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	e present study attempts to investigate the in
uence of multiwalled carbon nanotubes (MWCNTs) and graphite nanoplatelets
(GNPs) on thermal conductivity (TC) of nanoreinforced polymers and nanomodi�ed carbon �ber epoxy composites (CFRPs).
Loading levels from 1 to 3% wt. of MWCNTs and from 1 to 15% wt. of GNPs were used. 	e results indicate that TC of nano�lled
epoxy composites increased with the increase of GNP content. Quantitatively, 176% and 48% increase of TC were achieved in
nanoreinforced polymers and nanomodi�ed CFRPs, respectively, with the addition of 15% wt. GNPs into the epoxy matrix. Finally,
micromechanical models were applied in order to predict analytically the TC of polymers and CFRPs. Lewis-Nielsen model with
optimized parameters provides results very close to the experimental ones in the case of polymers. As far as the composites are
concerned, the Hashin and Clayton models proved to be su�ciently accurate for the prediction at lower �ller contents.

1. Introduction

Fiber reinforced polymers (FRPs) are increasingly in demand
as structural materials in the aerospace, automotive, and
marine industries due to their high speci�c strength and sti�-
ness. However thesematerials have shown limitation in appli-
cation due to their poor, out-of-plane, performance which is
dominated by the low toughness and insulating behavior of
polymer matrix. 	us, in the last decade, researchers have
focused on the incorporation of nanosized �llers into the
matrix of FRPs in the sense of multiscale reinforcement
in order to develop composites with improved mechanical,
electrical, and thermal properties with the main purpose
of creating multifunctional materials. Speci�cally, Arai et
al. [1] reported that mode I interlaminar fracture tough-
ness increased 50% by the presence of a carbon nano�ber
interlayer into the CFRP composites. Furthermore, mode
II interlaminar fracture toughness for doped laminates was
2-3 times greater than base CFRP laminates. Toward this
direction, Karapappas et al. [2] observed that the addition
of 1% wt. MWCNTs in CFRP composites improved mode
I fracture toughness 63% while the introduction of 0.5%
wt. MWCNTs in CFRPs caused the enhancement of 70%

in mode II fracture toughness. In addition, Knoll et al. [3]
investigated the in
uence of di�erent carbon nanospecies
like MWCNT and few layered graphene (FLG) on the
damage mechanisms of CFRPs under fatigue loading. 	e
results indicated a remarkable increase in fatigue life with
the addition of low �ller contents into the epoxy matrix
of CFRPs. Similar research by Vavouliotis et al. [4] proved
the positive e�ect on the fatigue life of CFRP composites
with the incorporation of 0.5% wt. MWCNTs. In another
work, Bekyarova et al. [5] veri�ed an enhancement of 30%
in interlaminar shear strength and a signi�cant improvement
in out-of-plane electrical conductivity a�er the addition of
multi- and single-walled carbon nanotubes into the CFRP
composites. Finally, 	ostenson and Chou [6] exhibited
signi�cant enhancement in fracture toughness of CFRPs at
low carbon nanotube concentrations and also reported the
formation of a conductive percolating network at carbon
nanotube concentrations below 0.1% wt. and an increase of
60% in thermal conductivity of CFRPs reinforcedwith 5%wt.
carbon nanotubes.

In recent years thermalmanagement has become a central
task of academic and industrial interest for device design and
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application. 	is is because many applications would bene�t
from the use of thermally conductive polymeric nanocom-
posites such as electronic packaging, heat exchangers, and
satellite devices.

In order to enhance thermal conductivity of Polymeric
MatrixComposites (PMCs) there is a tendency to incorporate
thermally conductive nano�llers with high inherent thermal
conductivity into the insulator polymer.	e conductive �llers
that are widely used to increase the thermal conductivity of
polymers are based on ceramic, metallic, and carbon materi-
als. Ceramic �llers appear to have high thermal conductivity
but are expensive and inappropriate for many applications.
Metal �llers are more a�ordable but increase the density
of the �nal product. Consequently, the interest turned to
conductive carbon additives such as carbon blacks (CBs),
carbon nano�bers (CNFs), and carbon nanotubes (CNTs).
For example, Han et al. [7] reported an increase of 63%
in the through thickness thermal conductivity of CFRP
composites doped with carbon black. Additionally, Joshi and
Bhattacharyya [8] observed that the introduction of 1.5% wt.
CNFs into CFRP composites improved by 35% their through
thickness thermal conductivity.

	e most widely used carbon nanospecies are carbon
nanotubes (CNTs) due to their outstandingmechanical, elec-
trical, and thermal properties. Also, their high aspect ratio
and surface area make them unique. However, it has been
observed that the incorporation of the above nanospecies
into the polymer matrix of FRPs has signi�cantly enhanced
mechanical performance and electrical conductivity of �nal
composite, but until now the desired enhancement in thermal
conductivity has not been achieved. 	ermal conductivity is
a phonon based mechanism a�ected by many factors and not
only by the thermal conductivity of each constituent. 	ese
factors are the geometry, orientation, volume fraction, and
the dispersion of nano�llers into the polymer, as well as the
interfacial thermal resistance between the phases [9, 10].

In the last few years, GNPs seem to be very promising
nanoscaled conductive �llers since they combine the 2D
e�ective layered structure with the superior thermal prop-
erties of carbon nanotubes. 	e above nanomaterials can
be produced by graphite exfoliation, including mechanical
cleavage of graphite, chemical exfoliation of graphite, and
direct synthesis such as epitaxial growth [11]. Nevertheless,
the need for large scale production of GNPs demonstrated
chemical exfoliation as the most appropriate production
method. Speci�cally, GNPs are disk-shaped graphite struc-
tures which are usually obtained by rapid heating of graphite
intercalation compounds (GICs). 	e resulting material is
composed of two or more layers of graphene planes and its
platelet thickness ranges from 0.34 to 100 nm.

According to literature, the major advantage of GNPs is
that their addition into the polymer enhances signi�cantly
the thermal conductivity of nanocomposites. Particularly, Yu
et al. [12] presented a thermal conductivity enhancement of
more than 3000% in epoxy nanocomposites by the incorpo-
ration of 25% vol. GNPs into the matrix. Kalaitzidou et al.
[13] reported that polypropylene nanocomposites reinforced
with 25% vol. xGNP showed 500% increase in thermal
conductivity.

	is extremely high improvement of thermal conduc-
tivity is very important because until now the cylindrical
carbon structures (CNTs and CNFs) have not shown sig-
ni�cant enhancement of this property a�er their integration
in polymer nanocomposites. 	is is probably due to the
fact that the 2D structure of GNPs provides reinforcement
in 2 directions and a 2D path which is more e�ective for
phonon transport than 1D path provided from CNTs [14, 15].
Finally, GNPs in contrast to CNTs do not cause a signi�cant
increase in polymer viscosity at high contents allowing better
process conditions for the impregnation of the developed
material. 	us, it is easier to prepare high content blends
which are required in order to increase thermal conductivity
of composites.

	is study focuses on the incorporation of conductive
�llers, GNPs and MWCNTs, in bulk epoxy resin and CFRP
laminates with a purpose of improving their thermal con-
ductivity. Also, one of the main objectives of this work
was to investigate which of the above two nanoadditives
is more e�cient in this �eld. Finally, the e�ectiveness of
selected micromechanical models in predicting the thermal
conductivity of the produced materials was investigated.

2. Experimental Section

2.1. Materials. 	e matrix material, used in this study,
was a four-component epoxy B-staging system supplied by
Huntsman Advanced Materials, Switzerland. 	is system
contains the low-viscosity epoxy resin Araldite LY1556, the
hardener paste Aradur 1571, the accelerator paste 1573, and
the polyamine hardener Aradur ΧΒ 3403. 	e components
weremixed byweight at a ratio of 100/23/5/12 according to the
instructions of themanufacturer.	eGNPswere provided by
Cheap Tubes Inc., USA. GNPs consisted of 20–25 graphene
layers with an average thickness of 10–12 nm and a typical
diameter of 5 microns, while their surface area was about
100m2/g. MWCNTs were produced by catalyzed chemical
vapor deposition, CVD, and were supplied by ARKEMA,
France. 	eir diameters were 10–15 nm, their typical length
was more than 500 nm long, and their surface area was

approximately 230m2/g. Finally, a unidirectional noncrimp
carbon fabric, supplied by R&G, Germany, with an areal

density of 140 g/m2 and TORAY T300 �ber, was used as the
reinforcement of the composites.

2.2. Preparation of Isotropic Samples. 	edispersion of nano-
�llers into the epoxy resin was realized utilising a dis-
solver device (Dispermat ΑΕ, VMA Getzmann GmbH). 	is
technique leads to the introduction of high shear forces
and vortex 
ow in the mixture during stirring. 	is fact
contributes to the e�cient reduction of agglomeration of the
nano�llers and the development of homogeneous mixtures.
For the production of nanodoped compounds with di�erent
weight fractions, themasterbatch approachwas followed.	e
preparation of the masterbatches (20% wt. GNPs and 4%
wt. MWCNTs) was carried out in a vacuum container in
order to eliminate the entrapped air duringmixing.	e speed
was maintained at 2500 rpm for 7 h while the temperature
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Figure 1: Schematic presentation of the preparation of isotropic samples.
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Figure 2: Schematic presentation of the preparation of nanomodi�ed CFRPs.

of the mixture was kept constant at 60∘C. A�erwards, the
appropriate amounts of the prepared masterbatches and neat
epoxy resin were mixed in dissolver at 2000 rpm for 1 h
with the purpose of producing nanodoped compounds with
di�erent �ller loading levels. 	e other three parts of the
prepreg system were subsequently added to the mixture and
placed again in a vacuum chamber for �nal degassing. 	en,
the produced mixture was poured in silicon rubber molds
and cured, according tomanufacturer’s recommended curing
cycle (2 h at 120∘C). Following the aforementioned process,
two di�erent types of isotropic nanocomposites of di�erent
weight fractions were developed: 1, 3, 5, 10, and 15% wt.
GNPs and 1 and 3% wt. MWCNTs. Neat epoxy samples were
also produced for reference. 	e step by step preparation of
isotropic samples is presented in Figure 1.

It is worth noting that the preparation of MWCNT
compounds at similar high content levels to those of GNP
compounds was not achieved. 	is is due to the fact that
the processing of CNT-masterbatch at loadings higher than
4% wt. proved almost impossible for the particular mixing
process. 	e introduction of higher loadings of MWCNTs
into the epoxy resin increased dramatically the viscosity of
the mixture, resulting in a nonstirrable mixture. 	is is a
consequence of the tendency of MWCNTs, caused by their
tubular geometry, to form agglomerates more easily than
GNPs at higher contents.

2.3. Preparation of Carbon-Reinforced Nanomodi�ed Epoxy
Laminates. Firstly, the uncured nanomodi�ed system was
used for the impregnation of unidirectional fabrics with a
view to produce prepregs. 	e fabric impregnation was car-
ried out manually, at room temperature, while the B-staging

succeeded by keeping the prepreg for 48 h at 20∘C and
55% to 65% RH. Next, they were placed in the freezer at−18∘C. 	en, the prepregs were cut and laminated for the
production of nanomodi�ed CFRPs. Each plate consisted
of 16 layers and their curing was carried out combining
the compression molding method with the vacuum bag
technique in appropriate temperature and pressure pro�le
(120∘C for 2 h and 6-bar pressure). Reference composites
plates were alsomanufactured using the same procedure.	e
step by step production of carbon-reinforced nanomodi�ed
epoxy laminates is presented in Figure 2.

2.4. Instrumentation and Characterization. 	ermal conduc-
tivity of the developed materials was measured by using
a thermal conductivity analyzer (TCi Mathis). TCi Mathis
Analyzermeasures directly and rapidly the through thickness
thermal conductivity of a sample at room temperature,
providing a detailed overview of its thermal characteristics.
Its operation is based on a known current which is applied
to the sensor’s heating element, providing a small amount of
heat 
ux that causes a temperature increase at the interface
between the sensor and the sample. 	is increase induces
a change in the voltage drop of the sensor element and the
increasing rate in the sensor voltage is used for the determi-
nation of thermal conductivity of samples. Four specimens
were measured for each material type. 	e dimensions of the
measured sampleswere 25mm× 25mm× 5mm in the case of
nanoreinforced polymers and 25mm × 25mm × 2mm in the
case of nanomodi�ed laminates. Finally, the microstructure
of cryogenic fracture surfaces of the tested coupons was
analyzed by using a LEO SUPRA 35VP Scanning Electron
Microscope (SEM).
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Table 1: 	ermal conductivity values of nanoreinforced polymers.

Samples
	ermal conductivity

Average
[Wm−1⋅K−1] Increase

[%]
Standard
deviation

Neat 0.29 — 0.01

1% wt. MWCNTs 0.31 7 0.02

3% wt. MWCNTs 0.36 24 0.03

1% wt. GNPs 0.32 10 0.01

3% wt. GNPs 0.41 41 0.02

5% wt. GNPs 0.49 69 0.01

10% wt. GNPs 0.63 117 0.03

15% wt. GNPs 0.80 176 0.08

3. Results and Discussion

3.1.
ermal Conductivity of Nanoreinforced Polymers. Table 1
presents the results of thermal conductivity of the pro-
duced reference and nanoreinforced polymer materials. It
is observed that the incorporation of both carbon �llers
increase the thermal conductivity of the reference polymer.
Furthermore, thermal conductivity of the epoxy system was
increased signi�cantly by increasing the �ller content. As
can be seen in Figure 3 the highest increase (∼176%) in
thermal conductivity was achieved in the case of 15% wt.
GNP-reinforced epoxy. However, it is worth mentioning that
the addition of GNPs enhanced more e�ciently the thermal
conductivity of polymer in comparison to theMWCNTs.As it
is shown in Table 1, the integration of 3% wt. GNPs increased
by 41% the thermal conductivity of the polymer while the
addition of MWCNTs at the same content resulted in an
increase of the thermal conductivity of the polymer at the
level of 24%. GNPs seem to be more promising �llers than
MWCNTs for the production of thermally conductive poly-
mers and there are two direct explanations for this fact. (1)
	e 2D platelet shape of GNPs o�ers advantages in thermal
conductivity concerning the others’ spherical or cylindrical
morphologies. In particular, GNPs due to their 
at shape
have higher e�ective contact surface area than CNTs where
point contact is achieved; thus they can e�ciently embed
into thematrix permittingmuch closer areal contact between
adjacent platelets. Hence, the thin polymer layer between
�llers, which is responsible for the phonon scattering due to
the conductivitymismatch between the thermally conductive
�llers and the insulating polymer matrix, is reduced. Also,
the disk-shaped GNPs provide 2D path contributing to more
e�ective phonon transport than the 1D path and the point
contact provided by the CNTs [14, 15]. (2) 	e addition of

at-shaped GNPs into polymers has a much smaller e�ect on
the viscosity in comparison to the incorporation of tubular-
shaped CNTs. 	is allows better processing windows for the
incorporation of higher contents (>5%) which is necessary in
order to achieve higher increase in thermal conductivity [9].
At the same time the resulting agglomerates are limited in the
case of GNPs; CNTs cannot reach these contents because they
show high entanglement, due to their 1D tubular structure
even at relatively lower contents (>1%) inside the polymer.
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Figure 3: 	ermal conductivity of nanoreinforced polymers.

	us, the manufacturing of high content CNT polymer is
prohibited.

	e representative SEM micrographs of the nanorein-
forced polymers �lled with di�erent weight contents of GNPs
andCNTs are shown in Figures 4 and 5, respectively. Firstly, it
can be seen that the polymers containing carbon nanospecies
exhibit rougher matrix fracture surfaces compared to the
neat epoxy, a fact attributed to the more macroscopically
ductile failure of the nanodopedmaterials. Also, SEM images
were used for a statistical estimation of dispersion of the
carbon nanospecies in epoxy matrix. It can be shown from
the �gures that the nano�llers are fairly well dispersed in
the nanoreinforced polymers; however it is observed that the
increasing �ller content in the epoxy leads to the creation of
more intense aggregation between the particles.

3.2. 
ermal Conductivity of Nanomodi�ed Composites.
Table 2 presents the results of through thickness thermal con-
ductivity of the produced nanomodi�ed composites which
are reinforced with GNPs and MWCNTs. At low loading
levels (1 and 3%wt.) of carbon�llers, the thermal conductivity
remains almost una�ected and any di�erences are within
the statistical error. However GNPs at higher contents (5,
10, and 15% wt.) improved greatly the thermal behavior of
CFRPs with the highest increase (48%) obtained from the
nanomodi�ed composite with GNP content of 15% wt. 	is
was expected taking into account the thermal conductivity
increase that was achieved in polymers by the addition of
same-level GNPs.

4. Micromechanical Modeling of
Thermal Conductivity

4.1. Micromechanical Models. In the present part of the work
some very popular micromechanical models were tested
in order to compare their e�ectiveness against the experi-
mentally obtained thermal conductivity (TC) in the case of
nanoreinforced polymers as well as in the case of the through
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Figure 4: SEM images of the reference and nanoreinforced polymers �lled with di�erent contents of GNPs.
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Figure 5: SEM images of the nanoreinforced polymers �lled with di�erent contents of MWCNTs.

thickness thermal conductivity nanomodi�ed composites.
Explanations for the convergence of some of the investigated
models to the experimental results were discussed analyti-
cally. Basic modi�cations were also proposed for taking into
account the nanoscale size of the reinforcements.

Tables 3 and 4 present the TCmodels tested for the nanor-
einforced polymers and nanomodi�ed composites, respec-
tively. 	ese models could be classi�ed in three di�erent
groups.	e�rst group includesmodels that are only based on
the thermal conductivity of the constituents and their volume
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Table 2: 	ermal conductivity values of nanomodi�ed composites.

Samples
	ermal conductivity

Average
[Wm−1⋅K−1] Increase

[%]
Standard
deviation

Neat 0.65 — 0.05

1% wt. MWCNTs 0.63 −3 0.03

3% wt. MWCNTs 0.62 −5 0.03

1% wt. GNPs 0.65 0 0.05

3% wt. GNPs 0.68 5 0.08

5% wt. GNPs 0.73 12 0.05

10% wt. GNPs 0.86 32 0.07

15% wt. GNPs 0.96 48 0.04

fractions (TCI). 	e second group (TCII) includes models
where also the size, geometry, dimensions, and the aspect
ratio of �ller are taken into account. Finally, the third group
of models (TCIII) takes into account the interfacial thermal
resistance between �ller and matrix. All the considered
models are based on the following assumptions: (a) the
heat energy transfer between phases takes place through
conduction; (b) the discontinuous phase (reinforcement) is
homogeneously dispersed in continuous phase (matrix); (c)
the nanoreinforced polymers have been considered macro-
scopically homogeneous and thermally isotropic; (d) the UD
nanomodi�ed composites have been considered macroscop-
ically transversely thermally isotropic; (e) for the Halpin-Tsai
model, MWCNTs have been considered as short �bers due to
their shape [17], where, in all cases, the following notations
have been used:� is equivalent thermal conductivity (for the
CFRPs only in the through thickness direction); 	m is thermal
conductivity of matrix; 	f is thermal conductivity of �ller; Vm
is matrix volume fraction; Vf is �ller volume fraction (for the
CFRPs: �ber volume fraction).

	e �ller volume fraction (Vf ) of nanoreinforced poly-
mers was calculated by using the following equation:

Vf = 
f/�f
f/�f + 
m/�m , (1)

where 
m is matrix weight fraction; 
f is �ller weight frac-

tion; �m is matrix density (∼1.15 g/cm3); �f is �ller density
(GNPs = 2 g/cm3, MWCNTs = 2.092 g/cm3).

Parallel model maximizes the contribution of the con-
ductive phase because it assumes perfect contact between
particles. Generally it does not predict well the thermal
conductivity of the nanoreinforced material, since in many
cases it concludes to signi�cant overestimations of �. 	e
basic series model assumes no contact between particles and
thus the contribution of particles is con�ned to the region of
matrix embedding the particle. 	is model usually achieves
better convergence to experimental results compared to the
parallel model. Geometric model usually �ts the experi-
mental results much better than the parallel and the basic
series model at low content [10]. However, it shows large
deviation from experimental values at higher �ller loadings.
Halpin-Tsai model is a widely thermal transport formula
for transverse thermal conductivity. It takes into account

the geometry of �ller by using parameter �. Its value depends
on the �ller shape. For multilayer platelets parameter � is

calculated by using the equation � = √3 log (�/�), where �
and � are the width and thickness of platelet, respectively,
while for cylindrical nanotubes � is equal to 1 [17] according to
assumption (e) mentioned earlier. Lewis and Nielsen model
is based on Halpin-Tsai equation. Nielsen model includes the
additional parameter “Ψ” in order to take into consideration
the orientation and the packing of the �ller in the matrix.
“Φm” term is the maximum volumetric packing fraction
of the �ller while “�” parameter takes into account the
geometry, speci�cally the aspect ratio, and the orientation of
the �ller. “�” and “Φm” termshave already been calculated for
some �ller types and orientation and are available in literature
[10]. Regarding the GNPs, the selection of values was made
considering these �llers as plates for the determination of �
[18] and the packing order of random close (irregular shape)
in the case ofΦm [10]. MWCNTs were considered as random
�berswith the lower aspect ratio of 15 for the determination of� and the packing order of three-dimensional random (�ber
shape) in the case of Φm [10]. Prasher model except from
particle size takes into account the interfacial thermal resis-
tance between �ller and matrix. Bi is the Biot number that is
calculated from the interfacial resistance “��” anddiameter of
nanospecies “�.” 	e values of “��” that are used for testing
the Prasher model are obtained from literature [9, 19].

Furthermore, Hashin and Clayton models predict the
through thickness thermal conductivity of unidirectional
composites laminates. Hashin model assumes that �bers can
be also transversely isotropic, which is the case of carbon
�bers. 	e �ber volume fractions (Vf ) that were used in order
to calculate the through thickness thermal conductivity of
nanomodi�ed composites using the above models are shown
in Table 5. In addition, the Vf used for the calculation of the
thermal conductivity of CFRP with the nonmodi�ed matrix
was 58%. 	ese �ber volume fractions were derived by using
(1) in combination with the use of dimensional and weight
characteristics of the producedCFRPs and technical informa-
tion of the as-received materials (carbon fabric and polymer
system). Furthermore, opticalmicroscopy and image analysis
so�ware were also used to con�rm the concluded Vf .

Finally, Table 6 summarizes the reference thermal con-
ductivity values of the constituent materials that have been
inputted inmicromechanicalmodels as 	m and 	f for the pre-
diction of thermal conductivity of nanomodi�ed polymers.
	ese values derived from the material datasheets, which
are provided by the manufacturers of the materials. For the
same purpose in the case of UD nanomodi�ed composites,
the measured nanoreinforced polymer thermal conductivity
value was used as the value for 	m and the thermal conductiv-
ity of the �berwas used as 	f in the transverse direction. In the
present case the thermal conductivity of �ber in transverse
direction was taken as 15 times lower than the conductivity
in axial direction [20].

4.2. Results and Discussion

4.2.1. TCModels Applied to Nanoreinforced Polymers. Figures
7–9 present the results obtained by using the di�erent groups
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Table 3: Micromechanical models tested for nanoreinforced polymers.

Group Model Equation Notes

TCI Rule of Mixtures

Parallel model:� = 	
f
V
f
+ 	mVm Parallel model: perfect contact

between particles

Basic series model:1�� =
V
f	
f

+ V
m	m

Basic series model: no contact
between particles

Geometric mean model:� = 	Vf
f
⋅ 	Vm

m

Geometric mean model: no
contact between particles

TCII

Halpin-Tsai � = 	
m
[1 + ��Vf1 − �V

f

], � = (	
f
/	

m
) − 1

(	
f
/	

m
) + �

GNPs:� = √3 log(��)
MWCNTs:� = 1

Lewis-Nielsen

� = 	
m
(1 + � ⋅ � ⋅ V

f1 − � ⋅ V
f
⋅ �)

� = 	
f
/	

m
− 1	

f
/	

m
+ � , � = 1 + (1 −  m 2

m

) V
f

GNPs:� = 7.72,  
m
= 0.637

MWCNTs:� = 8.38,  
m
= 0.52

TCIII Prasher � = 	
m(1 − V

f
)3(1−Bi)/(1+2Bi) , Bi = ��	m�

GNPs:�� = 15 − 30 ∗ 10−8m2 K/W [16]
MWCNTs:�� = 7 ∗ 10−7m2 K/W

Table 4: Micromechanical models tested for nanomodi�ed composites.

Group Model Equation Notes

TCI

Hashin � = 	
m
[	mVm + 	

f
(1 + V

f
)

	
m
(1 + V

f
) + 	

f
V
m

] Fibers: transversely isotropic

Clayton � = 	
m4 [
[
√(1 − V

f
)2 ( 	

f	
m

− 1)2 + 4	
f	

m

− (1 − V
f
) ( 	

f	
m

− 1)]
]
2

Table 5: Fiber volume fractions of nanomodi�ed composites.

Fiber volume fractions (V
f
), %



f
(%) GNPs MWCNTs

1 58 58

3 63 50

5 60 —

10 52 —

15 47 —

Table 6:	ermal conductivity values of matrix and reinforcements.

	ermal conductivity values

Material 	 (W/mK)

Epoxy system 0.29

Graphene nanoplatelets 3000

Multiwalled carbon nanotubes 3000

Carbon �bers 0.915

of micromechanical models in order to predict thermal
conductivity of GNP-reinforced polymers. A comparison
between experimental and theoretical values is given for
evaluating validity of the applied models. Initially it should

be mentioned that the results for the parallel model are not
included in Figure 7. 	e parallel model overestimates TC
values in a way that puts them out of the useful scale of
the graph of Figure 7. Regarding the results of the predictive
models, the thermal conductivity of GNP-reinforced poly-
mers is observed to increase while increasing the content of
�llers, as expected.

Figure 7 shows the results obtained based on the �rst
group of models (TCI). It is evident that the series model
signi�cantly underestimates the experimental data and does
not follow the rate of increasing conductivity increasing GNP
content. On the other hand, the geometric model approaches
better the experimental results, although there is again a
constant underestimation of the experimental data.

	e results concluded by the application of second group
of models (TCII) are given in Figure 8. As illustrated, Lewis-
Nielsen model provides higher TC values compared against
Halpin-Tsai model and better approaches the experimental
results although still there is a signi�cant underestimation.
	is is reasonable behavior considering that the Lewis-
Nielsen model resulted from Halpin-Tsai equation by incor-
porating the orientation (�) and the packing (Φm) of the
�ller as extra parameters for the better prediction of thermal
conductivity of a multiphase composite.
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Finally, Figure 9 shows the behavior of Prasher model,
which belongs to the last group (TCIII) of predictive models.
It can be seen that thismodel �ts only the experimental data at
the content of 1% wt. GNPs however present large deviations
at higher �ller loadings (>1% wt.). Possibly, this is due to the

fact that the model is very insensitive for �� > 10−8m2 K/W,
which corresponds to higher loadings of carbon �llers. At
higher contents the e�ective aspect ratio of �llers reduces,
decreasing the contact area between �ller and matrix, due
to the presence of agglomerates. According to the literature,
there is a strong in
uence of aspect ratio of carbon �llers on
the thermal conductivity of nanoreinforced polymers. Large
aspect ratio results in an increased probability of contact of
the carbon nanospecies minimizing the polymer matrix in
between, which improves the carbon �ller-polymer inter-
action and reduces signi�cantly �� across the �ller-matrix
interface, which is responsible for the degradation of thermal
conductivity property [16, 21]. Taking into consideration (a)
the increase of �� by increasing the content of carbon �llers
into the polymer [19], (b) the insensitivity that presents this

model for �� > 10−8m2 K/W that corresponds to higher
contents, and (c) signi�cantly better convergence of the
model prediction to the experimental data at �ller content
of 1% wt. compared to that of the higher �ller contents,
we can claim that the enhancement of thermal conductivity
at higher �ller contents depends more on the �ller shape
and the contact distance between adjacent particles (for-
mation of more phonon paths at higher contents) than on
the interfacial thermal resistance between �ller and matrix.
	is fact explains the increase of thermal conductivity with
increasing �ller content as concluded from the experiments.
	us Prasher model is not adequate for the prediction of the
thermal conductivity of carbon nanoreinforced polymer at
higher contents. In Figure 10 a comparative plot is given for all
the models (initial, nonparameterized) and the experimental
data. 	e same increasing trend is evident in all models.
	e better �t is observed for the geometrical one. However,
the parameterized Lewis-Nielsen �nally yielded the best
results (Figure 11). In order for the Lewis-Nielsen model
to converge to the experimental results in the case of the
GNP nanospecies used in the present work, an optimization
scheme was applied for both the parameters of themodel: the
packing factor Φm and the aspect ratio �. 	e parameters �
and Φm were optimized by using the Nelder-Mead Simplex
method as well as via Genetic Algorithms [22]. 	e results
obtained from both methods were almost identical. 	e �
factor was optimized with the constraint that this value
had to be greater than or equal to zero. Furthermore, theΦm factor was optimized with the constraint that the value
had to be greater than or equal to zero and simultaneously
lower than or equal to one. 	e optimization process results
as 16.93 for parameter � and 0.741 for parameter Φm in
order to achieve the minimum RMSE (root min square
error) given the experimental data. Figure 11 presents the
resulting convergence between Lewis-Nielsen model and
the experimental results in the cases of GNP nanocompos-
ites a�er parameter optimization for the values of thermal
conductivity.

Figures 12, 13, and 14 present the application of the
three di�erent groups of models for the prediction of TC
against experimental results in MWCNTs nanopolymers. A
comparative plot is given in Figure 15 for all the mod-
els’ predictions and the experimental data. In the case of
MWCNT-reinforced polymers the geometrical along with
Lewis-Nielsen models give better predictions of the thermal
conductivity of the nanocomposites. However in the case of
Lewis-Nielsen model, the used values from the literature for
the packing factor and the aspect ratio [10] do not represent
the characteristics of the used MWCNTs and their �nal
arrangement within the nanocomposites. 	us, considering
a random orientation of the MWCNT nanospecies, which
leads to Φm equal to 0.52, and taking into consideration
the di�erent aspect ratio of MWCNTs used in the present
study which was within the range of 20–50, the optimized� value was found to be � = 13.03. Figure 16 shows the
resulting convergence between Lewis-Nielsen model and the
experimental results a�er parameter optimization, in the case
of thermal conductivity of MWCNT nanocomposites.

4.2.2. TC Models Tested for Nanomodi�ed Composites. Fig-
ures 17 and 18 present the results obtained for the through
thickness thermal conductivity of CFRPs with nanomodi�ed
epoxy matrix with GNPs and MWCNTs, respectively. 	e
presented results come from the application of phenomeno-
logical analytical models proposed by Hashin and Clayton
(Table 4) and they were compared against experimental data
given in Figure 6. It is evident that both models �t su�ciently
well the experimental results at low �ller content into the
epoxy matrix. However, both show large deviation at higher
�ller loadings (>5% wt.) in the case of GNP doping of
polymers. Furthermore, as it is evident in Figures 17 and 18,
the above models provide almost similar predictions in the
case of both nanomodi�ed CFRPs.

5. Conclusions

	e work studies the variation of thermal conductivity of
polymers and polymer matrix composites due to the nano-
modi�cation of the polymer material by the incorporation of
carbon based nanospecies at various % wt. levels.

	e results indicate that the thermal conductivity of
nanoreinforced epoxy polymers increases with increasing
content of carbon nanospecies into the polymer. GNPs
showed higher enhancements than MWCNTs due to their
2D e�ective platelet shape for phonon transport and their
better distribution at higher contents inside the polymer.	e
addition of 15% wt. GNPs into the epoxy matrix in the case of
nanoreinforced polymers was found to increase by 176% the
thermal conductivity.

Concerning the nanodoped carbon �ber epoxy compos-
ites, the incorporation of nanospecies improved their through
thickness thermal conductivity. At contents higher than 1%
wt., MWCNTs were not e�ective in improving the thermal
conductivity of CFRPs. 	e highest increase of the through
thickness thermal conductivity of CFRPs was achieved by the
integration of 15% wt. GNPs into the epoxy matrix resulting
in an enhancement of 48%.
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Figure 6: 	ermal conductivity of nanomodi�ed composites.
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Figure 7: 	ermal conductivity of GNP-reinforced polymers,
Group TCI.
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Figure 8: 	ermal conductivity of GNP-reinforced polymers,
Group TCII.
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Figure 9: 	ermal conductivity of GNP-reinforced polymers,
Group TCIII.
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Figure 10: Comparative plot of all models and experimental values
of GNP-reinforced polymers.
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Figure 12: 	ermal conductivity of MWCNT-reinforced polymers,
Group TCI.
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Figure 13: 	ermal conductivity of MWCNT-reinforced polymers,
Group TCII.
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Figure 14: 	ermal conductivity of MWCNT-reinforced polymers,
Group TCIII.
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Figure 15: Comparative plot of all models and experimental values
of GNP-reinforced polymers.
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Figure 16:	ermal conductivity of MWCNTs-reinforced polymers
by using Lewis-Nielsen model with optimized �.

Regarding the micromechanical models, the modi�ed
Lewis-Nielsenmodel proved themost e�cient for the predic-
tion of the thermal conductivity of nanoreinforced polymers
while in the case of nanomodi�ed composites the results
of the tested Hashin and Clayton models �t nicely the
experimental data, especially at lower �ller contents (<5%
wt.).
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Figure 17:	ermal conductivity results ofGNP-reinforced compos-
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