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O I N R

Abstract: There has been growing interest in polymer/carbon nanotube (CNT) composites due to an
exceptional enhancement in mechanical, structural, thermal, and electronic properties resulting from
a small percentage of CNTs. However, the performance of these composites is influenced by the type
of polymer used. PMMA is a polymer of particular interest among many other polymers because of
its biomaterial applications due to its biocompatibility, non-toxicity, and non-biodegradability. In this
research, we utilized a reactive force field to conduct molecular dynamics simulations to investigate
changes in the mechanical properties of single-walled carbon nanotube (SWCNT)-reinforced Poly
(methyl methacrylate) (PMMA) matrix composites. To explore the potential of SWCNT-reinforced
PMMA composites in these applications, we conducted simulations with varying CNT diameters
(0.542-1.08 nm), CNT volume fractions (8.1-16.5%), and temperatures (100 K-700 K). We also analyzed
the dependence of Young’s modulus and interaction energy with different CNT diameters, along with
changes in fracture toughness with varying temperatures. Our findings suggest that incorporating a
small amount of SWCNT into the PMMA polymer matrix could significantly enhance the mechanical
properties of the resulting composite. It is also found that the double-walled carbon nanotube has
roughly twice the tensile strength of SWCNT, while maintaining the same simulation cell dimensions.

Keywords: molecular dynamics; carbon nanotube; polymethylmethacrylate; polymer; composite

1. Introduction

Carbon has many allotropic forms. Each allotropic form of carbon demonstrates many
interesting properties. For example, in sp? hybridization, elemental carbon can take the
shape of numerous impressive structures [1], such as graphite (3D), graphene (2D), carbon
nanotubes (1D), and fullerene (0D). In addition to the well-known graphite, Kroto et al. [2]
discovered a carbon allotrope that could construct open and closed cages with a honeycomb
atomic arrangement called Fullerene C60. In 1991, Iijima et al. [3] conducted an initial study
of another carbon allotrope called carbon nanotubes (CNTs). Early findings involved nearby
shell-separated multi-walled carbon nanotubes (MWCNTs). After two years, lijima and
Ichihashi [4] and Bethune et al. [5] discovered single-walled carbon nanotubes (SWCNTs).
Among different allotropes of carbon, CNTs have received much attention in scientific
research due to their exceptional mechanical, structural, thermal, and electrical properties
having high strength, rigidity, and durability [6]. CNTs have been identified as prospective
candidates for the next generation of reinforcing agents in composite materials. Many
studies have concluded that adding CNTs in significantly lower amounts than typical
microfibers drastically enhanced the mechanical characteristics of polymeric resin [7-9].
Mechanical characteristics also depend on the specific polymer selected and the number
and caliber of CNTs included in the composite. Factors like number of atoms, structure,
geometry, defects, and interfaces have a significant role that affect how well a material
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performs [10]. The CNT has gained interest as a possible reinforcement for structural and
multifunctional composites [11].

The characteristics of CNT-reinforced polymer matrix composites have been measured
experimentally, and the results have shown significant increases in the composite modulus
over the matrix modulus. Ajayan et al. [12] published one of the earliest investigations into
polymer/CNT composites, where they used mechanical mixing to distribute MWCNTs
within a liquid epoxy resin randomly. Since then, plenty of other researchers have focused
on the idea that adding CNTs might enhance polymer composites” mechanical and elec-
trical properties. Compared to the matrix value with 5% weight CNTs, Schadler et al. [13]
discovered a 40% increase in the effective stiffness of CNT-reinforced epoxy. Qian et al. [8]
discovered an increase in the effective modulus of CNT-reinforced polystyrene of 40%
just by adding a 1% CNT. For MWCNT/epoxy resin composites, Xu et al. [14] also con-
firmed similar outcomes. Milo et al. [15] implanted CNTs in polyvinyl alcohol, whereas
Peigney et al. [16] created composites with CNTs embedded in ceramic powders. The
degree of mechanical reinforcement obtained may rely on several variables, including
the degree of CNT alignment and the strength of the link between the polymer and the
CNTs [17]. Khan et al. [18] enhanced the mechanical properties of polymer/nanodiamond
composites via the surface optimization of detonation nanodiamonds.

Alongside experiments, computational modeling can offer some critical insights be-
cause it is challenging to regulate and test many of these features experimentally. To
investigate polymer/CNT composites, theoretical and computational approaches have
been used extensively. Molecular dynamics (MDs) simulations have successfully predicted
the elastic characteristics of CNT-polymer composites. Frankland et al. [19] employed MDs
simulations to depict the stress—strain behavior of polyethylene-CNT composites in both
longitudinal and transverse directions. Mahboob et al. [20] employed MDs to examine the
impact of changing four adjacent six-membered rings into two five-membered rings and
two seven-membered rings on the mechanical characteristics of composites supplemented
with SWCNTs. By utilizing MDs modeling, Tahreen and Masud [21] were able to accurately
measure Young’s modulus, the modulus of elasticity, the modulus of rigidity, and the
compressibility of polyethylene (PE) reinforced with SWCNTs. Using experimental data,
Kamal et al. [22] investigated the mechanical behavior of carbon fiber-amine functional-
ized MWCNT/epoxy composites and determined Young’s modulus and Poisson’s ratio.
Subsequently, Sharma et al. [23] analyzed the interfacial properties of MWCNT/epoxy
composites that had been functionalized with an amine. The compass force field [24] is
well suited for applications in condensed phases because it employs a hybrid methodology
that combines ab initio and empirical techniques. However, it cannot accurately reflect
the formation and dissolution of chemical bonds. The compass is limited to predicting
stress—strain curves within the harmonic region. A force field, such as the reactive force
field (ReaxFF) [25], can be used to get around this restriction.

ReaxFF is a multibody potential that employs a bond-order-based approach, resulting
in a seamless energy transition between different molecules. Xiong et al. [26] developed a
model for a CNT-reinforced PE composite, incorporating an interfacial covalent-bonded
interaction. To achieve this, they used ReaxFF, which is designed especially for hydrocar-
bons, and were able to accurately replicate the experimentally observed Young modulus
of 1000 GPa for a CNT. Using MDs simulations, Zaminpayma [27] investigated the in-
teractions between CNTs and polythiophene (PT), PE, and poly(p-phenylenevinylene)
(PPV), and used ReaxFF to analyze the impact of diameter, temperature, and polymer type
on interaction energy. Islam et al. [28] also investigated the mechanical properties of a
CNT-polyoxymethylene (POM) composite using ReaxFF.

Among many different polymers, a specific synthetic polymer generated from the methyl
methacrylate monomer is known as PMMA, also known as poly [1-(methoxycarbonyl)-1-
methyl ethylene] from a hydrocarbon viewpoint and poly (methyl 2-methyl propanoate)
from an ester perspective [29]. PMMA is a widely used polymer of the polyacrylate class.
It is non-biodegradable and biocompatible. In order to attain biodegradable qualities, it is
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utilized either by itself or as a matrix or component phase in various products [30]. Apart
from its mechanical strength and stability, low cost, and easy manufacturability, it holds
promise for biomedical use due to its non-toxicity and minimal inflammatory reactions with
tissues [31]. Due to the presence of neighboring methyl groups (CH3), the polymer structure
of PMMA is unable to tightly pack in a crystalline manner and spin freely around the C-C
bonds, indicating its amorphous thermoplastic nature [31]. As such, PMMA exhibits a variety
of applications, including but not limited to optical, sensors, pneumatic actuation, conductive
devices, and analytical separation [32-35]. PMMA is also beneficial in dental filling [36,37],
implants [38,39], microspheres [30,40], microcapsules [41,42], bone grafting [43,44], contact
lenses [45,46], polymer electrolytes, polymer viscosity, and drug delivery via electro-diffusion
or electro-osmotic flow [47-51]. PMMA is highly versatile due to a range of advantageous
properties that it possesses, including transparency, resistance to environmental factors, impact
resistance, low moisture absorption, and biocompatibility [52]. These attributes make it
suitable for use in a variety of applications. PMMA exhibits high mechanical strength, with a
high Young’s modulus and low elongation at breakage. This rigidity prevents it from breaking
upon rupture, making it one of the most durable and scratch-resistant thermoplastics [53,54].

In recent decades, researchers have conducted extensive studies on the behavior
of PMMA mixed with CNTs. PMMA with CNTs or other inorganic components is es-
sential in nanotechnology due to its compatibility and ease of processing as a polymer
moiety. Wang et al. [55] employed poly (styrene-co-acrylonitrile) with poly (methyl
methacrylate)-g-MWCNTs to synthesize CNT-polymer composites. Skountzos et al. [56]
and Rahmat et al. [57] elucidated the equilibrium structure and dynamic behavior of
PMMA chains in an interaction with a CNT via MDs. Malagu et al. [58] studied the effects
of size and chirality effect on glass transition temperature and ordering in CNT-PMMA.
Wang et al. [59] developed a multiscale approach to analyze the non-linear vibration behav-
ior of PMMA /CNT composite plates. As previously mentioned, CNT-PMMA composites
exhibit distinct properties, but the effects of varying parameters such as CNT diameter,
CNT volume percentage, and working temperature on their mechanical properties have
yet to be fully explored. Our work aims to bridge this gap and shed light on the behavior
of PMMA /CNT composites under different conditions.

The present study employs ReaxFF with a charge calculation approach that takes
into account the dependence on molecular geometry, enabling the accurate evaluation of
polarization phenomena and redistribution of partial atomic charges in response to the
structural transformation of molecular species or clusters [25,60]. By bridging the gap
between quantum chemical and empirical force fields, this force field achieves a favorable
balance between the accuracy and the computational cost. ReaxFF has been utilized by
numerous researchers to forecast interactions between various hydrocarbons [61] as well as
polymer—-CNT composites [62,63]. It is for this reason that we have opted to employ this
particular force field to model the CNT-PMMA composite in our current study.

This paper explores the mechanical properties of CNT-reinforced PMMA composites
by utilizing ReaxFF to examine the impact of interfacial covalent-bonded interactions.
Additionally, we studied how CNT diameter, volume percentage, and temperature affected
interaction energy. Finally, we calculated the stress—strain curves of the CNT-PMMA
composite to determine its Young’s modulus, ultimate tensile strength, ultimate tensile
strain, and fracture toughness. Our investigation has revealed that the aforementioned
parameters have a significant impact on the mechanical characteristics.

2. Materials and Method
2.1. Force Field (ReaxFF)

To investigate the interaction between CNT and a polymer chain, we utilized the
Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS, version 3 March
2020), a free MDs simulator [64]. Our investigation employed the ReaxFF force field, which
takes both covalent and non-covalent interactions into account and is dependent on bond
ordering [65]. It is a force field that employs several concepts to determine bond order and
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includes both covalent and non-covalent interactions. It utilizes universal bond distance—
bond order and bond order-bond energy relationships that facilitate the proper dissociation
of bonds from individual atoms. The force field incorporates terms like angle and torsion
(shown in Equation (1)) that are smoothly reduced to zero when bonds are broken.

Moreover, ReaxFF provides Coulomb and Morse (van der Waals) potentials to char-
acterize all atoms’ non-bonded interactions. ReaxFF parameters were generated from
quantum chemistry simulations, which involved the dissociation of bonds and reactions
of small molecules, as well as the geometry data and heat of formation of various stable
hydrocarbon compounds. The ReaxFF approach has proven to be effective in describing
these data, owing to its capacity to seamlessly integrate quantum chemical and empirical
force-field-based computational techniques. This feature allows for a more comprehensive
understanding of the underlying chemical processes, thereby enabling accurate predictions
of system behavior. This enables ReaxFF to simulate the systems that consist of thousands
of atoms [25].

In general, ReaxFF adds up different types of partial energy contributions to determine
the total energy of the system [25], which is

Esystem = Epond + Eover + Eunder + Eval + Epen + Etors + Econj + Evdwalls + Ecoulomb (1)

where these contributions consist of bond energy (Epong), the bond energy of over- and un-
dercoordinated atoms (Egver and Eyngder), Valence angle energy (Ey 1), angle penalty energy
of over- and undercoordinated atoms (Epen), torsion angle energy (Etors), the contribution of
conjugation effects to molecular energy (Econj), and Coulomb interaction energy (Ecoulomb)-

In our model, there was no Epen energy contribution because no atom shares two
double bonds. However, even after fixing the initial bond order, some over-coordination
may have still existed in the system, which was addressed by the penalty energy of
Eover. In addition, E;,qer Was introduced to consider the coordination effect caused by
resonance. The total energy of the system takes into account all of the energy contributions,
including the parameters used in the above formulae and the specific values of hydrocarbon
parameters employed in our recent MDs simulation [25].

We conducted a validation of ReaxFF by analyzing a CNT with an armchair (6,6)
configuration, which had a length of 4.92 nm and a diameter of 0.815 nm. ReaxFF was used
to characterize the interactions between carbons. The structure was then minimized and
deformed to measure stress and strain, and from which, Young’s modulus was calculated.

The derived CNT results agree with the experimental results, with minor exceptions.
These minor differences can be attributed to using CNTs of varying diameters and inevitable
flaws in the experimental data, as reported by Kamal et al. [66], whereby CNT flaws
dramatically reduce the CNT modulus. Salvetat et al. [67] used an atomic force microscope
on two ends of clamped nanotubes, while Krishnan et al. [68] employed the thermal
vibration of CNTs. However, Qiang et al. [69] and WenXing et al. [70] employed MDs
to forecast armchair CNTs with changing lengths and diameters. All of these results are
pretty similar to those produced by our simulation. So, the result shows the reliability and
precision of ReaxFF (Table 1).

Table 1. Comparison of Young’s modulus of a CNT with previously published works.

Study Young’s Modulus (GPa)
Our work 1130
Salvetat et al. (experimental) [67] 800 + 410
WenXing et al. (L] and REBO potential) [70] 935.805 + 0.618

Qiang et al. (Morse potential) [69] 840 + 20
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2.2. Molecular Model and MDs Simulation

Initially, we utilized BIOVIA Materials Studio [71] to create a single chain of poly-
methylmethacrylate and CNT crystal. Then, we packed the polymer chain around the
SWCNT to form the unit cell of the PMMA /CNT composite used in our investigation, as
shown in Figure 1.

Figure 1. The MD model of CNT-PMMA nanocomposite, (a) front view, (b) side view, and (c) lateral
views (CNT carbon: blue; hydrogen: white; oxygen: red and PMMA carbon: grey).

A 0.1 fs constant integration time step was employed in all of the simulations. Then,
the energy of the system was minimized using the conjugate gradient algorithm. To ensure
appropriate temperature and zero pressure in all directions, we performed consecutive
Nosé-Hoover-type thermostat (NVT) [72] and barostat (NPT) simulations for 0.5 ps each
prior to applying the tensile stress.

We subjected the composite material to uniaxial deformation at a strain rate of 1010 s~1,
while controlling the temperature variations under an NPT ensemble. This allowed us to
create a stress—strain curve, and from which we determined the ultimate tensile strength,
ultimate tensile strain, fracture toughness, and Young’s modulus of the material.

3. Results and Discussion
3.1. Effect of Diameters

In this study, we created a molecular structure of CNTs with three different diameters of
0.542, 0.815, and 1.08 nm, while keeping their length constant at 4.92 nm. These CNT models
were then positioned at the center of a simulation cell with amorphous characteristics,
featuring dimensions of 3nm x 3nm X 4.92 nm. A polymer chain consisting of 10 repeating
units and 151 atoms was constructed and packed into the simulation through geometry
optimization. The resulting nanocomposite structure had an initial density of 1.18 g/cm?
with 15, 13, and 10 chains randomly placed within the simulation cell.

We examined how a CNT and a PMMA chain interacted in the initial stage. When
there is no covalent chemical bonding, electrostatic and van der Waals forces account for
most of the interfacial bond strength in the molecular system. The strength of the bond
between CNT and PMMA at the interface can be determined by measuring their interaction
energy, AE [73], which is

AE = Eqotal — (Ecnt + EPMMA) (2)

In this method, the interaction energy between the CNT and PMMA can be determined
by calculating the difference in the total potential energy of the system (Eiy,1), which
includes both the polymer and CNT, and the potential energy of the CNT alone (Ecnr),
as well as the potential energy of the PMMA without CNT (Epyma). Specifically, the
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interaction energy was obtained by measuring the difference between the minimum energy
of the CNT-PMMA composite simulation cell and the energy at which the polymer matrix
and the nanotubes are infinitely separated. Intense interaction energy indicates a robust
adhesion between the polymer and CNT, determined by the interaction energy.

Figure 2 illustrates the simulated box’s potential energy at various CNT diameters during
NPT ensemble. The potential energy of the system shows minimal oscillation, and after 180 fs,
the system fluctuations are less than 0.04%. This suggests that the system has equilibrated
and has reached a stable structure without depending on the working temperature.
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Figure 2. Potential energy evolution of CNT-PMMA composite for different CNT diameters using
0.5 ps of pressure equilibration at (a) 300 K and (b) 700 K.

Figure 3 illustrates a stress—strain relationship, which enables the determination of
ultimate tensile strength, ultimate tensile strain, and Young’s modulus. This relationship
exhibits a brittle failure of the polymer matrix, and the final load-bearing capacity is due to
the CNT fiber. Figure 4 displays the relationship between Young’s modulus and CNT radius.
As the CNT diameter increases, an increase in Young’s modulus is observed, whereas the
interaction energy of the system decreases. The relationship between the interaction energy
and CNT diameter is determined by utilizing Equation (2).
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0 0.05 0.1 0.15 0.2 0.25 0.3
Strain

Figure 3. Stress-strain curve for CNT-PMMA composite at different CNT diameters.
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In Figure 4, we can see how the interaction energy changes with varying CNT diame-
ters. The range of interaction energy varies from —105 kcal/mol to —649 kcal/mol as the
CNT diameter changes. This can be explained by observing that as the diameters of the
CNTs rise, so does the surface contact area between them and the polymer matrix, which
raises the interaction energy. However, there is a declining trend of interaction energy
(Figure 4). This is because the polymer network undergoes significant distortion to make
room for the CNTs. This implies that numerous small-diameter CNTs can be inserted
instead of one large-diameter CNT, since they will increase the surface area while causing
less polymer deformation [74]. Examining the fracture mechanism shown in Figure 5 shows
that the polymer reinforcement is dragged away from the CNT reinforcement.
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Figure 5. MD simulation snapshots at the atomic arrangement of (6,6) CNT-PMMA composite at
different strain values, (a) strain = 0; (b) strain = 14%, and (c) strain = 26%.
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3.2. Effect of CNT Volume Fraction

The mechanical characteristics of the composite are significantly influenced by the
CNT volume fraction [28,75]. We adopted a (6,6) SWCNT with a radius of 0.815 nm since
the polymer matrix does not penetrate the CNTs and can be handled as a solid beam. To
account for the contribution of the entire cross-section of the CNT, we included its effective
volume fraction, denoted by fcnT as

2
h
N(RCNT + %)
font = 1 3)
cell

where A is the unit cell’s cross-sectional area transverse to the nanotube axis and h, gy is
the equilibrium van der Waals separation distance between the CNT and the matrix. In this
study, we determined the van der Waals separation distance, which is the distance between
the CNT and PMMA due to their interfacial contact. The obtained value for this distance
was 0.3035 nm.

Using Equation (3), we computed the CNT volume percentage, which was 16.5%,
11.7%, and 8.1%, depending on the cell dimension of the x- and y-axis, which was
2.5 x25%x492nm, 3 X 3 X 492nm, and 3.5 x 3.5 x 4.92 nm. In this study, a constant
density of 1.18 g/cm? was used to pack 9, 12, and 14 polymer chains into the simulation
box mentioned above [59].

The outcomes are shown as a stress—strain graph in Figure 6. After obtaining values
from the previous section, we generated Figure 7 to visualize the relationship between
Young’s modulus and the interaction energy with respect to the CNT content. This figure
revealed an upward trend in the composite Young modulus with an increasing CNT
volume fraction, which is very comparable to the finding made by Yue et al. [17] in their
investigation of the poly{(m-phenylenevinylene)-co-[(2,5-dioctoxy-p-phenylene) vinylene]}-
CNT composite through MDs simulation. As the volume fraction of the CNT increases, the
interaction energy between the CNT and PMMA decreases, since less polymer chains have
the opportunity to interact with the CNT. This can be observed in Table 2.
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Figure 6. Stress-strain curve for CNT-PMMA composite at varying CNT contents.
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Table 2. Comparison of ultimate tensile strength, ultimate tensile strain, and Young’s modulus of the
material under different conditions, including variations in temperature, volume, and diameter.

Temperature (K) CNT Diameter CNT Yolume Young's Modulus Ultimate Tensile Ultimat.e Tensile

(nm) Fraction (%) (GPa) Strength (GPa) Strain (%)
300 0.542 7.5 66.41 £ 1.67 9.40 13.1
0.815 11.7 106.52 +2.72 13.47 12.9
1.08 16.3 135.97 - 4.34 17.92 13.2
300 0.815 8.1 74.87 £ 4.12 9.28 12.3
11.7 106.52 £ 2.72 13.52 13.4
16.5 129.77 +2.96 17.26 13.3
100 0.815 11.7 126.16 & 3.23 17.16 13.6
200 107.92 +2.01 14.89 13.8
300 92.65 +4.32 12.13 13.1
400 74.67 £ 3.11 9.11 12.2
500 68.79 £ 4.14 7.83 11.5
600 64.76 £ 3.87 6.93 10.7
700 24.63 +£3.12 4.90 9.9

3.3. Effect of Temperature

CNTs with a diameter of 0.815 nm and a constant length of 4.92 nm were used to study
the impact of temperature variation. There were 12 polymer chains of PMMA packed into
the same amorphous cell dimension used for the concept states. The simulation box was
heated to one of the seven temperatures, 100 K, 200K ... , 700 K, to achieve equilibrium be-
fore tensile deformation was applied. The stress—strain relationship obtained from the MDs
simulation data was used to determine the ultimate tensile strength, ultimate tensile strain,
and Young’s modulus of the composite, as illustrated in Figure 8. In Figure 9, the relation-
ship between interaction energy and Young’s modulus is depicted, and it shows that as the
temperature increases, Young’s modulus increases, while the interaction energy decreases
gradually, except for 400 and 500 K. Because the composite’s glass transition occurred in
this range of temperatures between 400 and 500 K [59], where a glassy state transforms
into a viscous state, interaction energy is drastically lowered at these temperatures. In our
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case, the glass transition temperature was 451 K, which can be seen in Figure 10, which
is consistent with 468.8 K obtained from another MDs simulation of PMMA /CNT [59].
In the lower temperature range, both the polymer and nanocomposite exist in a glassy
state, which transitions to a rubbery state as the temperature increases. This transition
between the glassy and rubbery states is referred to as the glass transition temperature Tj.
Another notable occurrence occurs at 700 K temperature when there is a significantly high
value of interaction energy between the CNTs and PMMA due to strong bonding between
them. This can be seen in Figure 11, where there is a distinct difference between the stable
configuration of the CNT-PMMA composite at 100 and 700 K. The CNT can be seen in the
composite’s xz plane which occurs due to the less densely packed PMMA chains at 700 K.

Stress(GPa)
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T
— 100K 1
—200K ] 18

300K |
—400K 16
—500K ]
~——600K -] 14
—700K

=12 =
[-™ a
AT <)
2 2
£ 8 =
@ @A
9
4
2
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 02 0.25 0.3
Strain(%) Strain(%) Strain(%)
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Figure 8. Stress-strain curve for CNT-PMMA composite at varying temperatures (a) 0.542 nm CNT,
(b) 0.815 nm CNT, and (c) 1.08 nm CNT.
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Figure 10. The recorded density of SWCNT-PMMA nanocomposite models as a function of temperature.

Figure 11. Visual representation of stable CNT-PMMA composite at (a) 100 K, (b) 400 K, (c) 500 K,
and (d) 700 K.

Figure 12 illustrates the dependence of fracture toughness on simulation temperature
while varying the orientation of the CNT in a PMMA-CNT composite. Fracture toughness
refers to the energy per unit volume that a material can withstand before it fails. We
evaluated this value by calculating the area stress—strain curve. Our results show that the
fracture toughness decreases with an increase in simulation temperature. Moreover, we
observed that a higher orientation of the CNT leads to higher fracture toughness.

3.4. Effect of Double-Walled CNT

Compared to the already robust SWCNTs, DWCNTs have been discovered to exhibit
extraordinary strength properties. In this study, we created molecular models of CNTs
with diameters of 0.542, 0.815, and 1.08 nm, while keeping their length constant at 4.92 nm.
These CNT models were then positioned at the center of a simulation cell with amorphous
characteristics, featuring dimensions of 3 x 3 x 4.92 nm.
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Figure 12. Variation of fracture toughness with the temperature at the varying orientation of CNT in
PMMA-CNT composite.

Due to their exceptional characteristics, DWCNTs are commonly employed in applica-
tions that demand strong mechanical strength. Comparing the tensile strength of DWCNT
(5 x5 x 4.92nm) and SWCNT (5 x 5 x 4.92 nm) models, Figure 13 shows that the DWCNT
has double the tensile strength of the SWCNT. Apart from the number of CNT walls, these
two models were essentially identical. The DWCNT models showed stronger strength and
could resist higher strain percentages when we compared DWCNT (6 x 6 x 4.92 nm) and
DWCNT (7 x 7 x 4.92 nm) models with their respective SWCNT models.
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Figure 13. Comparison between SWCNT-PMMA and DWCNT-PMMA at different simulation
cell dimensions.
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Our findings show that compared to SWCNTs, DWCNTs are stronger and can endure
higher strain percentages. The design and development of sophisticated materials for
a variety of industrial applications, such as aerospace, electronics, and medical devices,
depends heavily on these findings.

4. Conclusions

In our study, we comprehensively examined the effects of CNT diameter, CNT volume
fraction, temperature, and number of CNT walls on Young’s modulus, ultimate tensile
strength, ultimate tensile strain, toughness, and interaction energy. To achieve this, we
employed the MDs simulation method with ReaxFF potential. Our findings shed light on
the complex relationships between these parameters and provide important insights into
the behavior of CNT-PMMA composites. The following were revealed:

e  Temperature is a significant factor affecting the mechanical properties of CNT-PMMA
composites. As the temperature of the simulation rises from 100 K to 700 K, several key
mechanical properties experience notable changes. Specifically, the ultimate tensile strength
diminishes from 17.16 GPa to 4.90 GPa, the ultimate tensile strain decreases from 13.6% to
9.9%, and Young’s modulus undergoes a decrease from 126.16 GPa to 24.63 GPa.

e  The diameter and volume fraction of CNTs are crucial parameters that determine the
composite’s mechanical characteristics. It is observed that an increase in CNT diameter
correlates with an increase in CNT volume fraction. This phenomenon, in turn, leads to
notable enhancements in both the ultimate tensile strength, which rises from 9.40 GPa
to 17.92 GPa, and Young’s modulus, which elevates from 66.41 GPa to 135.97 GPa.
However, it is worth noting that the ultimate tensile strain is largely indifferent to the
CNT size, remaining at approximately 13% throughout the experimental range.

e  Our simulation results suggest that incorporating CNTs into PMMA can enhance
the material’s mechanical properties, making it suitable for both low- and high-
temperature applications.

o  We observed that DWCNTs exhibit approximately twice the tensile strength of SWC-
NTs, while maintaining the same simulation cell dimensions.
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