical properties in NR. Other choice is the single-walled carbon 
nanotube (SWCNT), a tube-shaped carbon nanomaterial as shown in Figure 1.2. SWCNT 
composed of benzene rings as repeating unit, which are orderly arranged in a cylindrical 
shape. Each carbon atom is connected to neighboring atoms through a covalent bond. 
Zhang et al. and Khan et al. reported that the SWCNT with high aspect ratio can 
reinforce the polymeric system.(14,15) The strength of SWCNT is much higher than that 
of other fibrous additive materials. Therefore, SWCNT can be used for enhancement 
of mechanical properties of NR. 
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Figure 1.2. (a) SEM image of SWCNT bundle made by Arc-discharge method and 
purified using concentrated acid chemistry. (b) Cylindrical structure of SWCNT.  

 

 

Figure 1.3. SEM image of polyisoprene mixed with different CNT composites: (A) U-
CNT 4 phr, (B) S-CNT 4 phr, (C) U-CNT 8 phr, and (D) S-CNT 8 phr. Sae-Oui et al. (7) 
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 Sae-Oui et al. studied the reinforcing efficiency of CB and SWCNT in NR 
composite.(7) They reported the Young’s modulus and the tensile strength of NR that 
mixed with CB and SWCNT at different concentrations: 0%, 2%, 4%, 6%, and 8%. Figure 
1.3 shows the SEM image of SWCNT/PI vulcanizate for 4 phr and 8 phr of filler. Their 
experimental results showed that the mechanical strength of SWCNT/PI composite is 
much more than those of CB/PI and conductive CB/PI. Understanding the effect of 
SWCNT on the NR nanocomposites is essential for developing of promising efficient 
polymeric material. 

 It is challenging to investigate property of SWCNTs that resulting in the 
enhancement of mechanical strength of polymer. The powerful experimental 
techniques, for example, the infrared spectroscopy (IR), the nuclear magnetic 
resonance (NMR), and the scanning electron microscopy (SEM) are generally used for 
structural characterization. At this stage, where the experimental study has reached 
the limit, an alternative choice is a computational technique. Testing an experimental 
condition by simulation is much cheaper and quicker than experiment. One can gain 
atomistic insight into molecular structure using the molecular dynamics (MD) 
simulation. MD simulation has been widely used to study the time-dependent 
structural behavior such as the fluctuational and conformational change in protein and 
polymer.(16,17) However, applying the MD simulation to full atomistic-based problem 
is time consuming. In our case, where PI composite is simulated, the number of all 
atoms in simulated system beyond millions of atom. To simplify computational 
complexity in full atomistic simulation, some atomistic details are neglected.(18) The 
coarse-grained modeling is developed for simulation at long time and large scale 
(Figure 1.4).(18,19) We chose coarse-grained (CG) modeling instead of MD simulation. 
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Figure 1.4. Computational methods appropriate for treating system on different 
length and time scales. 

 Basic concept of CG model is that the degrees of freedom during 
simulation can be integrated over.(18,20) To deal with CG model, one simulates the 
lump of atom or molecular fragment instead of simulating a single atom (Figure 1.5). 
Therefore, CG effectively reduces the computational cost and allows us to expand the 
size of studied system to be at the longer time and the larger scale.(18) CG model with 
some atomistic detail was therefore chosen and preferred for PI composite simulation. 

 

Figure 1.5. Processing pipeline of coarse-graining of particle 

 Applying CG modeling to the problem of polymeric system is possible by 
including the fluid dynamics.(21) The coarse-grained dissipative particle dynamics (DPD) 
model includes the hydrodynamic property of particles.(22) DPD is appropriately 
considered as a mesoscale modeling technique for dynamical and rheological 
simulations of polymer. We selected the DPD simulation as our model to predict the 
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Young’s modulus of the SWCNT:CL:PI composite system. With performance of DPD 
model, we utilized DPD to investigate the role of structural change of self-aggregation 
of SWCNT in the mechanical strength of PI composite. Moreover, the entanglement of 
PI is considered. The topological failure of polymer during simulation was reduced by 
applying the modified segmental repulsive potential. For further study of PI simulation, 
we parameterized the PI interaction parameter for quantitative prediction of the 
Young’s modulus. 

 

1.2 Objectives 
 
 The goals of this research are as follows: 

 1. To understand the enhancement in mechanical properties of NR mixed 
with SWCNTs by means of DPD simulation. 

 2. To study the role of nanotubes in the morphology and mechanical 
strength of PI composite. 

 3. To compare the performance between DPD and DPD/mSRP models on 
the prediction of mechanical properties of rubber composite system. 

 4. To propose an efficient computational scheme for investigation of the 
mechanical properties of filled PI composite system. 

 5. To identify the optimal PI-PI interaction parameter for the modified 
segmental repulsive DPD model. 
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1.3 Thesis organization 
 
 Chapter 1 introduces the statement of problems and covers the 
objective and thesis organization.  

 Chapter 2 explains the theory and theoretical technique used in this 
research; DPD, mSRP, the Young’s modulus, and topology violation. This chapter also 
reviews the previous studies of investigation of mechanical properties of rubber.  

 Chapter 3 describes the research methodology for simulating 
mechanical properties of PI composite, DPD method, and technique for post-
simulation analysis.  

 Chapter 4 reports and discusses computational results, including 
structural behavior and dynamical properties of PI composites. The discussions of 
prediction of mechanical properties using DPD and DPD/mSRP models in comparison 
with the experimental result are reported.  

 Chapter 5 concludes the remarkable point and recommendation. 
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CHAPTER 2  
REVIEW OF LITERATURE 

 

2.1 Theoretical background 
 

2.1.1 Dissipative particle dynamics 

 

Figure 2.1. Distance between beads i and j is defined as rij. The dkl vector is 
calculated by midpoint between vectors Rk and Rl. Change of direction of dkl vector 

shown at different time steps. 

  The DPD model defines a group of atoms or monomer units as a single 
bead. The spring interaction of bead i and j is given by the DPD expression, which is 
the sum of three force terms, as given by Equation 1. The DPD expression comprises 
direct conservative (repulsion, FC), dissipative (friction, FD), and stochastic (random, FR) 
forces, which are considered within the global cutoff radius of a sphere (rc).(22) 

 FDPD= ∑(FC+FD+FR)ij

i,j

 1 

  We focused in FC, which acts as soft repulsion between beads i and j. 
The FC term is chosen to linearly decrease as bead separation increases. Furthermore, 
the distance between two consecutive beads (rij) is compared with the global cutoff 
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radius (rc = 1.0). When rij beyond the cutoff distance rc, the pairwise repulsive 
interaction and force are zero, and the momentum is conserved throughout 
simulation. 

 FC = aijω(rij)r̂ij 2 

where aij, 𝜔 , 𝑟̂ij  are force constant, weight function, and unit vector of bead 

separation, respectively. Additionally, 𝜔 is the relation between distance (rij) and the 
global cutoff radius separation (rc), given by 

 ω(rij) = 1 −
rij

rc
 3 

  Depending on the direction of travel of any two beads, direction rij 
represents the bead-bead distance. 

 FD = −γωD
2 (rij)(r̂ij ∙ vij)r̂ij 4 

 FR = σRωR(rij)θijr̂ij 5 

  Forces FD and FR are given by Equations 4 and 5, respectively. The 

dissipative force FD is governed by a dissipative scaling factor (γ), weight function (𝜔), 
and the relative velocity (𝑣ij). The random force FR is contributed by the noise level 

(σR) and Gaussian random number (θij). In the usual DPD simulation, 𝛾  and 𝑣𝑖𝑗  

represent a friction scaling factor and the velocity vector in the i-j direction, 
respectively. For convenience, the simulated parameters were defined as the reduced 
DPD units. The DPD simulated system uses the thermal energy (kBT), the DPD particle 

mass (m), length (l), and time step size (𝜏), where kB is the Boltzmann constant and T 
is the temperature in Kelvin. The typical simulations are run at kBT = 1, T = 308.15 K, 
and m = 1.(23,24) The DPD maintains the correction of hydrodynamic properties of the 
system because FC, FD, and FR locally conserve momentum.(22) Moreover, Español 
and Warren showed that the weight function of dissipative and random forces are 
related as Equation 6.(25) 
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 ωD(rij) = (ωR(rij))2 6 

Therefore, the relation between 𝛾 and 𝜎R is expressed by Equation 7. 

  
γ =  

σR
2

2kBT
 

7 

  In this work, all forces were computed by numerically integrating the 
equations of motion over time using a modified version of the velocity-Verlet algorithm 
with microcanonical (NVE) and canonical (NVT) ensembles.(22) This algorithm is given 
by Equation 8. 

 
ri(t + ∆t) = ri(t) + ∆tvi(t) +

1

2
(∆t)2fi(t), 

ṽi(t + ∆t) = vi(t) + λ∆tfi(t), 

fi(t + ∆t) = fi(r(t + ∆t), ṽi(t + ∆t)), 

vi(t + ∆t) = vi(t) +
1

2
∆t(fi(t) + fi(t + ∆t)). 

8 

where 𝜆  is set to 1/2 to account for the effects of stochastic interactions. This modified 
integration was first derived by Groot and Warren.(22) 

  For each time step of simulation, the forces interacting between two 
beads were calculated. Newton’s equation of motion was then solved to obtain the 
final displacement and the final position at each time step until the desired condition 
was reached. Groot and Warren showed that the DPD is valid for reproducing the 
canonical ensemble (NVT) for hydrodynamics simulation.(22) 

  For the interactions within a specified chain of beads, the bond and 
angle forces between them were given by Equations 9 and 10, respectively. The bond 
and angle potential of all bead types were constructed to represent a valid molecular 
structure. 𝐾B and 𝐾θ refer to the force constant of the bond stretching and cosine 
angle bending potential, and 𝜃 is angle in degree unit organized by three consecutive 
beads.(26) 
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 Fjk
B = −KB(rij − r0)r̂ij 9 

 Fiĵk
θ = Kθ(1 + cosθ) 10 

2.1.2 Segmental repulsive potential 

2.1.2.1 Topology violation 

   Although the DPD model can provide details of simulation with 
longer time and length scales when compared with MD simulation, caution must be 
taken when modeling a PI network using only DPD. The soft repulsive potential of the 
DPD model allows for an unphysical polymer chain crossing.(27–29) Kumar and Larson 
studied the spring-spring interaction with Brownian motion of polymer.(30) They 
reported that unphysical bond crossing in polymer simulation occurs frequently, leads 
to topology violation (TV). For the current study, TV is defined as the number of 
polymer chain crossing during simulation. TV frequently occurs during system 
equilibration under increasing temperature and deformation simulations because the 
DPD does not account for the polymer chain-chain repulsion.(23,31)  

2.1.2.2 Modified SRP model 

   To avoid TV in PI simulation, a workaround is to decrease the 
speed of changes of system and to decrease the temperature (kinetics energy) in order 
to reduce the possibility of collision between polymer chains. However, this solution 
is not appropriate for some specific simulation of polymer, for example, vulcanization 
that requires high temperature and so the TV is still possible. Therefore, self-avoiding 
model is considered as alternative solution.(29) 

   Goujon et al. applied the segmental repulsive potential (SRP) for 
mesoscopic simulation.(29) In SRP, an external force is incorporated into a 
conventional DPD force by adding fictitious bead between consecutive PI beads. Each 
fictitious bead is assigned a repulsive force acting on its neighbors. Sirk et al. developed 
modified segmental repulsive potential (mSRP) by redefining the bond-bond 
interaction when polymer chain crossing occurs.(23) They defined the distance 
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between PI-PI separations from mid bond to mid bond instead of the minimum 
displacement used in Goujon et al.(29) The modified paradigm contains an additional 
force term 𝐹kl

mSRP for this pseudo potential. This was incorporated in the conventional 
DPD model (Equation 1), and is given by Equation 11. 

 
Fkl

mSRP = {
akl

mSRP  (1 −  
dkl

rc
mSRP

) r̂kl, dkl < rc
mSRP

 0, dkl ≥  rc
mSRP

 11 

where 𝑎kl
mSRP is the maximum force constant between bonds k and l oriented by dkl 

distance and 𝑟c
mSRP is the mSRP bond-bond cutoff distance, set to 0.8 in DPD units in 

our study. 

   When this avoided-crossing model is used, repulsion between 
polymer chains depends strongly on the repulsive parameter (𝑎kl

mSRP ). mSRP can 
preserve an unphysical bond crossing without affecting the structural or 
thermodynamics properties. Sirk et al. also parameterized the 𝑎kl

mSRP parameter with 
the typical polymer model.(23) We then adopted their suggested parameter for our 
further calculation. 

   To determine the degree of TV in PI simulation, we computed the 
time-evolution of the number of chain crossings from a short simulation. Supposed 
that the angle (θ) of two correlated dkl unit vectors from the previous step to the 
current step is less than 90 degrees, non-crossing of polymer chains is assumed. In 
contrast, if the change of vector direction is between 90 degree and 180 degree, it is 
assumed that the two PI chains crossed each other. This is expressed mathematically 
by Equation 12. 

 cos(θ) = d̂kl
t  . d̂kl

t+δt 12 
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2.2 Young’s modulus test 
 
 Although powerful experimental techniques, such as X-ray diffraction (XRD) 
and nuclear magnetic resonance (NMR) can resolve the atomic structure, they are 
inconvenient to study the change in tensile strength and tensile elasticity of polymer 
when opposing external forces. The Young’s modulus was used in this study to 
determine tensile strength and tensile strain of polymer. The Young’s modulus is 
divided into two type: an engineering and a true stress-strain. Engineering stress is the 
applied load divided by the original cross-sectional area of a specimen, whereas true 
stress is the applied load divided by the actual cross-sectional area of a specimen at 
that load in which the cross-sectional area is changing with respect to time. In this 
work, a true stress-strain is chosen. The modulus at the start of the test indicates the 
elasticity of a specimen. The Young's modulus can be obtained from the stress-strain 
curve, and is calculated by dividing the tensile stress by the extensional strain during 
deformation of the sample, given by Equation 13. 

 
Young′s modulus =  

σ

ε
=

F
A⁄

∆L
L0

⁄
 13 

where 𝜎 is the uniaxial stress, 𝜀 is the strain, F is the external force applied on the 
system, A is a cross-sectional area, L0 is the initial length, and ∆L is the change in 
length of the system under the deformation. 
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Figure 2.2. Stress-strain curve of polymer. The Young's modulus is the slope of the 
curve in elastic region. 

 Figure 2.2 shows the relation between stress and strain during deformation 
of a polymer. This curve can be divided into four regions: elastic region, yielding region, 
strain hardening region, and necking region. We consider the first region because the 
Young’s modulus applies to the elastic modulus regime. 

2.2.1 Simulation of modulus 

 

Figure 2.3. Schematic simulation of elongation of box along X axis. The volume of 
the box was kept constant. 
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  To simulate the stress-strain curve and the Young’s modulus of PI 
composite, an equilibrium PI composite system was simulated by applying 1D-
longitudinal deformation to derive the stress-strain curve. An artificial extensional force 
is continuously applied to a PI composite cubic box under constant volume and the 
stress-strain relationship is recorded. The stress is the external force divided by the 
cross-sectional area of the polymeric system. One can directly determine the net stress 
by calculating the change in internal pressure, given by Equation 14. (32) 

 
σelongation = −ΔPxx +

1

2
(ΔPyy + ΔPzz) 14 

where 𝛥𝑃 = Pdeformation - Pequilibrium and denotes the specified net pressure change as the 
box is deformed with constant volume during the NVT simulation. 

  The stress is computed only in the x direction which the force is 
applied. Therefore, the stresses in y and z directions are excluded. The deformation 

simulation was continuously carried out at a constant true strain rate 𝜖̇ of 0.0269 s-1. 
The simulation was run until change of elongation has reached 200% strain. The true 
strain rate used in this work is in the same range of that suggested by Gao et al, 0.0327 
s-1.(33) They simulated the stress-strain curve of PMMA composite mixed with CNT 
using DPD model.(33) Furthermore, the length of simulated box (L) gradually increases 
in a non-linear fashion as a function of the number of deformation simulation steps. 
(34) This relation is given by Equation 15. 

 L(nδt) =  L0exp(ϵ̇ × nδt) 15 

 

2.3 Literature review 
 
 Enhancement of the modulus of NR properties single-walled carbon 
nanotube (SWCNT), double-walled carbon nanotube (DWCNT), triple-walled carbon 
nanotube (TWCNT), and multi-walled carbon nanotube (MWCNT) has been achieved 
in many ways.(4,35–43) They have been investigated as a reinforcement filler in several 
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novel polymer composites, enhancing properties including interfacial bonding, 
electrical conductance, and elastic modulus.(44,45) For example, the elastic modulus 
in polypropylene (PP) reinforced with DWCNT and TWCNT increases by about 22% 
compared with that of pure polymer.(46) Wei et al. studied the mechanical response 
of DWCNT and TWCNT under tensile load using a Scanning Electron Microscope 
equipped with a nanomanipulator.(47) They found that TWCNT has a lower breaking 
strain and stress than DWCNT, caused by the defects that arise from chemical 
decomposition.  

 Lalwani et al. investigated the efficiency of SWCNT and MWCNT as 
reinforcing agents for cross-linked polypropylene fumarate (PPF) and polypropylene 
and nitrile butadiene rubber (PP+NBR) composite.(48) They reported that SWCNT 
performs better than MWCNT because the latter has a gap between the carbon layers. 
The empty space decreases the stiffness.(49) Their results agreed well with those of 
Gao et al., who studied the use of CB and CNT for promoting the mechanical strength 
of PI.(50) Shvartzman-Cohen et al. studied the self-assembly of amphiphilic block 
copolymers mixed with SWCNT and MWCNT using the differential scanning calorimetry 
(DSC) technique and reported that the SWCNT showed the cooperativity of aggregating 
nanotube rather than that of MWCNT.(51) This study agreed with the study of Ahir et 
al., who investigated the alignment and self-aggregation of SWCNT in polymer.(52) The 
study of Zhao et al. also confirmed that the strength of PI nanocomposite is due 
mainly to self-aggregation of SWCNT, rather than contact between filler and matrix.(53) 

 Byrne and Gun'ko compared the Young’s modulus of different polymers 
mixed with functionalized SWCNT and MWCNT.(54,55). They reported that the 
performance of the CNT, in particular that of SWCNT, depended on the purity, size, 
and length of the tube.(38,56) Therefore, the occurrence of self-aggregation depends 
on the physical properties and concentration of CNT in polymer composite. Sae-Oui 
et al. evaluated the Young’s modulus and tensile strength of CL:PI and SWCNT:CL:PI 
composite at different type of CNT and nanotube loadings.(7) They compared the 
mechanical strength of CL:PI mixed with a sonicated SWCNT filler and with an 
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untreated SWCNT filler. Their results revealed that the mechanical properties of the 
SWCNT:CL:PI composite depend on the concentration, diameter, shape, and length of 
the SWCNT, but not on its type, their results also confirms the study of Byrne and 
Gun'ko.(54) They also studied the relationship between the SWCNT concentration in PI 
composites and their strength, and reported that the strength increased from 1.55 MPa 
to 4.74 MPa as the concentration increased from 2% to 8%. 

 Table 2.1 shows the mechanical properties of different CNT/polymer 
composite systems. Azam et al. studied the role of concentration of SWCNT in tensile 
strength of PI composite. They prepared SWCNT/PI nanocomposite with different 
concentrations of SWCNT: 0 phr, 5 phr, 10 phr, and 15 phr.(57) They found that tensile 
strength and elongation break decreased significantly by 18 % with the addition of 15 
phr SWCNT. Moreover, as can be seen from Table 2.1, even at low concentration, 
SWCNTs is sufficient to strengthen the rubber. However, Uchida et al. found that adding 
CNTs at very high concentration reduces the mechanical strength from 19.7 GPa to 
13.2 GPa.(58) They used X-Ray scattering technique to study the soft segment content 
and found that the reduction of the strength in PI composite is due to the phase 
separation of the CNT and polymer. Nah et al. attributed the polymer reinforcement 
by CNTs to the large aspect ratio of nanotube, and to effective load transfer rather 
than interaction of nanotube with the polymer.(59) 
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Table 2.1. Mechanical properties of different functionalized CNT/polymer composites. 

Filler/Polymer composite 
Filler content 

(wt%) 
YPolymer 

(MPa) 
YComposite 
(MPa) 

Year and 
reference 

MWCNT/BR 10 1.64 2.62 2004 & (54) 

MWCNt/Butyl rubber 5 2.0 3.8 2016 & (60) 

MWCNT/PMMA 3 2.7 2.9 2006 & (61) 

SWCNT/NBR 4 2.02 3.4 2004 & (62) 

SWCNT/PA6 1.5 0.44 1.2 2005 & (63) 

SWCNT/PVA 0.8 2.4 4.3 2005 & (64) 

SWCNT/PAMAM 1 2.76 3.49 2008 & (65) 

SWCNT/PS 0.25 1.29 1.63 2008 & (66) 

 

 Ruoff et al. reported the mechanical properties of armchair and zigzag 
SWCNTs both experimentally and theoretically by applying SEM and Crystal Elasticity 
Theory (CET).(67) They reported the stress-strain curves obtained from tensile-loading 
experiments on individual SWCNT bundles, and reported that their samples exhibited 
high stiffness, approximately 30 GPa, under tensile load and the low density. The 
diameter of the CNT filler interacting with the PI matrix played a role in the dispersion 
and conformational changes of the filler. Since the stress is determined by one 
dimensional deformation, the rod shape of the filler can restrict and obstruct polymer 
movement as the composite is being deformed.(38) 
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 Although a large number of experimental studies and simulations have 
clarified the role of CNT in the mechanical properties of CL:PI composite, that of 
SWCNT remains unclear. Further work is therefore needed to understand the role of 
SWCNT aggregation in determining the mechanical properties of PI composite. A 
computational technique can be used to account for this problem. Molecular 
Dynamics (MD), Monte Carlo (MC) simulations, and the Finite Element Method (FEM) 
simulation have been used to explore characteristics including crystallization, 
dispersion, and interfacial interactions, and the role of polymer nanocomposite 
morphology in the mechanical properties.(68–70) Frankland et al. investigated the 
stress–strain response of polyethylene (PE) matrix composites reinforced with stiff 
(10,10) armchair SWCNTs using MD simulation.(71) They found that the CNT can 
increase the modulus approximately by 14%. Mokashi et al. used molecular mechanics 
(MM) simulations to study the nanotube-amorphous PE composite and demonstrated 
that both the PE configuration and CNT characteristics of the composite play important 
roles in the tensile strength.(72) WenXing et al. studied the Young’s moduli of SWCNT 
and graphite using MD simulation.(5) They applied the modified empirical potential 
function model and investigated the van der Waals force in nanotube. The MD results 
showed the Young’s modulus of SWCNT to be approximately 930 GPa, which is slightly 
below that of graphite by 96 GPa. Yang et al. compared the performance of DPD and 
standard MD in simulating the mechanical properties of glycidyl azido polymer.(73) 
The results were in good agreement with low error. For the current study, coarse-
grained DPD simulation was selected because of its simplicity and accuracy.(74–76) 

 Even though the DPD model has been applied to many engineering 
polymeric systems, such as PE and PP, it has not yet been used to study SWCNT:CL:PI 
composites.(77–82) Because of its importance as an engineering material and the 
availability of  experimental data, we therefore chose SWCNT:CL:PI composite as our 
studied system.(7,83) The effect of using SWCNT as a filler on the mechanical 
properties of the NR composite was also investigated. Moreover, our goal was to 
evaluate the performance of the DPD and DPD/mSRP models on the prediction of the 
Young’s modulus of the SWCNT:CL:PI at different concentration of CNT. In this study, 
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we parameterized, performed, and analyzed coarse-graining simulations of 
SWCNT:CL:PI composite using the standard DPD and DPD/mSRP models. The results of 
our simulation were compared with the experimental study of Sae-Oui et al.(7) The 
computational results reported in the current work has been published as Ketkaew, 
R.; Tantirungrotechai, Y. Macromol. Theory and Simul 2018, 1700093. (84) 
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CHAPTER 3  
RESEARCH METHODOLOGY 

 

3.1 DPD parameterization 
 
 We parameterized the repulsive parameter for interaction between 
polyisoprene and carbon nanotube (PI-CNT), and between cross-linker and carbon 
nanotube (CL-CNT) following the protocol suggested by Chakraborty et al. and Groot 
and Warren. The protocol of derivation of parameter is illustrated in Figure 3.1. 

 

Figure 3.1. DPD parameterization protocol 

 We derived the Flory-Huggins (χ) parameter, which is a simplifying 

parameter for polymer mixing. The χ can be calculated from Hildebrand solubility 

parameters (δ) using Equation 16. 

 
χ =  

Vavg

kBT
 (δi − δj)

2
 16 

 The set of repulsive parameters of PI-CNT and CL-CNT beads can be 

obtained from the Equation 17. The Hildebrand solubility parameters for PI (𝛿PI) and 

for SWCNT (𝛿CNT ) are 16.4 and 18.4 (J/cm3)½, respectively. The Vavg term is the 
average molar volume of beads i and j. We determined its value to be 123.4 Å3 based 
on the volume of a PI monomer unit from atomistic simulation, 49.37 Å3 and volume 
of CNT bead that is roughly four times that of PI monomer, 199.47 Å3.(85) The 
temperature was set to 308 K. The relation between those parameters can be 
estimated as following equation depending on the number of densities of system. 

 χρ=3 = (0.286 ± 0.002)Δaij 17 
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 The Groot and Warren repulsive parameter expression (Equation 17) 
provides the linear relationship between the Flory-Huggins parameter and DPD 

interaction parameter, based on a number density (ρ) of 3rc-3, which is a typical setup 
for DPD simulations.(22) The density of system is given by the number of all bead over 
volume of system. All DPD repulsive parameters were listed in Table 3.1. Additionally, 
the aij parameters can be fine-tuned to achieve a good prediction, which agree with 
experimental value. 

Table 3.1. Repulsive parameters (aij) between bead type of PI, CL, SWCNT, and 
fictitious bead. 

Repulsive 
parameter 

PI CL SWCNT 
midpoint of the 
non-neighboring 

segment 

PI 25.00 24.05 25.417 - 

CL  25.00 25.417 - 

SWCNT   25.00 - 

midpoint of the 
non-neighboring 
segment 

   60.00 

 

 To represent a chain of elastic polymer, all PI beads in each polymer chain 
were connected by harmonic bonding and angle bending terms. We employed a KB 
value of 225kBT and an R0 value of 0.85rc as recommended by Liba et al.(86) for 

harmonic bonding potential, and Kθ of 5kBT for cosine angle potential term, as 

suggested by Zhou et al.(87) To ensure that the CNT is stiff and rigid, its KB and Kθ 

parameter must be much greater than those of PI. We adopted the CNT parameters 

of Chakraborty et al., which used values of 500 kBT for KB and 100 kBT for Kθ.(88) The 
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harmonic angle potential has a minimum at 180 degrees corresponding to the linear 
CNT structure. 

 Sirk et al., who developed DPD/mSRP model, recommended a value of 
60kBT for 𝑎𝑘𝑙

𝑚𝑆𝑅𝑃   based on the work of Goujon and a cutoff distance 𝑟𝑐
𝑚𝑆𝑅𝑃 of 

0.8rc.(23) Their mSRP parameter has proven to be suitable with typical polymer. Our 
preliminary simulation confirmed previous findings that these values significantly 
reduced the number of polymer crossing events. The dissipative and stochastic forces 

in the DPD model were tuned by the dissipative (𝛾) and the noise (𝜎) parameters. 

Following Wang et al. and Sirk et al., the recommended values of the 𝛾  and 𝜎 
parameters for polymer composites were set to 4.5 and 3.0 DPD units, 
respectively.(23,80) These values were kept fixed for all DPD simulations. Other 
parameters were manipulated by the global DPD parameter. The random seed number 
of DPD was set to 343,879 and the cut-off distance is 1. 
 

3.2 DPD bead modeling 
 
 The DPD bead of the PI, SWCNT, and S agent were differently constructed 
depending on the chemical identity, conformational behavior, and shape of structure. 

3.2.1 Modeling of PI 

  The monomer in PI chain was replaced by a DPD bead. All the beads 
were constructed with the same size from 13 atoms (including all of carbon and 
hydrogen in isoprene-monomer). Sirk et al. studied the thermodynamics relation 
between solubility parameter and characteristic chain length (N) of polymer.(23) They 
systematically determined the suitable number of PI bead and reported the suggestion 
of N=40 for typical polymer. In this work, the atomistic model for PI therefore was built 
with 40 monomers. There are five carbon atoms per monomer (see Figure 3.2). Four 
carbon atoms were connected sequentially as a backbone and the fifth carbon was 
connected to the backbone as a side chain. It was assumed that the center of the 
monomer lies on the center of the carbon-carbon double bond. 
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Figure 3.2.  Schematic illustration of PI bead in CG modeling. Each PI chain consists 
40 beads. 

3.2.2 Modeling of SWCNT 

  SWCNTs used in our simulation were modelled using a tubular model 
in which each nanotube was constructed from repeating circular unit consisting of 20 
beads (see Figure 3.3). Each nanotube bead was attached to two neighbors. All coarse-
grained nanotube beads have the same size. In the absence of experimental data, all 
PI and CNT beads can be modeled with the same size. So that an average bead volume 
of beads PI and CNT would be used to compute the Flory−Huggins parameter.(85,89) 

 

Figure 3.3. Schematic illustration of the (5,5) SWCNT in CG modeling. Each nanotube 
consists of 20 beads. 

3.2.3 Modeling of cross-link 

  To represent the cross-link between PI chains, S cross-linking agents 
were modeled as a single-site bifunctional particles. S agents were used to link two PI 
chains in a random fashion. Figure 3.4 shows the schematic representation of 
connection between polymer chains. 
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Figure 3.4. Cross-linked polymer after vulcanization. 

Table 3.2. The composition of the cross-linked polyisoprene with 0-8% SWCNT 
loading. Noted that the sulfur cross-linker concentration is about 3%, corresponding to 
3,000 beads per system. 

 
  We simulated pure polyisoprene (PI), cross-linked polyisoprene (CL:PI), 
and cross-linked polyisoprene mixed with single-walled carbon nanotubes 
(SWCNT:CL:PI) composite systems. Suitable amount of S agent for PI cross-linking was 
considered because the overabundant S agents make a phase separation between 
cross-linker and polymer matrix.(90) Previous study showed that 3% of S is sufficient 
to represent the vulcanization.(85,88) 
  In addition, SWCNT:CL:PI composite was studied with different 
concentration of CNT: 2%, 4%, 6%, and 8%. Data on number of bead type and number 
of chain used in all simulations are reported in Table 3.2. 
 

System 
No. of 

bead per 
chain 

No. of chain at various concentration of SWCNT 

0% 2% 4% 6% 8% 

PI 40 2500 2450 2400 2350 2300 

SWCNT 20 0 100 200 300 400 
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3.3 Simulation protocol 
 
 The content of this part is simulation approach for PI composite. 
Throughout running coarse-grained DPD simulation, the coordinate of all particles in 
studied system were stored in the topology file. This file also contains their important 
physical information, including bond and angle interactions. 

 

Figure 3.5. Strategy for performing the simulation of mechanical properties of the 
SWCNT:CL:PI composite system. 

3.3.1 Molecular configuration setup 

  Setup of system configuration is an important stage in which a good 
starting point can help to simulate the following stages with more speed. The initial 
structure of PI composite was generated for dynamics simulation. The SWCNT:CL:PI 
composite system considered in this work contained 100,000 beads. Periodic boundary 
condition (PBC) was used in our simulation for approximating larger polymeric system 
by using a small unit cell. The size of box is Lx x Ly x Lz = 32.183 x 32.183 x 32.183 (rc)3, 
where rc was derived from the density of real polymer. All PI, CL, and SWCNT beads 
were randomly filled into a cubic box using Packmol program.(91) The concentration 
of SWCNT was varied from 0.0 to 8.0 % with an increment of 2.0, as shown in Table 
3.2. Since the simulation is coarse-grained, the tolerance of distance between beads 
should be larger than that generally used for all atomistic-based model. The tolerance 
value was set to 2, suggested by program developer.(91) The random initial point for 
minimization in Packmol was also used. Then, all coordinates were converted to 
LAMMPS format using the Moltemplate package.(92) The structural information of 
SWCNT:CL:PI was also transformed, including the cartesian coordinate, bond distance, 
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and bond angle. The Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) was used to perform all of DPD simulations.(93) 

3.3.2 Dynamics simulation 

  Initial coordinates constructed by random packing have poor contacts, 
causing high forces and energies. Therefore the first stage of dynamics simulation 
usually is the energy minimization. Then the simulation is carried out using the 
microcanonical (NVE) ensemble, where the number of bead N, volume of system V, 
and energies E are fixed. The purpose of this step is to arrange configuration of particles. 
Therefore, position of bead, bond distances, and bond angles would be optimized for 
production simulation. The simulation was performed at temperature of 308 K. The 

simulation time step δτ was 0.001, where  = (mrc2/kBT)1/2 = 0.269 ns. 

  After energy minimization, the simulation was followed by 
vulcanization. We mimicked this process by launching the cross-link reaction every 100 
time steps with a reaction probability of 0.5.(93,94) The reaction proceeded until all 
possible bonds have been formed. The simulation of CL:PI system was conducted until 
the system has reached an equilibrium state. During this simulation the temperature 
of the system is being controlled to high temperature. The temperature was linearly 
increased from 0 K to 423 K within 100,000 steps of DPD simulation.  

  Equilibration stage is used to stabilize the total energy of system by 
balancing the kinetic (EP) and potential (EK) energies. The EP must be equilibrated with 
the EK. This means that the EK would be transferred to potential energy until the 
system has reached an equilibrium. Heating and equilibration at fixed temperature 
permit the state of system to escape the local minima to another with low energy 
barriers. This simulation was carried out for 106 steps in the canonical ensemble (NVT) 
with constant number of bead, volume, and temperature. The Langevin thermostat is 
used to keep the temperature constant at 308 K. Following the Langevin dynamics 
simulation, the Nose-Hoover NVT simulation was continued for another 106 time steps 
to ensure that the system has reached equilibrium or steady state in which the 
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dynamics property of system remains constant over simulation time.(95,96) The 
velocity Verlet integration scheme was used throughout the simulation.  

 

Figure 3.6. Snapshots of pure PI system at 0%, 100%, and 200% deformation using 
DPD model. Only small number of PI is shown here for clarity. 

  Elongation simulations of pure polyisoprene (PI), cross-linked 
polyisoprene (CL:PI), and SWCNT:CL:PI composite systems were performed with NVT 
ensemble until the box length along the pull direction has reached 200% elongation. 
Figure 3.6 shows the snapshot of simulated system at 0%, 100%, and 200% strain. 
This Deformation can be done using fix deform module in LAMMPS program package. 
Additionally, remapping coordinate system must be taken for this simulation stage in 
order to avoid the collapse between beads.  
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3.4 Post-simulation analysis 
 

3.4.1 Molecular visualization 

  All DPD results were visualized and analyzed using several programs. 
We use the visual molecular dynamics (VMD) to compute the radial distribution 
function of PI.(97) Root mean-squared displacement and root end-to-end 
displacement were computed using LAMMPS.(93) The Open Visualization Tool (OVITO) 
molecular graphic viewer was used to display all composite systems and 
nanocomposite arrangement during both the equilibration and deformation 
simulations.(98) 

3.4.2 Mean-squared displacement 

  Mean-squared displacement, MSD is a time-evolution of measurement 
of deviation of the position of beads. One can use RMSD to measure the flexibility of 
PI and SWCNT in an energy minimization, an equilibration, and a deformation 
simulations. The slope of MSD is directly related to the diffusion coefficient (D) of the 

diffusing beads and time step (τ). 

 MSD = 6D𝜏 18 

3.4.3 Root mean-squared end-to-end distance 

  Root mean-squared end-to-end distance, <REE> is yet another root 
mean-squared parameter, which is a calculation of distance of linear polymer chain 
averaged over all conformations of the chain. <REE> corresponds to the vector 
connecting the first and the last beads of the polymer. For a freely jointed polymer 
chain consisting of N beads and chain length is L, the <REE> is given by Equation 19. 

 
< REE > =  √NL

(1 + cosθ)

(1 − cosθ)
 19 
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Where θ is fixed bond angle in degree. <REE> can represent the average distance 
between the first and the last bead of CNT and PI chain as the directional change 
along simulation time. 

3.4.4 Radial distribution function 

 

Figure 3.7. Calculation of radius distribution function 

  Radius distribution function or pair correlation function, g(r), is one of 
useful parameter for analyzing morphology of system. It is the probability of finding a 
pair of atoms a distance r apart relative to the probability for a completely uniform 
distribution. g(r) is calculated for each frame and then averaged. It was used in this 
work for cluster analysis of nanotube. 

3.4.5 Orientational order parameter 

  The description of morphology of SWCNT involves the analysis of 
orientational order. The nanotube orientation along longitudinal deformation direction 
is monitored as a function of strain. The orientational order parameter SCNT is defined 
based on the second order Legendre polynomial, given by Equation 20. 

 
SCNT = < P2(cos θ) > = <

3cos2θ − 1

2
> 20 

where θ is the angle between the nanotube direction and the longitudinal 
deformation direction. SCNT is useful for studying the configuration of CNT aggregation. 
This parameter indicates the alignment of nanotube during deformation. 
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3.4.6 Cluster analysis 

 

Figure 3.8. Separation displacement of CNTs and cutoff radius. The alignment of CNT 

was denoted by angle between the orientational vectors 𝜃.  

  We analyze the self-aggregation or self-assembly of SWCNT using a 
cluster analysis technique. Two criteria: the distance-based neighbor cutoff and 
alignment of nanotube were used for clustering SWCNTs. The first one is screening of 
the displacement of nanotube and the nearest neighbors. The displacement between 
the two nanotubes defined as center of tube to center of tube is computed and 
compared to a cutoff radius (dc) in defined region, where dc was adopted from the 
first g(r) peak. 

 

 

Ref. code: 25615909040023BGO



32 

CHAPTER 4  
RESULTS AND DISCUSSION 

 

4.1 Entanglement property 
 

4.1.1 Effect of cross-links 

  The final structures of the simulated PI and CL:PI systems in 
equilibrium state are shown in Figure 4.1 and Figure 4.2. The latter shows the 
dispersion of sulfur (S) cross-linkers in the polymer matrix, used to promote 
entanglement of PI. To investigate the role of topology violation (TV) in our studied 
polymeric system, we determined the TV from the number of PI chain crossings in 
small representative pure PI (without S agents) and CL:PI systems using the DPD model. 
Both systems contain 2,500 beads, but in the CL:PI, 3% of beads are replaced by S 
cross-linker beads. Table 4.1 compares the number of PI chain crossings during system 
equilibration and deformation. The number of PI chain crossings in the CL:PI system 
were at least an order of magnitude lower than in the pure PI system. 

 

Figure 4.1. Structure of pure PI system at equilibrium state simulated by DPD model. 
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Figure 4.2. Structure of CL:PI system at equilibrium state simulated by DPD model. 
Sulfur cross-linker beads highlighted in yellow. 

Table 4.1. Comparison of topology violation between small pure PI and CL:PI systems 
using DPD model. Total beads: 2500, total simulation time: 100,000 steps. 

 

  While TV is a major issue when simulating a polymeric system, 
especially elastomer, the second factor affecting the movement of the PI chain is the 

speed of particles. In the DPD simulation, the time step (δτ) dependence of TV was 
investigated. Figure 4.3 shows the relationship between the number of PI chain 

crossings and δτ for the pure PI system 2,500 beads. For system equilibration, we used 

four time steps (τ): 0.1, 0.01, 0.001, and 0.0001. The number of PI chain crossings and 

δτ were confirmed to be correlated. As the time step was reduced from 0.1 τ to 0.01 

τ, the number of PI chain crossings reduced from 2,860 to 1,706, and further to 1,504 

and to 1,302 at time step of 0.001 τ and 0.0001 τ, respectively. For energy equilibration, 

Simulation 
Number of PI chain crossings 

PI CL:PI 

Equilibration 98,953 18,430 

Deformation 159,006 25,871 
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the simulation time must be sufficient to ensure that equilibrium has been reached. 
Our results confirm those of Sirk et al., who reported that the number of PI chain 

crossings quickly increased when δτ was greater than 0.01 τ.(23) All further DPD 

simulation set δτ = 0.001 τ because this yields a small TV whilst ensuring fast 
equilibration. 

 

Figure 4.3. Number of crossing events of pure PI system at different equilibration 
time steps. Total simulation time: 10,000 steps. 

 
4.1.2 Effect of self-avoiding model 

  The effect of self-avoiding was also studied. We monitored PI chain 
crossing from the evolution of the PI-PI direction over time. DPD and DPD/mSRP 
models were applied to a small pure PI system. 
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Table 4.2. Comparison of topology violation in DPD and DPD/mSRP models of pure PI 

system. Total beads: 2500, total simulation times: 100,000 steps, time step: 0.001 τ. 

 

  Table 4.2 shows the number of PI chain crossings during equilibration 
and deformation of a pure PI system in the DPD and DPD/mSRP models. The DPD 
model yielded the number of crossing event at least two orders of magnitude greater 
than those of DPD/mSRP model. The number of PI chain crossings in the DPD/mSRP 
model suggested that the model produced PI chain folding, inhibiting PI chain crossing. 
However, a small number of chain crossings persisted due to random, uncontrolled 
movement of PI. The rapidity of directional translocation of spring-spring beads in both 
models also produces TV. 

  Our results are consistent with those of Trofimov, who used modified 
Multi-body dissipative particle dynamics (MDPD) to study liquid mixtures.(99) In the 
current study, the preliminary PI simulation results showed that cross-linking of PI and 
the segmental repulsive potential model are necessary for modeling entanglement in 
a PI composite system. 
 

4.2 Thermodynamics and structural stabilities 
 

4.2.1 Thermodynamic properties 

  We examined the effect of varying the concentrations of nanotube on 
the total energy of a single-walled carbon nanotube-reinforced cross-linked 

Simulation 
Number of PI chain crossing 

DPD DPD/mSRP 

Equilibration 98,953 1,484 

Deformation 159,006 2,687 
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polyisoprene (SWCNT:CL:PI) composite system. The total energy was measured in units 
of kBT, set to 1. The parameters used for energy minimization and equilibration were 
derived from this work and from previous studies, as shown in Figure 4.4 and Figure 
4.5, respectively. Figure 4.4 shows that the total energy of all SWCNT:CL:PI systems is 
constant at approximately 6.93 DPD unit. The total energy of the PI nanocomposite 
systems decreased as the SWCNT concentration decreased. The 8% SWCNT:CLPI 
system had the highest total energy. This was attributed to the nanotube slowing the 
movement of the PI chains. After energy minimization completed, system equilibration 
was continued for further 500,000 steps to examine the total energy of the composite 
system. As can be seen from Figure 4.5, the system had reached equilibrium. In 
addition, the increase in total energy during equilibration was greater than the decrease 
of that during energy minimization. Figure 4.6 shows the structure of the 2% 
SWCNT:CL:PI composite system in the equilibrium state. The inhibition of PI movement 
in the simulation may affect the mechanical properties of the polymer composite. We 
therefore studied the structural and dynamical stability of the system. 

 

Figure 4.4. Relationship between total energy of SWCNT:CL:PI composite systems 
and simulation steps during energy minimization calculated by DPD/mSRP model. 
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Figure 4.5. Relationship between total energy of 2% SWCNT:CL:PI composite system 
and simulation steps during equilibration calculated by DPD/mSRP model. 

 

Figure 4.6. Simulated structure of 2% SWCNT:CL:PI composite system in equilibrium 
state calculated by DPD model. Nanotubes shown in green. 
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4.2.2 Movement of PI 

  The mean-square displacement (MSD) was computed to understand 
the movement of PI and nanotube in non-deformed and deformed states. Figure 4.7 
shows the MSD of the PI at different SWCNT concentrations, in the DPD and DPD/mSRP 
models. The MSD plots of the two models agreed qualitatively. However, the 
DPD/mSRP model produced a significantly lower MSD for any given time period. This 
was attributed to a slow movement of PI. MSD slope decreased as SWCNT 

concentration decreased. At a 400  simulation, the MSD of pure PI system modelled 
by DPD potential reached 45𝑟𝑐

2, while that modelled by DPD/mSRP potential reached 
only 18𝑟𝑐

2. This suggested that polymer chain movement was significantly restricted 
when the DPD/mSRP model was used, and confirmed that the modified SRP potential 
affected polymer movement by enforcing PI chain entanglement. 

  The diffusion of PI, which was related to the change in MSD over time, 
also had a nonlinear dependency on the SWCNT concentration. Increasing the SWCNT 
concentration restricted the dynamics, and therefore reduced the diffusion of PI. 
Chakraborty et al. conducted CNT-polycarbonate simulations and attributed the 
dispersion of CNT aggregates in the polymer matrix to restricted polymer 
movement.(85) The change in PI and CNT morphologies from their equilibrium state 
can be monitored. Karatrantos et al. investigated the relationship between the 
structure of aggregated CNT and enhancement of the mechanical properties.(100,101) 
Farhadinia et al. attributed an increase in the mechanical modulus to the self-
aggregation of CNT.(102) In addition, at high concentrations, CNTs form multi-layer 
clusters which disperse in the polymer matrix. This phenomenon affects the elasticity 
of the polymer by providing a restoring force following the external deformation.(103) 
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Figure 4.7. MSD of PI during system equilibration at SWCNT concentrations of 0%, 
2%, 4%, 6%, and 8%, calculated by (a) DPD and (b) DPD/mSRP models. 
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Figure 4.8. MSD of PI under longitudinal deformation at SWCNT concentrations of 
0%, 2%, 4%, 6%, and 8%, calculated by (a) DPD and (b) DPD/mSRP models. 
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Figure 4.9. RMS end-to-end distance of PI at equilibrium at SWCNT concentrations of 

0%, 2%, 4%, 6%, and 8%, calculated by (a) DPD and (b) DPD/mSRP models. 
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Figure 4.10. RMS end-to-end distance of PI under longitudinal deformation at SWCNT 
concentrations of 0%, 2%, 4%, 6%, and 8%, calculated by (a) DPD and (b) DPD/mSRP 

models. 
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  In equilibrated system, PI chains move freely and randomly 
throughout the simulation. We then applied deformation to the five composite 
systems shown in Figure 4.7 until the simulated cell reached 200% strain. Not only 
MSD plot, but also root man-squared end-to-end distance <REE> can be used to 
analyze the structure of PI. The <REE> provides additional dynamical information and 
elastic properties on the PI behavior.(104) The <REE> plots from the DPD and DPD/mSRP 
simulations were shown in Figure 4.9. As the equilibrating system explores the phase 
space, the <REE> stays relatively constant. The <REE> from the DPD simulations was 
greater than that from the DPD/mSRP simulations. This was expected, given the less 
restricted movement in the DPD simulation. The addition of SWCNT also restricted 
polymer movement, as evidenced by a decrease in <REE>. Because the mechanical 
properties of a polymer matrix are related to the difficulty of polymer deformation 
(20), the addition of CNT would be expected to improve the strength of a SWCNT/PI 
composite. 

  As shown in Figure 4.8 and Figure 4.10, under deformation the MSD 
and <REE> values increased in line with strain, in a nonlinear fashion. The change was 
greatest in the pure polymer. The addition of CNT limited the polymer movement, 
and therefore the change. For a given strain, the PI of the 8% CNT composite had the 
lowest MSD and <REE>. The DPD model yielded a larger change in both quantities than 
the DPD/mSRP model, again confirming the role played by mSRP correction in avoiding 
topology violations. 

 
4.2.3 Movement of SWCNT 

  The MSD of SWCNT as a function of strain and %CNT is shown in Figure 
4.11. The MSD increased with the strain, indicating nanotube movement during 
deformation. Judging from the MSD value, the CNT moved more significantly than the 
polymer during the deformation. This is partly due to the alignment of the CNT along 
the deformation and the sliding between the CNTs. Our MSD results agreed with those 
of Kim and Strachan(105) who reported that CNT moved relatively fast, especially at 
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low %CNT. The speed of the CNT relative to the matrix decreased when the CNTs 
were completely enclosed with PI. This reason is in line with Figure 4.11, in which the 
MSD of CNT decreases with increasing %CNT. This indicates entanglement between 
the CNT and the polymer matrix. 
 

 

 

Figure 4.11. MSD of SWCNT during longitudinal deformation at different 
concentrations of SWCNT: 2%, 4%, 6%, and 8%, calculated by (a) DPD and (b) 

DPD/mSRP models. 
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4.2.4 Self-aggregation of CNT 

  Figure 4.12 shows the snapshot of SWCNT:CL:PI systems in equilibrium 
at different concentrations: 2%, 4%, 6%, and 8%. We found that the aggregation of 
nanotubes was in good agreement with those of Chakraborty et al.(85) They used 
atomistic simulation to study the morphology and dynamics of CNT in PC 
nanocomposite, and observed the bundle formation of CNT at low % mixture. 
 

 

Figure 4.12. Clockwise from top left: aggregated bundle of SWCNTs of 2%, 4%, 6%, 
and 8% mixtures at equilibrium state calculated by DPD/mSRP model. 

  We computed the radial distribution function g(r) of SWCNT to 
determine the minimum distance cutoff (rc) for defining the aggregation boundary 
between nanotubes (see Figure 4.13). (80) As can be seen from the first peak in g(r) 

plot, the cutoff distance at 1.25 𝑟𝑐  was chosen to quantify the aggregation of 

2% 4% 

6% 8% 
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nanotubes. Then the distribution of CNT bundle size was computed. Figure 4.14 shows 
the average size distribution of CNT bundle at SWCNT concentrations: 2%, 4%, 6%, 
and 8%, obtained from any snapshot in equilibrium. We observed that, at low CNT 
concentration, most SWCNT do not form bundles. 8% SWCNT had the highest in size 
of bundle. In addition, average size bundle is consistent with the SWCNT concentration, 
in which nanotube bundles grown larger as the SWCNT concentration increases. 

 

 

Figure 4.13. Radial distribution function g(r) of CNT for typical SWCNT:CL:PI composite 
system calculated by DPD/mSRP model. Cutoff for CNT cluster distribution is shown. 
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Figure 4.14. Average size distribution of SWCNT bundles at equilibrium state of 
composite calculated by DPD/mSRP model 

  Figure 4.15 is a snapshot of CNT bundle in a 2% SWCNT:CL:PI system 
at 100% and 200% strain. The CNTs bundles during deformation were more dispersed 
and far apart than that in equilibrium, seen from Figure 4.12. The SWCNT bundle 
system aggregates to form bundles, highlighted in green, and depending on the 
temperature of the system. Shape and size of the bundle exhibits different SWCNT/PI 
structures. Furthermore, the CNT bundle tended to align along the deformation 
direction. 

  In addition to <REE>, the alignment of CNT during deformation (see 
Figure 4.15) was investigated. A directional movement of SWCNT bundle along 
longitudinal deformation was examined by the orientational order parameter SCNT. 
Figure 4.16 shows the relationship of SCNT and strain at different SWCNT 
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concentrations. It was found that SCNT increased as the simulated box, where contains 
SWCNT bundle, was direction pulled. At 200% strain, SCNT of all SWCNT concentrations 
in DPD/mSRP reached approximately 1 regardless of direction of nanotube at initial 
deformation. 

 

 

 

Figure 4.15. Elongation of 2% SWCNT aggregates at (a) 100% and (b) 200% strain 
calculated by DPD/mSRP model. The identified CNT bundles highlighted in green. 

  Using several characterization techniques, Xie et al. showed that 
enhancing the alignment and dispersion of SWCNT filler can improve the mechanical 
properties of polymer.(106) Our simulation showed the same behavior as the CNTs 
increased the restoring force against deformation. We see the increase of SCNT towards 
1.0 as the system became increasingly deformed, hence suggesting the alignment of 
CNT in the deformation direction. Therefore, the improvement of mechanical strength 
with the increase of %CNT was attributed to CNT bundle formation and their 
alignment.(6) However, it is important to note that this behavior is valid only at low 
CNT concentrations. Uchida and Kumar studied the dispersion and exfoliation of 
SWCNT in polymer at high CNT concentrations and found that adding overabundant 
CNTs to composite can reduce the mechanical properties of the polymer.(58) 
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Figure 4.16. The orientational order parameter of CNT (SCNT) with respect to the 
longitudinal deformation direction during the strain evolution calculated by 

DPD/mSRP model. 

 

4.3 Mechanical properties 
 
  The stress-strain curves of SWCNT:CL:PI composite system were 
computed on both DPD and DPD/mSRP during an affine uniaxial deformation. The 
stress at 100% strain was used to determine the 100% Young’s modulus, as shown in 
Figure 4.17 and Figure 4.18. DPD-simulated Modulus is consistent with DPD/mSRP 
simulation. Figure 4.17 shows that the stress linearly increased as the applied strain 
increased from 0% to 200% deformation. The tensile stress at 100% deformation 
increased from 7 to 14 MPa when the CNT concentrations increased from 0% to 8%. 
Judging from the stress of the pure CL:PI system and the CNT-reinforced system, the 
CNT helps strengthen the nanocomposite. However, the DPD-simulated stress-strain 
curve was weakly depended on the CNT ratio. As in the discussion of the morphology 
and dynamical properties of PI, the MSD and <REE> described the change of polymer 
structures when deforming the system. The effect of the increasing CNT concentration 
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on the stress-strain curve became evident when adopting the DPD/mSRP parameter. 
The DPD/mSRP-simulated stress-strain curve shown in Figure 4.18 clearly distinguishes 
the role of CNT and polymer entanglement in the mechanical properties of the 
nanocomposites. At 100% deformation, the DPD/mSRP stress of pure CL:PI system was 
less than that of DPD model. Increasing the CNT from 0% to 8% increased the stress 
from about 5 MPa to about 23 MPa, reflecting a restricted structural change of 
polyisoprene. The stress-strain curves from different CNT concentrations hardly 
overlapped with one another. It appeared that the DPD/mSRP stress was generally less 
dependent on the strain than that of the DPD. 

4.3.1 Young’s modulus of SWCNT:CL:PI 

  As shown in Figure 4.10, <REE> of PI during deformation was computed 
to understand the Young’s modulus in DPD and DPD/mSRP simulation. In the case of 
DPD, PI is easily elongated, while DPD/mSRP-simulated PI was restricted by polymer 
chain entanglement and was obstructed by SWCNT bundle. We attributed the reason 
of this to the mSRP self-avoiding model. Our discovery was in good agreement with 
those of Farhadinia et al., who simulated the CNT-reinforced polymer using MD and 
reported that the improvement of mechanical strength in PI nanocomposite was 
increased significantly when adding high SWCNT concentration.(20)  

  We compared the DPD- and DPD/mSRP-simulated 100% Modulus of 
sonicated SWCNT/PI composite with the experimental value, as reported in Table 4.3 
and Figure 4.19. It was shown that simulated stress at 100% elongation was in good 
qualitative agreement with that obtained from experiment. The experimental 100% 
Modulus was obtained from the cross-linked natural rubber composited with the 
sonicated SWCNT.(7) The 100% Young’s modulus of all SWCNT:CL:PI composites 
simulated by both DPD models were greater than that from experiments. Therefore, 
the simulated stresses were not in quantitative agreement with the experimental 
stress. As can be seen from Figure 4.19, the DPD and DPD/mSRP stresses increased 
highly when adding more nanotube concentrations. The former has smaller stress at 
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high loading, especially 8% SWCNT. In contrast with DPD model, the increasing rate of 
DPD/mSRP-simulated stress became higher when adding more SWCNT concentrations. 
 

 

Figure 4.17. Stress-strain curve of SWCNT:CL:PI composite systems at 0-8 % SWCNT 
calculated by DPD model. 

 

Figure 4.18. Stress-strain curve of SWCNT:CL:PI composite systems at 0-8 % SWCNT 
calculated by DPD/mSRP model. 
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Table 4.3. 100% Young’s modulus of cross-linked PI composite with CNT by DPD and 
DPD/mSRP models using the original and modified (marked with an asterisk) PI-PI 
repulsive parameter (aii) of 25 and 22.5, respectively. 

%CNT 
100% Modulus (MPa) 

DPD DPD* DPD/mSRP DPD/mSRP* Expt. (7) 

0 8.425 5.228 5.167 0.784 0.76 ± 0.05 

2 10.518 8.241 7.548 1.414 1.55 ± 003 

4 12.662 9.145 12.182 2.387 2.68 ± 0.08 

6 13.391 12.665 15.421 3.908 3.93 ± 0.08 

8 13.635 13.950 22.467 4.445 4.74 ± 0.09 

 

4.3.2 DPD reparameterization 

  As stated in previous section, both DPD- and DPD/mSRP-simulated 
100% Young’s modulus of PI nanocomposite overestimated the experimental value. 
The reason for this may be due to the bead-bead repulsive interaction parameter (aii) 
between PI beads used in our simulation is overabundant. Previous studies have shown 
that it is necessary to modify the repulsive interaction parameter to overcome this 
issue. For example, Trofimov et al. modified the repulsive parameter using the MDPD 
model, which was introduced by Pagonabarraga and Frenkel.(107,108) Padding et al. 
studied the number of polymer chain crossing by using MD simulation and investigated 
the suitable aii to improve polymer melt modeling.(28) Another study of Padding et 
al. modified of aii parameter of PI-PI based on the experimental compressibility of 
water and equation of state for fluid simulation.(19) In addition, Maiti and McGrother 
studied the role of increasing aii on the surface tension of a segregated binary 
mixture.(89) Moreover, Nikunen et al. investigated the dynamical stabilities of a linear 
homopolymer (109) and observed that the correct polymer dynamics was based on 
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the proper repulsive interaction parameter. Trofimov et al. also suggested that 
adjusting DPD parameter do not guarantee that the DPD simulation can reproduce the 
experimental properties. (99) This is due to the nature of the equation of state used 
in simulation. We therefore reparameterized the DPD parameter to reproduce the 
Young’s modulus by systematically reducing PI-PI repulsive interaction with four 
values: 25.00, 23.75, 22.50, and 20.00.(25) The computed 100% Modulus of a pure PI 
system was obtained at different aii as reported in Table 4.4. The decrease of aii value 
reduced the 100% Young’s modulus. The Young’s modulus decreased from 5.167 MPa 
to 0.764 MPa when aii of PI-PI was decreased from 25.00 to 22.50 DPD units. This new 
value was therefore adopted for the quantitative prediction of 100% Young’s modulus 
in SWCNT:CL:PI composites. 

Table 4.4. Computed 100% Young’s modulus of the pure polyisoprene as a function 
of reparameterized aii term for DPD/mSRP simulation. 

Entry aii  of polyisoprene Computed 100% modulus 
(Expt. = 0.76 MPa) 

1 25.00a 5.167 

2 23.75 1.981 

3 22.50 0.784 

4 20.00 0.334 
a)Standard repulsive parameter of polyisoprene used for original DPD and DPD/mSRP 
simulations. 

  The 100% Young’s modulus of SWCNT:CL:PI composites with different 
CNT concentrations were recalculated by the DPD/mSRP model with a modified aii. As 
can be seen in Table 4.4, the 100 % Modulus significantly reduced as PI-PI repulsive 
interaction decreased. We found that aii = 22.50 produced the 100% Modulus that was 
in good agreement with experiment value. We therefore used this value in both DPD 
and DPD/mSRP model to calculate the stress-strain curve of SWCNT:CL:PI composite 
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system, denoted here as the DPD* and DPD/mSRP* models, respectively. Figure 4.19 
compares the 100% Young’s modulus calculated by DPD and DPD/mSRP (aii = 25.00) 
and that of a modified aii = 22.50, as denoted as DPD* and DPD/mSRP*. We found that 
the 100% Modulus calculated by latter model  is very close to the experimental values 
of Sae-Oui et al.(7) Based on our finding, the DPD and DPD/mSRP models with aii =22.50 
yield the best computed 100% Modulus. 

 

Figure 4.19. 100% Young’s modulus as a function of SWCNT concentrations by DPD 
and DPD/mSRP models using the original and modified (marked here with asterisks) 

PI-PI repulsive parameter (aii) of 25.00 and 22.50. 
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CHAPTER 5  
CONCLUSIONS AND RECOMMENDATIONS 

 
 We simulated the mechanical properties of the SWCNT:CL:PI composite 
system based on the DPD framework. SWCNT loadings were varied with five 
concentrations: 0%, 2%, 4%, 6%, and 8%. The stress-strain curves were computed to 
quantify the Young’s modulus of all SWCNT:CL:PI systems. In the case of pure PI, the 
study indicated that polymer chain crossings significantly occur during dynamics 
simulation, especially deformation. Crossing of PI chains inhibits polymer 
entanglement, which could lower the mechanical strength, leads polymer to less 
resistant to external forces. We found that topology violation decreased when particles 
was moving slow. The use of small time step size is therefore useful for simulating 
polymeric system. We also found that mechanical properties of PI are dominated by 
entanglement of polymer. 

 Because the DPD model could not describe the polymer entanglement 
correctly, DPD/mSRP repulsive potential was used to enhance PI chain entanglement. 
Our results showed that the DPD/mSRP model significantly reduces the number of PI 
chain crossings than the DPD model. With the self-avoiding of PI chain crossing, the 
qualitative prediction in mechanical properties of PI nanocomposite could be 
accurately described. The Young’s modulus of PI composite improved as the SWCNT 
concentrations increased.  

 In addition to PI entanglement, at high SWCNT concentrations, mean 
squared displacement and root mean-squared end-to-end distance showed that PI 
was moving slow due to the fact that its movement was obstructed by SWCNT bundle. 
We found that the self-aggregation of SWCNT took place in equilibrium state. The 
distribution of SWCNT bundles occurrence was investigated. In PI nanocomposite, a 
small SWCNT bundle was found at low CNT concentrations, but that became larger at 
high concentrations. The orientational order parameter was used to monitor the 
directional change of SWCNT-aggregated bundle during deformation. The SWCNT 
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bundle in all PI composites aligned along with the directional deformation when 
increasing strain for both DPD and DPD/mSRP models. Enhancement of mechanical 
strength of PI composite was also attributed to self-aggregation of SWCNT causing a 
restricted polymer movement. 

 To quantitatively predict the mechanical properties of PI nanocomposite, 
we parameterized the PI-PI repulsive interaction parameter. Based on our investigation, 
it is the best to use the PI-PI repulsive interaction parameter of 22.50 on the DPD/mSRP 
model. Use of aii = 22.50 produced accurate 100% Modulus, agreed well with the 
experimental values. We concluded that incorporation of mSRP into the standard DPD 
model and reparameterization of Pi-PI repulsive interaction are important for long-term 
study of cross-linked natural rubber nanocomposite system. 
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APPENDIX A 
ANOMALOUS DIFFUSION 

 
 MSD plots of PI as a function of time (t) during deformation are non-linear 
regime, which the PI undergoes anomalous sub-diffusion. We performed non-linear 
regression and a curve fitting method to estimate the sub-diffusion coefficient (A) 

measured in the DPD unit and sub-diffusion parameter alpha (α) which are defined by 
Equation 21. 
 

 MSD =  A(𝑡)𝛼 21 

 
Table A1. Computed sub-diffusion coefficient (A) and sub-diffusion parameter alpha 

(α) of PI anomalous diffusion at different concentration of CNT for DPD/mSRP model. 
CNT concentrations (%) A 𝛼 

0 1.261 0.9148 
2 1.279 0.7006 
4 2.705 0.5877 
6 3.278 0.5444 
8 4.055 0.4259 
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