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Abstract

This paper presents the effect of interface on the equivalent thermal conductivity of the carbon nanotube composites. The element free Galerkin
method has been utilized as a numerical tool to evaluate the thermal conductivity of the composites. The numerical results have been obtained
using continuum mechanics approach for a model composite problem, and it was found that the interface has a major effect on the thermal
conductivity of the composites. The effect of interface on the effective conductivity of the composite is small for short nanotubes as compared
to long nanotubes. Interface thickness also plays an important role on the effective thermal conductivity of the composite. Nanotube anisotropy
has got a small effect on effective thermal conductivity of the composites. Transverse thermal conductivity of the composite has got nearly linear

variation with nanotube length.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

For more than ten years, carbon nanotubes (CNTs) have
been extensively studied by many researchers due to their ex-
cellent properties and numerous applications [1-5]. Carbon
nanotube composite is one of their many applications. In re-
cent years, CNT composites have attracted ever increasing at-
tention of many scientists and researchers [6-9]. CNTs are
much stronger, have high conductivity and larger aspect ratio
as compared to conventional carbon fibers. Many believe that
the reinforcement of CNTs in polymer matrix may provide us
an entirely new class of materials. Therefore, thermal behav-
ior prediction of nano-composite materials is very essential to
know the amount of heat dissipation from their surfaces. Few
numerical simulations have been carried out to predict the ther-
mal properties of nano-composites using continuum mechanics
approach [10-14]. Nishimura and Liu [10] applied the bound-
ary integral equation method for the thermal analysis of CNT
based nano-composites. They solved a heat conduction problem
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in 2-D infinite domain embedded with many rigid inclusions
with the help of a fast multipole boundary element method.
Zhang et al. [11,12] used the meshless hybrid boundary node
method for the heat conduction analysis of carbon nanotube
composites. They coupled their method with the fast multi-
pole method to solve large scale problems. Song and Youn
[13] evaluated the effective thermal conductivity of the carbon
nanotube/polymer composites by control volume finite element
method. Singh et al. [14] applied the element free Galerkin
method to evaluate the equivalent thermal conductivity of CNT-
composites, and found that the thermal conductivity of the com-
posite is the function of nanotube dimensions.

It has been observed that the interface plays an important
role in heat conduction through carbon nanotube composites
[15-18]. Nan et al. [15] developed an empirical formula to
predict the effective thermal conductivity of carbon nanotube
composites with interface resistance, and found that the inter-
face resistance greatly affects the thermal conductivity of the
composites. Shenogin et al. [16] measured the effect of thermal
boundary resistance on the heat flow in carbon nanotube com-
posites. They found that the effective thermal conductivity of
nanotube polymer composites is limited by interface resistance.
A theoretical model was proposed by Xue [17] to evaluate the
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Nomenclature

kex, key, ke thermal conductivities of nanotube in

x-, y- and z-directions respectively .. Wm™! K~!
ke equivalent thermal conductivity of

composite in longitudinal direction .. Wm™! K~!
ket equivalent thermal conductivity of

composite in transverse direction.... Wm™! K~!
ki thermal conductivity of interface

material equivalent to interface

resistance R; .....oooviiiiiinaa.. Wm— K}
kmx, kmy, kmz thermal conductivities of matrix in

x-, y- and z-directions respectively .. Wm~! K~!

L lengthof square RVE....................... pum
L. nanotube length.............. ... . ... ... um
m’ number of terms in basis

n number of nodes in the domain of influence

pj(x) monomial basis function

qn normal heat flux........................ Wm™?2

re nanotube outerradius ...................... nm
R; interface resistance .................. mZKwW-!
te nanotube thickness......................... nm
t; interface thickness ......................... nm
T"(r) MLS approximation function for temperature

w weight function used in MLS approximation

w weighting function used in weighted integral form
Vin matrix domain

Vi interface domain

V. CNT domain

@;(r) shape function
o penalty parameter
Subscript

m, i, ¢ denote the matrix, interface and nanotube
respectively

thermal conductivity of the composite with interface resistance,
and it was found that the interface plays an important role in
the conduction through carbon nanotube composites. Ju and Li
[18] recently measured the effect of interface thermal conduc-
tance on the overall conductivity of the composites. They found
that the interface conductance has a major effect on the overall
thermal properties of the composites. On the other hand, Bagchi
and Nomura [19] noticed that the interface conductance has a
small effect on the overall conductivity of the composites.

So far, in continuum mechanics based numerical simula-
tions, the effect of interface has been ignored while evaluating
the overall thermal properties of nano-composites. Therefore,
in the present work, the effect of interface has been considered
to evaluate the equivalent thermal conductivity of the com-
posites. A meshless approach known as element free Galerkin
method has been used as a tool for the numerical simula-
tion. A nanoscale square representative volume element (square
RVE) containing single CNT has been taken to evaluate the
thermal properties of the composites.

2. Review of element free Galerkin method

The element free Galerkin (EFG) method requires the mov-
ing least square (MLS) approximation function for the dis-
cretization of a governing equation. These MLS approximation
function consist of three components: a weight function associ-
ated with each node, a basis function, and a set of non-constant
coefficients. Using MLS approximation scheme, an unknown
function of temperature T (x) is approximated with 7" (x) given
by [14]

—
~

") =) &/ (0T =oXT (
I=1

where x! = [x y z], Ty are the nodal parameters, and
@;(x) is the shape function, which is defined as

D (x) = ipj ® (A 0BX);, =p'A"'B; (2a)
=1
where /
A= Z w(x —x)px)P’ (x7) (2b)
B(X)I:l[w(X —x)px1), wx —x2)p(x2), ...,
w(X = X,)p(x,)] (2¢)

The rational weight function [20] has been used in this work,
which is given as

0<s«<1

s> 1

1
w(s) = { 5T+C 3)
where 2 <n <7,0.01 <C<0.1,s =||x—x;||/dp is the nor-
malized radius, d,;,;; = dmaxc; and dpax = scaling parameter.
The full details of EFG method can be found in [21].

3. Numerical implementation

A square RVE containing a single nanotube (Fig. 1) has been
taken to evaluate the thermal conductivity of the composite. The
carbon nanotube has been placed symmetrically at the center of
the square RVE such that the axis of the RVE coincides with the
axis of the nanotube. The 2-D left and right square surfaces of
the RVE are maintained at two different constant temperatures
Tp and T respectively, while other rectangular surfaces are kept
insulated. The governing heat conduction equation in Cartesian
coordinate system is given as

0 L oT n d X oT n 0 X oT 0 (@)
il - 2 70 R G a
ax \ " ox ay Y ay dz \ <9z



844

LV. Singh et al. / International Journal of Thermal Sciences 46 (2007) 842—-847

interface nanotube
\ matrix /
-~ Al y/A
jonl PO
,:/—‘\\ VA A A A A A 777 7 770 7 7 7
Vi s AN
II//, AR t;
1 .
w |\|| ,’III 210
AWY
oo ||
\:~ 77 ti Z 2222222 22222 I
i 1 |
[€ L, 3|
N
w L

Tlat S]

/—>x

z

Tz at52

Fig. 1. Nano scale representation of a nano-composite.

The essential boundary conditions are
T©O,y,2)=T (4b)
T(L,y,z)=T (4c)

Continuity of temperature at the contact of matrix and interface
materials requires

Tlm =TI (4d)

Continuity of temperature at the contact of CNT and interface
materials requires

Ti=Tlc (4e)

Continuity of normal heat flux at the contact of matrix and in-
terface materials requires

Gnlm = qnli (4f)

Continuity of normal heat flux at the contact of CNT and inter-
face materials requires

qnli = qnlc 49
The weighted integral form of Eq. (4a) is given as
0 aT
S 508
jomie { ox ( ax ay ay
0 aT
—|kj;— ) 1dV =0 5
+ 81( o 81)} ©)

Using divergence theorem, the weak form of Eq. (5) is obtained
as

ow,  oT odw, 90T ow, 6 oT
> jrm— + —kjy— + —kj;—+dV =0
ax T ax ay ay 0z 0z
]mzcvj
(6)
From Egq. (6), the functional I (T") can be obtained as
oT aT\*
(T kiy| —
- Z/{w( o) ro(3)
—mlC
T i ()
i\ 3z

Enforcing essential boundary conditions using Lagrange multi-
plier method, the functional 7*(T") is obtained as

= 2 [il) o

j=miicy
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Variation of 1*(T) is given by

e 2 [Pl
o (LY () o

+a/(T—T1)5TdS+af(T—T2)8TdS )
N

Setting §71*(T) = O for arbitrary §7 in Eq. (9), results in the
following set of linear equations

oT

0x

oT oT

0z

oT
9z

S

[KI{T} = {f} (10a)
where
D1 Tkjix 0 0 77Prx
Kij= Y /[qb,y} [0 kjy 0:||:q§1_y}dv
j_mlCV (p]Z 0 0 k (plz
+/a¢,T¢JdS+/a¢ITq§J ds (10b)
S S»
f1:/aT1¢1dS+/aT2¢1dS (10c)
S1 S

Assuming the material properties as homogeneous, anisotropic
and independent of temperature, the thermal conductivity of
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Table 1
Data for CNT based composite problem

Parameter Value of parameter
RVE length, L 10 pm

RVE cross-sectional dimension, W 40 nm

Nanotube length, L. 2,3,4,...,8 um
Nanotube outer radius, 7 10 nm

Nanotube thickness, 7, 4 nm

Interface thickness, #; 1,2 and 4 nm
Thermal conductivity of matrix, kyx = kmy =kmz =km 0.27TW m 1K1
Isotropic thermal conductivity of CNT, kex = kcy = ke; 3000 Wm~ ! K1
Temperature at Sy, T 300 K
Temperature at Sy, 7> 100 K

the aligned composite in longitudinal direction of nanotube has
been evaluated as

— qn L

AT
where, k., denotes the equivalent thermal conductivity of the
composite, L is the length of RVE, g, is the average normal
heat flux, and AT is the temperature difference between left
and right ends of RVE.

The percentage volume fraction of nanotube [14] has been
calculated by the following expression

e =

1)

c
. <4> < 100 (12)
Vm _I_ VC
where, v is the volume fraction of CNT in composite, V™ is
the volume of polymer matrix, and V¢ is the volume of CNT
including cavity.

4. Numerical results and discussion

The data required for the model composite problem have
been tabulated in Table 1. Penalty approach has been used to en-
force the constant temperatures at two square surfaces of RVE.
Nanotube as well as interface domains have been discretized
using uniform nodal distribution schemes. Three point Gauss
quadrature scheme has been used for the numerical integration
of Galerkin weak form.

4.1. Effect of interface (k;)

Various values of interface conductivity (k;) have been taken
to study the effect of interface on the thermal conductivity of the
composite. Fig. 2 shows the variation of effective thermal con-
ductivity (k.) of the composites with nanotube length (L.) for
various values of k; and #; = f.. The effect of k; on the effec-
tive thermal conductivity of the composite has been presented
in Fig. 3 for L, =5 pm i.e. 9.83% of CNT. The variation of
effective thermal conductivity of the composite with interface
thickness (#;) is shown in Fig. 4 for L, =5 pum i.e. 9.83% of
CNT. From the results presented in Figs. 2—4, it can be seen
that the interface thickness has a small effect on the effective
thermal conductivity of the composite. For small nanotubes, the
effect of interface is very small, whereas for long nanotubes, in-
terface plays a significant role on the thermal conductivity of
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Fig. 2. Variation of effective thermal conductivity (k.) with CNT volume frac-
tion (v).
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Fig. 3. Effect of interface conductivity (k;) on the effective thermal conductivity
(k) of the composite.
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Fig. 5. Variation of nanotube anisotropy on thermal conductivity (k).

the composite. Interface with zero conductivity decreases the
overall conductivity of the composite.

4.2. Effect of nanotube anisotropy

The lengths of RVE and CNT have been taken as 1 pm and
200 nm respectively for this simulation. Various values of k., or
k., have been taken to study the effect of nanotube anisotropy
on the equivalent thermal conductivity of the composite. To
get a proper effect of anisotropy, nanotube has been placed
in RVE such that it makes an angle 8 with the axis of RVE.
The variation of effective thermal conductivity (k.) of the com-
posites with nanotube length for various values of k., or k.,
is shown in Fig. 5 for L, = 200 nm i.e. 4.19% of CNT. The
equivalent thermal conductivity of the composite is shown in
Fig. 5 for three different values of 6. From Fig. 5, it can be
concluded that the effect of nanotube anisotropy is almost neg-
ligible when nanotube axis coincides with the axis of RVE i.e.
6 = 0, whereas the effect of anisotropy is very small when the
nanotube axis makes a non-zero angle with the axis of RVE (i.e.
say 0 = m/18).

4.3. Transverse thermal conductivity (ket)

To evaluate the transverse properties of the composites, two
different constant values of temperature (i.e. 300 K and 100 K)
have been applied at two opposite rectangular faces of the RVE.
Various parameters used to evaluate the transverse thermal con-
ductivity of the composite have been provided in Table 1. The
effective transverse thermal conductivity of the composite (k.7)
evaluated by Eq. (11) has been presented in Fig. 6 for the var-
ious values of nanotube length. 3.95% of CNT addition (i.e.
equivalent to L. = 2 um) increases the transverse thermal con-
ductivity of the composites by 8.9%, whereas 15.7% of CNT
addition (i.e. equivalent to L, = 8 um) increases the transverse
thermal conductivity of the composite by 32%. From the results
presented in Fig. 6, it is observed that the variation of transverse
thermal conductivity is almost linear with nanotube length.
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Fig. 6. Variation of effective transverse thermal conductivity (k,7) with CNT
volume fraction (v).

Table 2
Variation of equivalent thermal conductivity (k.) of composite with number
of CNTs

Parameters Number of CNTs in RVE

one two three four

% volume fraction
of CNT in RVE (v) 11.31 22.62 33.93 45.24
Equivalent thermal

conductivity (ke) 2.6727 2.6766 2.6820 2.6866
Increase of

conductivity (ke/km) 9.90 9.91 9.93 9.95
Effectiveness of

enhancement (k. /v) 23.63 11.83 7.94 5.94

4.4. Numerical results with multiple CNTs inside RVE

The length as well as the radius of all CNTs has been kept
constant for this simulation, therefore as the number of CNTs
increases; the amount of CNT in RVE also increases. The CNTs
have been enforced in a fixed portion of RVE. Table 2 shows a
variation of equivalent thermal conductivity of the composite
with the number of CNTs. The equivalent thermal conduc-
tivity of the composite increases to 2.6727 Wm~! K~ i.e.
9.90 times that of polymer matrix for single CNT (11.31%),
2.6766 Wm~' K~! i.e. 9.91 times of polymer matrix for two
CNTs (22.62%), 2.6820 Wm~! K~ i.e. 9.93 times of polymer
matrix for three CNTs (33.93%), and 2.6820 Wm~—' K~ ! i..
9.95 times of polymer matrix for four CNTs (45.24%) respec-
tively. From the results presented in Table 2, it can be noted
that there is a very minor improvement in the equivalent ther-
mal conductivity with the increase of CNTs. The main reason
for this minor improvement is that the effective resistance be-
tween two ends of RVEs remains almost constant until the same
length CNTs are enforced inside a fixed portion of RVE.

From above analysis, it can be inferred that the interface
plays a significant role in the effective conductivity of the com-
posites. It can be stated that the interface resistance is the prin-
cipal factor for lower thermal conductivity of the composite as
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expected by many researchers. Anisotropy of nanotube makes
a very small impact on the effective thermal conductivity of the
composite. The variation of transverse thermal conductivity of
the composite with nanotube length has found linear. Moreover,
the amount of CNTs inside RVE may not always increase the
equivalent thermal conductivity of the composite.

5. Conclusions

In this paper, the effect of interface on the thermal conduc-
tivity of the composite was studied by element free Galerkin
method. The numerical results were obtained for a model prob-
lem using continuum mechanics approach. The present analysis
shows that the effect of interface on the overall conductivity
of composite is small for short nanotubes, whereas interface
has a significant effect on the overall thermal conductivity of
the composite for long nanotubes. The interface thickness has
got small effect on the thermal conductivity of the compos-
ites. Effect of nanotube anisotropy is very small on the overall
thermal conductivity of the composite in longitudinal direction.
Transverse thermal conductivity has got linear variation with
nanotube length. The addition of CNTs inside RVE may not
increase the equivalent thermal conductivity of the composite
without proper reinforcement.
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