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MODEL FOR THERMAL CONDUCTIVITY OF COMPOSITES WITH

CARBON NANOTUBES
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This paper presents a model for evaluation of effective thermal conductivity for the composites with carbon nanotubes (CNT)
having log-normal function of distribution of CNT, with direct effect over depolarization factor. The CNT are considered having
cylindrical shape with L/d ratio very high. The model parameters are calculated in function of the data from literature. The influ-
ence of volume fraction of reinforced materials, of the aspect ratio of the particles included and of the ratio of the two thermal con-

ductivities is presented.
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Introduction

The discovery of carbon nanotubes by Sumia lijima
[1] released many researches about these novel mate-
rials. The carbon nanotubes (CNTs) belong to class
‘carbon allotropes’ which include graphite, diamond,
amorphous carbon, buckyballs and others. These
states are builded up by carbon molecules in hollow
sphere or tube forms.

The CNTs dimensions are comprised between
4-100 nm for diameters and lengths up to 200 pm.
The aspect ratio (L/d) can vary between 100—100.000.
The CNTs can exist as single tubes (called sin-
gle-walled nanotubes (SWCNT)) or in form of con-
centric  tubes  (called multi-walled  nano-
tubes (MWCNT)). A SWCNT is a hollow cylinder of
graphite sheet whereas a MWCNT is a group of coax-
ial SWCNTs.

Bonding in the nanotubes is essentially through
sp” hybridization. The sp? hybrid orbital allow carbon
atoms to form pentagon and hexagon units by
in-plane, o-bonding, and out-of-plane, m-bonding.
The n-bonding is more delocalized outside the tube,
that is the p-character in the hybridization is increased
to some extent than that of the graphite. This makes
nanotubes mechanically stronger, electrically and
thermally more conductive and chemically and bio-
logically more active than graphite [2—4].

The carbon nanostructures can be obtained by sev-
eral synthesized methods such as: arc-discharge in vac-
uum, arc-discharge in solution (ADS), laser ablation,
chemical vapor deposition (CVD) or electrochemical
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Fig. 1 Structural models of SWCNTs and MWCNTs

deposition. The applications are diverse from chemical
sensors for gas and bio-molecules detection to the utili-
zation them to obtain new composites materials applied
in hydrogen storage or energy industry.

By a point of view of thermal properties of car-
bon nanotubes-based composites, these materials may
be utilized to build a thin film of conductive polymers
or the electronics and mechanical device where the
amount of the heat energy must be removed. The
nanotubes composites can also be used in bio-chemi-
cal area as membranes for molecular separation or for
osteointegration-growth of bone cells.

The thermal conductivity of CNTs was studied
by a lot of researchers but the values of this property
are different reported, the range is about up to
6000 W mK' for SWCNT [5] and up to
3000 W mK ™' for MWCNT [6]. The late experimen-
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tally measurements have proved the enhancement of
thermal conductivity of MWCNT in oil suspension by
more than 2.5 times at approximately 1% volume
fraction [7] and the increase of thermal conductivity
of SWCNT in industrial epoxy by 1.25 times [8, 9].
The classical models for the calculus of effective
thermal conductivity of bi-phase composites predict
the values larger than experimental measurements.
The new models for the effective thermal conductiv-
ity of CNTs-based composites were built based on
Maxwell theory of field factor and the introducing a
distribution function of CNTs in composites [10, 11].

Modelling of thermal conductivity in
composites

Considering a mixture of N components, each having
the volume fraction f; and a thermal conductivity j,
the heat flux g, and thermal gradient grad7 are corre-
lated by Fourier law

Eii :_ki gﬁ]_”‘ :kifi (D

where —gradf =T for an casier presentation.
The macroscopic mean value of heat flux ¢ is
correlated by

G=k.T )

k. — the effective thermal conductivity of the compos-
ite.

By introduction of superposition principle, the
axial heat flux takes the form

N
q=2 1,4, 3)
i=1
where
N
Zfi =1
i=1

which can be written in terms of conductivities and
temperature gradient as

N —
keT: fikiTi (4)
i=1

The field factor W;, for each constituent, is deter-
mined by relation
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as the ratio of thermal gradient of i phase and thermal
gradient on the whole composite.

The field factor represents in fact the screening
of temperature field in nanocomposites because of
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embedded CNTs. The field factor depends of the de-
polarization coefficients.

The relation (4) after the calculation and accord-
ing Eq. (5) turn to

>, (l—ﬁij:o ©)

The field factor must be calculated or experi-
mental measured.
Stratton [10] gave the following relation for ¥; for
inclusions of ellipsoidal forms embedded in composites,
3. cos’a ;

W=y (7)

j11+Bi[ i —1J
km

where B;; — the depolarization coefficients which are de-
pending of the principal axes of ellipsoids phase i on the
three j directions, a; — the angles between the ellipsoids
principal axes and the applied temperature gradient

N
Zcoszoc =1 (8)
j=1

If the equivalent inclusion has one of their main
axes parallel to the temperature gradient, then

1

1+Bi{ uf —1}
ki

The values of B; are functions of particles shapes
and their aspect ratio. They can vary between [0, 1]
[11] and [0, 1/2] [12].

In order to describe the distribution of the em-
bedded particles in composites, it is introduced a dis-
tribution function P(B;) of the depolarization factor.
So, the equivalent field factor will be expressed as

v :f P(B, )dB,

'1+B, ( k, —lj
km

The probability density function of depolariza-
tion coefficients may be of different forms after geo-
metric shape of the inclusions (CNTs) in matrix of
composites. The following distributions were fre-
quently found in nanomaterials with carbon
nanotubes: B-distribution, log-normal distribution,
normal distribution.

Y = ©)

(10)

Result and discussion

Consider a CNTs-based composites compound of the
polymeric matrix with MWCNT. As accelerator sub-
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stance was used N-tetra-butyl-2-benzothiazolesulfen-
amide (C11H14stz).

The matrix is the type Rubber (1,4-polyisopren).
The CNT are type ENF 100 AA-GFE and
HTF 110 FF-HHT. The composition of CNT: graph-
ite>80%, amorphous carbon<20%, impurity<0.5%.
For HTF 100FF-HHT the impurities are less than 2%.

Properties of CNTs are [13]:

 average diameter 20—150 nm

* length >20 um

« bulk density 600 kg m

« thermal conductivity: 600<K<3000 W mK "'

* The morphology of utilized CNTs was effectuated
on the TEM image using 100 samples. The diame-
ter distribution is log-normal type. In Figs 2 and 3
are presented the TEM image and the CNT diame-
ter distribution for ENF 100 AA-GFE (NT 1) re-
spectively HTF 110 FF-HHT (NT 2).

Data: NT 1

Model: log-normal
$'=1.2764
y,=0.17687+0.70627
x,=30.82531+0.29178
w=0.3072+0.01179

40 1 A=39.59782+1.18164

Intensity/count

10 20 30 40 50 60 70 80

Diameter/nm

Fig. 2 a— TEM image and b — the CNT diameter distribution
for ENF 100 AA-GFE
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Data: NT 2

Model: log-normal
¥'=21.70894
¥,=2.66601+1.64742
x,=97.1770142.46135
w=0.1562620.02417

40 1 A=35.30076+4.99427

Intensity/count
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Fig. 3 a— TEM image and b — the CNT diameter distribution
for HTF 110 FF-HHT
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Fig. 4 The probability density distribution of the depolariza-
tion factors for CNT type: ENF 100 AA-GFE
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Fig. 5 Field factor dependence for the ratio k./k,, and the prob-
ability density distribution — log-normal (=2 and
pn=0.2, 0.3, 0.4)
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Fig. 6 The ratio k./k,, dependence in function of ratio conduc-
tivity ko/ky, for volume fraction up to 10% and p=0.2

The effective thermal conductivity, k. for
CNTs-based composites with temperature gradient
along fiber of CNT are obtained from Eqs (4) and (5),
in particular for 2 phases with the concentration f for
CNTs and (1-f) for the rubber

i =9 ST+ )k, T,
T A/,
where k. — the thermal conductivity of CNT and k;, —
the thermal conductivity of matrix.

By introduction the field factor, relation (11) be-
come

(11)

L IR,
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In particular, ¥; depends of P(B;) and B; are
given in Eq. (10). The depolarization coefficients
have an assumed distribution type log-normal. The
probability density function of log-normal distribu-
tion is

1 _1(nB;)*
PB)=——=—e > °
2ncB,

(14)

where p and o are the mean and standard deviation of
the variable’s logarithm.

u=0.3
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Fig. 7 The ratio k./k, dependence in function of ratio conduc-
tivity k/k, for volume fraction up to 10% and p=0.3
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Fig. 8 The ratio k./k, dependence in function of ratio conduc-
tivity k/k,, for volume fraction up to 10% and p=0.4
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Fig. 9 The maximum values of the ration k./k,, function of p

To investigate the effects of kinds of factors on
the affective k. of CNT-based composites, it was sim-
ulation the variation of the factors using Eq. (13).
The results are presented in Fig 5-9.

Conclusions

The model shows that dispersion of a quite small
amount of nanotubes can result in a remarkable en-
hancement in the effective thermal conductivity of the
composites. The dependence of the effective thermal
conductivity on volume fraction, ratio k./k.,, probabil-
ity density function, shape factors has been taken in
our treatment. Statistical analysis was combined with
the ‘conventional model’ to estimate the influence of
up factor on the effective conductivity.

The model predicts that ratio k./k,, increases with
the ratio of k./ky,. It is to say that k./k,, increase with
the increase of k. or decreasing of k,, when the other
parameters are constant. The influence of probability
density function is account for by c=2 and mean val-
ues p=0.2, 0.3, 0.4. The increase of the mean values
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of the depolarization factors leads to the decrease of
kelky, for the k./k;, and a given volume fraction f.

The influence of the concentration CNTs (the
volume fraction) is very strong when f>1%.
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