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surrounded matrix and nanotube aspect ratio on the thermal cond

Keywords: coefficient of nanotube/polypropylene neomposite are investigated. For
Finite element method dispersion pattern, three different algorithms, including random dispe
Thermal conductivity coefficient regular dispersion along the temperature difference and regular dis
Singlewalled carbon nanotube perpendicular to the temperature difference are employed. Fudterrth
Polypropylene matrix temperature is considered in the range0wf to 200°C. The nanotube volun
percentage in the polymer matrix is selected as 1%, 3% andt ¥/&hown the
the polypropylene matrix reinforced by the regular distribution of nanc
directed pardl to the temperature difference leads to the largest th
conductivity coefficients. Besides, the nanocomposites with larger v
percentages of carbon nanotubes possess larger thermal conductivity coef
1. Introduction showed that the ettrical and thermal conductivities of

L . CNT/polymer nanocomposites are strongly influenced by CNT
After publishing the first report on the carbon ”anOTUbe%ispersion and alignment.

(CNTSs) by lijima[1], due to their exceptionally fantastic physical
properties, other nanestture such as nanoplatefR-8], Adding benzenetricarboxylic acid grafted muitalled CNTs
nanobeam§9-11], nanofilms[12], nanorodg13], nanoringg14] ~ (BTC-MWCNTSs) to the epoxy matrix with thei$ volume
and nanoshellgL5] have also been considered by the researchergercent, Yang et a[27] observed that the thermal conductivity
to evaluate their properties. Based on these great properties, lepoxy composites increases by 684%. A nonlinear trend was
nanostructures can be selected as good fillers to raise up tReserved for denser arraf28]. For example, 17 volume percent
mechanical propties of other materiald 6-23]. CNTs leads to increasing the thermal conductivityatfactor of

18. Park et al[29] showed that good adhesion and less voids

Considering the advantages of the polymers over metals, SU¢Rtween nanotubes and polymers leads to increasing the

as being lighter than metals, more resistant against the corrosi@ficiency of CNTs to increase the thermal conductivity of the
and easier to process, thermal conductive polymer Compos't‘%ﬁ\lT/polymer nanocomposites.

can be considered as the possible optiongplace the metals in

different applications like heat exchangers, generators, power Gulotty et al.[30] showed that compared to pure CNTs,
electronics and electric motors. Specially, havighhthermal  carboxylic functionalization (COOH groups) of CNTs give better
conductivity[24, 25] makes carbon nanotubes (CNTs) as a goodesults in increasing the thermal conductivity coefficient of
candidate to increase the thermal conductivity of polymers. T@olymer matrices. Besides, it was shown that other fillers such as
this end, both experimentf26-35] and theoretical modeling6- graphene and boron nitride could also enhance the thermal
46] approaches have been utilized to investigate the thermgpnductivity of polymer anocomposites significantly31].
behavior of different materials réorced by CNTsWine et al.  Kapadia et al[33] investigated the influence of CNT aspect ratio
[26] investigated the effect of adding CNTs to the polymer(length/diameer) on the thermal conductivity enhancement in
gagicgs on the electrical and thermal conductivities. TheycNT/polymer composites. It was shown that the thermal
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conductivity of polymer composites experiences a linear increasg Modeling details

by incorporating low aspect ratio MWCNTs. They also . . .
represented that 15 volume perceriented graphene platelets ~ FE Method is used here to obtain the thermal conductivity
(GPLs) in AbO; can results irD44% increase in the iplane  CcOeficient of the SWCNT reinforced polypropylene. The RVEs

thermal conductivity in the iplane direction at the temperature &€ modeled as twdimensional cells. To obtain the thermal
of 60CPC. conductivity coefficient of the RVEs, a small temperature

difference (1°C) is applied to the two opposite vertical edges of
Due to difficulty of experiments, some researchers have usegie RVEs and theverage heat flugg) is calculated. Then, using
theoretical modeling approaches to study the thermal propertiee Fourier relation, the thermal conductivity coefficiel) (s
of nanoomposites. Clancand Gateg436] studied the effect of optained as
grafting singlewalled CNTs (SWCNTSs) by hydrocarbon chains
with covalent chemical bonds on the thermal conductivity of the,, _ dt
nanocomposites. It was shown that usthgse functionalized - ﬁ @
SWCNTs increases the thermal conductivity of the
nanocomposites significantly. Based on an effective medium WheredT and dt are the temperature gradient and distance
theory, a theoretical model was @ésped by Bagchi and between two edges on which the tempee difference is
Nomura [37] to compute the thermal conductivity of aligned applied. Three different patterns are used to disperse the
MWCNT/polymer nanocompat&s. Moreover, Guthy et g38] nanotubes in the propylene matrix which are shown in Fig. 1. In
used random dispersion for incorporating the SWCNTSs into théhe first pattern, the SWCNTs are dispersed randomly over the
poly-methylmethacrylate (PMMA) matrix. An increase of 250% matrix. The second pattern associates with the nhestdirected
was observed at the 9 volume percent. along the temperature difference and in the third pattern, the
Modifying the effective continuum micromechanics analysisd!reCtion of nanotubes is perpendicular to the temperature
. L . difference. The simulations are performed using ABAQUS
tg;btalnd'ghg thﬁrmallcfconduitlvmesf _naflnocomposnes, \Lu et al. software. To disperse the CNTs, the Python programming
[39] studie the effects of nameinforcement morpt otg_/, language § utilized. For the first dispersion pattern, the
yolume fraction, _orlentatlon, anq namnforcementr(_as_m rientation and position of the CNTs are randomly selected. For
interphase propertles on @he effective thermal c_o_nduct|V|t|es is purpose, the first CNT is placed in the CNT matrix with the
nanommposites. Mortazavi et §40] showed that finite element andom position and orientation. Then, the second CNT is placed

(FE) m_et_hod can be more “S.ef“' to predlc_t the thgrm n the polyme matrix with the random position and orientation
conductivity of nanocomposites with randomly dispersed fillers

. . such that no overlapping happens between the located CNTSs.
than Mori Tanaka and strongontrast modeling approaches. To Locating new CNTs are continued until the intended CNT
investigate the effect of interphase on the elastic modulus a lume fraction is reached. For two other dispersion patterns
thermal conductivity of polymer nanocomposites, they suggeste hly the initial position israndomly selected. Again, no '
a 3dimensional (3D) FE modeling, which was used to study th%verlapping is allowed. The -Bode plane stress ther,mally
nanocomposites filled by nanopatés with diffeent orientations coupled quadrilateral, biquadratic displacement, the bilinear
and shape$4l]. Mortazavi et al[42] also used the molecular temperature element i’s used to mesh the matrix an’d CNTs.
dynamics (MD) and FE methods to propose a multiscale
approach. The suggested approach was used to compute
thermal conductity of graphene epoxy nanocomposites. Theil
method was verified by experimental data for effective elast
modulus and thermal conductivity of pdbctide
(PLA)/expanded gaphite (EG) nanocompositg$3].

Fiamegkou et al.[44] and Eslami Afrooz and Ochsnég45]
also employd FE method to study the effect of filling
nanocomposites by CNTs on their thermal conductivity. Th
influences of covalent and naovalent functionalization,
isotope doping and acetylene linkage in graphene on the therr
properties of grapherinforcel polymer nanocomposites were
investigated by Wang et gl6] using the MD simulationsit (@)
was shown that graphem@oxy interfacial thermal resistance is
not affected by carbon isotope doping in graphene.

In this paper, FE method is employed to examine the thermal
behavior of polymer matrix reinforced by SWCNTSs. Different
volume fractions b SWCNTs with several distribution patterns
are dispersed in the polymer matrix. Besides, the effects of
interphase thermal properties on the thermal conductivity
coefficient of polymer/SWCNT nanocomposite are studied. The
nanotubes with different aspedcitios are considered to explore
the effect of nanotube geometrical parameters on the thermal
behavior of the resulted nanocomposite. This is for the first time (c)
that such a comprehensive investigation on the thermal Figure 1.Different disper®n patterns of nanotubes in matrix: (a) random
conductivity of the polymer/CNT nanocomgites is performed dispersion, (b) nanotubes directed along the temperature difference and (c)
in which the influences of different parameters including CNTnanotubes directed perpendicular to the temperature difference
dispersion pattern, CNT volume fraction, temperature and
CNT/polymer interphase are considered.
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3. Results and discussion diameter and equal to SWCNT diameter. Three different

. . L dispersion types are employed.

In this section, the thermal conductivites @WCNT
reinforced polypropylene are obtained. The dependence of the It is observed that the curves of CNT reinforced
thermal conductivity coefficient on the CNT volume fraction, Polypropylene are parallel to that of pure polypropylene. In other
aspect ratio and dispersion pattern is evaluated. Besides, tW®rds, increasing temperature leads to an increase in the thermal
effect of SWCNT/polypropylene interphase thickness on th&onductivity coefficient of the nanocompositesitii 200°C
therma behavior of the resulted nanocomposites is explored. Aghen, suddenly the curves drop and again, the thermal
it is seen in Fig. 2, three different interphase thicknesses agonductivity coefficients increase by the temperature. Therefore,
considered, including no interphase, interphase thickness equalitocan be concluded that the thermal behavior of the CNT
the half of the SWCNT diameter and equal to SWCNT diameterreinforced polypropylene is governed by the thermal behavior of
The poperties of interphase are considered as twice théhe polymer matrix.
properties of the polypropylene. The temperature varies €rd S 036
200°C for this study. The thermal properties of SWCNT and g

poI_yproperne are extracted fr_o[ﬁ?] and[48], respectivelyTo E‘”“ _____ S e w== *\
validate the current modeling approaches, the results aig 033K kN
compared with the experimental results in Table 1. It can be set2 PN

that the employed modeling approach can predict thig 028«»’*‘ \ N
. . .. @ V..
experimental reults with an acceptable accuracy. The precisior 3. o\ e 7
is better for a larger CNT volume fraction. 2 026 ey ) AN S & \
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Table 1.Comparingthe results of the current modelin H ~$-Pure matrix Ny v
) p g X g S 0.2|~* Random R . Y 4
approach with the experimental results 2 “A-Regular, CNTs along AT
Volume fraction Thermal conductivity coefficier@/mK) 5 “¥ Regular, CNTs perpendicular to AT
= I I i i i
Present work Experimen{49] Error (%) =0 20 40 6 Tz‘:nper;“t‘:"e (102((:)) 140 160 180 200
0.3% 0178 0.2 11.00% (©
0.6% 0.236 0.24 1.67% Figure 3. Thermal conductivity coefficientfgolypropylene matrix

reinforced by CNTs with different distribution patterns versus temperature

(3% volume percent, Thickness of interphase = (a) 0, (b) half of SWCNT
o diameter and (c) SWCNT diamet

3.1 Effect of CNT distribution pattern fameter and (c) lameter)

The effect of the distribution pattern of nanotube in Comparing the curves associated with different disper

polypropylene matrix is given in Fig. 3. The volume percentagé’attems’ |_t is opserved that reinforcing polypropylene matrix by
of SWCNT in polymer matrix is selected as 3%. Besides'®gular dispersion of the SWCNTs along the temperature
nanotubeaspect ratio (length to diameter ratio) is considered agifference gives the largest thermal conductivity coefficients.
10.The thickness of interphase is chosen as 0, half of SWCNTNIS is due to the ordimensional nature of the nanotubes,
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which leads to strong physical properties in longitudinal direction

and weak properties in transverse directions. Therefore, it can be
predicted that the lowest thermal conductivities associate with the 37000
RVEs with SWCNTSs dispersed with the direction perpendicular s
to the temperature difference. T

Temperatur (K)

The effect of dispersion type is more prominent for larger
interphase. For example, at the temperaturé56€C, considering
the thickness of interphase as 0 leads to 3.67%, 33.02% and
18.09% increase in thermal conductivigoefficient of the
polypropylene matrix for regular distribution perpendicular to the
temperature difference, regular distribution along the temperature
difference and random distribution, respectively. While the
corresponding values for the interphase&khess equal to the
half of the nanotube diameter are 6.1%, 38.72% and 22.16%,
respectively. Besides, considering the interphase thickness as the
diameter of CNT, the corresponding values are obtained as
9.12%, 44.6% and 26.51%, respectively.

The temperatre and heat flux distribution patterns of
CNT/polypropylene nanocomposites are given in Fig. 4 for
different CNT distribution patterns. The aspect ratio and volume
fraction of CNTs are selected as 10 and 1%, respectively. In
temperature distribution prédis, it is observed that the tip of
CNTs affect the boundaries of the constant temperature areas.
Therefore, for regular CNT dispersion perpendicular to the
temperature difference in which the nanotubes are parallel to the

Heat flux (J/m*2)

vertical edges, the boundariestbe constant temperature areas Y

are approximately linear. Furthermore, it is seen that the smallest I
heat flux associate with the regular CNT dispersion perpendicular X

to the temperature difference. However, the heat fluxes of two

other distributions are appximately similar. Tra—
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Figure 4. Thermal and heat flux distribution in polypropylene matrix
reinforced by CNTs (a) random distribution, (b) regulatrihution
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perpendicul ar
10, CNT volume percent = 1%, temperature0°C)

3.2 Effect of CNT volume percent

to T and (c) regula%(m pect
£ X
% 03T . \‘\‘
L o A )
The effect of nanotube volume percent in the polypropylenei ’ N v
matrix is investigated in Bs. 57. Three volume percentages § e——*— \ \_ R
including 1%, 3% and 5% are considered for CNTs in g %24 ‘ N s
polypropylene matrix. It is observed that the larger volume'§ Pure matrix \ . t
fractions, the larger thermal conductivity coefficients. For a sam¢ 02 Iriesu ';:ZEE:;; """""" .
dispersion pattern, the largest effectlué ¥olume percentage on & =¥ Volume percent = 5%
the thermal conductivity coefficient of the polypropylene is £ i % i
observed for the thickness of interphase as the diameter of tt A Ti(,’nperﬁ?lre (?CO) 140160180200
nanotube, then considering the thickness as the half of the ©

diameter and last the RVEs without interphdsar. example, in

Fig. 2, which relates to random distribution of nanotube in Figure 5. Thermal conductivity coefficient of polypropylene matrix
polypropylene matrix, the increases of thermal conductivityreinforced by CNTs with different volume fractions versus temperature
coefficients at the temperature dd0°C are obtained as 8.16%, (random distribution, (a) 0 interphase, (b) 0.5 interphase and (c) 1 interphase)

26.53% and 46.23% for the volume percentages of 1%, r&% a

5%, respectively. These values are 6.94%, 22.18% and 38.20% ¢.45

for the thickness of interphase as the half of CNT diameter. Th§ -
corresponding values of the RVEs without interphase are 5.759% 4 === v - .
18.06% and 30.96. So, it can be concluded that considering tt£ .. % “,
. . s V. g
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Figure 6. Thermal conductivity coefficient of polypropylene matrix distribution are 8.16%, 26.53% and 46.23% and those of regular
reinforced by CNTswith different volume fractions versus temperature distribution perpendicular to the temperature differermse
(regular distribution along T, ( a285%, 9.h2% andh596%. It (sbobsarved thah foe alp afathee
interphase) considered dispersion types, increasing CNT volume percentage

from 1 to 3 and from 3 to 5 leads to 3.2 and 1.75 fold of the

@ 028 thermal conductivity coefficients.
E . . .
= . - The temperature and heat flux distution profiles of
E v - M __——'*'\ . . .
£ 02 ke %* s CNT/polypropylene nanocomposites with the CNT aspect ratios
5 X ¥ $ AN of 3% and 5% are given in Figs. 8 and 9. No interphase has been
% 0.243"4 \¥ considered between the nanotubes and matrix. It is seen that for
S \ larger volume fractions, the shapes of coristamperature areas
' - i \) . .
= ~$-Purematrix . X deviate more from perfect rectangles. Increasing the volume
= 0.22 —®-Volume percent = 1% A
2 K- Volume percent = 3% X _,.—-:_‘:* fraction leads to increasing the heat flux in CNT/polypropylene
'g =¥ Volume percent = 5% * nanocomposites. Besides, for the larger aspect ratios, the
= 2 4 difference between the heat fluxes of polypropylenatrix
E reinforced by random distributed CNT and regular distributed
2018 CNT along the temperature difference is more significant.
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Figure 7. Thermal conductivity coefficient of polypropylene matrix
reinforced by CNTs with diérent volume fractions versus temperature
(regular distribution perpendicul ar
and (c) 1 interphase) Temperaur ()

The effect of volume percentage on the thermal conductivity
coefficients of the three considered dispersigmesyare almost
similar. For example, the increases of thermal conductivity
coefficients at the temperature d0C°C with the interphase as
the CNT diameter are equal to 13.95%, 44.62% and 80.47% for
the volume percent of 1%, 3% and 5%, respetfi These
values are reported for regular dispersion of nanotube along the I_, =
temperature difference. The corresponding values of random
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Figure 8. Thermal and heat flux distribution in polypropylene matrix
reinforced by CNTs (a) random distuifon, (b) regular distribution
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3.3 Effect of interphase thickness
. o o Figs. 1113 show the temperature and heat flux profiles of the

Fig. 10 shows fte thermal conductivity coefficients of cNT/polypropylene nanocomposites with difet interphase

CNT/polypropylene nanocomposites with different interphasehjcknesses. CNT aspect ratio and volume fraction are selected as

thicknesses. The aSpeCt ratio is considered as 10. The CNTs @@and 5%’ respective|y_ According to these figureS, for none of

randomly dispersed in the polypropylene matrix. It is observeghe distribution patterns, considering the interphase thickness in

that for all of the selected O’ volume fractions, the largest the RVEs does not affect the constant terapee areas

interphase thickness is considered as the diameter of CNT. ThaoNT/polypropylene interphase thickness, either.

the RVEs with the interphase thickness as half of the CNT

diameter. The lowest thermal contivity coefficients are those

of RVEs with perfect bonding between the CNTs and surrounded

matrix. The effect of volume percentage is more observable for

larger CNT volume fractions.
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Figure 11. Thermal and heat flux distribution in polypropylene matrix
reinforced by CNTs (a) random distuiioon, (b) regular distribution
perpendicular to T and (c) regul ar
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