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toward the development of carbon nanotubes reinforced
composite materials. Polymers, ceramics and metals have
been tried out as matrices [5, 6].The primary success lies
in polymers reinforced with carbon nanotubes. It was
found that the exceptional properties of carbon nanotubes
are the consequence of their unique structure. However,
the research activity in using carbon nanotubes as
reinforcements in metal matrix composites is still scarce,
and metal matrix composites reinforced with carbon
nanotubes have not yet been developed at a useful scale.
Currently, fabrication of carbon nanotube based
composites is still a difficult and expensive process.
Many basic issues ranging, for example, from
characterizations, experimental techniques to simulation
methods, have not been fully addressed for the
development of CNT-based composites. In the limited
number of reports [3, 6], the so-called metal matrix
composites are in fact nanoscale composite.[5-8]
One of the requirements in the mechanics of composite
materials is to determine the effective elastic properties.
At the nanoscale, analytical models are difficult to
establish or too complicated to solve, and tests are
extremely difficult and expensive to conduct. Modeling
techniques like the finite element method are needed to
calculate composite material properties, the numerical

Abstract— in this paper, the eﬀective mechanical
properties of carbon nanotubes treated as long fiber based
iron metal matrix are evaluated using a 3-D nanoscale
representative volum element (RVE) based on continuum
mechanics and using the ﬁnite element method (FEM). An
extended rule of mixtures, based on the strength of
materials theory for estimating the eﬀective Young’s
modulus in the axial direction of the RVE, is applied for
comparisons with the numerical solutions based on the
elasticity theory. With additions of the carbon nanotubes in
a matrix at volume fractions of 3%, 7% and 11%, the
stiffness of the composite found to be increased for the
carbon nanotube treated as long fiber.
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I.INTRODUCTION
Current engineering requires the application of new
materials with improved properties. This is particularly
important in aerospace engineering, high temperature
applications, microelectronics, etc., where new
composite materials play the basic role in any innovation.
Since the discovery of carbon nanotubes [1, 2],
researchers have envisioned them promising candidates
as reinforcements for composite materials to overcome
the performance limits of conventional materials [3, 4],
because of their attractive mechanical properties where
the stiffness, strength and resilience exceed any current
materials. In the past decade, numerous attempts and
efforts have been made by researchers, exploiting the
exceptional mechanical properties of carbon nanotubes

methods used to estimate composite properties usually
involve analysis of a representative volume element (RVE)
corresponding to a periodic fiber packing sequence. [9, 10]

The strength of materials (rule of mixtures) approach for
estimating the properties of fiber-reinforced composites
and the extension of this method to nanocomposite
reinforced with long and short carbon nanotubes are
investigated to determine the mechanical properties of
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the carbon nanotubes reinforced metal matrix nanocomposites [11].
In this present paper, 3D nanoscale square representative
volume element is employed to investigate the various
effects on the elastic properties of carbon nanotubes
treated as long fiber reinforced Iron metal matrix and the
results of longitudinal modulus (EL), transverse modulus
(ET), shear modulus (G) and Poisson’s ratio () are
compared with the rule of mixtures.

Figure 1: Carbon nanotube through the length of the RVE

II. MATERIALS AND METHODS

(2.1)

1- Rule of Mixture
Simple rules of mixtures can be established based on
the strength of materials theory. Rules of Mixtures are
mathematical expressions which evaluate some property
of the composite in terms of other properties, quantity
and arrangement of its constituents.

Assuming that thickness of carbon nanotube is 0.34nm
(2.2)
(2.3)

 Longitudinal Young’s Modulus
(1.1)

Where, do and di are the outer and inner diameter,
respectively.
Assuming that the volume fraction used in this paper is 3,
7, and 11% respectively, the width (a) for the RVE can
determined as follows

 Transverse Young’s Modulus
(1.2)
 Shear Modulus
(1.3)

(2.4)

 Major Poisson’s Ratio
(1.4)

(2.5)
Where,
Elastic modulus of the fiber (GPa)
Elastic modulus of the matrix (GPa)
Fiber volume fraction
Shear Modulus of the Matrix (GPa)
Shear Modulus of the Fiber (GPa)
Major Poisson’s Ratio of the Matrix
Major Poisson’s Ratio of the Fiber

Where:

= Carbon nanotube volume fraction
Width of the square RVE

The mechanical properties for the matrix and
reinforcements and the schematic loading, elements and
boundary condition of these models are shown in Figure
2 and Table I.

2- Representative Volume Element (RVE)
The representative volume element (RVE) plays a
central role in the mechanics and physics of random
heterogeneous materials with a view to predicting their
eﬀective properties and material microstructure[12]. The
RVE used for analyzing long carbon nanotube reinforced
iron matrix has a length, L = 10 nm. Carbon nanotube is
embedded in the middle throughout the length of the
composite as shown in Figure 1. The diameter of the
carbon nanotube is varied according to the chiral indices
Armchair, Zigzag, and Chiral ((5, 5), (5, 0), (5, 10)),
respectively. The mean diameter (
) of the CNT is
obtained from this chiral index.[13, 14]

TABLE I: Materials properties
Metal Matrix
Reinforcment
Prperty
Carbon
Iron (Steel)
Nanotube
Density (g/cm3 )
7.85
1.3
Young’s Modulus
210
1000
(E) GPa
Poisson’s Ratio
0.3
0.3
( )
Shear Modulus
82
500
(G) GPa
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Figure 2: Schematic

2) Longitudinal modulus
Longitudinal modulus of composite is the ratio of
longitudinal stress to the longitudinal strain. Figure 4
shows the effect of fiber volume fraction on the
longitudinal modulus of composites using FEA and rule
of mixtures. It can be observed from the Figures 4, 5, and
6 that the longitudinal modulus has increasing trend with
the increase in volume fraction of carbon nanotube for
different chiral indices and there is good agreement of
finite element model with the rule of mixture as
presented in Table II.

loading and boundary condition

In order to evaluate the effective properties of composite,
the finite element software package ANSYS is used. The
program is written in APDL (ANSYS Programming
Design Language), which is delivered by the software
and it makes the handling much more comfortable. For
simplification, there are many assumptions considered
for the present analysis such as fibers are uniformly
distributed in the matrix and perfectly aligned, and the
interface between the fiber and matrix is perfectly
bonded. The composite is free of voids and other
irregularities. Three-dimensional structural solid element
SOLID185 is used to determine elastic properties and is
defined by eight nodes having three degrees of freedom
at each node: translations in the nodal x, y, and z
directions. It also has mixed formulation capability for
simulating deformations.
III. RESULTS AND DISCUSSION
1) Density and void fraction

The evaluated theoretical density of the carbon nanotube
reinforced iron matrix is shown in Figure. 3. It is
observed that the densities have decreasing trend, this
may be attributed to increase in the volume fraction of
carbon nanotube. It is found that the reduction in the
density of the new nanocomposite varied from 1% to
39% when the volume fraction of the carbon nanotubes
increased from 1% to 47% for iron matrix

Figure 4: Longitudinal Young's Modulus for Armchair Carbon
Nanotube Reinforced Iron metal matrix

Figure 5: Longitudinal Young's Modulus for Zigzag Carbon
Nanotube Reinforced Iron metal matrix

Figure 3: Density for carbon nanotube reinforced iron metal matrix
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Figure 6:

Longitudinal Young's Modulus for Chiral Carbon
Nanotube Reinforced Iron metal matrix

Figure 8: Transverse Young's Modulus for Zigzag Carbon Nanotube
Reinforced Iron metal matrix

3) Transverse modulus
Transverse modulus of composite is the ratio of
transverse stress to the transverse strain. Figure 7 shows
the effect of fiber volume fraction on transverse modulus
of composites using FEA and the rule of mixture. It is
clear from the Figures 7, 8, and 9 that the transverse
modulus has increasing trend with the increase of carbon
nanotube volume fraction. The FEA results are in good
agreement with the rule of mixture results as shown in
Table III

Figure 9:

Transverse Young's Modulus for Chiral Carbon
Nanotube Reinforced iron metal matrix

4) Shear modulus
Shear modulus of composite is the ratio of shear modulus
to the transverse strain. Figures 10, 11, and 12, show the
effect of fiber volume fraction on shear modulus of
composites using FEA and the rule of mixture. It can be
observed that the shear modulus has increasing trend
when the volume fraction of carbon nanotube increased.
The results are in good agreement for the finite element

Figure 7: Transverse Young's Modulus for Armchair Carbon
Nanotube Reinforced iron metal matrix
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results compared with the rule of mixture as shown in
Table IV

agreement for the finite element results compared to
those of rule of mixture.

Figure 12: Shear Modulus for Chiral Carbon Nanotube Reinforced
iron metal matrix

Figure 10: Shear Modulus for Armchair Carbon Nanotube
Reinforced iron metal matrix

Figure 13: Major Poisson's Ratio for Carbon Nanotube Reinforced
Iron metal matrix

IV. CONCLUSIONS
The effective elastic properties of the carbon nanotubes
reinforced iron metal matrix nanocomposite were studied
using the finite element and theoretical prediction. An
ANSYS-APDL macro was used to evaluate the effective
elastic properties and they are compared with analytical
results based on rule of mixture theory in terms of
longitudinal and transverse Young’s modulus, shear
modulus and major Poisson’s ratio. The following
conclusions can be drawn:
 Effect of fiber volume fraction on the longitudinal,
transverse modulus, and shear modulus of composites

Figure 11: Shear Modulus for Zigzag Carbon Nanotube Reinforced
Iron metal matrix

5) Poisson’s ratio
The prediction of the major Poisson's ratio for iron
matrix reinforced by carbon nanotube does not change as
shown in Figure 13 and remains constant through the
increments of the volume fraction of the carbon
nanotubes because the value of both iron matrix and the
carbon nanotube is the same. The results are in good
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is studied. It has been observed that the fiber volume
fraction significantly influencing the elastic properties

of composites.

TABLE II: Validation of Elastic Properties for Armchair Carbon Nanotube Reinforced Iron Metal Matrix
Longitudinal Young's
Transverse Young's
Percent
Volume
Shear Modulus
Modulus
Modulus
Deviation (%)
Fraction
(%)
Theoretical
FEA
Theoretical
FEA
Theoretical
FEA
EL
ET
G
3%
233.7
234.9
215.1
216.84
84.1
84.5
1%
1%
0%
7%
265.3
268.1
222.3
225.96
87.1
87.9
1%
1%
1%
11%
296.9
301.3
230.0
235.08
90.3
91.2
1%
2%
1%



Volume
Fraction
(%)
3%
7%
11%

TABLE III: Validation of Elastic Properties for Zigzag Carbon Nanotube Reinforced Iron Metal Matrix
Longitudinal Young's
Transverse Young's
Percent
Shear Modulus
Modulus
Modulus
Deviation (%)
Theoretical
FEA
Theoretical
FEA
Theoretical
FEA
EL
ET
233.7
234.78
215.1
216.45
84.1
84.5
0%
1%
265.3
267.82
222.3
225.05
87.1
87.8
1%
1%
296.9
300.86
230.0
233.65
90.3
91.0
1%
2%

G
0%
1%
1%

Volume
Fraction
(%)
3%
7%
11%

TABLE IV: Validation of Elastic Properties for Chiral Carbon Nanotube Reinforced Iron Metal Matrix
Longitudinal Young's
Transverse Young's
Percent
Shear Modulus
Modulus
Modulus
Deviation (%)
Theoretical
FEA
Theoretical
FEA
Theoretical
FEA
EL
ET
233.7
235.47
215.1 216.6138
84.1
84.4
1%
1%
265.3
269.43
222.3 225.4322
87.1
87.6
2%
1%
296.9
303.39
230.0 234.2506
90.3
90.9
2%
2%

G
0%
1%
1%
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