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Investigation of Crack Resistance in Single Walled Carbon
Nanotube Reinforced Polymer Composites Based on FEM
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Abstract

Carbon nanotube (CNT) is considered as a new generation of material possessing superior mechanical,
thermal and electrical properties. The applications of CNT, especially in composite materials, i.e. carbon
nanotube reinforced polymer have received great attention and interest in recent years. To characterize the
influence of CNT on the stress intensity factor of nanocomposites, three fracture modes (opening, shearing
and tearing) are considered. The stress intensity factor of nanocomposites is evaluated using a representative
volume element (RVE) based on the continuum mechanics and finite element method (FEM). Inter-atomic
interactions of CNT are simulated by beam elements in the finite element (FE) model. Non-linear spring-
based line elements are employed to simulate the van der Waals (vdW) bonds. In all fracture modes, the
stress intensity factor was determined for pure matrix and matrix reinforced with single-walled carbon
nanotube (SWCNT). Numerical results indicate that the load carrying capacities of the CNTs in a matrix
are evident. Addition of CNTs in a matrix can increase the stiffness of the composite. Finally, the results
showed that utilizing of SWCNT decreased the stress intensity factor and improved crack resistance.
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1. Introduction

In the last few years, single-walled carbon
nanotube polymer composites have generated
considerable interest in the materials research
community because of their potential for large
increases in strength and stiffness, when
compared to conventional carbon-fiber-
reinforced polymer composites. Even though
some nanotube composite materials have been
characterized experimentally [1-3], the
development of these materials can be greatly
facilitated by using computational methods
that allow for parametric studies of the
influence of material and geometry.
Carbon nanotubes (CNTs) have been used as
reinforcements in polymer—matrix composites
due to their superior mechanical properties [4-
6]. Carbon nanotubes, however, do not bond
well to polymers [7, 8], and their interactions
are due to the van der Waals force [9-12],
which is much weaker than covalent bonds.
Unique atomic structure, very high aspect ratio
and extra ordinary mechanical properties make
CNTs ideal reinforcing materials in

nanocomposites. While a significant number
of the existing studies have been focused on
the stiffness and strength of CNT-reinforced
composites [13-16], relatively few research
studies have dealt with the fracture behavior of
these nanocomposites in the presence of a pre-
existing crack. Recent investigations [17] have
shown that CNTs when aligned perpendicular
to cracks is able to slow down the crack
growth by bridging up the crack faces.

Contradictory reports have been given on how
different types of CNTs and different methods
of material processing affect mode I fracture
toughness (Kj) of mnanocomposites. For
instance, Gojney et al. [18] produced
epoxy/double walled CNT nanocomposite by
the calendaring technique and measured Kj. of
the resulting nanocomposite using the compact
tension (CT) specimen. Fracture toughness
was found to increase 18.5% and 27.7% at a
CNT content of 0.1 and 1 wt.%, respectively.
In the same way, Thostenson and Chou [19]
used the calendaring technique to disperse
multi-walled carbon nanotubes in epoxy and
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used single-edge notch bend (SENB) specimen
to measure Kjc.

Arai et al. [20] have reported 50% and 150%
increase in the mode I and mode II fracture
toughness of the epoxy/carbon fiber laminates
modified by nano-carbon fibers. Moreover, the
addition of 5 wt.% of cup-stacked CNT to
epoxy increased the interlaminar fracture
toughness up to 300% [21]. The effect of CNT
dimensions on the fracture properties of
nanocomposites is another important issue
which requires a careful investigation. A few
researchers have investigated the effect of
CNT dimensions on different properties of
nanocomposites [22, 23].

Fundamental to Li et al. [24] approach, CNTs
are considered as geometrical space-frame
structures. Therefore, CNTs can be analyzed
by classical structural mechanics. In this paper,
based on the concept of Li et al. [25], three-
dimensional (3D) FE models are proposed for
three fracture modes. In all fracture modes the
stress intensity factor was determined for pure
matrix and matrix reinforced with SWCNT.

2. FE modeling
2.1. Nanotube

CNTs atoms are bonded together with
covalent bonds forming a hexagonal lattice.
The displacement of individual atoms under an
external force is constrained by the bonds.
Therefore, the total deformation of the
nanotube is the result of the interactions
between the bonds. By considering the bonds
as connecting load-carrying elements, and the
atoms as joints of the connecting elements,
CNTs may be simulated as space-frame
structures. The 3D FE model is developed
using the ANSYS commercial FE code. For
the modeling of the bonds, the 3D elastic
BEAM4 element is used. The properties of
these elements are obtained by linking the
potential energy of bonds (from a chemical
point of view) and the strain energy of
mechanical elements (from a mechanical point
of view). To represent the covalent bond
between carbon atoms, a circular beam of
length /, diameter d, Young's modulus £, and
shear modulus G was considered [25]. The

required properties of the beam element are
given in Table 1.

Table 1. The properties of beam elements for real
carbon nanotube [25].

Nanotube diameter, d 1.466 A
Cross-sectional area, 4 1.68794 AZ

The length of carbon—carbon bond 1421 4
Polar inertia momentum, /., 0.453456 A°4
Inertia momentum, I.. = I, = 1 0.22682 A4

Young's modulus, £ 5.488 %

Shear modulus, G 8.711 %

The thickness of CNT is selected as 0.34 nm
and center of the carbon atoms in the CNT are
placed at the midsection of the tube thickness.
The FE meshes of CNT are shown in Fig. 1.

=

Fig. 1. Isometric view of the FE meshes of the (10, 10)
carbon nanotube.

2.2. Inter-phase between nanotube and
polymer

The bonding between embedded CNT and
its surrounding polymer takes place through
vdW and electrostatic interactions in the
absence of chemical functionalization.
Electrostatic interactions can be neglected in
comparison with vdW interactions, since vdW
contributes more significantly in three higher
orders of magnitude than electrostatic energy
[26]. Therefore, the bonding via vdW
interactions is considered here. The vdW
forces are most often modeled using famous

Lennard-Jones [27].

Fuw=42[-12() 46 ()] o

where 7 is the separation distance between the
pair of atoms, ¥/2 ¢ is the equilibrium distance
between atoms, € is the bond energy at the
equilibrium distance, and ¢ is the vdW
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separation distance. For the vdW interaction
between a carbon atom and a —CH2- unit of
epoxy, € = 0.004656 ev and 0 = 0.3825 nm
[28].

x=r—1320 )

R s \13 PN
Fo=-2022(5) () | @
where x is the distance from the equilibrium
distance for the vdW force between carbon
atoms. This relation is illustrated in Fig. 2.

The vdW interactions between carbon atoms
of CNT and the nodes of inner surface of
surrounding resin is modeled using three-
dimensional (3D) non-linear spring and the
corresponding data of force-displacement
curve [27]. COMBIN39 element is used for
this purpose and the parameters are adjusted to
obtain translational spring. A macro is written
to create elements between those nodes which
their distance is lower than 0.85 nm. For sake
of simplicity, the spring elements are only
created between carbon atoms of the CNT and
the inner surface of the resin.
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Fig. 2. Variation of vdW force against displacement.

2.3. Matrix

For matrix modeling, SOLID45 elements
were utilized. This element is used for the 3-D
modeling of solid structures. The element is
defined by eight nodes having three degrees of
freedom at each node: translations in the nodal
X, y, and z directions. Epoxy by Young
modulus of 3.972 GPa is considered as matrix
[29]. In this paper assumed that
nanocomposite consist of %5 Volume fraction
of CNT. The FE meshes of RVE that used for
crack analysis are shown in Fig. 3. The
elements of crack tip are refined to increase

the accuracy of analysis.

(©) (d)
Fig. 3. The FE meshes for crack analysis: (a), (b),
matrix, (¢), (d), RVE

3. Stress intensity factor

In fracture mechanics based on crack
surfaces displacement, three crack modes as
flowing are considered (as shown Fig. 4) [30]:
Opening mode (tensile mode), I: The two
crack surfaces are pulled apart in the y
direction, but the deformations are symmetric
about the x—z and x—y planes.
Shearing mode (sliding mode), II: The two
crack surfaces slide over each other in the x-
direction, but the deformations are symmetric
about the x—y plane and skew-symmetric
about the x—z plane.
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Fig. 4. Independent modes of crack displacements: (a)
Opening mode, (b) Shearing mode, (c) Tearing mode.
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Tearing mode (out-of-plane), III: The crack
surfaces slide over each other in the z-
direction, but the deformations are skew-
symmetric about the x—y and x—z planes.

The computation of stress intensity factors in
the finite element analysis is performed using
the J integral technique with ANSYS
Parametric Design Language (APDL). In this
paper for similar loading, comparison of stress
intensity factors between neat matrix and
nanocomposite are performed.

4. Results and discussion

In this study, fracture analysis of
nanocomposite reinforced with three different
CNT with chirality (5, 5), (10, 10), (20, 20),
are implemented. In Fig. 5, normalized stress
intensity factors (ratio of nanocomposite stress
intensity factor to that of neat matrix) in
fracture modes have been plotted against
chirality. Stress and displacement contours of
neat matrix and nanocomposite that reinforced
with nanotube (5, 5) are shown in Figs. 6, 7, 8.
Results indicate that with the addition of CNT
to matrix, stress intensity factors decreased.
Also, by increasing the chirality, crack
resistance enhances. Figs. 6, 7 and 8
indicate that in all modes, maximum stress
occurred in contact location of CNT and crack.
Carbon nanotube resists against crack
propagation and bridges on the crack path.
This behavior of CNT is known as bridging

phenomenon. On the other hand bridging
arises in all three modes and stress intensity

factor decreases. This phenomenon is reported
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Fig. 5. Normalized stress intensity factors against
chirality.

in experimental research too [31-36].
Therefore, adding CNT to matrix improves the
crack resistance which is considerable in
opening and tearing modes.

AN - AN

Fig. 6. Stress and displacement contours of opening
mode: (a), (b) neat matrix, (c), (d) nanocomposite.
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Fig. 7. Stress and displacement contours of shearing
mode: (a), (b) neat matrix, (c), (d) nanocomposite.

In modeling, chirality, length, weight
percentage and diameter of CNT have
importance. But in experimental method only
weight percentage is considered. Hence
appropriate verification between experimental
and modeling results is very difficult.
Moreover the experimental results are very
different, but in all works by adding CNT to
matrix, fracture behaviors are improved [37-
41].
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Fig. 8. Stress and displacement contours of tearing
mode: (a), (b) neat matrix, (c), (d) nanocomposite.

5. Conclusions

A 3D study of fracture modes for
epoxy/CNT has been performed using FEM.
Stress intensity factor is computed for three
fracture modes. Influence of CNT on the stress
intensity factor of nanocomposites and
propagating crack is studied. To create the FE
models, nodes are placed at the locations of
carbon atoms and the bonds between them are
modeled using three-dimensional elastic beam
elements. Van der Waals bonds are simulated
by employing the non-linear spring elements.
As the FE model comprises small number of
elements, it performs under minimal
computational time by requiring minimal
computational power. The results of the study
indicate that CNTs have a significant influence
on preventing crack propagation. Results
represent that by adding CNT, stress intensity
factors decreased and consequently crack
resistance increased. Also, by increasing the
chirality, crack resistance improved. Finally,
by adding CNT to matrix, fracture properties
improvement of matrix is evident.
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