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Abstract 
 
This research presents molecular dynamics (MD) simulations to characterize the tensile behaviors of aluminum (Al) composites rein-

forced with carbon nanotubes (CNTs). The positions, alignments and condensations of CNT inside aluminum composites are stochastic 
in real and they influence the tensile behaviors of the composites. Thus, it is important to quantize the strengths of the CNT-Al compos-
ites depending on the configurations of CNTs. For this, the angles of the CNTs are varied inside an aluminum composite to estimate the 
yield strengths of the composites using MD simulation. Compared with the strength of pure Al composite, the Young’s modulus of an 
aluminum composite increases about 20 GPa from 71.52 GPa to 92 GPa (Chiral vector (6,6), 0 degrees). However, with inclined carbon 
nanotubes, the strength is deteriorated due to the interface slip and the necking of Al block. Some deteriorations of yield stress and yield 
strain are observed due to premature failure of the CNT–Al composite due to local buckling. The present study also finds out that the 
modified rule of mixture (MROM) can be used to characterize the effect of geometrical characteristics of CNT-Al composite.  
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1. Introduction 

After the development of carbon nanotube with novel mate-
rial properties, it has been used as an attractive reinforcing 
material for composites [1-13]. Many relevant experimental 
and computational researches to quantitate the material prop-
erties such as Young’s modulus, Yield strength and fracture 
strength have been conducted [1-4, 7, 9, 11, 12, 14]. Further-
more, CNTs reinforced composites were used for polymer, 
ceramic and metal matrix for the sake of structural applica-
tions. Particularly aluminum (Al) has been used as basic com-
posite material due to its good mechanical properties. To 
maintain its good mechanical properties in composite applica-
tions of CNTs, it is vital to uniformly disperse CNTs in metal 
or polymer as the material properties are strongly dependent 
on its uniform dispersion. To disperse CNTs uniformly, there 
are many researches for manufacturing techniques [9, 15-19]. 
By dispersing CNTs uniformly in Al, it has been reported that 
the mechanical properties can be greatly enhanced. In Ref. 
[18], the enhancements of tensile strength, Young’s modulus 
and elongation of Al composites have been proved experi-
mentally with differential scanning calorimetric, X-ray dif-

fraction, field emission scanning electron microscopy and 
transmission electron microscopy. It is impressing that with 
1 % inclusions of CNTs, the tensile strength and Young’s 
modulus are improved to 521.7 MPa and to 102.2 GPa [9], 
respectively. The hardness is also increased with a vertically 
aligned array of CNTs with Al. Due to its vertical alignment, 
the material properties become anisotropic. In Refs. [8, 19-22], 
it was reported that the dispersion characteristics of CNTs is 
one of the important factors for material properties in CNT 
composites. Furthermore with the calibration using experi-
ment results, several computational methods have been used 
to compute the mechanical behavior of nanocomposites [2, 8, 
18, 23]. 

For computational simulations in nanoscale, there are the 
two major techniques: ab initio methods and molecular dy-
namics (MD) simulation. The ab initio method based on the 
quantum chemistry tries to solve of electronic Schrödinger 
equation in order to find out electron densities, energies and 
other properties. However, there is a disadvantage that the ab 
initio method takes a long time to simulate. Therefore, this 
research uses molecular dynamics simulation method which is 
less accurate than ab initio method but has an advantage in 
computational cost and useful to understand molecular failure 
mechanisms and to analyze mechanical properties of compos-
ite material. Xiao and Hou [13] employed the domain cou-
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pling method to study the elastic modulus and fracture 
strength of CNT-based aluminum composites. In their simula-
tion, carbon nanotubes and their surrounding atoms are mod-
eled in the framework of MD simulation and the long range 
interactions are treated in connection to finite element proce-
dure. Although all types of carbon nanotubes can enhance the 
strength of nanocomposites, multi-walled carbon nanotubes 
play an important role in determining the strength of compos-
ites in the case of inclusions (tetrahedrons and CNT bundles). 
In Ref. [10], MD simulations were also performed in order to 
investigate the effect of Ni coating on the mechanical behavior 
of single-walled CNTs and aluminum matrix composites. 
Their molecular dynamics simulation results show that the 
Young's modulus of the Ni coated CNT is much lower than 
the Young's modulus of the uncoated CNT, but the opposite 
result is obtained when the CNT is combined with aluminum. 
There are also many computational studies using the MD 
simulation to determine material properties in nano scales.  

In the present study, MD simulations are used to study the 
effect of the alignments of CNTs in CNT-Al composite. Dur-
ing manufacturing CNT-Al composite, often it is assumed that 
CNTs are aligned parallel to each other. However, real CNT 
dispersion experiments are not ideal and they are inclined. 
Therefore it is crucial to investigate the effect of the align-
ments of CNT-Al composite. With MD simulations, the ef-
fects of the CNTs alignments and their sizes are investigated. 
For this, the relative angles of CNTs inside Al composite are 
varied and the stress and the strain curves are computed. 

 
2. Molecular dynamic simulation 

2.1 MD simulation condition 

To study the effect of the alignment of CNTs inside Al 
block, the molecular dynamic simulation model shown in Fig. 
1 is considered with LAMMPS. The brick Al matrix with 
100 Å´ 100 Å´ 100 Å is placed with the periodic boundary 
condition and a single CNT with an armchair (6,6) configura-
tion is inserted in the z-direction at the center of the brick Al 
matrix. The radius of CNT is 4.03 Å and the average distance 
between the CNT and the Al atom is set to 7 Å. The AIREBO 
(adaptive intermolecular reactive empirical bond order) poten-
tial is used to simulate the atomic forces among carbon atoms. 
The EAM (embedded-atom method) potential which is known 
to be effective in modeling metallic atoms is applied to simu-
late the forces among Al-Al atomics. Then the numbers of C 
and Al atoms are 936 and 57916, respectively. At the interface 
between Al and C, the van der Waals dispersion forces with 
the Lennard-Jones (LJ) 12-6 potential are applied. The LJ 
potential in Eq. (1) is formulated as follows: 
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where the depth of the potential well is e . The finite distance 

at which the inter-particle potential is zero and the distance 
between atoms are denoted by s  and r , respectively. 
Among the Al atoms and the C atoms, the values associated to 
the LJ potentials in Eq. (1) are set as follows: 

 
LJ potential among C atoms: 0.00296eVCe = and  

3.407Cs = Å. (2a) 
LJ potential among Al atoms: 0.41570eVAle = and  

2.620Als = Å. (2b) 
LJ potential at the interface between Al-C atoms:  

0.035078eVAle =  and 3.0135C Als - = Å .  (2c) 
 
The parameters in Eqs. (2a) and (2b) are obtained by the re-

searches [15, 16]. The parameters along the interface are ob-
tained by the geometric average, C Al C Ale e e- = , and the 
algebraic average, ( ) / 2C Al C Als s s- = + , respectively.  

Among Al atoms, the EAM/alloy (embedded-atom method) 
potential is also applied. 
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where a pair-wise potential function is denoted by abf  and 
the contribution to the electron charge density from the atom 
j  of type b  at the location of the i -th atom is br . The 

embedding function representing the energy required to place 
the i -th atom of the typea into the electro cloud. From a rele-
vant research, it was reported that this EAM/alloy potential is 
appropriate for the MD simulation for Al atoms. In the present 
analysis, the EAM/alloy parameters for aluminum presented 
by Winey-Kubota-Gupta are used [24].  

For a system of carbon atoms, the AIREBO (adaptive in-
termolecular reactive empirical bond order) potential in Eq. 
(4) is applied as follows: 
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Fig. 1. The schematic representation of CNT-Al composites: (a) Top 
view; (b) front section view; (c) isometric section view. 
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For CNT, the chiral vector in Fig. 2 is used and the diameter 

of CNT is computed by Eq. (5). 
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Depending on the direction of the chiral vector, Armchair 

CNT and zigzag CNT can be constructed in Fig. 3. In the pre-
sent study, the Armchair CNTs are inserted in Al composite. 

 
3. Molecular dynamic simulation 

3.1 Tensile simulation with a vertically aligned carbon nano-
tube 

For the first MD analysis, the unit CNT-Al composite cell 
with the vertically aligned CNT is extended and Fig. 4 shows 
the snapshots during the simulation. The system is relaxed 
during 10 picoseconds with a timestep of 0.5 femtoseconds 
(NVT canonical ensemble for equilibrium, NVT or NPT for 
incremental analysis). In Figs. 4(b) and (c), the unit cell is 
extended uniformly, and no ruptures and dislocations is ob-
served. With the extension in Fig. 4(d) with 11.25 Å, the slip 
band phenomenon is observed at the side of the unit cell. By 

increasing further in Figs. 4(e)-(i), the slips are propagated to 
the overall sides and the necking is observed. 

Fig. 5 shows the stress-strain curve. The linear mechanical 
deformation is observed under 0.1 strain and the plastic de-
formation is observed. Due to the slip bands formation or the 
local buckling phenomena of the Al matrix or CNTs, the sud-
den drops in stress are observed. Around 0.18 for the strain, 
the CNT breaking phenomenon is observed. Due to the de-
crease bonding energy of the carbon atoms, the second sudden 
drop between 0.18 and 0.20 happens. 

 
3.2 Tensile simulations with inclined carbon nanotube 

As stated, in manufacturing the CNT-Al composite, it is 
hard to align carbon nanotubes inside aluminum composite 
and carbon nanotubes tend to be inclined. To simulate this 
situation, the molecular simulation models of the CNT-Al 
composite with the inclined CNT are considered (Fig. 6). The 
simple tensile simulations are conducted to obtain the stress-
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Fig. 2. CNT chiral vector. 
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Fig. 3. (a) Structure of armchair CNT; (b) zigzag shape CNT. 
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              (g)            (h)            (i) 
 
Fig. 4. Snap shots of CNT-Al composite material after initial stain u : 
(a) ( 0 )u = Å ; (b) ( 3.75 )u = Å ; (c) ( 7.5 )u = Å ; (d) ( 11.25 )u = Å ;
(e) ( 15 )u = Å ; (f) ( 18.75 )u = Å ; (g) ( 22.5 )u = Å ; (h) (u =
26.25 )Å ; (i) ( 30 )u = Å . 

 
 

 
 
Fig. 5. The stress strain curve of CNT-Al composite ((6,6) CNT-Al). 
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strain curves by varying the angle of carbon nanotubes. The 
atoms at the bottom surfaces ( [0;5 ]zÎ Å ) are mechanically 
clamped and the atoms at the top surfaces ( [95;100 ]zÎ Å ) 
are incrementally moved upward. Here the carbon atoms and 
the Al atoms at the top surface move. 

Fig. 7 shows the stress-strain curves with 0, 10, 20, 30 and 
40 inclined degrees between the carbon nanotube and alumi-
num composite. In the elastic region up to 0.05 strain, the 
stress-strain are almost same. The elastic Young’s moduli are 
calculated approximately 86 GPa. However, when the CNTs 
are inclined, the ultimate strengths are decreased dramatically 
from 7.3 GPa to 4.3 GPa. Therefore, we can conclude that the 
orientation of CNT does not alter Young’s modulus signifi-
cantly but the ultimate strength is influenced a lot.  

Table 1 summarizes the Young’s modulus and the ultimate 
strength with the inclined CNTs. After the slip band phenom-
ena, the overall stress-strain curves are similar to each other. 
However, it is observed that the mechanical resistances with 
the inclined CNTs are larger. Between 0.13 and 0.21 strain in 
Fig. 7(b), there are some drops due to the reduced bond energy 
of the carbon atoms and the weakened bonding energy. 

Fig. 8 shows the ultimate strength curves of (6,6) CNT an-
gle varying 0 to 40 inclined degrees between the carbon nano-
tube and aluminum composite. It is interesting that the deterio-
rations in the ultimate strengths with the inclined CNTs. 

3.3 The effect of CNT size and tilt angle on Young's 
modulus 

The effect of the CNT size is studied by changing the Chiral 
vector shown in Figs. 9 and 10. The effects of the CNT size on 

Table 1. The elastic modulus, the ultimate strength and ultimate strain 
according to the CNT angle change of the (6,6) CNT-Al composite. 
 

 Ultimate strength 
(GPa) Strain at ultimate Young’s modulus 

(GPa) 

0° 7.3 0.094 91.84 

10° 6.7 0.085 91.30 

20° 6.2 0.078 90.24 

30° 5.8 0.074 88.74 

40° 4.3 0.055 86.62 
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Fig. 7. (a) The curve of variation of axial stress with the axial strain 
according to CNT angle change ((6,6) CNT-Al); (b) the curve of varia-
tion of axial stress s  with the axial strain e at 0.13 to 0.21. 

 
 

 
 
Fig. 8. Ultimate strength according to the CNT angle variation from 0 
to 40 degrees. 

 

 
(a) Definition of CNT angle variation 
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Fig. 6. Sectional shapes of the Al-C composites with different inclined 
angles of carbon nanotubes: (a) Definition of CNT angle change; (b) 

0q = ° ; (c) 10q = ° ; (d) 20q = ° ; (e) 30q = ° ; (f) 40q = ° . 
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mechanical strength were studied in Figs. 9 and 10. By in-
creasing the CNT chiral vector inside Aluminum, the results 
in Fig. 10 show the increase of the ultimate strengths however, 
the buckling strains become lower or the CNT-Al composite 
becomes brittle. Fig. 11 shows the curves of Young’s modulus 
with respect to the incline angles and the enlarged CNTs. By 
increasing the inclined angle, the Young’s moduli of the com-
posites are decreased. This can be interpreted as the lower 
strength of the inclined CNTs for axial load. By increasing the 
diameter of CNT, in Fig. 11 the overall Young’s modulus is 
increased because the volume ratio of CNT to Al is increased. 
There are remarkable deteriorations for Young’s modulus. 
From a quality engineering point of view, these deteriorations 
can be problematic. However, the modulus of elasticity is still 
higher than pure aluminum. In addition, the effect of the CNT 
on the diameter of the CNT was negligible when the CNT was 
tilted, and it was interesting that the CNT size had no effect on 
the Young's modulus for tilt angle above 40 degrees. These 
characteristics are difficult to be observed by nanoscale ex-
periment. 

The Young’s moduli of a pure Al matrix and (6,6) Arm-
chair CNT are set as AlE = 82.2 GPa and CNTE = 771 GPa, 
respectively. To predict the Young’s modulus of the CNT-Al 
composite, the following mixing rule was proposed in Ref. 
[18]. The computed Young’s moduli is about 0.06 GPa differ-
ence from the value in (6,6) CNT-Al Composites of Fig. 11. 

 
Al-CNT Al Al CNT CNT 93.2 GPaE E V E V= + =  (6) 

 
where the volume fractions of CNT and Al are CNTV = 1.6 % 
and AlV = 98.4 %, respectively. To predict the tensile strength 
of the aluminum matrix with inclined CNT, some methods 
such as micro-mechanics models, thermal expansion coeffi-
cient models, and fiber closure approximation models predict-
ing the effect of the fiber orientation can be used. Micro-
mechanics models are the models predicting the elastic prop-
erties of short-fiber reinforced composites from the knowledge 
of the matrix and the fiber elastic properties, fiber content, and 
fiber aspect ratio. The present study employs the Halpin-Tsai 

equation and the Krenchel equation with the rule of the mix-
ture method to predict the tensile strength of CNT-Al compos-
ite according to the CNT angle variation. 

 
Al-CNT Al Al 0 CNT CNTLE E V E Vh h= +  (7) 

4
0 cos / , where 1 .fn n fn fn

n n n

a a ah q= =å å å  (8) 

 
In Eq. (7), the fibre-length correction factor Lh is set to 

1/ cos( )q as the CNT increases its length by a factor of 
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Fig. 9. Cross sections of CNT-Al composites with various chiral vec-
tors. 
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Fig. 10. The curve of variation of axial stress with the axial strain 
according to CNT chiral vector change: (a) (4,4) CNT-Al; (b) (8,8) 
CNT-Al; (c) (10,10) CNT-Al; (d) (12,12) CNT-Al. 
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1/ cos( )q and the ratio between the cross-sectional area is 
denoted by fna . The Krenchel orientation efficiency factor 

0h  is the ratio of the cross-sectional area of the fiber aligned 
at a constant angle to the applied load direction and the total 
area of the fiber to the cross-sectional area of the composite. 
Considering the angle change of CNT inside the CNT-Al 
composite, the Krenchel equation can be modified as follows: 

 
4

0 cosh q=  (9) 
3

Al-CNT Al Al CNT CNT cos .E E V E V q= +  (10) 
 
Fig. 12 and Table 2 show the comparisons of the elastic 

modulus values between the MD simulation results and the 
modified rule of mixture (MROM) for (6,6) CNT-Al and 
(12,12) CNT-Al. As shown, the MROM theory agrees well 
with the simulation results. This implies that 1) the present 
MD simulation is properly modeling the behavior the CNT-Al 
composite and 2) the post buckling pheneomena and the detail 
behaviors inside the CNT-Al composite can be observed by 
the MD simulation. We can also conclude that the bulk model 
fits well at the nanoscale.   

Comparing the modulus of elasticity of MD simulation re-
sults and the MROM results for each chiral vector, (6,6) CNT-
Al shows differences less than 0.43 GPa. In the case of (12,12) 
CNT-Al, the differences are less than 0.97 GPa. 

3.4 Tensile simulations in x and y direction 

Next, we studied the mechanical behavior of the composite 
when the load is applied in the x and y directions. For the 
completeness, Fig. 13 shows the estimated Young’s modulus 
from the MD simulation results when the x and y direction 
loads are applied to the CNT-Al composites. Here the small 
differences can be observed in the Young’s modulus. The 
Young’s modulus of the CNT-Al composite is increased by 
about 0.2 GPa when the angle of CNT is increased by 20 de-
grees, but it decreases slightly at 30 degrees and then increases 
again in Fig. 13(b). Also the Young’s modulus is increased by 
about 0.1 GPa when the angle of CNT is increased by 10 de-
grees, but it decreases slightly at 30 degrees and then in-
creased again in Fig. 13(d). In Figs. 13(a) and (c), the plastic 
deformation of the aluminum matrix occurs, but no buckling 
phenomenon or breakage phenomenon of the CNT was ob-

Table 2. The elastic modulus, the ultimate strength and ultimate strain 
according to the CNT angle change of the (6,6) CNT-Al composite. 
 

 Ultimate 
strength (GPa) 

Strain at  
ultimate 

Young’s 
modulus (GPa) 

Elongation at 
CNT local 

buckling point 

(4,4)  
CNT-Al 7.26 0.09 89.96 0.21 

(6,6)  
CNT-Al 7.30 0.09 91.84 0.20 

(8,8)  
CNT-Al 7.50 0.09 93.45 0.19 

(10,10)  
CNT-Al 7.62 0.09 95.88 0.19 

(12,12)  
CNT-Al 7.44 0.09 98.41 0.18 
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Fig. 11. Comparison of Young’s modulus according to CNT inclined 
angle of carbon nanotube (0°~40°) and (4,4) ~ (12,12) CNT-Al. 

 

Table 3. The comparison of the Young’s modulus between simulation 
results and the MROM results in (6,6) CNT-Al composites. 
 

 
MD (6,6) 
CNT-Al 
(GPa) 

MROM 
(GPa) 

Difference 
(GPa) 

0° 93.28 93.22 0.06 

10° 92.68 92.67 0.01 

20° 91.33 91.12 0.21 

30° 89.33 88.90 0.43 

40° 86.51 86.43 0.08 

 
 

Table 4. The comparison of the Young’s modulus between simulation 
results and the MROM results in (12,12) CNT-Al composites. 
 

 
MD (12,12) 

CNT-Al 
(GPa) 

MROM 
(GPa) 

Difference 
(GPa) 

0° 98.41 98.40 0.01 

10° 97.18 97.50 0.32 

20° 94.81 94.97 0.16 

30° 92.02 91.35 0.97 

40° 87.47 87.32 0.15 

 
 

(12,12) CNT-Al MROM

(6,6) CNT-Al MROM

 
 
Fig. 12. Comparison of elastic modulus of simulation results and the 
MORM results. 
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served. This is because the stiffness of the CNT is stronger in 
the radial direction than in the longitudinal direction. 

 
4. Conclusion 

The purpose of this paper is to analyze the tensile behavior 
of CNT-Al composites using MD simulations. Mechanical 
properties were calculated by changing the geometric configu-

ration of CNT. In addition, we confirm that the theory of the 
directionality of the fiber inside the matrix match the simula-
tion results, indicating it can predict well the mechanical prop-
erties of nano-composite materials. The conclusions are sum-
marized as followings. 

(1) The CNT-Al composites (Chiral vector (6,6), 0 degrees) 
shows that Al slip band phenomenon can be observed at strain 
0.1 and CNT breaking phenomenon at strain 0.18.  

(2) As result of the mechanical properties of CNTs tilted at 
a certain angle, almost the same stress-strain curve was ob-
tained in all cases in the elastic region up to 0.05. The 
modulus of elasticity of the composite is approximately 86 
GPa. With the inclined CNTs, the strength of CNT-Al com-
posites dramatically decreases from 7.3 GPa to 4.3 GPa. The 
size of the CNT does not significantly affect the modulus of 
elasticity but the yield strength of CNT-Al composites can be 
influenced.  

(3) The tensile behavior of CNT-Al composites in various 
chiral vectors is simulated. As increasing the chiral vector of 
CNT, the bulk ratio of CNT to Al is also increased. The total 
Young's modulus increases accordingly and the composite 
becomes brittle. From the viewpoint of quality engineering, 
the brittle nature of the material can be problematic. Therefore, 
the volume ratio of the base material and reinforcement should 
be considered to be an important factor in reconstructing the 
composite material. 

(4) The stress-strain curves and the elastic moduli by chang-
ing the CNT angle when uniaxially stretched in the horizontal 
direction are simulated. In x and y directions, the plastic de-
formation of the aluminum matrix occurs, but no buckling 
phenomenon or breakage phenomenon of the CNT was ob-
served. 

(5) Finally, the simple rule of mixture is modified by incor-
porating the Krenchel orientation efficiency factor and the 
fiber length correction factor and the theoretical Young's 
modulus is calculated and the results are compared with the 
simulation results. 
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Fig. 13. The curve of variation of axial stress s with the axial strain e
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tion; (b) the elastic modulus of the carbon nanotube angle change; (c) 
the stress-strain curve in the transverse direction; (d) the elastic 
modulus of the carbon nanotube angle change. 

 

Table 5. Ultimate strength for uniaxial tensile simulation in horizontal 
direction. 
 

X-dir tensile Y-dir tensile 
 Ultimate  

strength (GPa) Strain Ultimate  
strength (GPa) Strain 

0° 5.19 0.07 5.19 0.07 

10° 4.86 0.07 5.02 0.08 

20° 4.82 0.07 4.83 0.07 

30° 4.34 0.06 4.76 0.07 

40° 4.18 0.05 5.02 0.07 
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Nomenclature------------------------------------------------------------------------ 

Å   : Angstrom 
e   : Potential well 
s   : The finite distance at which the inter-particle potential is 

zero 
r   : The finite distance between atoms at which the inter-

particle potential is zero 
abf   : Pair-wise potential function 
r      : The electron charge density from the atom 
a    : Electro cloud 
d    : Diameter of carbon nanotube 
a    : The size of chiral vector 
u    : Engineering strain 

AlE    : The Young’s moduli of a pure Al matrix 
AlE    : The Young’s moduli of a pure Al matrix 

AlV    : The volume fractions of Al 
CNTV    : The volume fractions of Armchair CNT 
Lh   : Fibre length correlation factor of CNT-Al composites 
0h   : The Krenchel orientation efficiency factor of CNT-Al 

composites 
fna   : The ratio between the cross-sectional area of CNT-Al 

composites 
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