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Abstract

The nanocomposites exhibit high electrical conductivity, significant third order non-linear optical behaviour and
electroluminescence, while having substantially improved mechanical strength relative to the neat polymer. Since
the experimental techniques are so expensive, the development of analytical models those are capable of
predicting the time-dependent viscoelastic behaviour of such nanocomposites is essential. In this paper, the
constitutive relation and linear viscoelastic behaviour of NTRPC are studied using methods of micromechanics
and nanomechanics. First, the effects of volume fraction, aspect ratio and orientation of carbon nanotubes
(CNTs), on the overall elastic properties of NTRPC are obtained through a variety of micromechanical techniques.
Secondly, by incorporating the Dynamic Correspondence Principle (DCP), the elastic solution is extended to solve
the related linear viscoelastic problem.

Keywords:
Carbon nanotubes, Nanocomposites, Viscoelasticity, Mechanical properties

Principle (DCP), the elastic solution is extended to
1  Introduction solve the related linear viscoelastic problem.

Polymer composites reinforced by carbon
nanotubes (CNTs) have been extensively
researched for their high strength and stiffness 2  Geometric structure of SWCNTs
properties [1]. The high strength and elastic
modulus, fibrous shape and large aspect ratios of
these nanotubes (NTs) make them a very promising
candidate as the ideal reinforcing fibers for
advanced composites with high strength and low
density [2]. The nanocomposites exhibit high
electrical conductivity, significant third order non-
linear optical behavior and electroluminescence,
while having substantially improved mechanical

Carbon nanotubes are the fourth allotrope of
condensed carbon. Two varieties of these tubes
have been distinguished, the single walled carbon
nanotubes (SWCNTs) and the multi-walled carbon
nanotube (MWCNTs). The SWCNTs are generated
by rolling up a Graphene sheet into a seamless
cylinder with a constant radius. The atomic structure
of nanotubes depends on tube chirality, which is

strength relative to the neat polymer. However, very defined by the Chiral vector C, and the Chiral
limited attention has been paid to the viscoelastic 2 o .

behavior of nanotubes reinforced  polymer angle ¥ as shown in Fig 1. The Chiral vector and
composites (NTRPC). Since the experimental Chiral angle can be defined in terms of the lattice
techniques are so expensive, there is a need to translation indices (n, m) and the basic vectors
develop analytical models that are capable of a

a .
1 2 :
predicting the time-dependent viscoelastic behavior and of the hexagonal lattice as follows:

of such nanocomposites.

In this paper, the constitutive relation and linear Ch =na, + ma,
viscoelastic behavior of NTRPC are studied using ™)

methods of micromechanics. First, the effects of

volume fraction, shape, aspect ratio and orientation

of carbon nanotubes (CNTs), on the overall elastic \/§m
properties of NTRPC are obtained. Secondly, by g =sin™

incorporating the Dynamic  Correspondence 2(/m2 +mn+n2)

)
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Using this (n, m) naming scheme, the three types of
orientation of the carbon atoms around the
nanotube circumference are specified as Armchair,
Zigzag, or Chiral. The chirality of nanotubes has
significant impact on its transport properties,
particularly the electronic properties [3].

Fig. 1 Schematic of the hexagonal lattice of

Graphene sheet
3 MICROMECHANICAL ANALYSIS

The first research on viscoelastic behaviour of
composites is return to the works of Hashin [4] and
Schapery [5]. After that, many researches oriented
toward the investigation of the effects of fibre
orientation [6] and intermediate phase [7] on the
mechanical properties of composites. In the
following we are going to derive the constitute
relation for viscoelastic behaviour of
nanocomposites reinforced with CNTs. To achieve
this goal we have considered the following
assumptions:

e The CNTs are straight and the effects of
waviness are ignored

e We consider two cases:

(@) Random dispersion of NTs which
leads to isotropic behaviour and

(b) Uniform dispersion of NTs which leads
to transverse isotropic behaviour of
nanocomposites

e The interphase region
(between NT and neat
polymer) is modelled as the
elastic and transverse
isotropic material which the
mechanical properties are
determined through the
Equivalent Continuum
Modelling (ECM) technique
(8l

e The overall behaviour of
nanocomposites is modelled
as linear viscoelastic

e The mechanical properties of
NTs and polymer are
independent of temperature

e The micromechanical model
is based on the Mori -Tanaka
approach [9]
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The stress-strain relation for linear viscoelastic
material is defined as [10]

oft)= [Lt-)e(e)de, elt)= [Mlt-r)olc)e
(3)

where the dot denotes the differentiation with
respect to time (t), and L(t) and M(t) are the stress
relaxation stiffness and creep compliance tensors,
respectively.

By applying the Laplace-Carson transformation as:

A ©

f(s):sje’s’f(r)dr

0
4)

to Eq. (3) gives

where the hat indicates the transformed function in
the Carson domain, and s is the transform variable.
In fact, according to the Correspondence Principle
in viscoelasticity (e.g., [11-13]), if a Laplace
transformable, analytical solution exists for a
problem in linear elasticity, the solution for the
corresponding problem in linear viscoelasticity in the
Carson (transformed) domain can be directly
obtained from the former by replacing stiffness and
compliance tensors with its viscoelastic counterpart

L(S) or M(S), respectively. In particular, for a
transversely  isotropic = composite  containing
unidirectionally aligned, identical CNTs the Eq. (5) is
written as:

ou=Lueu+Llen+lyess,
02 =Lien+ L2 en+ Laséss,
033 = L1 g+ L2s En+ L2 £33,

o12 =2L44€121
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o2 =2Le €23 =(L22— Lzajé‘zs,

A A A

o3 =2Lauga,

(6)

Where ! are the components of the stiffness
tensor. Therefore the normal and transverse
Young’s modulus, shear modulus and in plane and
out of plane Poisson’s ration can be determined as:
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For isotropic composites containing randomly
oriented NTs, the above five independent constants
are reduced to only two independent constants.

4 NuMERICAL RESULTS

In this section the effects of aspect ratio and volume
fraction for isotropic and transversely isotropic
composite are investigated.

a. Isotropic behaviour

In the case of randomly oriented NTs, the overall
behaviour of composite will be isotropic.

In Fig. 2 the effect of aspect ratio (ratio of the length
to diameter of NTs) on the axial creep compliance
(inverse of Young’s modulus) is shown. As it is seen
with increasing the aspect ratio, the creep
compliance of composite is reduced.

In Fig. 3 the effect of volume fraction on the shear
creep compliance (the inverse of shear modulus) is
shown. By increasing the volume fraction, the shear
creep compliance is decreased. By comparing the
Fig. 2 and 3, we can see that the effect of aspect
ratio is higher than volume fraction.

It should be mentioned that with passing the time
the shear and axial creep compliance are increased.

Eax=L2+

)
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Fig. 2 variation of axial creep compliance with time
for different values of aspect ratio
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Fig. 3 variation of shear creep compliance with time
for different values of volume fraction

b. Transverse isotropic behaviour

In the case of uniformly distributed NTs, the overall
behaviour of composite will be transversely isotropic
with five independent material constants.

In Fig. 4 the effect of aspect ratio on the axial creep
compliance M11 and axial shear creep compliance
M44 is shown. As it is seen with increasing the
aspect ratio, the creep compliance of composite is
reduced. Of course the effect of aspect ratio on M11
is clearly higher than M44.

In Fig. 5 the effect of aspect ratio on the transverse
creep compliance (M22) and the plane strain bulk
modulus (k23) is shown. With increasing the aspect
ratio, the transverse creep compliance is decreased.
However aspect ration has almost no effect on the
plane strain bulk modulus
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Fig. 5 variation of transverse creep compliance and
the plane strain bulk modulus with time for different
values of aspect ratio




In Fig. 6 and 7 the effect of volume fraction on the
axial creep compliance (M11), the axial shear creep
compliance (M44), transverse creep compliance
(M22) and the plane strain bulk modulus (k23) are
shown. With increasing the volume fraction, M11
and M44 are decreased; however k23 and M22 are
almost constant. These trends are in good
agreement with previous results [14, 15].
Furthermore, with 0% and 100% volume fraction of
NTs we get the mechanical properties of neat

polymer and NTs respectively.
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Fig. 6 variation of the axial creep compliance with
time for different values of volume fraction
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Fig. 7 variation of transverse creep compliance,
axial shear creep compliance and the plane strain
bulk modulus with time for different values of volume
fraction

5 CONCLUSIONS

Based on the Dynamic Correspondence Principle
(DCP) and the method of micromechanics, the
effect of volume fraction, aspect ratio and
orientation of NTs on the viscoelastic behaviour of
polymer composites reinforced with NTs are
obtained. The computational results have lead to
the following conclusions:

e Forrandomly oriented NTs,

6 By increasing volume fraction or aspect ratio
the M44 and M11 are decreased.

7 The effect of volume fraction is higher than
aspect ratio

e  For uniformly distributed NTs
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(a) The effect of aspect ratio on M44 and
k23 is insignificant but has a great
effect on M11.

By increasing the aspect ratio, the
axial stiffness of the composite is
improved

By increasing of the volume fraction

(b)

()

M11 is decreased however other
mechanical properties are almost
constant.

Investigation the effects of agglomeration and
waviness of NTs and the variation of temperature on
the viscoelastic properties on nanocomposites, can
be studied in future.

8 References

[1] Rutkofsky, Marni; Banash, Mark;
Rajagopal, Ram; Chen, Jian, Using a
carbon nanotube additive to make

electrically conductive commercial polymer
composites, SAMPE Journal, 2005; 41: 54-
55.

Mica Gruijicic, D. C. Angstadt, Y. P. Sun, K.
L. Koudela, Micro-mechanics based
derivation of the materials constitutive
relations for carbon-nanotube reinforced
poly-vinyl-ester-epoxy based composites, J
Mater Sci 2007; 42: 4609-4623.

Kaihui Liu, Wenlong Wang, Zhi Xu,
Xuedong Bai, Enge Wang, Yagang Yao,
Jin Zhang and Zhongfan Liu, Chirality-
dependent transport properties of double-
walled nanotubes measured in situ on their
field-effect transistors, J. Am. Chem. Soc.,
2009, 131 (1): 62-63.

Hashin, Z. Complex Moduli of Viscoelastic
Composites-Il. Fiber Reinforced Materials.
Int. J. Solids and Structures 1970a; 6: 797-
807.

Shapery, R. Stress Analysis of Composite
Materials. Journal of Composite Materials
1967; 1: 228-267.

Brinson, L. and W. Lin Comparison of
Micromechanics Methods for Effective
Properties of Multiphase Viscoelastic
Composites. Composite Structures 1998;
41: 353-367.

Li, J. and G. Weng Effect of a Viscoelastic
Interphase on the Creep and Stress/Strain
Behavior of Fiber-Reinforced Polymer
Matrix Composites. Composites Part B
1996; 27B: 589-598.

G.M. Odegard, T.S. Gates, K.E. Wise, C.
Park, E.J. Siochi, Constitutive modeling of
nanotube-reinforced polymer composites,
Composites Science and Technology
2003; 63: 1671-1687.

Mori T., Tanaka K., Average stress in
matrix and average elastic energy of
materials with misfitting inclusions. Acta
Mater. 1973; 21: 571-574.

[10] K. Li, X-L. Gao, A. K. Roy,
Micromechanical Modeling of Viscoelastic
Properties of Carbon Nanotube-Reinforced

(2]

[3]

[4]

[5]

(6]

[7]

(8]

9]



Polymer Composites, Mechanics of
Advanced Materials and Structures, 2006;
13: 317-328.

[11] Schapery, R. A., Viscoelastic behavior and
analysis of composite materials, In: G. P.
Sendeckyj (ed.), Mechanics of Composite
Materials, Academic Press, New York
(1974).

[12] Christensen, R. M,
Composite Materials.
New York (1979).

Mechanics  of
JohnWiley&Sons,

140

[13] Wineman, A. S., and Rajagopal, K. R,
Mechanical Response of Polymers: An
Introduction. Cambridge University Press,
New York (2000).

[14] XIAO K. Q., ZHANG L. C., The stress
transfer efficiency of a single-walled carbon
nanotube in epoxy matrix, Journal of
Materials Science 2004; 39: 4481 — 4486.

[15] Coleman Jonathan N., Umar Khan, and
Yurii K. Gun’ko, Mechanical Reinforcement
of Polymers Using Carbon Nanotubes,
Adv. Mater. 2006; 18: 689-706.





