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Abstract
This study aimed to evaluate the mechanical properties of single walled carbon nanotube (SWCNT) reinforced composites using 3-D
representative volume element (RVE). Then, RVE was created by finite element method using ABAQUS software. By using the results of
atomic modeling, fiber and matrix interface properties were extracted and then a model for predicting the elastic modulus of nanocomposites was presented. Also, the longitudinal elastic module of Polyethylene/ CNT nanocomposite was computed and compared with experimental results. Load transfer conditions between CNTs and matrix were modeled using a separated interfacial region. Numerical examples
using FEM were presented. Based on the modeling results, the increase of weight fraction of nanotubes led to the increase of equal elastic
modulus of nanocomposite. By increasing the volume fraction of CNTs in the experiments, the dispersion of particles was much more
difficult and the empirical results of elastic modulus were lower than those predicted by finite element software.
Keywords: FEM; CNT; Elastic Modulus; Continuum Mechanic Model; RVE.

1. Introduction
Since polymers reinforced with carbon nanotubes (CNTs) have become very popular in different fields such as aerospace, automotive,
wind turbines and packaging, calculation and modeling of their mechanical behaviors have attracted many researchers. Qian et al. [1]
showed that the hardness and tensile strength of a polymer was increased by 36-42% and 25%, respectively, with the addition of 1%
CNTs into its matrix. It has also been shown by experimental studies and atomic modeling that CNTs had very high moduli and
strengths of 300-1000 GPa which were obviously higher than those
of carbon fibers [2,3]. Other important properties of these materials
include high geometrical ratios as well as high strength to weight
and hardness to weight ratios. Thostenson et al. [4] found that nanocomposites with the abovementioned properties could be obtained
and optimally employed by the addition of CNTs into some matrices. Recently, polymer supports have been more popular but other
materials such as different metals and ceramic are also being used.
CNTs are widely used in the production of nanocomposites due to
their homogeneous distribution characteristic. Improving the mechanical properties of composites relies on load transmission mechanism between fiber and matrix. If the cohesion of fiber and matrix
too weak to tolerate high loads, high tensile strength of CNTs becomes useless. Safaei et al. [5] studied the elastic transition of platelet reinforced composites using Finite Element Method. It has been
reported that some polymers have very high surface cohesion. Andrews et al. [6] fabricated MWCNTs composites using shear mixing method and observed a 15% increase in their tensile moduli by
the addition of 5% MWCNTs. Determination of electrical, mechanical, and thermal properties of materials is very important in the
manufacturing and designing of modern and sandwich nanocomposites. Safaei et al. [7, 8] analyzed the forced and free vibrations of

nanocomposite sandwich plates under thermo-mechanical loadings.
Molecular dynamics modeling is inefficient in analyzing nanocomposites with high lengths and long time scales and therefore, in
these types of problems, continuum mechanics method is preferred.
This method have been successfully used in the mechanical modeling of CNTs which could be in thin shell, beam, or solid cylinder
modes [9-10]. Lia et al. [11] introduced a solid 3D model for CNTsreinforced composites with complete accuracy and compatibility
between CNTs and matrix. The mechanical properties of nanocomposites have also been studied using continuum mechanics and
RVE methods [12-15]. The efficiency of these nanocomposites re
affected by many factors among the most important of which is the
load transfer mechanism of from matrix to CNTs. Many studies
have been performed on CNTs and FG [16, 17], piezoelectric [18]
and nano materials [19]. Sahmani et al. [20-22] studied size dependent and nonlocal theory via shear deformation method in thermal
environments and used molecular dynamics simulations for the
analysis of biaxial instability in 3D metallic carbon nanosheets [23].
In another work, Samhain et al. [24, 25] employed nonlocal anisotropic shear deformable plate model to study uniaxial instability of
3D metallic and nonlinear axial instability of zirconia nanosheets.
In the last decade, sandwich structures and their properties have attracted many researchers due to their unique properties. Huang et
al. [26-29] evaluated the vibration and damping mechanisms of
sandwich structures with elastic-viscoelastic-elastic core. Moradi et
al. [30-32] showed the effects of CNTs and clusters in sandwich
nanocomposites as well as their vibrations and buckling via a mesh
free method.
Due to unique thermal, mechanical, and electrical properties of
CNTs, development of these nano-scale particles can incorporate
favorable properties into a material. Najipour et al. [33] studied
post-buckling behavior of FGM nanoparticles based on surface
elasticity theory. In another work, they investigated the mechanical
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properties of PE/CNT composites. More recently, CNTs have been
theoretically and experimentally investigated as reinforcing fibers
to determine the electrical and mechanical characteristics of CNTsbased composites [34-51].
In this work we evaluated the mechanical properties of SWCNTsreinforced composites using 3-D RVE. Then, we simulated its elastic behavior by creating RVE using finite element method. Based
on atomic modeling results, the properties of fiber and matrix interface were extracted and a model was developed for the prediction
of the elastic moduli of e nanocomposites. Also, the longitudinal
elastic modulus of polyethylene/ CNTs nanocomposites were calculated and compared with experimental results.

a phase or third material between CNTs and polymer and this model
was only a type of assimilation for modeling force transfer properties from matrix to CNT.

2. Problem statement and assumptions
The effect of the addition of CNTs on different matrices including
polymer have been widely investigated and different analytical and
numerical methods have been used to evaluate nanocomposite behaviors among which finite element method has attracted great attention. The main goal of this work was to develop a modeling technique for the determination of the properties of nanocomposites and
obtain the required equations to extract the results from finite element software. In this work, we also evaluated and extracted the
interface properties of CNTs. The effect the addition of CNTs to
four different matrices with different elastic moduli was investigated by modeling. Then, elastic nanocomposite model was used to
examine the effect of the addition of reinforcer to polyethylene matrix. In this work, we assumed that the CNTs and matrix within
RVE were elastic continuum, isotropic, and homogenous and their
Young’s moduli and Poisson’s ratios were known. Also, for the
simulation of CNTs/matrix interface, an individual section was created and its properties were determined with atomic simulations
[34]. Finally, we compared and validated simulation results with
experimental results [33].

Fig. 2: Cross-Sectional View of a Cylindrical RVE

In this work, the atomic simulation results of Namilae et al. [34]
was used for determining interface properties. A 0.05 displacement
was applied on terminal atoms of CNTs whose primary lengths
were 15 Å. For each displacement, system was balanced for 150
time interval of 0.2 Fs. These simulations were performed until
some hydrocarbon chains were disintegrated and were generally
lasted for 500000 to 800000 time intervals.
Fig. 3 shows the fitted stretching-separation diagram in the mentioned research in which the slope of primary section gives hardness
to length unit of the interface.

3. Finite element modeling approaches
3.1. General
According to Fig. 1, the elements used in the modeling for the matrix and CNTs were 3D tension elements of C3D8R and for the interface was adhesive element of COH3D8.

Fig. 3: Traction-Displacement Plot Obtained From Atomic Simulation

M= (0.1 − 0) = 0.03333GPa / A LCNT = 122 A •
(3 − 0)

(1)

Fig. 1: The Elements Used in the Model

To achieve the properties affecting nanocomposites reinforced with
CNTs, cylindrical RVE (Fig. 2) was used in the simulation of a
SWCNTs in a matrix and 3D modeling was employed for two cases
of short and long CNTs.
The interface between CNTs and matrix is the most important region in investigating the possibility of tension transfer and other
properties of nanocomposites. In different studies, as the primary
assumption, the bond between CNTs and matrix is assumed to be
complete in analyses based on continuous media. But to make simulations more realistic, spring elements were used to model the interface. In this work, an intermediate phase with low thickness has
been modeled in the simulation of interface and to determine its
properties, the results obtained from atomic modeling were used.
To define the region of interface and assign certain properties to it,
we had to create a separate region in the form of a tube. The application of a separate physical section did not mean the existence of

where 𝐿𝐶𝑁𝑇 is the length of CNT element. Since molecular dynamics have been employed, the length of CNT was assumed to be
122Å. By multiplying this number by the slope of diagram, interface hardness was obtained which was directly input into ABAQUS
software.
Ez= m× LCNT= 0.03333×122= 4.06 GPa
(2)
Interface properties were extracted for the primary section of the
diagram until 5Å displacement. This selection seemed reasonable
for the maximum displacement of 0.5 nm which has been applied
to all models in this research. Poisson’s coefficient and thickness of
interface were 0.3 and 0.4 nm, respectively.
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Fig. 5: Schematic of Polyethylene/CNT Nanocomposite

The volume of CNT and the volume of RVE element were calculated as follows:
Fig. 4: Nanocomposite Unite Cell Under Axial Loading with a) Long and
b) Short CNT.

A Long carbon nanotube inside the RVE is shown in Fig. 4-a. Its
sizes and properties are summarized in Table 1

VCNT = π((5)2 − (4.6)2 ) × (150) , VRVE = π((
150)

2x+10
2

))2 × (2x +
(4)

Weight fraction was also calculated as:
Table 1: Dimension and Properties of RVE long CNT
Intermediate
CNT fiProperties
Matrix
phase
bre
Length (nm)
100
100
100
Internal radius (nm)
5
4.6
10
Outer radius (nm)
5.4
5
Elastic modulus
5, 20, 100,
4.06
1000
(GPa)
200
Poisson’s coefficient
0.3
0.3
0.3

The applied load was a displacement load which had been applied
on to the surface of volume element. Longitudinal elastic modulus
of composite was calculated using Eq. (3)
Ez =

σz
εz

=

L
ΔL

σave

(3)

The model considered for short CNT in matrix is shown in Fig. 4b. Its sizes and properties are summarized in Table 2.
Table 2: Dimension and Properties of RVE with Short CNT
Intermediate
CNT fiProperties
Matrix
phase
bre
Length (nm)
100
100
50
Internal radius (nm)
5
4.6
10
Outer radius (nm)
5.4
5
Elastic modulus
4.06
5, 20, 100, 200
1000
(GPa)
Poisson’s coefficient
0.3
0.3
0.3

3.2. Polyethylene/CNTs nanocomposite RVE
3.2.1. Long carbon nanotube inside the RVE
In this section the reinforcing effect of CNTs in polyethylene matrix
for different weight fractions have been investigated (Table 3).
Table 3: Properties of RVE with Polyethylene Matrix
Intermediate
CNT fiMatrix
phase
bre
Length (nm)
150
150
Internal radius (nm)
5
Changes with x
4.6
Outer radius (nm)
5.4
5
Elastic modulus
4.06
2.020
1000
(GPa)
Poisson’s coefficient
0.3
0.3
0.3
Density (g/cm3)
-0.94
1.68
Properties

To change the parameter of weight fraction, a symmetric model,
according to Fig. 5, was developed such that we could change x
parameter to achieve different volume and weight fractions and
study the effect of the addition of CNTs.

Vf =

VCNT
VRVE

=

wf + (

wf
ρf
)(1−wf )
ρm

(5)

where ρf = 1.68 g/cm3 is the density of CNTs, ρm = 0.94 g/cm3 is
the density of matrix, and wf is the weight fraction of fiber. Then,
for each certain volume fraction, the value of x could be obtained
by solving the third order equation of (6):
VRVE =

VCNT
vf

vf

2x+10 2
)
2

× 100 = π(

10
9.2
π(( )2 −( )2 )×150
2
2

× 100

× (2x + 150) =
(6)

According to Fig. 5, the length and diameter of RVE element were
calculated using the following equations in terms of nm:
DRVE=2x+10, LRVE=2x+150

(7)

To comply with the results of [33], volume fraction was considered
to be 0.5, 1 and 1.5 % and the value of x was obtained by solving
the equation and by having the value of x for each volume fraction,
the dimensions of RVE were obtained. Table 4 shows the obtained
results.
Table 4: Dimensions of RVE for Various Weight Fraction
Weight
Volume
Length of
Diameter of
Parameter
fraction
fraction
RVE (nm)
RVE (nm)
x (nm)
0.5
0.280
203.56
63.56
26.78
1
0.562
186.8
46.8
18.4
1.5
0.845
179.08
39.08
14.54

The results obtained from FEM and mixture law are summarized in
Table 5. Due to axial loading, FEM results were totally close to
those of mixture law. But generally, due to the nano scale and complexity of interface in nanocomposites reinforced with CNTs,
strength rules of materials do not provide correct results in the evaluation of the properties of these materials and therefore, by modeling the interface as adhesive region model, more realistic values
could be obtained which were smaller than those obtained by complete bonding and mixture law. The results obtained from adhesive
region model showed that by adding 5% v/v CNTs into different
matrices with elastic modulus of 5 to 200 GPa, the longitudinal elastic modulus of nanocomposites were increased to 1.14 to 10.62
times their initial values.
In Figs. 6 and 7, it can be seen that the effect of the addition of 5%
v/v CNTs into polymer matrices was more significant on matrices
with lower hardness where the ratio of longitudinal elastic modulus
of composite to elastic modulus of matrix was increased to more
than 10 times.
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Normal stress contour for 3D model of nanocomposites reinforced
𝐸𝑓
with long CNTs under axial loading for
= 200 is shown in Fig.
𝐸𝑚

8.

Ez/Em

Table 5: Longitudinal Elastic Modulus for Nanocomposites Reinforced with Long Fiber
𝐄𝐳 ⁄𝐄𝐦
𝐄𝐦
Rule of Mixture
FEM/Complete bonding
FEM/cohesive zone model
200
1.1948
1.1985
1.1456
100
1.4384
1.4421
1.3891
20
3.3866
3.3849
3.3353
5
10.6925
10.6575
10.6275
Note: Long CNT, 𝑬𝒇 =1000 GPa, thickness=0.4 nm, volume fraction=0.04871, 3D /modelling

12
11
10
9
8
7
6
5
4
3
2
1
0

Rule of Mixture
FEM/ complete bonding
FEM/cohesive zone model

5

10

50

200

Et/Em
Fig. 6: Variations of Elastic Modulus of Nanocomposites Reinforced with Long CNTs in Different Matrices

2.5
2

Polymer Resin

Stress (Gpa)
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Cohesive zone model

1
0.5
0
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Fig. 7: Stress-Strain Diagram for Polymer/Long CNTs Composite (Volume Fraction of 5%)

Fig. 8: Stress Transfer in Nanocomposites Reinforced with Long CNTs for Et/Em=200

Also, to determine the reinforcement capacity of CNTs, stress diagrams along the radius of RVE containing long CNTs for different
matrices are depicted in Fig. 9. The highest stress transfer occurred
in polymer matrix with 𝑬𝒎 =5 GPa and for matrices with higher hardness, the difference of matrix and fiber stress was lower.

FEM and mixture rule results are summarized in Table 6. The results showed that by adding 2% v/v CNTs, the longitudinal elastic
modulus of nanocomposites containing matrices with lower hard𝐸𝑓
ness were increased more significantly and for
= 5, CNTs did
𝐸𝑚

not have reinforcement effect and elastic modulus of the nanocomposite was decreased. The reason for this was that, due to the lower
fraction of CNTs, its high strength could not compensate the shortage of CNTs in this formulation.
Table 6: Longitudinal Elastic Modulus for Nanocomposites Reinforced
with Short Fiber
𝐄 𝐳 ⁄𝐄 𝐦
Em
Rule of MixFEM/ Complete
FEM/cohesive zone
ture
bonding
model
200
0.9701
0.9617
0.9386
100
1.0628
1.0471
1.0258
20
1.4550
1.3561
1.3329
5
1.7879
1.5677
1. 5287
Short CNT, 𝑬𝒇 =1000 GPa, thickness=0.4 nm, volume fraction=0.0211,
3D modeling

Like long fibers, in case of reinforcement with short fiber also the
modeling of interface and providing adhesive region model can result in more realistic and lower values of elastic modulus for nanocomposites compared to complete bonding and mixture law.
According to Figs. 11 and 12, by adding 2% v/v CNTs into matrix
polymer, elastic modulus of the nanocomposite was increased to
1.52 times but for metal matrix with Young’s modulus of 200 GPa,
the ratio of Ez/Em was below 1 and low volume fraction of short
CNTs could not compensate the lost material and reinforcement effect.
Normal stress contour of σ for 3D model of nanocomposite rein𝐸𝑓
forced with short CNTs under axial loading for
= 200 is shown

Normal Stress (Gpa)

6
5
Em=5

4

Em=20

3

Em=100

2

Em=200

𝐸𝑚

1
0
4.6

5.4

5.4 6.32 7.24 8.16 9.08

10

r (nm)
Fig. 9: Normal Stress Variation Along the Radius of RVE Containing Long
CNTs at L=100 Nm

3.2.2. Short carbon nanotube inside the RVE
According to Fig. 10, cylindrical RVE containing short CNTs located at the center of RVE was created in ABAQUS software and
the displacement of 0.5 nm was applied to the free surface of volume element.

in Fig. 13.
Stress diagram along the radius of RVE containing short CNTs for
two sections of z=100 nm and z=75 nm for different matrices are
depicted in Fig. 14. As can be seen, average stress was decreased in
radial direction from fiber to the end of matrix.
The effect of the addition of long and short CNTs on the longitudinal elastic modulus of the nanocomposites with different matrices
are shown in Fig. 15. The obtained results showed that the reinforcement of short CNTs fibers was not as effective as that of long
CNTs and this was more obvious for polymer matrices with lower
hardness such that the longitudinal elastic modulus of nanocomposites with long fibers were about 7 times that of those with short
fibers.

Fig. 10: RVE of Nanocomposite Reinforced with Short CNTs

Copyright © 2018 A. M. Fattahi et al. This is an open access article distributed under the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 11: Variations of Elastic Modulus of Nanocomposites Reinforced with Short CNTs in Different Matrices
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0.05
0
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Fig. 12: Stress-Strain Diagram of Short CNTs/Polymer Composite (2% V/V)

Fig. 13: Stress Transfer in Nanocomposites Reinforced with Short CNTs for Et/Em=200

Copyright © 2018 A. M. Fattahi et al. This is an open access article distributed under the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 14: Variations of Normal Stress Along the Radius of RVE Containing Short CNTs at Z=75 Nm (the Beginning of Fiber) and Z=100 Nm
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Fig. 15: Comparison of Reinforcement Effect of Short and Long CNTs
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Fig. 16: Normal Stress along the Length of RVE for Nanocomposites Reinforced with Long CNTs
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Fig. 17: Normal Stress along the Length of RVE for Nanocomposites Reinforced with Short CNTs

Since the highest tensile stress in the composite is tolerated by

=v



+v 



stress and average stress of matrix was lower than Composite . This
has been shown along the length of RVE and for composites with
polymer matrices and reinforced with short and long CNTs in Figs.
16 and 17.
Displacement diagram along the length of RVE for nanocomposites
reinforced with short and long CNTs are also shown in Figs. 18 and
19. As can be seen in Fig. 19, at the center of RVE where CNT is
located, due to its extremely high elastic modulus, displacement
was negligible.

5.E-01
4.E-01
3.E-01
2.E-01
1.E-01
0.E+00
0

20

40
60
L (nm)

80

100

Fig. 19: Displacement along the Length of RVE for Nanocomposites Reinforced with Short CNTs
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Displacement (nm)



CNT CNT
m m
CNTs and according to stress law Composite
,
the tolerable average stress of fiber was higher than composite

5.00E-01

Shear stress diagram along the length of RVE of polymer/CNTs
nanocomposite is shown in Fig. 20. As can be seen, the maximum
stress was created on the interface of fiber and matrix and this increased the possibility of slippage in this region. Also, in case of
two different shear stresses on the two sides of the border of two
different materials, separation occurred.
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1.00E-01
0.00E+00
0

50
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Fig. 18: Displacement Along the Length of RVE for Nanocomposites Reinforced with Long CNTs
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The effect of the addition of CNTs into nanocomposites with polyethylene matrix under compressive loading at different weight fractions have been investigated. As can be seen in Fig. 23, the addition
of SWCNTs into polyethylene matrices had similar effects under
tensile and compressive loadings while the addition of MWSNTs
was more effective under compressive loadings than tensile loadings. During tensile loading, since the load was not transferred onto
inner layers, no slippage occurred among the layers of MWCNTs,
but under compressive loading, the load was transferred onto inner
layers of MWCNTs and therefore, the effectiveness of MWCNTs
was higher under compressive loadings [33].

0.0008

Shear Stress (Gpa)

0.0006
0.0004
0.0002
0
-0.0002

0

10 20 30 40 50 60 70 80 90 100

-0.0004
-0.0006

6000

L (nm)

Fig. 20: Shear Stress along the Length of RVE for Nanocomposites Reinforced with Short CNTs (R=5 Nm)

Here, the effects of the addition of CNTs into polyethylene matrix
with different weight fractions on compressive and tensile loadings
have been investigated. The elastic modulus obtained from this
modeling is shown in Table 7 and are compared with experimental
results of [33].
Table 7: Experimental and FEM Results for Longitudinal Elastic Modulus
(MPa)
FEM
FEM results
Difference
Weight
Experimental results for for
between
fraction reults
tensile
compressive
models (%)
loading
loading
0.5
2375.7
3050.73
3050.73
28.4
1
3240.9
3990.80
3990.80
23.1
1.5
2642.1
4857.17
4857.17
83.8

5000
4000
3000
2000
Experimental

1000

FEM (Cohesive Zone Model)

0

Compressive axial loading
5000
Tesnsile axial loading
4000
3000
2000
1000
0
0.5

1

1.5

CNT weight fraction (%)
Fig. 22: Comparison of the Effect of the Addition of CNTs on Tensile and
Compressive Axial Loadings

The unique properties of CNTs depend on their atomic arrangement, length, diameter and structure and among them the aspect ratio (the ratio of length to diameter) of CNTs has a significant effect
on the average load transfer value of CNTs. In nanocomposites reinforced with CNTs, the length of CNTs can reach 20 µm. Recently,
CNTs 1 cm in length have been fabricated. Since the diameter of
CNTs can change a few nanometers, at constant weight fraction and
diameter of CNTs, the elastic modulus of volume elements for different CNTs lengths have been calculated which are shown in Fig.
23.
At shorter lengths of CNTs, fiber did not have reinforcement effect
and could not compensate material shortage due to the replacement
of CNTs. By increasing the length or aspect ratio of CNTs, longitudinal elastic modulus of nanocomposite was increased.
Therefore, in finite element RVE modeling, instead of modeling the
whole length of CNT, once can model only a part of it. Also, according to Fig. 25, in the modeling of CNTs for RVE, the length of
CNTs was chosen such that the reinforcement effect of fiber was
guaranteed.
6000

Nanocomposite elastic modulus
(MPa)

Nanocomposite elastic
modulus (MPa)

According to Fig. 21 and results obtained by modeling, under axial
loading, the increase of weight fraction of CNTs significantly increased load transfer capacity from matrix to fiber and therefore the
elastic modulus of the nanocomposite. At low weight fractions,
model results were well complied with experimental results while
at high weight fractions, the difference between results were much
higher. Since the dispersion of particles become harder by increasing the volume ratio of CNTs in fabricating samples and performing
tests, the experimental results of elastic modulus were lower than
those obtained by finite element modeling and even experimental
results obtained from lower weight fractions.
Due to their high surface area and very high aspect ratio, CNTs are
affected by Van der Waals attractions between themselves which
result in their accumulation at high fractions which is called agglomeration. This phenomenon create stress concentration points
and failure and prevents sufficient transfer of CNTs properties to
polymer matrix. Therefore, obtaining a composition with proper
dispersion of CNTs in polyethylene matrix has always been among
the most important factors in achieving a good nanocomposite composition.

Nanocomposite elastic modulus
(MPa)

-0.0008

5000
4000
3000
2000
1000

Do (CNT)= 5 nm

0
0

0.5
1
1.5
CNT weight fraction (%)

2

Fig. 21: The Effect of CNT Weight Fraction on Polyethylene/CNT Nanocomposite Elastic Modulus

0

50

100
150
CNT aspect ratio (L/Do)

200

Fig. 23: The Effect of the CNT Aspect Ratio on the Elastic Modulus of
Polyethylene/CNTs Nanocomposite
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Nanocomposite elastic modulus
(MPa)

3995
Wt(CNT)=1%

3990
3985

13000
12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000
0

5 Mpa
50 Mpa
500 Mpa
4.06 Gpa
5 Gpa

1 Gpa

3980

0.25
0.35
Interface thickness (nm)

0.45

10 Gpa

Two states of total stress transfer from intermediate phase and lack
of stress transfer between matrix and fiber were boundary states of
load transfer from intermediate phase. In other words, without load
transfer, elastic modulus of nanocomposites were equal to those of
matrix. The hardness of composite increases with the increase of
the hardness of intermediate phase and therefore the capacity of
stress transfer; therefore, at complete load transfer, the elastic modulus of intermediate had the highest possible value. This is shown
in Fig. 27 for different weight fractions. When the number of chemical bonds between matrix and CNTs was high, the elastic modulus
of intermediate phase was about 5 GPa and this was related to the
ideal state of load transfer from matrix to CNTs. On the other hand,
when elastic modulus of intermediate phase was about 5 MPa, the
elastic modulus of composite was close to that of matrix.
5500
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500 Mpa
4.06 Gpa
5 Gpa

4000

Fig. 27 shows the effect of the elastic modulus of fiber on that of
composite with polyethylene matrix in terms of different values of
interface hardnesses. The values of elastic modulus for glass, carbon, silicon carbide, and CNTs fibers were assumed to be 85, 300,
400, and 1000 GPa, respectively. Composites reinforced with CNTs
fibers had extremely higher tensile properties and very higher hardnesses compared to other composites reinforced with other reinforcers. For example, if interface hardness was assumed to be 50 MPa
for common polymer-CNTs bandings, by adding 0.5% w/w fiber
into matrix, the reinforcement ability of CNTs compared to normal
fiber carbon was increased by 10%. Therefore, Fig. 27 proves the
high potential of CNTs compared to other fibers to be used for increasing tensile strength of composites with polyethylene matrix.
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Fig. 26: The Effect of the Hardness of Matrix on the Elastic Modulus of
Nanocomposite

3975

5000

3.5 Gpa

Matrix Elastic Modulus

Fig. 24: The Effect of Interface Thickness on the Elastic Modulus of Polyethylene/CNTs Nanocomposite

Nanocomposite elastic modulus (MPa)

Fig. 23 shows the effect of the variations of elastic modulus of matrix on that of composite in different intermediate phases. The elastic modulus of polymer was generally 1-10 GPa. As can be seen in
the figure, the elastic modulus of composite increased by the increase of the hardness of matrix and decreases by the decrease of
intermediate phase.

Nanocomposite elastic modulus
(MPa)

According to the fact that the wall thickness of CNTs is equal to the
thickness of graphene and is 3.4Am, it was assumed that carbon
atoms were located in the central circle of this thickness. Also, resin
could not penetrate into CNTs and the innermost resin layer touched
the outer surface of CNTs. Therefore, the minimum thickness of
intermediate phase was 1.7 Am [34]. Depending on the quality of
the attachment of CNTs to resin, this value could increase. Fig. 21
shows the effect of interface thickness on the longitudinal elastic
moduli of polyethylene/CNTs (1% w/w) nanocomposite. It can be
seen that by increasing the thickness of intermediate phase, the
hardness of the attachment was increased and Young’s modulus began to increase. In fact, by decreasing the thickness of intermediate
phase, the effective forces between CNTs and resin atoms were decreased and by the weakening of these attachments, load transfer
from resin to CNTs did not occur properly.
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Fig. 27: The Effect of Fiber Elastic Modulus on Nanocomposite Elastic
Modulus for Different Interface Strenght (Wt = 0.5%).
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4. Concluding remarks

2000
0.4

0.9

1.4

1.9

CNT weight fravtion (%)
Fig. 25: The Effect of the Strength of Intermediate Phase on the Elastic
Modulus of Polyethylene/CNTs Nanocomposite.

This study aimed to evaluate the mechanical properties of
SWCNTs-reinforced composites using 3-D representative volume
element (RVE). Then, RVE was created by finite element method
using ABAQUS software and its elastic behavior was simulated.

International Journal of Engineering & Technology

By using the results of atomic modeling, fiber and matrix interface
properties were extracted and a model for predicting the elastic
modulus of e nanocomposites was presented.
The effects of geometric and mechanical properties of fiber, matrix
and interface on elastic modulus, displacement and stresses of nanocomposite were investigated.
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