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Abstract

A study on the mechanical properties of polyethylene and carbon nanotube (CNT) based composites is presented using molecular
mechanics simulations. The systems being investigated consist of amorphous as well as crystalline polyethylene (PE) composites with
embedded single-walled CNTs. All the systems are subjected to quasi-static tensile loading, with the assumption that no cross-link chem-
ical bonds exist between the CNT and polyethylene matrix in the case of nanocomposites. Based on the numerical simulations, we report
Young’s moduli (Cs3) of 212-215 GPa for crystalline PE, which closely match the experimental measurement. Furthermore, elastic stiff-
ness of 3.19-3.69 GPa and tensile strength of 0.21-0.25 GPa are obtained for amorphous PE. The tensile responses are found to be highly
isotropic. In the case of crystalline PE reinforced by long through CNTs, moderate improvements in the tensile strength and elastic stiff-
ness are observed. However, the results differ from the predictions using the rule of mixtures. On the other hand, although significant
increase in the overall tensile properties is observed when amorphous PE is reinforced by long through CNTs, the load transfer at
the nanotube/polymer interface has negligible effect. Finally, degradations in both tensile strength and elastic stiffness are reported when
amorphous PE is reinforced by embedded CNTs. The study presented indicates the importance of specific CNT and polymer configu-

rations on the overall properties of the nanocomposite.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) have been the focus of
research since their discovery in 1991 by lijima [1]. They
are currently being investigated for applications in many
conventional and unprecedented areas, including light-
weight structural composites, field emission devices,
electronics, nano-electro-mechanical devices, sensors, actu-
ators, gas storage, medical applications and nano-robotics
(see, e.g., reviews in [2,3], also [4] for potential applications
of CNTs). Due to its exceptionally high stiffness, strength,
resilience, as well as superior electrical and thermal proper-
ties, CNTs may become ideal reinforcing materials for an
entirely new class of composites. It has been demonstrated
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that with just 1% (by weight) of CNTs added in a matrix,
the stiffness of the resulting composite film can increase
between 36% and 42% and the tensile strength by 25%
[5]. The load carrying capacities of CNTs in composites
have also been demonstrated in some experiments [5-8]
and preliminary simulations [9-11].

While significant efforts [5,8,12-15] have been made,
directly characterizing the mechanics in CNT-based
nanocomposites at nanometer scale is still a challenging
task. On the other hand, simulations based on both dis-
crete and continuum models have provided useful insight
into the mechanics of CNT-based nanocomposites.
Discrete models, such as molecular dynamics (MD) sim-
ulations have been widely used. Frankland et al. [16,17]
have studied the effects of both non-bonded interaction
and cross-linking on the load transfer capabilities at the
CNT-polymer interface. A virtual pull-out test on
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CNT-based polymers is reported in Frankland et al. [18].
The material system studied is similar to what is being
investigated in this paper, although our work focuses
more on the failure aspect and overall mechanical prop-
erties. Griebel and Hamaekers [19] have used molecular
dynamic to evaluate the elastic properties of single-walled
CNT-based nanocomposites. Their simulation results
show some agreement with the results by using the rule
of mixtures. The continuum model has also been applied
for analyzing the mechanical responses of nanocompos-
ites. Pipes and Hubert have proposed a mechanics model
based on the notion of self-similarity [20]. Odegard devel-
oped a continuum model by introducing the representa-
tive volume element [21]. The continuum model is
established by equating the strain energy of the contin-
uum to the potential energy of the discrete polymer sys-
tem. Specific case of load conditions such as bending is
then examined to obtain the continuum properties. Liu
and Chen developed finite element and boundary element
approaches [9,10]. In their method, the CNT is modeled
as a thin elastic layer in the form of either a capsule or
open cylinder. Finite element approach has also been
employed by Fisher et al. [22,23] to study the effect of
waviness of the CNT on the mechanical properties. A
multiscale approach has been implemented by Li and
Chou [24] for studying the load transfer in CNT-rein-
forced composites. In this approach, CNTs are modeled
using molecular mechanics and polymer matrix is mod-
eled using finite element method. The CNT/polymer
interface is assumed to be either perfectly bonded or gov-
erned by the van der Waals interaction. The rule of mix-
ture is observed to hold for axial elastic modulus.

The main objective of this paper is to investigate the ten-
sile response and fracture behavior of polyethylene (PE)
reinforced by single-walled CNTs. The methods of MD
and MM have been extensively applied in the study of frac-
ture in material systems such as metals, semiconductors
and CNTs. In several successful applications of MD
described earlier, the attention has been focused on the
overall elastic properties and interfacial mechanics. In the
present work, fractures in CNT-reinforced composites are
simulated with the use of MM. MM is different from
MD in that it seeks to resolve the equilibrium condition
of the system by minimizing the potential energy, while
in MD the equation of motion is solved based on certain
time integration scheme.

The equilibrium of the nanocomposite system is closely
tied to the interatomic interactions. In MM simulation,
these interactions can be divided into two categories. The
first is the bonded interaction. We have used Brenner
potential [25] to model the carbon—carbon bond in CNTs,
and the DL._POLY force field model [26] for the hydrocar-
bon bond within the polymers. The non-bonded interac-
tions between the molecules are governed by the widely
used Lennard-Jones potential. It should be noted that
the chemical structure of polyethylene polymer is catego-
rized as a linear polymer in which the -CH,~CH,— unit is

repeated along a chain. This is one of the simplest forms
of the polymers. Other forms of polymers, such as
branched structures (linear chain with side additions) and
cross-linked structures (linkage between the chains), are
also known to be common. A robust force field model,
such as the one being used here, should be able to capture
the essence of the interatomic interactions involved in all of
these structures.

The properties of various polymer systems, subject to
tensile boundary conditions, and the change in properties
due to CNT reinforcement are the main focuses of this
study. To be more specific, we have studied the fracture
behavior of five systems: the crystalline and amorphous
composite systems, the crystalline and amorphous compos-
ite systems that are reinforced by long through CNTs, and
amorphous composite systems that are reinforced by short
CNTs. For all of the systems considered, no further
functionalization process is considered and therefore no
cross-link chemical bond exists between the CNT and the
polymer. The mechanical behaviors of the above systems,
particularly the fracture, are obtained through the MM
simulations.

The remainder of the paper is organized as follows. In
Section 2, interatomic and intermolecular potentials used
to model the polymer and composite systems are pre-
sented. In Section 3, the structures and models used for
this study are described. The concepts of MM, quasi-sta-
tic simulations and equilibrium solution are explained in
Section 4. The details on the simulation setup and results
are given in Section 5. Finally, in Section 6, conclusions
are made and the scope for future investigations is also
discussed.

2. Force fields and molecular potentials

The expression for the total energy of the CNT-PE com-
posite system is written as:

Etotal = ECNT + Epolymer + Eintermoleculara (1)

where Fi.a 18 the total energy of the system, Ecnt is the
potential energy of the CNT, Eoiymer is the energy of the
polymer matrix and Ejyermolecutar 18 the energy of interac-
tion between the CNT and the polymer matrix. The models
for these components are described next.

2.1. Potential model for carbon nanotubes

The empirical bond order potential proposed by Bren-
ner [25] is used for modeling the CNTs. The equation for
the Brenner potential is given as
Ecnt = Y Y [Vr(ry) = ByVa(ry)] (2)

i j(>i)
in which r;; is the distance between atom i and j, Vr(r;) and
Va(r;) are Morse type pair potential terms that account for
repulsive and attractive interactions between atom i and j,
as given below:
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where D,, > S ﬁu and R(e) are model constants, formulated

for each atom in the covalent bond. Function fi{(r;) ac-
counts for bond stretching and breaking and assumes the
following form

1, r< Rl(jl)
T r—R(.U
fylr) = {1 +eos ((R(@A'w))ﬂ /2’ Ry <r <R}
0, r> Rf-j2>
(5)
with REJD and R,(-f) being the cut-off lengths for bond stretch-

ing and breaking, respectively.

Bj;; in Eq. (2) is referred to as the bond order term. It is
an average of the terms associated with each atom partici-
pating in the bond and a correction term, primarily depen-
dent on the number of bonds linked to atoms i and ;. In the
case for sp’ hybridized carbon, the correction term is zero
and therefore B;; is given as
5 Bij + B
Bij:(j+ A/). (6)

2
The bonding angle effect is reflected in the term B;;, which is
—5;
@Y _ (. pl©
L 3 GO fulra)e o) (i)
k(#ij)

(7)
The term 0, is the angle between two adjacent covalent
bonds that links atom 7 to j and i to k. The parameter o
is zero for pure C-C systems. The function G{#6), for car-

bon, is given below with ¢y and d, as constants:

Ge(0) = ap{l + 2 /d> — c2/[d> + (1 +cos 0)7]}. (8)

Two sets of constants have been used for the Brenner po-
tential, both can be found in [25]. The parameter set 1 from
[25]1s used for all the CNTs in the simulations performed.
It has been shown that parameter set 1 gives better fit for
the equilibrium bond length than parameter set 2.

2.2. Force field for polymers

The polymer systems are modeled using DL, POLY [26]
force field. The DL_POLY force field representation of PE
incorporates four interatomic potentials: bond, valence
angle, dihedral angle and 1-4 interaction. The only inter-
molecular potential accounted is the short ranged (van
der Waals) potential. Electrostatic (Coulombic) forces are
not taken into account. The total energy of the polyethyl-
ene matrix can be expressed as:

Epolyethylene = Ebond + Eangle + Edihedral + Eshort-ranged- (9)

The terms in the above expression are explained in the fol-
lowing equations from the DI_POLY force field. Fig. 1
illustrates the definition of the three bonded interactions.

(a) The bond potential is given as a Morse potential:
U(ry) = Eo [{1 ek 1} (10)

where r;; is the bond length, E, and k are constants, and r
is the equ111br1um bond length. The parameters used for
various bonds are listed in Table 1.
(b) Valence angle potential is expressed in the form of
harmonic cosine:

N =

U(0) =5 (cos(0j) — cos(6o))?, (11)
where 0 is the angle between the two bonds, k a constant
and 0q the equilibrium value of the angle. The parameters
used for the various valence angles in the system are given
in Table 2.

(c) Dihedral angle (Cosine potential):
U(d)ijkn) = A[l + cos(m - Dijfen — 9)], (12)

where ¢, is the dihedral angle, 4, m and J are constants.
The parameter values used for all the dihedral interactions
in the PE system are given in Table 3. Note the difference

ts 4 O A
e——=. Hy
! J
i
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Fig. 1. Definition of: (a) bond potential, (b) valence angle potential and
(c) dihedral potential.

Table 1

Parameters for bond (Morse) potential

Parameter C-C bond C-H bond Units
Ey 70.000 70.000 kﬂcal/mol
o 1.53 1.09 Aa

k 2.236 2.236 (A)~!
Table 2

Parameters for valence angle (Harmonic Cosine) potential

Parameter c-Cc-C H-C-H C-C-H/H-C-C Units

k 112.5 112.5 112.5 kcal/mol
0o 109.47 109.47 109.47 rad
Table 3

Parameters for dihedral angle (Cosine) potential

H-C-C-H/H-C-C-C C-C-C-H/C-C-C-C  Units
(terminal C atom) (internal C atom)

Parameter

A 0.1667 0.1111 kcal/mol
0 0 0 rad
3 3 -
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Table 4
Parameters for L-J potential
Interaction type Parameter
A (kcal/mol A'?) B (kcal/mol A%
C-C 802442.06 460.584
C-H 150602.42 151.339
H-H 17198.63 32.337

between a terminal and internal carbon. A terminal carbon
atom in a PE chain is bonded to one C and three H atoms,
while an internal carbon atom is bonded to two C and two
H atoms, hence the difference in the dihedral values. In
addition, two more parameters are used to control the
non-bonded forces acting between the 1st and the 4th
atoms defining the dihedral. These interactions are called
1-4 interactions and use the same potentials defined for
the rest of the short-ranged interactions. These potentials
are described in the following subsection.

2.3. Interaction model between carbon nanotubes and
polymer

The DL_POLY [26] force field incorporates potentials
for non-bonded as well as intermolecular interactions. In
our system, the only interactions between the two materials
are the non-bonded or van der Waals (vdW) forces. Len-
nard—Jones [27] (L-J) potential is the potential of choice
for all vdW interactions in our system. L-J parameters
reported by Girifalco [28] for carbon—carbon systems are
used for all vdW interactions involving carbon atoms.
The L-J potential equation is given below:

o=+ (2) - ()]

where r;; is the distance between the non-bonded pair of
atoms, ¢ and ¢ are constants. The L-J potential can be sim-
plified and implemented as the so-called 12-6 potential,

which is
A B

ry)= |71 3| 14
Y= |6y (n;)él "

AR 3 Ralaltalal I "

The parameters 4 and B used for different atom-pair com-
binations are reported in Table 4.

3. Molecular structures

All the CNT-based composite systems studied in this
paper can be categorized as single-walled CNTs embedded
in either crystalline or amorphous PE matrix. The open-
ended or capped nanotubes used in all the composite sys-
tems are (10, 10) armchair nanotubes, unless otherwise
specified. The atomic structure and connectivity of PE is
generated based on the logic in DL POLY Java GUI [26]
code. Detailed procedures follows these described in [26].

In the case of generating crystalline PE structure, an
orthorhombic unit cell of crystalline PE is initially gener-
ated using the parameters reported in [29]. The cell param-
eters corresponding to the DL_POLY force field were
calculated. The generated structure is further relaxed to
an equilibrium configuration and the parameters at this
configuration are noted. The orthorhombic unit cell is then
replicated periodically in all three directions to obtain the
structure corresponding to the actual simulation cell. The
generated rectangular parallelepiped simulation cell is peri-
odic in all the three directions automatically. For the pur-
pose of simplicity, the chains are always generated parallel
to the Z-axis (same as the tube axis, shown in Fig. 2).

The density obtained for the equilibrium structure of lin-
ear PE chains, considering each chain as a single molecule,
is 0.9 g/cm®. The density of the equilibrium configuration
of amorphous PE is calculated assuming that all the atoms
in the simulation cell constitute a single molecule of poly-
ethylene. A density of 0.9 g/cm® is obtained for random
PE chains, which is exactly the same as that for linear PE
chains. This indicates the consistency in the two structures
and verifies the molecular representation used for modeling
them. These values also match perfectly with the values
reported for LDPE and LLDPE in [30].

In the case of composites, the CNT is generated sepa-
rately from the crystalline PE structure. The coordinates
for the two structures are merged, ensuring that the CNT
is centered within the polymer structure. The radius of
the CNT is calculated and PE chains within this radius
are removed, replacing them with the CNT. An initial
gap of 3-4 A is introduced between the CNT and the clos-

e R RR Ny g

[T . Ly
s ansa st LM L R R A L0 R e 0

lpunooeoooooLo DO G D

oA de MMM A A e A R Ay
B R R SN g R Porbrhpbphrbehelebphrhphpbpehhe bbbl

P dp A A Ay Ay oo

P b e e bbbl b
i I JN S 55 5853038800088 088
R A o S I -

e e g d S AR S G N S S S S8 S S8 S S0 0 00080

bk AARSNAN Y

Ao de By e e e e A A L
P AR A A
¥ Mo R T R ememeetstiotammao
AN KT T 2

a b

Fig. 2. Longitudinal tensile loading of crystalline polyethylene (aligned chains): (a,b) equilibrium structure and (c) structure at fracture.
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est PE chains by removing the PE chains. After the initial
configurations are introduced, the gap between the CNT
and PE will be further adjusted by relaxing the system
using MM. This ensures the equilibrium of the system
before any force is applied.

The amorphous PE structure is generated by a random
walk algorithm. The chain is started with a single ethylene
unit. One hydrogen atom from this unit is replaced by the
carbon atom from another, hence propagating the chain.
Each monomer unit added is ensured to be energetically
stable and not overlapping any of the previously added
units. This algorithm was modified to seed the chain ran-
domly inside the specified volume and also to incorporate
a completely enclosed cavity without having to break the
chain. For a through cavity, no monomer units would be
generated in a cylindrical region of the specified radius.
In the case of an enclosed cavity, the length of the cylindri-
cal region to exclude, shorter than the simulation cell,
would be additionally specified. The algorithm ensures that
the cavity is placed at the center of the rectangular parallel-
epiped unit cell. In some structures, noticeable voids or
pockets were observed even though the addition of new
monomer units had ceased, typically caused by the propa-
gating end of the random chain getting trapped inside pre-
viously added units. The simulation cell generated is
periodic in all the directions and the single chain generated
is infinitely long because of the periodic condition. Further
modifications to the connectivity are made such that all the
simulation cells used for tensile or pull-out simulations are
non-periodic.

4. Simulation concepts and setup

Energy minimization based on the L-BFGS-B [31] algo-
rithm is used throughout this study. The tensile simulations
presented are modeled by a quasi-static, displacement
update scheme. Tensile boundary conditions similar to
mechanical testing are modeled to determine the tensile
strength and elastic moduli of polymer and composite sys-
tems. Similar to pull-out, one end of the simulation cell is
constrained while an incremental displacement is applied
to the atoms at the other end. In the case of crystalline
PE, only one layer of atoms from each chain will constitute
the boundary, while in the case of amorphous PE, a slab of
atoms constitutes the boundary. For composite systems
with a through CNT, a single ring of atoms marks the
boundary of the CNT, while the CNT does not contribute
to the boundary layer if it is completely embedded.

The tensile strengths are calculated from the total
force acting on the boundary atoms, in the direction of
applied displacement, per unit area of the cross-section.
The Young’s moduli reported throughout the study are
calculated as the average of the slope of the stress—strain
curve in the linear region (<4% strain). In the case of
transverse loading of crystalline PE structure, the region
of linear response is smaller and therefore a smaller
region is used.

For crystalline PE-through CNT models, one end of the
CNT and all polymer chains were fixed and an incremental
displacement was applied to the other end. For amorphous
PE-through CNT models, one end of the CNT and a 5 A
slab of polymer atoms were fixed on one side and an incre-
mental displacement was applied on the other end of the
CNT and a 5 A polymer slab. For CNT embedded in
amorphous PE matrix, the CNT is completely inside the
matrix and does not form a part of the boundary. In this
case, 5 A slabs of polymer atoms on either ends are con-
strained as the boundary of the simulation cell. The width
of 5 A is chosen to be the minimal slab width such that
applied boundary condition can be transmitted into the
entire PE structure.

5. Simulations, results and discussions
5.1. Uniaxial tensile loading of pure crystalline polyethylene

Aligned chains of polyethylene were relaxed to an ener-
getically stable state and then subjected to tensile boundary
conditions. One end of each chain was fixed and the other
end was subjected to incremental longitudinal displacement
(0.1 A per step for 265 steps), relaxing the structure to equi-
librium in each loading step. The simulation cell is
46 A x 47 A x 53 A, with 17,640 atoms and the polymer
chains are parallel to the Z-direction. The equilibrium
and fractured structures are shown in Fig. 2. Fracture
occurs simultaneously at the two ends.

As is evident from the corresponding stress—strain plot
in Fig. 3, the polymer chains fracture at ~22% engineering
strain, without exhibiting much plastic deformation. At the
point of fracture, all the chains break simultaneously. The
nature of the simulation is strongly governed by the inter-
atomic potentials. In this case, the force field indicates a
lack of plasticity along the chain direction for polyethylene.

35

Stress (GPa)

0 10 20 30 40
% Strain

Fig. 3. Engineering stress versus strain for longitudinal tensile loading of
crystalline polyethylene.
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Young’s moduli (Cs3) of 212-215 GPa are obtained, which
fits well with the experiment (150-180 GPa [30]). Previously
studies using ab initio method (320 GPa [32], 334 GPa [33))
and density functional theory (347-405 GPa [34]) seem to
have overestimated this value. A tensile strength of
30.82 GPa is obtained along the chains.

A smaller unit cell of the crystalline PE structure is sub-
jected to transverse tensile loading. The simulation cell is
37Ax34Ax30A, with 6000 atoms. The equilibrium
structure of the cell and the structure after 40% strain in
X and Y directions are shown in Fig. 4. The plots in
Fig. 5 depict the nature of the stress generated in the poly-
mer structure versus the applied engineering strain. The
strain applied on the boundary atoms is observed to cause
extensive interlayer sliding and twinning as the polymer
deforms. The Young’s moduli obtained in the X and Y
directions (Cy; and C»,) are 10 and 12 GPa, respectively.
The corresponding tensile strengths are 0.38 and
0.26 GPa, respectively. These values match closely with
those reported in [29] — 14.1 GPa (C;;) and 11.8 GPa
(C»2). The discrepancies are due to the fact that ab initio
method was implemented on a unit cell of five PE chains
in [29]. In contrast, a cell of 80 chains is considered in
the current system. As shown in Fig. 4a, the relaxed crystal-
line PE structure does not show a clear pattern of period-
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icity. Thus the periodical condition used in [29] is not
directly applicable to the system here. The fact that no
bonded interactions resist the strain and deformation in
transverse direction explains the high degree of anisotropy
in crystalline PE.

5.2. Uniaxial tensile loading of pure amorphous polyethylene

In the next set of simulations, random polyethylene
chains are subjected to tensile loading. Since the system
under investigation is not periodic, the non-bonded atoms
on the boundaries are eliminated. The simulation cell size
for this structure is 45 Ax45A x44 A and has 11,240
atoms. The initial structure is relaxed in multiple stages
and a 5 A slab of boundary atoms is constrained to apply
tensile boundary conditions. The amorphous PE structures
at equilibrium and at ~120% strain are shown in Fig. 6.
The nature of engineering stress versus engineering strain
for the amorphous PE structure is depicted in Fig. 7a
and matches closely with the shape of the curve reported
n [30]. The elastic moduli (Cy;, Cy; and Cs3) and tensile
strengths for this structure are reported in Table 5. The fact
that the Young’s modulus is similar in all the three direc-
tions firmly supports the isotropic nature of amorphous
PE.
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Fig. 4. Transverse tensile loading of crystalline polyethylene (aligned chains): (a) equilibrium structure, (b) 40% strain along X and (c) 40% strain along Y
directions.
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Fig. 5. Engineering stress versus strain for transverse tensile loading of crystalline polyethylene: (a) X direction and (b) Y direction.
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Fig. 6. Tensile loading of amorphous polyethylene (random chains): (a) equilibrium structure, (b) 120% strain in X direction, (c) 120% strain in Y direction

and (d) 120% strain in Z direction.
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Fig. 7. Engineering stress versus strain plots for tensile loading of: (a) amorphous polyethylene, (b) composite with through nanotube in crystalline

polyethylene matrix.

Table 5
Elastic moduli and tensile strength of amorphous polyethylene (random
chains)

Direction Elastic modulus (GPa) Tensile strength (GPa)
X (Cy1) 3.6975 0.2526
Y (Cy) 3.1902 0.2375
Z (Cs3) 3.2164 0.2170

5.3. Uniaxial tensile loading of crystalline PE reinforced by
through CNT

Composite structures with through CNTs in linear PE
chains are studied using similar boundary conditions as
that for pure PE. Different volume fraction ratios are tried
and the comparison of results is presented in Fig. 7b. The
Young’s modulus and tensile strength for each volume
fraction ratio and increase over pure PE are given in Table
6. Based on MM simulation of uniaxial tensile test of the
(10, 10) CNT, the Young’s modulus and Poisson’s ratio

of the (10, 10) CNT are calculated to be 0.86 TPa and
0.19, respectively. The volume fraction calculations assume
that the CNT can be considered as a solid cylinder, not a
hollow tube.

As can be observed from Table 6, the increase in
Young’s modulus of the composite over pure PE is much

Table 6
Young’s moduli and tensile strengths of crystalline PE reinforced by long
through CNT

CNT volume  Young’s Tensile % Increase  Rule of mixture
fraction (%) modulus  strength in Young’s calculations (GPa)
solid/hollow  (GPa) (GPa) modulus solid/hollow

0/0 214.76 30.82 0 214.76/214.76
3.29/2.11 217.51 30.56 1.28 235.82/228.27
4.77/3.06 223.16 31.29 391 245.30/234.33
6.3/4.04 228.52 32.35 6.41 255.10/240.63
8.58/5.50 233.52 33.21 8.74 269.69/249.98
12.53/8.03 237.78 33.48 10.72 294.98/266.18

Volume fraction is evaluated based on solid/hollow cylinder assumption.
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less than expected, even though the volume fraction of
nanotubes is relatively high. This is evident from the fact
that the modulus of CNTs is just four times that of linear
PE chains. These values are not in agreement with the cal-
culations by the rule of mixtures, since the deviation intro-
duced by the continuum definition of CNT is high. For the
rule of mixture calculations, the effective volume of the
CNT is calculated by adding half the average distance
between the CNT and the polymer to the CNT radius.
The volume of the polymer is calculated by subtracting
the effective CNT volume from the total volume of the sim-
ulation cell. If the CNT is represented as a hollow cylinder
and the inner volume of this cylinder is deducted from the
total volume of the composite cell, the results vary signifi-
cantly (Table 6). These results match more closely with rule
of mixtures than those with solid cylinder assumption for
the nanotube. The fractured structures for different volume
fractions of the CNT are shown in Fig. 8. Chain breaking is
observed to be completely random, with some chains
breaking near the boundary while some fracture near the
center. The increase in the stress after fracture corresponds
to the fact that the CNT is still intact and hence bears the
load.

5.4. Uniaxial tensile loading of amorphous PE reinforced by
through CNT

A composite system with amorphous PE and a through
CNT is subjected to tensile loading to calculate the

increase in Young’s modulus over pure PE. Tensile
boundary conditions are applied on a 5 A slab of the cell.
As can be observed from Fig. 9, due to the high plasticity
and low elastic modulus of amorphous PE, maximum
stress is generated in the CNT and it fractures before
the polymer. The engineering stress versus applied strain
for this system is plotted in Fig. 10. The nature of this
plot matches closely with that for Brenner potential [35]
and justifies that most of the stress is borne by the
CNT. The effective Young’s modulus is 82 GPa for
11.25% volume fraction (with solid cylinder assumption,
7.22% volume fraction by hollow cylinder assumption),
which is roughly 25 times of that obtained for pure amor-
phous PE. The tensile strength for this system is 46 GPa,
more than 100 times increase over pure PE. We observe
that the failure strain in this case is about 35%. This is
close to the 30% failure strain as obtained in [36] on
CNT without any defects.

Two important aspects regarding composites with
through CNTs are worth mentioning here. Firstly, it is
still a challenge to realize such composite systems. Car-
bon nanotubes, long enough for structural applications,
are difficult to synthesize and bulk production of such
CNTs is still being pursued. Secondly, for amorphous
as well as crystalline polymer, there is negligible load
transfer at the nanotube—polymer interface. Both the
materials bear the axial load independently of each other.
This was confirmed by the fact that disabling vdW inter-
actions between CNT atoms and polymer atoms did not

Fig. 8. Fracture in tensile loading of CNT—crystalline PE composite for volume fractions of (solid cylinder assumption): (a) 3.29%, (b) 4.77%, (c) 6.3%, (d)

8.58% and (e) 12.53%.

Fig. 9. Tensile loading of nanotube—polyethylene (amorphous) composite: (a) equilibrium structure, (b) structure at nanotube fracture (~35% strain).
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Fig. 10. Engineering stress versus strain for longitudinal tensile loading of
composite with through nanotube in amorphous polyethylene matrix
(volume fraction 11.25%).

result in any noticeable change in the effective Young’s
modulus of the composite system using the current
models.

Table 7

Young’s moduli and tensile strengths of amorphous PE reinforced by

short CNT

% Volume fraction

Young’s modulus (GPa)

Tensile strength (GPa)

0

1.4608
1.8627
3.0522
3.5948
6.3386
6.9206

3.2164
1.6588
1.8686
2.3230
2.2217
2.5447
2.8802

0.2170
0.0734
0.0972
0.0902
0.1246
0.1620
0.1624

5.5. Uniaxial tensile loading of amorphous PE reinforced by
short CNT

For the next set of simulations, composite systems with
capped single-walled nanotubes are simulated to calculate
the increase in tensile strength and Young’s modulus over
pure PE. The 62 A long (10, 10) nanotube is completely
embedded inside the random PE matrix and capped using
hemispherical sections of C,49 molecule. The PE chains
are propagated surrounding the enclosed cavity for the
nanotube, ensuring that no less than 15 A layer of PE is
generated surrounding it. As for the previous systems, the
non-bonded atoms on the boundary are eliminated and
tensile boundary conditions are applied over a 5 A slab
on cither side of the composite cell. The change in Young’s

025
02
E OA’I 5 | . _,-""”'"""::‘..':;ﬂ'::-:"-‘volﬂ--u---------—.ﬁ“
Q . el %
g T T
& 01 T -
—Pure amorphous polyethylene
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=*=5.25% CNT volume fraction
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0 5 10 15 20 25 30
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Fig. 12. Engineering stress versus strain plots for amorphous polyethylene
and embedded nanotube composite systems.

d

Fig. 11. Tensile loading of embedded nanotube-amorphous PE composite: (a) equilibrium structure (6.25% volume fraction), (b) corresponding structure
(a) at 45% strain, (c) equilibrium structure (3.59% volume fraction), (d) corresponding structure (c) at 26% strain.



V.V. Mokashi et al. | Composites Science and Technology 67 (2007) 530-540 539

modulus and tensile strength values over pure PE, for dif-
ferent volume fractions of CNT, are given in Table 7.

The equilibrium structures of two composite systems,
6.25% and 3.59% CNT vol. fraction, are shown in
Fig. 11a and c, respectively. The structure in (a) at 45%
strain is shown in (b) and the structure in (c) at 26% strain
is shown in (d). Comparison graphs for engineering stress
versus strain for different volume fractions with short,
embedded CNT are depicted in Fig. 12. The tensile
strength of the composite is less than pure amorphous
PE, since the contact area of the CNT-PE interface is
too small for effective load transfer. Although an estimate
on the critical length for effective load transfer to CNT in
amorphous PE matrix is not available at the time, we
expect this to be on the order of microns, as in the case
of nanoropes [37]. The short, embedded CNT may act like
a void, reducing the tensile strength of the matrix. The
CNT volume fraction does not indicate a significant influ-
ence on the composite strength.

6. Conclusions

The elastic moduli and tensile strengths of crystalline
and amorphous PE are determined based on MM simula-
tion, which compare well with results reported in the liter-
ature. The highly anisotropic nature of linear PE chains
and isotropic nature of amorphous PE is clearly seen from
our results. Based on MM simulation results, it is observed
that the tensile strength of well-aligned crystalline PE,
along the linear chains, is very high and of same order as
the nanotubes. This, however, does not necessary imply
that crystalline PE can be readily used in applications. As
shown in [38], the synthesized crystalline PE has been in
the form of polycrystal and a mixture with amorphous
PE always presents.

The increase in strength by reinforcing the crystalline
PE, even with a through CNT, is not significantly high.
On the other hand, reinforcing an amorphous PE matrix
with a through CNT increases its elastic modulus and ten-
sile strength by a large factor. This increase is justified by
the fact that the CNT is much stiffer and bears most of
the load. The properties at the CNT-PE interface play
no role in governing the properties of composites with
through CNTs. The two materials bear the load indepen-
dent of each other. This was verified by the fact that prop-
erties of a composite with through CNT in crystalline PE
does not change by turning off the non-bonded forces act-
ing at the interface. Although a work in progress, polymer
composites with through CNTs are difficult to realize at
this stage since the lengths of commercially available CNTs
are only of the order of millimeters.

Amorphous PE composite with short CNTs is close to
the nanocomposite structure currently being synthesized.
With the addition of short CNTs to the PE matrix, the
Young’s modulus and tensile strength of the composite
are significantly less than that of pure PE. This indicates
poor load transfer from the matrix to CNT. Although an

exact evaluation on the critical contact length for effective
load transfer is not yet available, we estimate it to be on
the order of microns based on the previous study on CNT
bundles [37]. In addition, we observe that the strength and
elastic modulus increases with the increasing volume frac-
tion of CNTs, but the values are lower as compared to pure
PE. This phenomenon could be explained if the embedded
CNTs were longer than the critical length required for effec-
tive load transfer at the interface. The choice of the CNT
length in this paper is limited by the computational cost
when a pure atomistic approach is used. If coupled with a
continuum method, the present computational work can
be extended to model contact lengths that are comparable
with the experiment. We have recently successfully imple-
mented [39] a combination of this nanoscale approach with
microscale continuum models for evaluations of the effec-
tive moduli of CNT composites based on a cohesive inter-
face model.
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