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A B S T R A C T

Polypropylene (PP) nanocomposites reinforced with different types of graphene nanoplatelets (GNPs) and their
hybrid systems are prepared via melt extrusion. On the basis of experimental analysis and simulation, the factors
of thermal property of the PP/GNPs nanocomposites, including GNPs size, weight filling ratio and proportion of
various sizes, are systematically investigated. At high GNPs content (9,12wt %), GNPs are widely distributed in
PP matrix and the thermal paths are basically formed. The thermal conductivity of composites is determined by
the size and thermal properties of GNPs. At low GNPs content (6wt %), for single system, the larger diameter
with moderate distribution would be more conducive to achieve the higher thermal conductivity, indicating the
formation of thermal paths dramatically affects the thermal conductivity. For hybrid system, the PP filled with
medium and small diameter GNPs obtains the highest thermal conductivity at the ratio of medium diameter GNPs
to small diameter GNPs is 8:2, and is 23.8% higher than the single system of PP filled with small diameter GNPs.
More precisely, the small diameter GNPs plays a role in connecting the scattered medium diameter GNPs, as mass
thermal paths are formed. This shows that the distribution state by combining the synergistic effect of various
GNPs significantly affects the thermal conductivity of PP/GNPs nanocomposites. Moreover, a numerical simula-
tion dealing with the synergistic effect of different GNPs, is developed on the thermal conductivity of GNPs-rein-
forced PP matrix. The heat flux images demonstrate the existence of synergistic effect between different type of
GNPs.

1. Introduction

With the increasing power density of electronic device and the con-
tinuous development of the smaller, lighter, and faster electronic com-
ponents of such devices, heat transfer is one of the most important re-
search fields for polymer composites due to their wide number of ap-
plications and uses as heat dissipation components [1,2]. Compared
with metallic and ceramic composites, polymer composites are fre-
quently used for heat dissipation device due to their attractive ar-
ray of properties, including ease of manufacture, lightweight, multi-
functional, low cost, superior resistance to chemicals and corrosion,
mechanical properties and highly thermally conductive [3,4]. How-
ever, heat dissipation has become one of the most

critical challenges for polymer composites because the heat they gener-
ate needs to be efficiently dissipated by more compact and lightweight
heat sinks [5]. And this can be achieved by changing certain variables
such as fillers type, content, and processing method [6,7].

With the recent advances in nanomaterials and their growing avail-
ability, the types of fillers for polymer composites have been signifi-
cantly increased [8,9]. Most of the nanofillers in thermal conductivity
polymer matrix are graphene, carbon nanotubes (CNTs), silicon carbide,
aluminum and boron nitride (BN), which are used extensively for heat
dissipation in electronic applications. In contrast to traditional fillers,
carbon fillers exhibit excellent thermal transport properties. For exam-
ple, CNTs can have thermal conductivity as high as 3000
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W/m K or even higher in theoretical predictions reported by previous lit-
erature [10]. Nevertheless, the expected dramatic enhancement of ther-
mal conductivity by the incorporation of CNTs has not yet material-
ized in polymer nanocomposites, which is attributed to the nanotubes’
one-dimensional structure, leading to anisotropic thermal conductivity
in the axial direction [11]. However, it reported that two-dimensional
(2-D) nanomaterials such as graphene can be a more effective nanoma-
terial for polymer nanocomposites with high thermal conductivity [12].

Graphene is one of the widely studied filler with thermal conduc-
tivity ranging from 3000 to 5000W/m K [13], was first discovered by
Novoselov et al., in 2004 [14]. However, graphene's mass production,
and its chemical exfoliation and the homogeneous distribution into poly-
mer matrices [15,16], leading them expensive, time consuming, and not
easily scalable. Therefore, graphene nanoplatelets (GNPs) is selected as
filler for polypropylene composites in this study. GNPs, which are com-
posed of several layers of graphene, are considered as attractive reinforc-
ing fillers to modify the properties of polymers owing to the abundance
of naturally existing graphite as the source material for GNPs [17]. Fur-
thermore, it is suitable for mass production with low cost and good ther-
mal properties [18]. Hence, GNPs have been proposed to enhance the
thermal conductivity of polymer composites by various methods, such
as appropriate surface modification of GNPs [19], in situ polymeriza-
tion method [18,20], magnetic field [21], and the use of hybrid fillers
[22,23].

According to the existing literature reports, it is noted that phonon
scattering at the interface is one of the important reasons that lim-
its the thermal conductivity of composites [24]. Thermal conductiv-
ity of composites is determined by the intrinsic properties of matrix,
filler, filler-matrix interaction, filler patterning, more precisely, it is well
known that the bulk properties of matrix can be greatly influenced by
the added filler, including the type of fillers used, their dispersion and
orientation [21,25].

Desired thermal conduction can be achieved by selecting and pair-
ing of different fillers. Previous studies reported that hybrid fillers could
have better thermal conduction than single filler [26,27]. Synergistic
effect with regards to thermal conduction can be induced in polymer
composites by appropriate selection of fillers. The hybrid fillers struc-
ture, which also affect the ability to obtain a thermal conductive path-
way, are also studied by some researchers. For example, Yang et al.
[28] used graphene platelets/carbon nanotubes hybrid fillers to improve
thermal conductivity of epoxy composite. In this work, the presence of
carbon nanotubes acted as heat conductive bridges between graphene
platelets leading to the formation of 3D inter-particle structure and thus
enhanced thermal conductivity.

To obtain a better understanding of how the structure of GNPs affect
the thermal properties of polypropylene (PP)/graphene nanoplatelets
(GNPs) nanocomposites, and found out its structure-property relation-
ships. Three types of GNPs, which are different in size and their hy-
brid system, were used to prepare PP/GNPs nanocomposites in dif-
ferent GNPs content with a co-rotating twin-screw extruder. The re-
lationship among morphology, crystallization property, thermal prop-
erties, and their synergistic effects was investigated. Meanwhile, an
experimental data analysis of thermal conductivity, which combined
with numerical simulation by developing a representative volume el-
ement (RVE), were presented on the effects of different GNPs sizes
and dispersion. Based on the

aforementioned research, systematic investigations on different type
GNPs were carried out in order to extend the applications of this highly
performance composites.

2. Experiment and numerical simulation details

2.1. Materials

The PP used for the preparation of PP/GNPs nanocomposites is
of grade 3204 and supplied in pellet form by Formosa Plastics. Its
melt-flow rate is 24g/10min (230 °C/2.16kg, ASTM D1238).

The silane coupling agent with specific gravity of 0.903gcm−3 were
supplied by Sinopharm group chemical reagent co., LTD and polypropy-
lene wax powder was used as lubricant with a mean diameter of 40mm,
supplied by Shanghai joule wax co., LTD. The graphene nanoplatelets
with specific gravity of 2.2gcm−3 were supplied by Xiamen Knano
Graphene Technology, China. Three types of GNPs were used and their
technical specifications are summarized in detail in Table 1.

2.2. Preparation and characterization of the PP/GNPs nanocomposites

The sample codes used in this paper are summarized in Table 2.
For detailed preparation process and characterization, please refer to our
previous work [29].

2.3. Description of numerical model

In this study, the effective thermal conductivities of a polypropylene
system reinforced with GNPs were simulated. The DIGIMAT software
platform was used for the development of a three-dimensional model,
the representative volume element (RVE) of nanostructure, where GNPs
were randomly

Table 1
Characteristics of the used GNPs.

Product Diameter(μm) Thickness(nm)

KNG-180 ~100 <100
CZ030 ~40 <30
G5 ~8 <5

Table 2
The sample codes and process conditions of the PP/GNPs nanocomposites.

Code GNPs type Total GNPs content (wt %)

The
ratios of
the
hybrid
GNPs

PG-L KNG180 6,9,12 –
PG-M CZ030
PG-S G5
PG-LM KNG180,

CZ030
6 a,9,12 5:5

PG-LS KNG180, G5 5:5
PG-MS CZ030, G5 5:5

a This content includes various ratio: 2:8, 5:5, 8:2.
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and homogeneously dispersed within the PP matrix. And the developed
RVEs were meshed in finite element software ANSYS by running a script
written in python form in DIGIMAT platform in parallel with the RVE
development. And the solution of temperature and heat flux could be ob-
tained from the ANSYS platform via setting boundary conditions. Then,
the temperatures of all bodies were calculated using the finite element
procedure of heat transfer. Finally, the thermal conductivity of the
PP/GNPs composites could be calculated by the following equation (1)
(an alternative expression of Fourier's Law).

(1)

where Q is the heat flux applied, A is the size of RVE, T2 is the aver-
age temperature of the surface where the heat flux is imposed, T1 is the
average temperature of the surface where the constant temperature is
imposed.

In the FEM, the discretization of the complex geometry of randomly
distributed GNPs/PP composites could result in high computational cost.
In order to simplify the simulation, the following assumptions were
made: 1) All GNPs were simplified to platelet with uniform diameters
at the nanoscale; 2) A steady-state heat transfer problem with no vol-
umetric inner heat generation was considered; 3) The properties of the
GNPs and PP matrix were assumed to be temperature independent; 4)
The interface between the GNPs and PP matrix was considered perfectly
bonded.

2.4. Modelling of three types GNPs

GNPs tend to aggregate when dispersed in a polymer matrix due
to strong intrinsic van der Waals interactions and the aggregation de-
gree of GNPs was characterized by the thickness of GNPs and loca-
tion [30]. In this study, this can be further supported by the obser-
vation of the SEM images. Therefore, it's difficult for the GNPs to
achieve their full potential for the

enhancement of thermal conductivity of PP/GNPs nanocomposites. Con-
sidering the agglomeration of GNPs and combining the morphology, the
GNPs were represented by platelet by following the geometrical charac-
teristics (Diameter D, thickness T), and the material properties (thermal
conductivity Km and density ρm) of the PP and the three types GNPs with
their geometrical characteristics are summarized in Table 3.

2.5. Modelling of representative volume element (RVE)

For the development of the RVE of the nanostructure, the DIGIMAT
software platform was used. In all cases, a cubic RVE with three dimen-
sionally (3D) randomly dispersed GNPs was developed so that a macro-
scopically isotropic nanostructure was achieved. The GNPs were placed
in such a way so as to either secure contact among them or between
their interphase regions [31]. To make the model more representative
and persuasive, the dimensions of the RVE were adjusted according to
the size discrepancy of different GNPs, ensuring average number of 100
full size GNPs to be included at least. Variation of the RVE dimensions
permits for different size GNPs. Fig. 1 shows the representative struc-
tures of the developed RVEs, and the distribution comes to an agreement
with the optical micrographs of PP/GNPs nanocomposites.

The boundary conditions of heat conduction were defined as fol-
lows:1) The RVE was exposed to a uniaxial temperature gradient across
the x direction. A constant heat flux and a constant temperature were
imposed on the Face1 where the constant temperature is set at 100 °C,
and the heat were received by the Face 1-1, which was supposed to
circulated hot air by convection, and the film coefficient was set at
20W/m2°C. Consequently, the two opposite surfaces in the x-direc-
tion were limited to the resulted temperature difference as shown in
Fig. 2(a); 2) The interface resistance was set according to the type
of GNPs, ranging from 8×10−8 to 2.48×10−7 m2K/W based on a
theoretical estimation by the MD

Table 3
GNPs and PP matrix properties.

Properties KNG180 CZ030 G5 PP matrix

Thermal conductivity(W/(m·K)) 500 800 1000 0.22
Density (10 3 kg/m 3) 2.20 2.20 2.20 0.92
Specific heat (10 3 J/kg·K) 1.20 1.20 1.20 1.80
Diameter (μm) 100 40 8 –
Thickness (μm) 8 2.40 0.40 –

Fig. 1. (a) Representative structures of the RVEs (b) Magnified projection of a small part of the nanostructure in X-Z plane and (c) Magnified projection of an optical micrograph of PP/
GNPs nanocomposites with using the software ImageJ.
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Fig. 2. (a)Temperature field through the y-direction of the RVE (b) Meshed RVE structure. (c) Meshed RVE cut along the z-axis.

simulation [31,32]; 3) The rest of the RVE surfaces remained free, with-
out any heat flux through them [31,33];

The minimum mesh size is 1.2×10−4m and the number of GNPs and
mesh quality was carefully examined to obtain a total average number
of elements that ranged from 100,000 to 350,000, which was in accor-
dance with the considered different GNPs size for each model. A repre-
sentative achieved mesh is shown in Fig. 2 (b) and (c). And the thermal
isotropy was checked and confirmed for the three main axes (x, y, z),
solving the problem by applying the same temperature gradient across
y- and z–directions, respectively. The simulation resulted values of ther-
mal conductivity are averaged in three directions.

3. Results and discussion

3.1. Morphology

Fig. 3 shows the optical micrographs of composites with differ-
ent types of GNPs analyzed using the software ImageJ. It can be seen
significant differences of the PP/GNPs nanocomposites with different
GNPs content. Obviously, when GNPs content is 6wt %, the large size
and worse distribution of KNG180 could be observed. On the con-
trary, G5 shows a small size and perfect distribution. As the GNPs
content increases to 12wt %, GNPs are more widely distributed in
the PP matrix, and partial agglomeration occurs. The GNPs are in

contact with each other and interact strongly, except for KNG180. How-
ever, it is interesting that some small size of GNPs appear in the PG-L
system. This is possibly due to the dispersion mechanism, which is af-
fected by shear flow. Many researchers have proven that the larger ag-
glomerates trend to disperse to the smaller ones during the extrusion
process [17].

The FESEM micrographs of the hybrid systems are illustrated in Fig.
4, and the ratio between the two GNPs is 5:5. For PG-LM hybrid sys-
tem, it's observed that KNG180 is densely stacked together and dis-
persed poorly with the GNPs content of 6wt %, KNG180 and CZ030
are not well connected to form thermal conduction path due to the low
content. As the GNPs content increases, the probability of contact be-
tween KNG180 and CZ030 increases. Consequently, thermally conduc-
tive paths are formed more likely. Regarding to PG-LS, it can be seen a
great distance between the KNG180 and G5, the connection of GNPs is
obstructed by the PP matrix. This situation is gradually faded with the
increase of GNPs content. As for PG-MS, both the CZ030 and the G5 are
observed to uniformly distributed in the PP matrix when the GNPs con-
tent is 6wt % and 9wt %, and the G5 fills the vacancy among CZ030 to
connect the scattered CZ030, showing a synergistic effect and forming
mass thermal conductive paths. As the GNPs content reaches to 12wt %,
the distribution of GNPs in the PP matrix becomes wide, and a closest
embrace among GNPs can be seen in the PG-MS system.

Fig. 3. Optical micrographs of PP/GNPs nanocomposites with three types of GNPs analyzed using the software ImageJ. ((a) PG-L, (b) PG-M, (c) PG-S with 6wt % GNPs content, (d) PG-L,
(e) PG-M, (f) PG-S with 12wt % GNPs content.).

4



UN
CO

RR
EC

TE
D

PR
OO

F

Z. Xu et al. Composites Science and Technology xxx (xxxx) xxx-xxx

Fig. 4. FESEM micrographs of PP/hybrid GNPs composites with different contents.

3.2. Crystallization

The DSC thermograms for the second cooling curves for all the
nanocomposites were depicted in Fig. 5. And the values of cold crystal-
lization temperature (Tc), the melting temperature (Tm), melting tran-
sition enthalpy (ΔHm) and crystallinity values ( ) were calculated
from the DSC curves, and the results are summarized in Table 4. Ob-
viously, only one crystallization and melting peak can be observed, and
the crystallization temperature increases with the increase of GNPs con-
tent for each system. For the single system, the PG-S exhibits the high-
est crystallinity value. This is because G5, whose larger specific sur-
face enables more area for the nucleation of PP crystals [31,34], is
responsible for the higher nucleation efficiency. Moreover, the crys-
tallinity values increase first and then decrease along with the increas-
ing GNPs content. This is

determined by two factors. On the one hand, the more GNPs, the more
nucleation points, which is beneficial to PP crystallization. On the other
hand, with the increase of GNPs content, GNPs begin to agglomerate and
limit the movement of PP molecular chain, causing a decrease in crys-
tallinity in high GNPs content, similar results in the literature [30].

For the hybrid system, it can be seen that all of the crystallinity val-
ues are higher than the single system. And this is because the heteroge-
neous nucleation agent will be more apparent for hybrid system, whose
structural fluctuation leads to the further reduction of the values of the
basal interfacial free energies and consequently the free energy of nu-
cleation [34,35]. It's worth noting that the PG-MS system obtains the
highest crystallization value, which is 15.2% higher than the PG-M sys-
tem. This is because the size of CZ030 and G5 is matchable and widely
distributed in the PP matrix, showing a good synergistic effect.

Fig. 5. Crystallization (a and b) curves of PP/GNPs nanocomposites with different types of GNPs and their hybrid system.
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Table 4
DSC data of PP/GNPs nanocomposites.

Sample

GNPs
content
(wt %) Tc (°C) Tm (°C) Hm (J·g −1)

Xc
(%)

PG-L 6 121.3 161.6 85.6 43.5
9 121.6 161.6 94.5 49.6
12 123.6 161.8 83.7 45.5

PG-M 6 122.4 162.4 97.9 49.8
9 123.8 162.4 92.4 48.6
12 125.1 162.6 88.2 48.0

PG-S 6 124.4 162.8 99.3 50.5
9 127.1 163.1 98.3 51.6
12 127.6 163.2 93.5 50.8

PG-LM 6 122.2 161.6 98.5 50.1
9 123.4 161.4 97.8 51.7
12 124.3 162.3 95.1 51.4

PG-LS 6 123.1 162.1 99.9 50.8
9 124.3 162.2 99.5 52.3
12 125.3 162.9 94.9 51.6

PG-MS 6 123.7 162.2 105.2 53.6
9 124.8 162.6 106.6 56.0
12 128.0 162.7 93.94 52.1

3.3. Thermal properties

Fig. 6 reveals the thermal conductivity of the PP/GNPs nanocom-
posites and their hybrid system with different GNPs contents. For the
single system, it can be observed that the thermal conductivity in-
creases in order of PG-L, PG-M, PG-S in high GNPs content (9,12wt
%). The poor performance of PG-L in high content was due to the
large thickness and worse distribution of KNG180 as depicted in Fig.
3(d), which is not beneficial to interface property between fillers and
matrix. The presence of large amounts of interfaces brings about the
serious phonon scattering, therefore, the lowest thermal conductivity
is obtained. And the superior performance of PG-S in high contents
is mainly because of its perfect distribution

and small thickness with the highest aspect ratio in the PP matrix. How-
ever, the system of PG-S shows a lower thermal conductivity in low con-
tent (6wt %). This may be because the fillers could not contact with
each other as shown in Fig. 3(c). And the distribution of PG-S is still too
narrow to form complete thermal paths, decreasing the thermal conduc-
tivity of composites as a result.

For the hybrid system, obviously, the thermal conductivity is lower
than the single system in high contents (9,12wt %) and the gap between
single and hybrid system is larger with the increase of GNPs. It should
be attributed to the synergistic effect diminishes when GNPs content is
high, as thermal paths have already formed. Meanwhile, the addition
of another type GNPs causes multiple interfaces and then reduces ther-
mal conductivity significantly. Furthermore, it should be noted that the
thermal conductivity of PG-MS is always the highest and the PG-LS is
lower than PG-LM in high content. The former is because the CZ030
and G5 perform well thermal properties. In addition, it's reported that
the increment of degree of crystallinity is proportional to the increase
of thermal conductivity [34]. The PG-MS has the highest crystallinity,
which is beneficial to improve the thermal conductivity of composites.
And the latter is attributed to the difference of size between CZ030 and
KNG180 is more appropriate in the PG-LM hybrid system. The KNG180
is scattered in the PP matrix, and the addition of the CZ030 may help to
connect the scattered GNPs. Then, the hybrid GNPs system forms lots of
thermal conductive paths [30]. However, for PG-LS system, due to the
great discrepancy of size between KNG180 and G5, G5 is too small to
cause the connection to KNG180. Thus, the reinforcing effects of G5 for
KNG180 is not obvious. And this result in the lowest thermal conductiv-
ity of PG-LS system.

Moreover, when GNPs content is 6wt %,it's worth noting that the
thermal conductivity of all the hybrid system is slightly higher than
the single system of PG-S and PG-L but lower than PG-M. This may
be because CZ030 shows the moderate size and appropriate dispersion
is beneficial for the formation of thermal conductive paths in 6wt %
content. Comparing the single system PG-S and hybrid system PG-MS,

Fig. 6. Thermal conductivity of PP/GNPs nanocomposites with different types of GNPs and their hybrid system.
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we could find that, G5 and CZ030 are evenly distributed in the PP ma-
trix and widely dispersed. The addition of G5 could assist CZ030 to form
thermal conductive pathways and show synergistic effect, as a result, the
thermal conductivity of hybrid system PG-MS is higher than the single
system PG-S. Therefore, it can be inferred that at low levels, the thermal
paths formed between the GNPs plays a leading role in improving the
thermal conductivity of the polymer composite.

Based on the analysis of both single system and hybrid system above,
it come to a conclusion that the thermal conductivity of composites is
determined not only by the well thermal property of filler itself, more
importantly by the thermal conductive pathways formed by the fillers.
This indicates that synergistic effect with regards to thermal conduc-
tion can be induced in polymer composites by appropriate selection of
fillers, similar results had been reported in Refs. [19,36]. It's interesting
that only in low GNPs content the thermal conductivity of hybrid sys-
tem is slightly higher than the single system, for further study the fac-
tors affecting the thermal conductivity, we reformed the weight ratio of
various GNPs when the total GNPs content was kept at 6wt %, inves-
tigating the relationship between the thermal conductivity of PP/GNPs
nanocomposites and the proportion of various size GNPs.

The morphology of the PP/GNPs nanocomposites for different GNPs
at various weight ratio (total GNPs content is 6wt %) was discussed in
detail in our previous work [29]. In current study, the hybrid system of
PG-MS is focused. When the weight ratio of CZ030 to G5 is 8:2, CZ030
and G5 presented the best synergistic effect and formed mass thermal
conductive paths.

Fig. 7 reveals the thermal conductivity of PP/GNPs nanocompos-
ites with different GNPs mixed in a hybrid system (total GNPs con-
tent is 6wt %). With regard to the hybrid system, the synergistic ef-
fects of each group are completely different. For the PG-LS, the ther-
mal conductivity gradually increases with the increasing of the small
size GNPs, even exceeds than the single system of PG-S when the pro-
portion of G5 is equal or greater than the KNG180. This indicates
that the addition of small size GNPs is beneficial for the construc-
tion of thermal paths, which facilitates heat flow and

promoting phonon diffusion in the composites. The similar phenomenon
has been found in the hybrid system of PG-LM. Besides, it can be seen
that the thermal conductivity of both PG-LM and PG-LS are lower than
the PG-M system at each ratio. The limited thermal conductivity of these
composites filled with KNG180 is mainly caused by the slight aggrega-
tion and defects of KNG180. And the consequent formation of cracks,
pores, or pin holes in composites decreases their thermal conductivity
compared to expectations [24].

For the group PG-MS, the interesting finding is that by combining the
CZ030 and G5 could achieve a highest thermal conductivity when the
weight ratio of CZ030 to G5 was 8:2 than other hybrid system, even the
single system of PG-M. The improvement is mainly derived from two as-
pects. One is the CZ030 and G5 with appropriate size and thickness have
an advantage in improving thermal conductivity. Another reason is that
the thermal paths could be built by KNG180 and CZ030 in the PG-LM
system but the amount is small, and in the PG-LS system, the great dis-
crepancy between the size of G5 and KNG180 results in the inability to
form high-quality thermal paths. Meanwhile, in the PG-MS system, G5
optimizes the establishment of the thermal conductive paths by filling
the vacancies among the CZ030 and the amount of thermal paths formed
is also large. Hence, it is of great significance to make a full use of the
synergetic effect of various GNPs to achieve a higher thermal conductiv-
ity.

The above-described RVE model was used for the investigation of the
influence of the GNPs size as well as the GNPs ratio of three type hybrid
system on the thermal conductivity of the GNPs-reinforced polypropy-
lene nanocomposites. For this purpose, the single system and hybrid sys-
tem were selected on the basis of available experimental data with total
GNPs 6wt %. PG-S, PG-M, PG-L and PG-LM, PG-LS, PG-MS at a ratio of
8:2 was simulated, respectively.

Fig. 8 shows a cross-sectional view of the heat flux of single sys-
tem and hybrid system at a ratio of 8:2 when total GNPs content
is 6wt %, it is clear that the heat transfers along the thermal paths
formed by GNPs. Obviously, it demonstrates the existence of syner-
gistic effect between different type of

Fig. 7. Thermal conductivity of PP/GNPs nanocomposites with different hybrid GNPs (total GNPs content is 6wt %).

7



UN
CO

RR
EC

TE
D

PR
OO

F

Z. Xu et al. Composites Science and Technology xxx (xxxx) xxx-xxx

Fig. 8. Heat flux cross section inside PP/GNPs nanocomposites(a) single system (b) hybrid system.

GNPs. Combining with the result obtained from SEM and thermal prop-
erties, it can be proved that even though the size of KNG180 is much
larger, its poor distribution state leads to the failure of forming thermal
paths. Conversely, G5 presents prefect distribution, however, it can only
link to the others through very small distance. Comparatively, the mod-
erate size and appropriate distribution of CZ030 is beneficial for forming
more complete network with more thermal paths. For the hybrid system,
it can be found from the heat flux diagram that it is consistent with the
heat conduction mechanism diagram of hybrid system proposed in Fig.
7. In PG-LS system, as the distance between each KNG180 is too large,
G5 is too small to connect the KNG180. In the PG-LM, even though part
of CZ030 are linking KNG180 to build up thermal paths, but the num-
ber of thermal paths is still too small to form a complete thermal con-
ductive network. In the PG-MS hybrid system, G5 is dispersed around
CZ030 to connect the scattered GNPs and overcome the obstruction of
PP matrix, making more thermal paths. Meanwhile, it can be seen that
the heat flux around GNPs is blue and the PP matrix is green, the heat
flux around GNPs is even lower than PP matrix. This indicates that less
heat goes through this surface per unit time and a massive source of heat
is transferred through the GNPs, demonstrates that thermal conductive
paths are built among different size GNPs.

Fig. 9(a) and (b) depict the thermal conductivity of simulation re-
sults and experimental data of three types of single systems and hy-
brid systems, respectively. As shown in Fig. 9, it is clear that the ten-
dency of thermal conductivity is in good agreement by comparing the
simulation results and experimental data. However, it is obvious that
the experimental values are lower than simulation data, and the dif-
ference is less than 15% between the experimental data and the nu-
merical data. This may be because the interface between the GNPs and
PP matrix was considered perfectly bonded in the RVE model. Never-
theless, the existence of interfacial defects and interfacial thermal re-
sistance (ITR) phenomena between GNPs and PP matrix leads to the
overestimation of thermal conductivity of nanocomposites as a result.
In addition, for the single system, it is found that the simulation data
of PG-L is close to experiment values and the difference between simu-
lation data and experiment values increase with the reduction of GNPs
size. This can be explained by the fact that if the fillers were smaller,
phonons would encounter more filler-matrix interfaces when transport-
ing through the bulk composites [37]. Similar results have also been
shown to Ref. [36]. And there are two phrases in PP matrix for the hy-
brid system, resulting in more with possible weak contact at the inter-
face [38], as the SEM imagines shown in Fig. 9(b). The observed bar-
rier to the heat flow can be associated with differences in the phonon

Fig. 9. Comparison diagram of simulation results and experimental data.
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spectra of the two phases. Therefore, a very modest improvement of
experimentally thermal conductivity obtained. Difference between ex-
perimental values and simulation data are normally seen, especially for
predicting the thermal and electrical conductivity of nanocomposites,
whose dispersion and distribution state and contact situation is hard to
be perfectly matched up between experimental measurements and nu-
merical models [39,40].

4. Conclusion

In this study, the effects of the GNPs size, filling ratio and propor-
tion of various GNPs size on the thermal properties of GNPs-reinforced
polypropylene were researched. PP/GNPs nanocomposites were devel-
oped by an industrially viable technique of melt mixing, and results from
the microstructural characterizations and thermal conductivity revealed
that the thermal conductivity of all systems increases with the increas-
ing of GNPs content. And KNG180 with large size and obvious agglom-
eration, was unevenly distributed in the PP matrix, and obtained lowest
thermal conductivity. The PG-LS system with KNG180 and G5, in a pro-
portion of 5:5, 8:2 and 2:8, received the slightly enhancement of ther-
mal conductivity. The similar condition occurred in PG-LM. It was sug-
gested that the aggregation of KNG180 and the poor thermal coupling
of LM and LS with the polymer matrix led to high interfacial thermal
resistance, which was largely responsible for the less than expected ther-
mal conductivity enhancements. In addition, CZ030 and G5 with smaller
thickness, homogeneous distribution and good dispersibility could ob-
tain higher thermal conductivity. Besides, the thermal conductivity of
PG-MS hybrid system with 6wt % GNPs content achieved the highest in
a proportion of 8:2, even exceed the PG-S. This is because the CZ030 and
G5 have appropriate size and thickness and lots of thermal paths was
formed in the PG-MS hybrid system. G5 played a role in filling the gap
between the CZ030 and more effective thermal contacts between GNPs
particles can help to build the conductive pathway and significantly en-
hance the overall thermal conductivity. Moreover, an FE model was de-
veloped by using the principles of the RVE. In this model, GNPs was
regarded as specific cylinder by the consideration of aggregation and
distributed randomly in PP matrix. The tendency of thermal conductiv-
ity from simulation results agreed with experimental data, demonstrat-
ing the existence of synergistic effect between different type of GNPs.
Furthermore, from the schematic diagram of heat flux, it was obvious
that the heat transferred along the thermal conduction pathways formed
by the different size GNPs. This work demonstrated the micro structure
formed by different type fillers play an important role in improving the
thermal properties of nanocomposites.
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