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Atomistic Modelling of Nanoindentation
of Multilayered Graphene-Reinforced
Nanocomposites

Shaker A. Meguid, Ahmed R. Alian, and M.A.N. Dewapriya

Abstract The force-displacement curves, obtained from a nanoindentation
experiment, are generally analysed using continuum contact mechanics models.
However, the applicability of these models at the nanoscale is questionable due to
several inherited nanoscale phenomena, e.g., discreteness, quantum manifestations,
and scale effects. Atomistic simulations such as molecular dynamics could provide
better insight into the contact mechanics of nanoscale systems. In this chapter, we
present a comprehensive molecular dynamics simulations of the contact behaviour
of multilayered graphene-reinforced composite systems. Three aspects of the work
were considered. The first was concerned with the force-displacement curves
resulting from nanoindentation of a polyethylene matrix reinforced by multilayered
graphene sheets. The second is concerned with the associated deformation patterns
as well as the atomic adhesion associated with the retraction stage of the indenter.
The third is concerned with the reinforcement mechanism and fracture behaviour
associated with the increase in the number of graphene sheets and their spatial
locations within the composite. The results of our work reveal: (a) strong interlayer
interaction of graphene results in higher indentation resistance, (b) indentation
resistance of a single-layer graphene-coated polyethylene is about 13-fold of the
indentation resistance of pure polyethylene, (c) strong atomic adhesion between the
indenter and the graphene prevails at the nanoscale, and (d) the proper choice of
interlayer separation is critical in achieving the best performance of multilayered
graphene-reinforced nanocomposites.
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2.1 Introduction and Background

Nanoindentation tests have been used for material characterization since the 1970s
(Pethicai et al. 1983). Recently, these tests have been extensively improved by
developing advanced testing instruments and techniques and improved analysis
methods (Oliver and Pharr 1992, 2004; Hay et al. 1999; Li and Bhushan 2002). As a
result of these recent advances, nanoindentation has now become a vitally important
test in characterizing the mechanical properties of various materials ranging from
nanocomposites to biological materials (Paul et al. 2014). The focus of the current
work is multilayered graphene-reinforced composites.

Due to their better strength-to-weight ratio and stiffness, longer fatigue life, and
other superior electro mechanical properties, multilayered composites have proven
to be very effective in numerous industries ranging from automotive to biomedical
applications (Sinha Ray and Okamoto 2003; Pavlidou and Papaspyrides 2008; Jang
and Zhamu 2008). Recent advances in fabricating nanoscale multilayered systems,
such as graphene-based multilayered nanocomposites, are pushing the frontiers of
conventional nanocomposites research (Raccichini et al. 2014; Richardson et al.
2015). In developing such advanced nanoscale multilayered systems, a thorough
understanding of the mechanical behaviour of these systems is essential. This
has prompted extensive experimental and theoretical studies of the nanoscale
phenomena associated with reinforcement characteristics, contact stresses, force-
displacement response, failure criteria, atomic adhesion, and atomic pileup, which
are essential in designing high performance nanocomposite systems.

More importantly, however, using graphene in composite materials provides
an excellent opportunity to transfer the superior electromechanical properties of
graphene, across multiple length scales, up to the macroscopic level. Devices such
as electromechanical resonators have been fabricated using both single and multi-
layered graphene nanoribbons (Bunch et al. 2007; Chen et al. 2009, 2013). Novel
methods for constructing multilayered assembly of graphene have been developed
by several groups (Kong et al. 2009; Shen et al. 2009). Recent advances in synthesis
of graphene-based multilayered nanostructures are showing promising applications
in electrochemical energy storage (Raccichini et al. 2014), solar cells (Wang et al.
2011), and gas sensors (Ji et al. 2010). Such graphene-based layered materials could
also be used for structural applications in automotive and aerospace industries.
Latest developments in multilayered nanofilm assembly (Richardson et al. 2015)
will further accelerate the commercial scale fabrication of multilayered graphene-
based composites. In order to understand the mechanics of nanoscale multilayered
systems, nanoindentation tests on multilayered silicate/polymer nanocomposites
have been conducted by several groups; see, e.g., Bruzaud and Bourmaud (2007)
and Aldousiri et al. (2011).
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2.1.1 Experimental Techniques in Nanoindentation

Nanoindentation tests using atomic force microscopy have been widely used to
characterize the material properties at the nanoscale (Gibson 2014; Díez-Pascual et
al. 2015). A typical nanoindenter is composed of a force actuator and a displacement
sensor to apply a pre-programmed load/displacement profile on the test specimen
by using a hard tip (usually made out of diamond). The shape of the indenter
tip is often a three-sided Berkovich pyramid because geometric self-similarity of
this geometry creates a simple relationship between indentation depth and contact
area (Fischer-Cripps 2011). Other commonly used geometries are the three-sided
Berkovich pyramidal indenter and the four-sided Vickers pyramidal indenter. The
load and the displacement data acquired during the test are plotted against each
other, and the mechanical properties including the elastic modulus and the hardness
are calculated using analytical models, which will be presented in the next section.

In order to estimate the hardness and stiffness of a material using nanoin-
dentation, it is necessary to accurately determine the contact area between the
specimen and the indenter. In early days, the contact area had been estimated by
examining the induced residual impression using optical microscopy and image
analysis. However, as the dimensions of the indenters began to approach the atomic
level, determining of the contact area accurately became extremely challenging.
This challenge prompted the development of depth-sensing indentation technique
in which both the applied load and the resulting penetration depth are continuously
recorded during the indentation process (Doerner and Nix 1986).

In their recent review, Paul et al. (2014) identified several key challenges and
recent advances in nanoindentation experiments. Minor et al. (2006) demonstrated
the importance of achieving high load resolution (in the range of nN) because the
experiments carried out at a very small scale have shown that the initial yielding
could occur at extremely low loads even below the force resolution limit. Cross
et al. (2006) resolved this problem and succeeded in achieving smaller indenter
displacements and force resolution in the range of nN by using atomic force
microscopy for their nanoindentation experiments. Controlling surface chemistry
and morphology of the test specimen is also very critical in determining the surface
characteristics of the material at the nanoscale level (Song and Srolovitz 2006).
Preparing the surfaces of the sample and the tip and conducting the indentation
experiment in ultra-high vacuum is considered to be the best method to overcome
this problem. In addition, indenter characterization becomes increasingly difficult
at the atomic level. At this scale, not only the indenter radius but also the
crystallographic direction of the tip and the structure of the stepped crystal surface
could become important (Paul et al. 2014). Tip characterization can be carried out by
scanning and transmission electron microscopy; however these techniques cannot be
used to determine the full three-dimensional structure at the atomic scale (Egberts
et al. 2009).

In fact, nanoindentation tests have been employed to measure the elastic
properties and mechanical strength of graphene (Lee et al. 2008). Recently, Zan-
diatashbar et al. (2014) conducted nanoindentation tests of graphene to investigate
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the effect of defects on the stiffness and the strength of graphene. The obtained
load-displacement curves indicated that the strength of graphene with oxygen
adatom is �14% smaller than the strength of pristine graphene. Shokrieh et al.
(2013) conducted nanoindentation and nanoscratch tests to investigate the wear
resistance of graphene-based polymer nanocomposites. They found that 0.5 wt%
of graphene improved the scratch resistance and the hardness of polymer by 83%
and 50%, respectively. By employing nanoindentation tests, Das et al. (2009)
demonstrated that 0.6 wt% of multilayered graphene significantly enhances the
stiffness (�70%) and hardness (�50%) of treated polymers. A more recent
experimental study (Flores et al. 2016) has demonstrated that the stiffness of
graphene-polyethylene nanocomposites obtained from dynamic nanoindentation
measurements is higher than those obtained from quasi-static tensile tests. Further-
more, they found that the hardness decreases with the increase in the strain rate. In
addition, they employed grid indentation, which is a very useful method to study the
spatial distribution of mechanical properties, to characterize the surface distribution
of the elastic modulus of graphene-based nanocomposites.

2.1.2 Analytical Modelling of Nanoindentation

In addition to the experimental developments, substantial advance has also been
made in both analytical and numerical modelling of nanoindentation. The classical
continuum mechanics has limited applicability at the nanoscale due to the discrete
nature of matter and quantum manifestations at the nanoscale (Luan and Robbins
2005; Tapasztó et al. 2012). However, the continuum concepts are computationally
efficient and provide reasonable insights into the mechanical behaviour of graphene-
based systems (Liu et al. 2011; Zhang et al. 2012; Xu et al. 2012; Dewapriya
et al. 2013, 2014; Dewapriya and Rajapakse 2014). On the other hand, when it
comes to modelling a complex system such as graphene-based nanocomposites, the
accuracy of continuum models is questionable, because they do not take into account
the structural configurations and the complex surface morphologies of nanoscopic
systems, which are quite important in modelling mechanical properties at the atomic
scale (Odegard et al. 2002; Haque and Ramasetty 2005; Dewapriya et al. 2015;
Dewapriya and Rajapakse 2016).

Continuum contact mechanics models (Oliver and Pharr 1992; Pharr et al. 1992;
Oliver and Pharr 2004) and Hertzian theory (Vlassak and Nix 1994) are widely used
to analyse the force-displacement curves obtained from nanoindentation tests. The
Oliver–Pharr method extended the initial analysis conducted by Sneddon (1965) on
the indentation of an elastic half space by a flat cylindrical punch, which provided a
simple relationship between load and displacement. Using the Sneddon’s analysis,
Oliver and Pharr established a simple method to estimate the elastic modulus and
the hardness of a given material by using loading/unloading curve and the geometry
of the indenter. According to the Oliver–Pharr simplified model, the hardness H was
calculated to be
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Fig. 2.1 Schematic
representation of loaded and
unloaded deformations of a
specimen during indentation
test (Oliver and Pharr 2004)

H D Pmax

A
(2.1)

where Pmax is the peak indentation force and A is the contact area between the
indenter and the specimen. The value of A depends on the height hc, which is defined
in Fig. 2.1.

The elastic modulus (E) of the specimen can be obtained from the relationship
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where ¤ and ¤i are the Poisson’s ratios of the specimen and the indenter, respec-
tively. Ei is the elastic modulus of the indenter and Er is the reduced modulus,
which takes into account the induced elastic deformations in both the indenter and
the specimen. The value of Er is given as

Er D
p

�

2ˇ

Sp
A

(2.3)

where S is the initial unloading contact stiffness given by the initial slope of the
unloading curve. ˇ is a dimensionless parameter, and its value depends on the
geometry of the indenter. Using finite element models, Sakharova et al. (2009)
showed that ˇ is 1.034, 1.081, and 1.055 for the axisymmetric conical indenter,
the Berkovich pyramidal indenter, and the Vickers pyramidal indenter, respectively.

The model developed by Oliver and Pharr was modified by several researchers
in order to overcome its inherited limitations (Oyen and Cook 2003; Tang and Ngan
2003). For example, after several experimental studies demonstrated that the initial
portion of the unloading curve is nonlinear (Oliver and Pharr 2004), it was proposed
that the unloading curve is better represented by a nonlinear power law in the form

P D ˛
�
h � hf

�m
(2.4)

where P, h, and hf are defined in Fig. 2.1; ˛ and m are power law curve-fitting
parameters.

However, it is questionable whether the Oliver–Pharr method can be directly
applied to nanoindentation of polymers due to their viscoelastic properties (Gibson
2014). The viscoelastic properties could lead to an inaccurate estimate of the
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hardness and the stiffness of the considered polymer. As an example, the creep
behaviour of polymers could induce a “nose effect” during the unloading stage,
leading to an inaccurate estimation of the contact stiffness (Oyen and Cook 2003;
Tang and Ngan 2003). Furthermore, McAllister et al. (2012) and Wang et al.
(2016) studied the applicability of the Oliver–Pharr method in analysing the load-
displacement curves obtained by nanoindentation of polymers. They conducted both
experiments and finite element modelling and found that the Oliver–Pharr method
can be applied to polymers with a reasonable accuracy. They also revealed that the
viscoelastic effects of polymer can be minimized by using high loading/unloading
rate and by holding the load for a relatively longer duration. However, the Oliver–
Pharr method has several limitations when it is used at the atomic level (McAllister
et al. 2012; Yan et al. 2012).

2.1.3 Atomistic Modelling of Nanoindentation

Atomistic modelling and simulation methods such as quantum mechanics (QM) and
molecular dynamics (MD) play an important role in investigating the mechanical
behaviour of nanoscale material systems. First principle QM calculations have
been used to investigate the deformation at the contact region of a silicon (Si)
substrate (Pérez et al. 1995). The simulations revealed that the flow of atoms
occurs close to the interstitial position inside the Si substrate and extrusion of Si
atoms towards the tip, which was made out of aluminium atoms. This extrusion
is induced by non-uniform volumetric strain, and it is stabilized by the adhesive
interaction with the tip. QM-based models have been used to investigate several
mechanical aspects of graphene such as fracture (Khare et al. 2007a; Xu et al.
2012), edge stress and stability (Huang et al. 2009), bending (Kwon et al. 2012),
effect of defects (Robertson et al. 2013), and interface mechanics (Xu and Buehler
2010). However, MD simulations are used to investigate the temperature-dependent
properties because QM is not able to simulate systems at finite temperatures.

Molecular dynamics simulations have been widely used to study the mechanics
of graphene and carbon nanotube (CNT)-based nanocomposites. Meguid and his
collaborators used MD simulations to determine the effective elastic properties of
a representative volume element that is comprised of CNT nanofillers (Alian et al.
2016; Alian and Meguid 2016; Alian et al. 2015a; b). Xia et al. (2016) conducted
course-grained MD simulations of nanoindentation to study the interphase length
scale of a polymer. Beyond the interphase length scale, the elastic modulus can
be considered to be similar to the elastic modulus of the bulk polymer. They
found that the interphase length scale is several tens of nanometres in the case of
nanoindentation measurements and also found that this length scale is sensitive to
the indenter radii.

Mathew and Sewell (2016) characterized the thermomechanical response of an
energetic molecular crystal (i.e. TATB) by conducting MD simulations of nanoin-
dentation. They observed that the elastic part of the force-displacement curve on the
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basal plane is accurately predicted by an analytical solution obtained using Hertzian
theory of indentation of an anisotropic half space with a rigid, frictionless parabola
of revolution (Vlassak and Nix 1994; Willis 1966), whereas non-Hertzian response
is demonstrated on the nonbasal planes. Tavazza et al. (2015) investigated the
interaction between a diamond tip and nickel (Ni) substrate using MD simulations.
They observed a significant amount of Ni atoms transfer to the diamond tip. This
material transfer could have a significant impact on the nanoindentation test results.
Rocha et al. (2013) used MD simulations to study the indentation behaviour of
high-density polyethylene. Their study revealed that increasing the external force
results in a decrease in the viscoelastic recovery and that a larger size indenter, under
constant external force, generates increased viscoelastic recovery. MD simulations
of nanoindentation tests on crystalline cellulose materials (Wu et al. 2013) and
synthetic poly-dopamine (Lin et al. 2014) have been conducted to predict the
mechanical properties and structure of those advanced materials.

Li et al. (2012) carried out atomistic simulations of the tensile response of
thermoset polymer composites reinforced with multilayered graphene. Their results
revealed that regardless of the relative orientation of the multilayered graphene
and the composite interface, the strength of the composites under uniaxial tension
is higher than the corresponding strength for the bulk polymer. Tan et al. (2013)
conducted MD simulations to investigate the nanoindentation of circular monolayer
graphene. They found that in the small deflection range, the indenter has a near point
contact with graphene, and that the point load model is applicable. If the indenter is
large, the size effect of the indenter is evident in the large deflection range, and the
sphere-load model, which was developed to study spherical indentation of materials
(Begley and Mackin 2004; Scott et al. 2004), should be used. Neek-Amal and
Peeters (2010) conducted nanoindentation tests on bilayer graphene and found that
Young’s modulus is 0.8 TPa, which is less than a single-layer sheet. They also found
that Young’s modulus at 20 K is 14% less than the value at 300 K. A recent MD
simulation of tensile behaviour of multilayered graphene shows that the ultimate
tensile strength and Young’s modulus of multilayered graphene are insensitive to
the number of layers (Zhang and Gu 2013).

In this chapter, we present a detailed molecular dynamics simulations of the
contact mechanical behaviour of a multilayered graphene-polyethylene composite
resulting from numerical nanoindentation tests. Two aspects of the work are
considered. First, we conducted molecular dynamics simulations of nanoindentation
tests of single- and multilayered graphene. Second, building upon the knowledge
obtained from the first part, we investigated the contact mechanical behaviour
of multilayered graphene-reinforced polymer composites by conducting numerical
nanoindentation tests. This chapter is organized as follows. In Sect. 2.2, the basics
of molecular dynamics simulations are explained. Molecular dynamic modelling
of nanoindentation of graphene and graphene-reinforced polymer composite is
described in detail in Sect. 2.3, and results are also presented in that section. Finally,
the concluding remarks are given in Sect. 2.4.
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2.2 Basic Concepts of Molecular Dynamics Simulations

The main purpose of MD simulations is to study the time-dependent behaviour of a
system by computing the current and the future positions and the velocity of each
atom using Newton’s equations of motion. This information can be later used to
calculate the averaged mechanical properties of the system (Rapaport 1995; van
Gunsteren and Berendsen 1990).

The initial position and velocity of each atom of the system must be known at
the beginning of the MD simulation. The initial velocities are randomly generated
based on the required average temperature of the system. Then, the trajectories of
the atoms are determined by solving Newton’s equations of motion of the interacting
atoms of the system, viz.,

*

Fi D mi
*
a i (2.5)

where
*

Fi, mi, and
*
a i are the respective acting force, mass, and acceleration of atom i.

The interatomic forces are the gradient of the total potential energy V of the system
and is given by

*

Fi D �rV
�

*
r

�
: (2.6)

The velocity
*
v i and the acceleration

*
a i of each atom are the first and second

derivatives of the displacement vector
*
r i, respectively:

*
v i D d

*
r i

dt
(2.7)

*
a i D d

*
v i

dt
(2.8)

Using Eqs. (2.5) to (2.8), we can obtain the following differential equation:

�rV
�

*
r

�
D mi

d2*
r i

dt2
: (2.9)

The most popular algorithm to integrate the resulting equations of motion of the
system is the Verlet algorithm (Verlet 1967). In this algorithm, Newton’s equations
of motion are approximated by a Taylor series expansion as a time series, as follows:

r .t C •t/ D r .t/ C v .t/ •t C 1

2
a .t/ •t2 C 1

6

d3r.t/

dt3
•t3 C O

�
•t4
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r .t � •t/ D r .t/ � v .t/ •t C 1
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Adding Eqs. (2.10) and (2.11), and moving the r(t � •t) term to the right-hand
side, we can obtain

r .t C •t/ D 2r.t/ � r .t � •t/ C a.t/ •t2 C O
�
•t4

�
(2.12)

This is the general form of the Verlet algorithm for MD, where •t is the time
step of the analysis. The accuracy of this approach increases significantly with the
decrease in this time step, because it is a function of the fourth order of •t. The value
of a(t) is determined from Eq. (2.9), which depends on the location of the atom.
Here, we use the positions from the previous and current time steps and acceleration
of the current step to predict the trajectory of the atom. The instantaneous velocity
v(t) of each atom can be later calculated using the following Taylor series expansion

v.t/ D r .t C •t/ � r .t � •t/

2•t
C O

�
•t3

�
(2.13)

The kinetic energy K(t) and the averaged instantaneous temperature T of the
system, based on the equipartition theory, can be calculated using the obtained
velocities in the following relations:

K .t/ D 1

2

X

i

mi .vi .t//2 (2.14)

T .t/ D 2

3

K .t/

N KB
(2.15)

where KB is the Boltzmann constant.
The total potential energy of the system can be defined by interatomic potentials

or molecular mechanics force fields which describe how the atoms interact with each
other (LeSar 2013). The selected interatomic potential or force field for the system
under investigation must be very accurate for the quantum mechanical processes and
to yield reliable results. These potentials and force fields have been developed by
several researchers based on quantum mechanics calculations and then validated
by comparing their results with experimental tests (Brenner 2000; LeSar 2013).
The general expression for the total atomistic potential energy of the system can be
written as a many-body expansion that depends on the position of one, two, three,
or more atoms at a time (LeSar 2013), such that
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(2.16)
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where V1 is the one-body term (energy of the isolated atom i due to an external force
field such as the electrostatic force), V2 is the two-body term (pair-wise interactions
of the atoms i and j such as Lennard-Jones potential (Jones 1924)), V3 is the three-
body term (three-body interactions and usually called many-body interactions such

as Tersoff and Brenner potentials), N is the number of atoms in the system, and
*
r i

is the position vector of atom i (Tersoff 1988; Brenner 1990). In this work, we
used an inter atomic many-body potential for hydrocarbons called the Adaptive
Intermolecular Reactive Empirical Bond Order (AIREBO) potential (Stuart et al.
2000).

The AIREBO potential consists of three sub-potentials, which are Lennard-Jones
potential, the torsional potential, and the reactive empirical bond order (REBO)
potential. Lennard-Jones potential incorporates the van der Waals forces, and the
torsional potential includes the energy due to torsional interactions between atoms.
The REBO potential (Brenner 1990) evaluates energy stored in atomic bonds; the
energy stored in a bond between atom i and atom j can be expressed as

Eij
REBO D f

�
rij

� �
VR

ij C bijV
A
ij

�
(2.17)

where Vij
R and Vij

A are the repulsive and the attractive potentials, respectively;
bij is the bond order term, which modifies Vij

A according to the local bonding
environment; rij is the distance between the atoms i and j; f (rij) is the cut-off
function, which limits the interatomic interactions to the nearest neighbours. The
cut-off function in REBO potential (Brenner 1990), given in Eq. (2.18), limits the
interatomic interactions to the nearest neighbours, such that

f
�
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� D

8
ˆ̂<

ˆ̂:

1; rij < R.1/

1 C cos

�
� .rij�R.1//
.R.2/�R.1//

	
; R.1/ < rij < R.2/

0; R.2/ < rij

(2.18)

where R(1) and R(2) are the cut-off radii, which are determined to be 1.7 and 2 Å,
respectively. The values of cut-off radii are defined based on the first and the
second nearest neighbouring distances of the relevant hydrocarbon. The cut-off
function, however, causes non-physical strain hardening in carbon nanostructures
(Shenderova et al. 2000). Therefore, the modified cut-off radii, ranging from 1.9
to 2.2 Å, have been used to eliminate this non-physical strain hardening (Jhon et
al. 2014; Zhang et al. 2012; Zhao and Aluru 2010). High strains and fracture of
carbon–carbon bonds are possible during nanoindentation test simulations. There-
fore, we investigated the influence of the cut-off function on the nanoindentation test
results by using a truncated cut-off function ft(rij), given in Eq. (2.19) (Dewapriya
2012; Dilrukshi et al. 2015).

ft
�
rij

� D



1; rij < R
0; rij > R

(2.19)
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where the value of R is 2 Å. Similar cut-off functions have been used by Zhang et al.
(2012) and Cao and Qu (2013) to simulate the fracture of graphene.

All MD simulations are being conducted under specified conditions. These
ensembles are characterized by fixed values of the following thermodynamic
variables: potential energy, temperature, pressure, volume, and total number of
particles. The most commonly used ensembles in MD simulations are:

• Micro-canonical ensemble: constant number of atoms, volume, and energy
(NVE)

• Isothermal-isobaric ensemble: constant number of atoms, temperature, and
pressure (NTP)

• Canonical ensemble: constant number of atoms, temperature, and volume (NVT)

There is a common sequence that can be followed to build an MD model and
perform a successful simulation. The first step is to build the initial structure of
the system using the appropriate software such as Nanoengineer, Materials Studio,
Packmol, amongst others. The second step is to optimize this initial structure by
changing the location of its atoms relative to each other to reduce the total potential
energy of the system and also to release the existing residual stresses. The third step
is to assign an initial velocity to each atom based on the targeted average temperature
of the system. The fourth step is to equilibrate the minimized structure to obtain the
system at targeted initial conditions (pressure, volume, temperature). The final step
is to conduct the required analysis and measure the system properties of interest.

2.3 Molecular Dynamics Simulation of Graphene-Reinforced
Nanocomposites

The main goal of this study is to determine the reinforcement effect of graphene
sheets on nanocomposites. In order to understand the reinforcing mechanism of
such composites, MD simulations of the numerical nanoindentation test of pure
polymer and both single and multilayered graphene structures were conducted.
Consequently, numerical nanoindentation tests of multilayered graphene-reinforced
systems with different configurations followed. The results of the MD simulations
for all the systems considered are presented and compared in order to give
insight into the behaviour of these materials at the nanoscale. All MD simulations
were performed with large-scale atomic/molecular massively parallel simulator
(LAMMPS; Plimpton 1995) using the adaptive intermolecular reactive bond order
(AIREBO) potential (Stuart et al. 2000).
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Fig. 2.2 Preliminary system used for the nanoindentation simulations. (a) The pyramid-shaped
diamond indenter with dimensions of 24 � 24 � 10 Å and (b) the graphene sheet with dimensions
of 50 � 50 Å

2.3.1 Indentation of a Single Layer of Graphene

We used a pyramid-type diamond indenter (Vickers indenter) for the nanoinden-
tation simulations. Figure 2.2 shows the diamond indenter and the graphene sheet
used for the study. The base of the indenter selected was 24 � 24 Å with a thickness
of 10 Å. The indenter tip consists of 9 carbon atoms (3 � 3 atoms). In a graphene
sheet, carbon atoms are arranged in a honeycomb lattice, where the carbon–carbon
bond length is assumed to be 1.396 Å (Stuart et al. 2000). The dimensions of the
graphene target selected were 50 � 50 Å, and it has 1070 carbon atoms. The MD
simulations were conducted at a temperature of 300 K with a time step of 0.5 fs. The
energy of the system (the graphene target and the indenter) was firstly minimized
using the Conjugate Gradient algorithm. The system was considered to be optimized
once the change in the total potential energy between subsequent steps is less than
1.0 � 10�10 kcal/mol (Alian and Meguid 2017). Then, the minimized system was
allowed to reach equilibrium over 50,000 time steps in the constant temperature and
volume (NVT) ensemble. Figure 2.3 shows the system reaching equilibrium after
some 5 ps.

The initial gap between the indenter tip and the graphene target was selected to
be 15 Å as the system reaches its equilibrium. The diamond indenter was brought
into contact with the graphene target at a constant speed of 1 Å/ps, and the resisting
force on the indenter was calculated at each simulation step and also averaged over
an interval of 0.1 ps to reduce the effect of fluctuations on the obtained results.
The MD unit cell was equilibrated using the NVT ensemble at 300 K during the
indentation process. Four edges of the graphene target were kept fixed during the
indentation, and the diamond indenter was considered as a rigid body (i.e. constant
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Fig. 2.3 Variation in potential energy of the simulated system with the equilibration time

speed in z direction and zero speed in x and y directions). The indentation process
continued until the graphene sheet was fractured to establish the upper bound of
indentation depth and the associated indenter force. Figure 2.4 demonstrates the
corresponding deformation and the fracture behaviour of the graphene sheet during
the indentation process. The figure shows the severe deformation of the graphene
sheet upon fracture revealing its extraordinary out-of-plane flexibility. Interestingly,
however, even at fracture, several carbon chains hold the two fractured entities of the
graphene together, as shown in Fig. 2.4d. Similar phenomenon had been observed in
experiments (Chuvilin et al. 2009; Jin et al. 2009) as well as in MD/QM simulation
studies (Hobi et al. 2010). These linear carbon chains represent connected dimers
composed of two coordinated carbon atoms. Hobi et al. (2010) revealed that in the
absence of such dimers, full rupture of graphene will take place.

Figure 2.5 shows the change in the indenter force versus the total potential energy
of the system with the indentation time. The indenter touches the graphene sheet at
3 ps. Fracture of the graphene target occurs at an indentation depth of 20 Å, and
the maximum indenter force is 510 nN. It can be seen in the figure that the indenter
experiences a significant resisting force even after the fracture of the graphene target.

In MD simulations of nanoscale systems, selection of the system and boundary
condition is very critical in obtaining reliable results (Mattoni et al. 2005; Dewapriya
2012). Therefore, we investigated the influence of the graphene sheet size on
the resulting indentation force at a fixed indentation depth by modelling square
graphene sheets with various dimensions ranging from 50 to 200 Å. The indentation
force at an indentation depth of 17 Å was determined and compared for all cases
considered; see Fig. 2.6. It can be clearly seen that the indentation force decreases
significantly as the sheet size increases. This is due to the additional stiffness
provided by the fixed boundaries in the out-of-plane direction of the graphene sheet
during the indentation process.
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Fig. 2.4 Snapshots of the graphene-indenter system during indentation. The diamond indenter,
shown in blue, was moved downwards (along –z direction) at a constant speed of 1 Å/ps. (a) and
(b) show the deformation of the graphene prior to fracture, and (c) and (d) show the behaviour of
graphene after fracture
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Fig. 2.5 Time variations of (a) indentation force versus time and (b) system potential energy
versus time

The influence of the cut-off function on the indentation force during the MD
simulation is investigated in this section. The original and modified cut-off functions
are given in Eqs. (2.18) and (2.19), respectively. Even though the original cut-off
function introduced non-physical strain hardening of graphene when simulating
a tensile test, our study revealed that the influence of a cut-off function on the
indentation force is unnoticeable as shown in Fig. 2.7.
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Fig. 2.6 Effect of graphene
sheet size upon the resistance
to indentation
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Fig. 2.7 Effect of the
interatomic REBO cut-off
function on the indentation
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2.3.2 Indentation of Multilayers of Graphene Sheets

Single-layer graphene sheets tend to agglomerate and form a multilayered system
(Li et al. 2008; Shen et al. 2009). The interlayer separation in multilayered
graphene is assumed to be 3.4 Å (Lu 1997; Ohta 2006). We performed numerical
nanoindentation tests on different multilayered graphene systems consisting of a
gradually increasing number of layers up to five sheets. A diamond indenter similar
to the one used for the aforementioned single sheet studies (see Fig. 2.2a) but with
a longer stem was used for the current simulations. All edges of all multilayered
graphene sheets were kept fixed during the indentation stage. The procedures of the
MD simulation were similar to that of the single-layer studies, which are explained
in Sect. 2.3.1. Figure 2.8 shows indentation of a three-layer graphene sheet for an
indentation depth of 30 Å.

Figure 2.9 compares the variation in indentation force with the indentation depth
for a different number of layers up to an indentation depth of 20 Å. The figure also
shows the best fit polynomial for a single-layer graphene, where the force-depth



54 S.A. Meguid et al.

Fig. 2.8 Nanoindentation of a three-layered graphene sheet (a) prior to indentation and (b)
deformed shape during indentation

Fig. 2.9 Variation of
indentation force with
indentation depth for
multilayered graphene targets
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relationship is in the third order as proposed by Lee et al. (2008) and Komaragiri
et al. (2005). It can be seen that, at a given indentation depth, the indentation
forces of the multilayered graphene cannot be expressed as the linear sum of the
indentation force of a single-layer graphene. This is because contact is nonlinear
even at the continuum level. In addition, the contact stresses and the resulting contact
area are typically unknown a priori.

Figure 2.10 compares the variation of indentation force with the number of
graphene sheets at three indentation depths (i.e. 10, 20, and 30 Å). It should be
noted that the force is obtained as the average force over 100 time steps in order to
obtain more reliable results by reducing the effect of the instantaneous force-time
fluctuations. The figure clearly demonstrates an approximately linear relationship
between the number of graphene sheets and the indentation force up to five layers.
It is also interesting to note that the slope of each curve is different indicating the
complexity of the problem.

For example, during the nanoindentation of the five-layered graphene system, all
graphene sheets begin to experience some form of fracture around an indentation
depth of 27 Å. Figure 2.11a shows the variation in the indentation force during
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Fig. 2.10 Variation of the
maximum indentation force
with the number of graphene
sheets of a multilayered
system at different
indentation depths
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the indentation process, at t D 0, when the indenter is in contact with the
top graphene layer. It can be seen in that figure that the indenter experiences
a noticeable indentation force even before it touches the top uppermost layer.
This force is generated by the repulsive van der Waals interaction forces. Figure
2.11b–g demonstrate the interaction between graphene and indenter at the times
shown in Fig. 2.11a. It can be seen in Fig. 2.11c, d that the atoms in contact
with the indenter experience highly concentrated deformation. The fracture of the
multilayered graphene sheets starts at a depth of 26.5 Å as shown in Fig. 2.11e.
Figure 2.11f shows that three graphene sheets are fractured at a depth of 30 Å.
After reaching a depth of 30 Å, the indenter was retracted with the same velocity.
Figure 2.11g–i show the interaction between the multilayered graphene targets and
the indenter during the retraction stage. It can be seen from these figures that there
is a significant adhesion between the fractured graphene sheets and the indenter.
Fracture of graphene sheet leads to the generation of carbon atoms with dangling
bonds which have very high cohesion with the indenter (Alian et al. 2017).

In the following sections, we investigate the mechanical behaviour of polyethy-
lene with and without the use of multilayered reinforcing graphene sheets.

2.3.3 Indentation of Polyethylene

In this section, we will investigate the response of a pure polymer to nanoindentation
tests using MD simulations. The results obtained from this analysis will be used as
a reference for comparisons with graphene-reinforced polymer nanocomposites. To
model the surrounding matrix, a polyethylene (PE) polymer was selected. The unit
cell used for the MD simulations consists of 952 PE chains, in which each chain
was formed by 10 C2H4 units. Planar dimensions (x and y) of the PE block are
100 � 100 Å and thickness is 50 Å; the density of PE is 0.9 g/cm3. Periodic boundary
conditions were applied along x and y directions. In addition, an invisible surface
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Fig. 2.11 Nanoindentation of five-layered graphene targets: (a) Variation in indentation force with
time during the test. (b)–(g) Interaction between graphene and indenter at times indicated as (b)–
(g) on Fig. 2.11a. Figures (g)–(i) depict behaviour of the system during retraction stage. In Figs.
2.11b–i, a cross section cut through the centre of the indenter was taken in order to demonstrate
the position of the indenter and deformation of the different graphene layers
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was created just above the PE block to repel any polymer chains from escaping the
top polymer surface, while a layer of thickness 3 Å at the bottom of the PE block
was kept fixed. The diamond indenter used in the previous sections was used here
as well to perform nanoindentation. The procedures of the MD simulation of the
indentation test were similar to that of the multilayered graphene system studies,
which is explained in Sect. 2.3.2.

Figure 2.12a shows the variation in indentation force during the numerical
nanoindentation test, while Fig. 2.12b–d demonstrate the behaviour of the system at
different times during the indentation process. Indentation time was measured from
the instance where the indenter touches the top of the equilibrated polyethylene
system. It can be seen clearly in Fig. 2.12a that the indentation force rapidly
increases during the first 12 ps of the indentation stage. After this initial duration, the
indentation force increased slightly before reaching its maximum value at a depth
of 30 Å. The recorded maximum indentation force in the case of pure polyethylene
was 24.5 nN, which represent 10% of the maximum indentation force of a single-
layer graphene at the same indentation depth. It can also be seen in Fig. 2.12a that
the indentation force does not decrease immediately after the start of the retraction
of the indenter at 30 ps. This phenomenon is attributed to the recovery of the
polyethylene chains to their original positions and thus maintains the resisting force.
However, the polyethylene chains cannot fully return to their original positions at
the rate of indenter retraction. In other words, density of polyethylene around the
indenter decreases significantly, which eventually leads to a sudden drop in the
indentation force at 32 ps.

In the ensuing section, we investigate the contact behaviour of polyethylene
matrix reinforced by a single-layer of graphene.

2.3.4 Single-Layer Graphene-Reinforced Polyethylene

In this section, we investigate the reinforcement effect resulting from adding a
single-layer of a graphene sheet on the top of the polyethylene used in Sect. 2.3.3.
The difference between the composite and the pure polymer will be presented and
discussed thoroughly to determine the improvement in the mechanical properties
and performance. Figure 2.13 shows a graphene-reinforced polyethylene system.
The equilibrium separation distance between the graphene sheet and the polymer
matrix is around 3 Å, which was maintained by the repulsive forces between the
graphene sheet and the polyethylene atoms in contact with the sheet. Periodic
boundary conditions were applied along the x and the y directions of the system,
while the graphene sheet was allowed to stand freely on the polymer block.

Figure 2.14 compares the indentation force vs depth relation of a graphene-
reinforced polymer composite with the response of a single-layer graphene and that
of pure polyethylene. The maximum indentation force for the graphene and the
polyethylene are 254 and 24.5 nN, respectively. When these two materials were
put together, the maximum indentation force of the combined system becomes
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Fig. 2.12 Nanoindentation of polyethylene: (a) Variation of force during indentation and retrac-
tion of polyethylene matrix. (b)–(e) Four stages during nanoindentation of polyethylene. A section
going through the centre of the indenter was shown in order to demonstrate the position of the
indenter and the relative deformation of polyethylene block. (b)–(d) demonstrate the deformation
of polyethylene at times indicated as (b)–(d) on (a)



2 Atomistic Modelling of Nanoindentation of Multilayered: : : 59

Fig. 2.13 A single-layer
graphene-reinforced
polyethylene system, which
has 67,985 atoms.
Dimensions of the
polyethylene block are
100 � 100 � 50 Å
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Fig. 2.14 Force-Indentation response for graphene-reinforced polyethylene together with the
individual responses of graphene and polyethylene separately

327 nN, which is 13-fold increase in the maximum indentation force of pure
polyethylene. In fact, and more remarkably, the indentation resistance of graphene
has also increased by 29%. It can be seen in Fig. 2.14 that the graphene-reinforced
polyethylene is much stiffer than the combined individual stiffness of graphene
and polyethylene. The polyethylene matrix resists the deformation of the graphene
sheet, and the graphene sheet is able to distribute the concentrated force exerted
by the indenter through a considerably larger area. As a consequence of these two
interacting effects, both the graphene and the polyethylene deforms much less than
their individual responses to the indentation force, which results in a higher effective
stiffness.
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2.3.5 Graphene-Reinforced Multilayered Polyethylene
Composites

Five systems representing PE matrix reinforced with increasing number of graphene
sheets that form multilayered structures were considered here. The difference
between the response of these systems and the pure polymer to numerical nanoin-
dentation tests will be presented and discussed to determine the improvement in
the material performance and also to help designing new nanocomposites with
optimized properties. The number of graphene sheets and hence the thickness of
the graphene/PE layers range from zero (to represent pure polymer of a thickness of
50 Å) to five layers (to represent a PE layer of 10 Å).

Selecting the system size and boundary conditions properly is very crucial
in obtaining accurate and reliable results at a reasonable computational cost.
Accordingly, performing MD simulations of large graphene-reinforced polyethy-
lene systems could be computationally very expensive. In order to reduce this
burden, we investigated the ability of using smaller structures to model multilayered
graphene-reinforced polymer composites. For this purpose, several systems of
different sizes were considered to determine the effect of the system size on the
obtained properties (i.e. boundary effects). Figure 2.15a–c show the deformation
of a multilayered graphene-reinforced polyethylene system during nanoindentation,
where the size of the graphene sheets is 50 � 50 Å (designated case A); thickness
of individual polyethylene layers is 10 Å, and the system consists of five such
layers. Periodic boundary conditions were applied along x and y directions. Indent-
ing/retracting speed of the indenter were 1 Å/ps. It can be seen in Fig. 2.15b that the
entire system underwent severe deformation during the indentation process.

The indentation test of a larger system with planar dimensions of 100 � 100 Å
(designated case B) was also simulated. Figures 2.15d, e depict snapshots of the
larger system before the start of the indentation process at the maximum indentation
depth, and after retracting the indenter, respectively. It can be seen in Fig. 2.15e that
the boundaries of case A are not severely deformed, and the deformation is mostly
localized around the indenter. It is also noticed that the graphene sheet, which was
in contact with the indenter, was partially fractured in case B, however the sheet
was not fractured in case A. This indicates that even under the same indentation
depth, the graphene sheets at the surface of the two system experience totally
different levels of deformation. In case A, the entire system (including boundaries)
deforms, which can be seen in Fig. 2.15b. However, in case B, the boundaries are
slightly deformed as shown in Fig. 2.15e. Therefore, at a given indentation depth,
the effective deformation experienced by graphene in case B is higher than that
of case A. It can also be seen that there is a significant migration of the polymer
chains due to the indentation, which can be clearly seen in Fig. 2.15e. But then,
substantial amount of individual polymer chains has come back closer to their
original positions during the retraction stage. This polymer migration phenomenon
results in a relatively lower density of polyethylene below the indenter. Figure
2.15f demonstrates a significant cohesion between the indenter and the adjacent
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Fig. 2.15 Deformation of multilayered Graphene-PE systems (Cases A and B) considered during
nanoindentation. (a)–(c) depict case A of indentation of 50 � 50 Å, and (d)–(e) depict case B of
indentation of 100 � 100 Å system with five layers

graphene layer and also between indenter and polymer chains in the multilayered
system during the retraction stage. One reason for this cohesion is that the graphene
sheet has been partially broken which lead to the formation of several dangling
bonds on the graphene sheet at the fractured region. The dangling bonds want to be
stabilized by creating covalent bonds. Therefore, carbon atoms with dangling bonds
have strong cohesion with the diamond indenter and polymer chains (Alian et al.
2017).

Figure 2.16 compares the indentation forces for Cases A and B. There is a 10%
difference in the maximum indentation forces of the 50 � 50 Å and 100 � 100 Å
systems, which are 307 and 341 nN, respectively. The loading curve of the 50 � 50 Å
system indicates that the system is slightly stiffer than the other one. This could be
due to the fact that the boundary effects are dominant in case A, whereas this effect
lessens in Case B. All polymer layers of case A deform and exert a resisting force
on the indenter, but the deformation is localized in case B.
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Fig. 2.16 Comparison of indentation force vs time curves of the two five-layered systems shown
on Fig. 2.15

Considering the boundary effects, we decided to use a system with planar
dimensions of 100 � 100 Å to further investigate the indentation resistance of
graphene-reinforced multilayered systems. Figure 2.17 shows the two-, the three-,
and the four-layered systems used in the study. Figure 2.18a compares the variation
of indentation force with time in all systems, where the indentation was carried out
at a speed of 1 ps/Å until the indentation depth of 30 Å is reached. Time is measured
from the instant that the indenter touches the uppermost layers of the graphene sheet.
The figure reveals that the behaviour of the single, the two, and the three-layered
systems is almost identical except that the fracture of a single layer occurs slightly
early around an indentation depth of 27 Å; fracture of other systems is not evident.
This identical indentation resistance of these layered systems occurred due to the
fact that only the uppermost graphene layer is resisting the indenter and that the
interior sub-graphene sheets layers do not exert substantial resisting force to the
indenter due to the large interlayer separation distance. As an example, Fig. 2.18b
shows the deformation of the three-layered system at the maximum indentation
depth, and it demonstrates that the second graphene layer does not experience a
significant deformation. Therefore, the second layer does not exert any resisting
force during the indenter penetration of the first graphene layer. It can be seen that
the four-layered system experienced a significant improvement in the performance,
which is due to the contribution of the second graphene layer. Surprisingly, however,
the performance of the five-layered graphene system is the weakest amongst all
the considered systems, even though it was expected to offer greater resistance
to indentation due to the higher number of the multilayered graphene sheets. This
weakness is attributed to the inability of the 10 Å polyethylene layers to resist the
applied load.
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Fig. 2.17 Multilayered graphene-reinforced polyethylene systems. (a) The two-, (b) the three-,
and (c) the four-layered systems

Figure 2.18c shows the maximum indentation force of the studied multilayered
systems. These results indicate that there is a slight improvement in the maximum
resisting force up to three-layered system, where the interlayer spacing is 16.7 Å.
When the spacing is reduced from 16.7 to 12.5 Å, there is a 16.5% improvement
of the maximum force. However, this improvement completely vanishes when
the spacing was further reduced to 10 Å. This result indicates that proper choice
of the interlayer separation distance is critically important in achieving the best
performance of multilayered graphene-reinforced composites.

2.4 Concluding Remarks

Nanoscale multilayered systems have attracted significant attention in recent
research. Graphene has been already proven in its ability to become an exceptional
reinforcement for nanocomposites, and graphene-based multilayered systems are
believed to be a candidate of the next generation of advanced multifunctional
nanocomposites. Recently fabricated graphene-based multilayered nanostructures
have demonstrated promising potential for applications in electrochemical energy
storage, solar cells, and gas sensors. These multilayered materials could also be
used for structural applications in automotive and aerospace industries. Latest
developments in multilayered nanofilm assembly will further accelerate the
commercial scale fabrication of multilayered graphene-based composites.

In order to design advanced nanoscale multilayered systems with optimized
properties, a thorough understanding of the mechanical behaviour of these systems
is essential. Even though there is considerable research interest in nanoscale
multilayered systems, understanding of their mechanical behaviour is still in its
infancy.

Nanoindentation tests using atomic force microscopy have been widely used to
characterize the mechanical properties at the nanoscale. The force-displacement
data obtained from a nanoindentation test are generally analysed using continuum
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Fig. 2.18 Force-indentation depth of multilayered graphene systems: (a) variation of indentation
force with time of the multilayered graphene-reinforced systems, (b) deformed three-layered
system at maximum indentation depth (30 Å), and (c) maximum indentation force of the
multilayered systems when indented up to 30 Å

contact mechanics models. However, the applicability of continuum models at
the atomic level is questionable due to the discrete nature of structures at this
scale. Our comprehensive molecular dynamics simulations of the nanoindentation
of multilayered graphene-reinforced composites provide significant insight into the
force-indentation behaviour of these advanced systems. The results of the molecular
dynamics simulations reveal that a strong interlayer interaction has a substantial
influence on the material response at the nanoscale.
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Furthermore, the observed strong atomic adhesion between the multilayered
system and the indenter during indentation could not be studied using exist-
ing continuum-based models. Similarly, the atomic adhesion results in a unique
deformation pattern that develops during the retraction stage of the indenter. In
addition, graphene demonstrated an extraordinary reinforcing influence on the
force-indentation predictions. For example, indentation resistance of a single-layer
graphene-coated polyethylene is about 13-fold of the indentation resistance of a
pure polyethylene target. Significant improvement in the indentation resistance of
the multilayered graphene-reinforced system was also observed with the increase
of the number of graphene layers. However, proper choice of their spatial locations
within the composite is crucial in attaining the greatest resistance to indentation by
multilayered graphene-reinforced nanocomposites.
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