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ABSTRACT: A novel, polymer-based foliated graphite/
nickel nanocomposites with high thermal conductivity,
mechanical properties, and low dielectric constant was
developed. The network structure of polyvinyl chloride
(PVC) reinforced foliate graphite and nickel nanoparticles
(GN) were tested in terms of X-ray diffraction (XRD), scan-
ning electron microscope (SEM), energy dispersive x-ray
analysis (EDX), and thermal-gravimetric analyses (TGA).
Thermogravimetric analysis revealed a large improvement
in the thermal stability of PVC/GN nanocomposites. Ther-
mal conductivity and diffusivity of the composites
increased with increasing GN content and temperature.
The obtained experimental thermal conductivity result are
compared with the existing theoretical models. The meas-
ured values of thermal conductivity were in excellent

agreement with those calculated from the Agari model. In
addition, specific heat, coefficient of thermal expansion
(TEC), micro porosity, and crosslinking density (CLD) of
composites were investigated. The mechanical properties
such as tensile strength, tensile modulus, hardness, and
elongation at break of the nanocomposites were improved
with inclusion GN which is proportional to GN content.
Finally, the dielectric properties of PVC/GN nanocompo-
sites as a function of frequency have been investigated in
details. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124:
1144–1153, 2012
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INTRODUCTION

The development of conducting polymer nanocom-
posites (CPCs) containing nanosized filler has
recently become a popular topic in material science
due to their large potential applications in various
fields such as, microprocessors and memory chips,
bipolar plates for use in fuel cells, biosensor, and
others.1–5 One approach for improving the thermal
properties of a polymer is via the inclusion of a con-
ductive filler materials, such as carbon black, metal,
ceramic, etc.6–10 Among the conducting fillers, car-
bon-based materials such as graphite has attracted a
great attention due to its chemical stability under
ambient conditions, high electrical conductivity, a
rather low cost and simple synthesis, light weight,

large surface area/volume ratio, associated with a
large contact area among the filler and the polymer
matrix, high thermal conductivity, a unique layered
nanostructure, less material requirement for percola-
tion, and ease of processing into host polymers.11–20

CPCs are also attractive for electronic packaging,
heat exchangers, appliances, machinery, integrated
circuits and other applications requiring high ther-
mal conductivity to dissipate the huge heat and low
dielectric constant to avoid signal propagation
delay.21–25 With increasing power of micro or nano
electronics, thermal management such as heat
release from electronic chips is a fatal problem for
the electronic industry that limits the performance,
speed, life time, reliability, quality of electronic devi-
ces.26–30 Thus, knowing thermophysical properties of
the conducting nanocomposite materials has gained
significant importance in the design of new systems
and quantifying the role of composites in the appli-
cation. In fact, the temperature fields in composite
materials cannot be determined unless the thermal
properties of the media are known.31,32 However,
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the fatal shortcoming for polyvinyl chloride (PVC) in
such applications is its poor thermal conductivity
only 0.014 W/m/K, which is why PVC is usually
and traditionally used as excellent electrical insulat-
ing material.33,34 If a PVC based material with
enhanced thermal conductivity could be developed,
combined with its fairly good processability, low
dielectric constant and mechanical properties, it will
become an excellent substitute for metals and
ceramics in heat transfer and heat sinks in electronic
packaging applications, thermal assemblies of the
fire box as well as brake discs for airplane in the
aeronautical, astronautical, tunnel oven conveyor
belts (in particular for the food industry), architec-
tural coverings, and civil fields.35,36 The advantages
of thermally conductive polymer compared to typi-
cally used metals and ceramics include improved
corrosion resistance, lighter weight, and the ability
to tailor the conductivity to any desirable utilization
technology. To the best of our knowledge, no infor-
mation is available on detailed studies of the thermal
and dielectric properties of PVC/GN nanocompo-
sites. The objective of this contribution is to investi-
gate the effects of GN content on the network
structure of composites. To this end, the thermal,
mechanical, and dielectric properties of composites
were investigated in details and the experimental
results of thermal conductivity were compared with
theoretical models.

EXPERIMENTAL PART

Material description

Natural flake graphite, purchased from Shandong
Qingdao Graphite Company (Qingdao, China), with
an average diameter of 500 lm is used for preparing
the expanded (exfoliated) graphite. Commercial con-
centrated sulfuric acid and nitric acid from Egyptian
Chemical Company (Cairo, Egypt) was used as
chemical intercalant and oxidizer to prepare exfoli-
ated graphite. Alcohol (95% v/v) and distilled water
were used as solvent for the preparation of foliated
(nanosheets) graphite. PVC was obtained from To-
kyo Chemical Industry (Tokyo, Japan). Nickel pow-
der was supplied by Wako Chemical Company with
a particle size of 10 lm.

Preparation of exfoliated graphite

Natural flake graphite was first dried in a vacuum
oven for 24 h at 100�C. A mixture of concentrated
sulfuric acid and nitric acid (ratio 4 : 1, v/v) was
slowly added to a glass flask containing graphite
flakes with vigorous stirring. After 24 h of reaction
the acid-treated graphite flake was filtered and
washed with deionized water until the pH level of

the solution reached 6.4. After being dried at 100�C
for 24 h, the resulting graphite intercalation com-
pound was subjected to a thermal shock at 1100�C
for 50 s in a muffle furnace to form exfoliated
(Expanded) graphite).

Preparation of foliated graphite nanosheets

We sonicated the expanded graphite in alcohol solu-
tion to gain shiny graphite powder. In a typical syn-
thetic procedure for foliated graphite nanosheets, 1 g
of exfoliated graphite was mixed and saturated with
400 mL alcohol solution consisting of alcohol and
distilled water with a ratio of 70 : 30 for 24 h. Then
the mixture was subjected to ultrasonic irradiation
with a power 400 W for 24 h. After 24 h of sonica-
tion, exfoliated graphite particles were effectively
fragmented into foliated (nanosheets) graphite. The
foliated graphite dispersion was then filtered and
dried at 100�C to remove residual solvents. The as-
prepared foliated graphite powder is referred as
graphite nanosheets.

Preparation of nickel nanoparticles

The starting material for ball milling was Ni (250
mesh) with purity above 99.9%. The Ni powder was
placed in a stainless steel vial with stainless steel
balls of 10 mm diameter each. Ball-to-powder ratio
of 15 : 1 was mixed in a planetary miller (Marconi
MA 350 ball miller) at 400 rpm under argon atmos-
phere for 10 h.

Preparation of PVC/GN nanoconducting
composites

The conducting fillers utilized here are composed of
graphite nanosheets, with mean diameter of roughly
20 mm and average thickness of about 13 nm (the
number of sheets in the platelets is 100), and Ni
with an average particles size of 30 nm. Mixtures of
as-prepared graphite nanosheets with conducting
nickel nanoparticles 90/10 wt % were grinded to-
gether in a grinding machine for 1 h. The as
received conducting mixtures were then added to
the PVC matrix and mixed by grinding machine for
30 min. The whole mixtures were transferred to a
hot press at 40 KN/m2 under temperature of 185�C
for 10 min. Several batches of PVC/GN weight
ratios were considered: 95 : 05, 90 : 10, 85 : 15, and
80 : 20, respectively, and abbreviated as GN5, GN10,
GN15, and GN20, respectively.

Instruments and methods

Crystal structures of as synthesized graphite, nickel,
and graphite–nickel compound powders were
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investigated by X-ray diffraction (XRD, D/Max
2200V, Rigaku, Japan) with Cu ka (k ¼ 1.5406 A�)
radiation. The average crystallite sizes (D) were
calculated from X-ray peak broadening by Debye–
Scherrer equation using the full width at half maxi-
mum (FWHM) data.

The Debye–Scherrer equation is10:

D ¼ F k=b cos h (1)

where k is the wavelength of the X-ray radiation, F
is a constant generally taken to be 0.9, y is the
diffraction angle, and b is the full width at half max-
imum given by:

b2 ¼ b20 � b2i

where b0 and bi are the width from the observed X-
ray peak and the width due to instrumental effects,
respectively.

The morphology of composites was analyzed by
using a scanning electron microscopy (SEM, JSM-
5310 LVB, JEOL). The specimens were coated with
gold to avoid charging using a vacuum evaporator
(JEOL, GEE 500) and the voltage used was 15 kV.

Energy dispersive X-ray spectrometer (EDS,
Horiba EMAX) was used to semi-quantitatively ana-
lyze the chemical composition of the synthesized
powders. EX-350 software was used to analyze the
obtained results.

Thermogravimetric analysis (TGA) was carried
out on a Shimadzu TGA-50H thermogravimeter ana-
lyzer and the sample was heated from room temper-
ature to 800�C at a rate of 10�C/min in a steady
flow of nitrogen.

Thermal conductivity and specific heat was meas-
ured using thermal in flash technique (Tokyo, Japan)
for non steady state measurement of thermal proper-
ties.1 The measurements were performed with bulk
samples (20 � 20 � 6 mm3) by putting the sensor (2
mm diameter) between two slabs of material. The
sensor supplied a heat pulse of 0.05 W for 30 s to
the sample and the associated change in temperature
was recorded. Testing temperature ranged from
room temperature 20�C to 150�C.

The thermal expansion coefficient (TEC) for com-
posites was detected by thermal dilatometry
(Netzsch Geratebau E 404).

In mechanical properties, dumbbell-shaped speci-
mens were cut from the molded perform sheets for
the measurement of tensile properties. Tensile
strength (TS), tensile modulus (TM), and elongation
at break (EB) were obtained from engineering
stress–strain diagrams using an Instron 3366 univer-
sal testing machine (Instron Corporation, Norwood,
MA) with adequate ventilation was employed to
conduct tensile tests at room temperature according

to the procedure described in ASTM D412. A total
of at least five specimens were analyzed for each
composite. Data were logged to a desktop computer
at a frequency of 50 Hz. Hardness (H) shore D of
the specimens is performed as per ASTM D 2240,
using a LECO LM 100 hardness tester (Leco Corpo-
ration, St. Joseph, MI) at room temperature.
To measure the dielectric properties two terminal

silver electrodes of diameter 20 mm was used to
ensure the contact resistance. Capacitance and dissi-
pation factor of PVC/GN nanocomposites were
measured at constant 2 V AC using an RCL bridge
(3531ZHitester, Hioki, Japan) and the overall fre-
quency range was 1–18 GHz.
Using the equilibrium degrees of swelling (tetra-

hydrofuran a solvent for PVC), it is possible to cal-
culate the crosslinking density (CLD) and is given
by the following equation37:

CLD ¼ qcNA

Ma
(2)

where qc is the composite density, NA is the Avoga-
dro number, and Ma is the average molar mass
between crosslink’s and is given by the following
equation:

Ma ¼ �
Vmqcð Þ V

1
3
s � Vs

2

� �
ln 1� Vsð Þ þ Vs þ vV2

s

(3)

where Vm is the molar volume (mL/mol), Vs is the
volume fraction of polymer in the swollen gel and is
given by38:

Vs ¼ x1=qcð Þ
x1=qcð Þ þ x2=qsð Þ (4)

where x1 and x2 are the weights of dry sample and
solvent, respectively, and qs is the density of the sol-
vent, and v is the Flory–Huggins interaction parame-
ter between solvent and polymer, and is given by
the following formula39:

v ¼ 0:432� 0:321� 0:036 V2
s (5)

Microporosity (P) of PVC/GN nanocomposites is
calculated from the relation2,3:

P ¼ 1� Vf

qc � Vfqf
qp

 !
(6)

where qf and qp are the densities of filler and poly-
mer matrix, respectively. The densities are measured
according to the Archimedes’ method at room tem-
perature. Vf is the volume fraction of filler in the
composite.
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RESULTS AND DISCUSSION

Microstructure observations

Phase composition and phase purity of the as-pre-
pared samples were identified by X-ray patterns. X-
ray pattern of (a) foliated graphite nanosheets, (b)
nickel nanoparticles, and (c) graphite–nickel com-
pound is depicted in Figure 1. In Figure 1(a), a
strong and wide crystalline graphite peak at 2y of
26.5� and weak peak at 2y of 54.8� were observed in
the x-ray powder diffraction pattern, resulting from
the diffraction of (1 1 1) and (2 2 2) planes of the
graphite, respectively. The crystal structure is
retained and the interplaner spacing in c-axis is kept
at 3.35 Å. The diffraction peaks of graphite match
well with the inverse cubic spinel structure (JCPDS
19-0629). The average crystallite size D, calculated
using the Debye–Scherer equation, was roughly
about 13 nm based on the main peak (1 1 1). Figure
1(b) shows the X-ray patterns of as-prepared Ni
nanoparticles with average size 30 nm. Two charac-
teristic peaks for nickel 2y ¼ 44.5� and 2y ¼ 51.8�

corresponding to Miller indices (1 1 1) and (2 0 0)
were observed. The appearance of those peaks
reveal that the resultant particles form pure face cen-
tered cubic (fcc) nickel for these samples (JCPDS,
No. 04-0850). In Figure 1(c), the XRD pattern of
graphite–nickel (GN) compound revealed the charac-
teristic peaks of both the graphite and nickel. Peaks
were observed at 2y ¼ 26.5�, 2y ¼ 44.5�, and 2y ¼
51.8�, which is in agreement with the XRD peak of
the crystalline GN compound.1

To assess the surface chemical composition of as-
prepared GN sample we have used the energy dis-
persed X-ray spectroscopy (EDX), which is attached
to the SEM. Figure 1(d) is showing the EDX
spectrum of GN sample (Indices of the peaks are
specified above the peaks). Observation of the EDX
spectrum reveals that the signatures of graphite and
nickel are 80 : 20 wt %, indicating that our GN sam-
ple is purely consisting of graphite and nickel ele-
ments with the desired proportion. The result clearly
indicates that nickel and graphite are intercalated to-
gether as supported by XRD spectra.

Before any composite morphology observation, it
is necessary to characterize with enough precision
the filler particle morphology and filler distribution
into matrix. The typical scanning micrographs (SEM)
of as-prepared foliated graphite nanosheets is
depicted in Figure 2(a). We can clearly observe that
the ultrasonic radiation breaks down the worm-like
structure and reduces its size, resulting in individual
graphite nanoplatelets. It revealed that the exfoliated
graphite was tore to platelets with an average diam-
eter of 10 lm. The as-prepared foliated graphite
nanoplatelets possessed a high aspect ration (width-
to-thickness) of around 600 and with apparent den-

sity of about 0.018 g/cm3 (measured by Archimedes
technique), much smaller than that of the original
flake graphite, 2.26 g/cm3.2–5

The typical SEM image of GN20 sample is
depicted in Figure 2(b). In Figure 2(b), it is clear that
PVC chain is effectively incorporated into the gal-
leries of foliated graphite layers. Such good disper-
sion of the GN nanoparticles into the PVC matrix
may contribute to enhancing the thermal properties
and skeleton molecular structure of nanocomposites.
It is suggested that the well dispersion of GN in

Figure 1 XRD diffraction of (a) foliated Graphite, (b) Ni
compound, (c) GN compound, and (d) EDX spectra of
GN20 sample.
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PVC matrix could enhance the surface-to-volume ra-
tio of GN and interfacial factors, which could on the
whole contribute to potent thermophysical proper-
ties effect for the nanocomposites. Furthermore, we
can clearly observe that the GN nanoparticles were
distributed quite uniformly within the PVC matrix
and no aggregates can be seen in the composite.
Because of this especial structure, the interfacial af-
finity of GN nanoparticles with the PVC matrix
increased and led to ensured thermal stability entire
nanocomposites.

Thermogravimetric analysis

The thermal stability of composites was determined
using a thermogravimetric (TGA) analyzer. The ther-
mal stability of foliated graphite, green PVC, and
PVC/GN nanocomposites are depicted in Figure 3.
It is seen that there is no any weight loss for graph-
ite nanosheets up to 770�C, thereafter there is a
weight loss of about 1.5 weight percent. On the other
hand, the TGA curves reveal that there are three
main degradation stages. The first weight loss occurs

at 180�C, which correspond to the removal of water.
The second stage is between 300�C and 450�C, which
is responsible for the scission of the PVC main chains;
whereas the third stage occurs between 500 and
700�C, during which the CAC and CAO bonds on the
main chain are further destroyed due to the oxida-
tion.15,16 The temperature of 5% weight loss was 235,
247, 260, 273, and 300�C, respectively, for the samples
green PVC, GN5, GN10, GN15, and GN20, respec-
tively. This indicates the positive effect of GN
nanoparticles on the thermal stability of the nano-
composites. It is worthily to mention that the increase
in decomposition temperature was attributed to the
enhancement of interaction between the PVC matrix
and the GN nanoparticles, which limited the segmen-
tal movement of the PVC.1,2 Furthermore, the enhan-
ces stability of nanocomposites can be attributed to
the homogeneous distribution of GN particles as well
as the tortuous path in the composites that hinders
diffusion of the volatile decomposition products in
the composites compared to that in green PVC.21–24

Thermal conductivity of GN reinforced
nanocomposites

Understanding of thermal properties of the conduct-
ing polymer nanocomposites leads to important
applications in electronic packaging and other engi-
neering disciplines. The thermal properties like ther-
mal conductivity, thermal diffusivity, and specific
heat of composites is a function of volume fraction
of filler, size, shape and aspect ratio of filler, phase
distribution, thermal conductivity values of the indi-
vidual components, degree of interfacial thermal

Figure 3 The thermo-gravimetric (TGA) of foliated
graphite, green PVC, and PVC/GN nanocomposites.

Figure 2 Scanning electron microphotographs of (a) exfo-
liated graphite and (b) GN20 sample.
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contact between components etc.16,17 The variation in

the experimental thermal conductivity (k) of PVC/GN

nanocomposites as a function of GN content is

depicted in Figure 4. It is clear that a nonlinear

increase in the thermal conductivity was observed

with an increase in the content of GN into nanocompo-

sites. It should be pointed out that the thermal conduc-

tivity of PVC/GN nanocomposites is higher than that

of green PVC. This behavior can be explained on the

basis of CLD of composites and interfaces existing

between GN nanoparticles and PVC matrix in the

entire the composites. When GN nanoparticles are re-

inforced into green PVC, they reduce the free volume

and increase the number of elastically effective chains

resulting in increase of the cross linking density of

composite.1 This improves the thermal conduction in

whole composites over the green PVC polymer matrix.
However, numerous theoretical models were used

to predicting the thermal conductivity of composites
as a function of filler volume fraction. The following
models are used to compute the thermal conductiv-
ity of PVC/GN nanocomposites:

1. Maxwell–Eucken Model (MEM)10,11:

kc ¼
kp 2kp þ kf þ 2Vf kf � kp

� �� �
2kp þ kf � Vf kf � kp

� � (7)

2. Bruggeman Model (BM)16:

1� Vf ¼
kf � kc
� �

kp=kc
� �1=3

kf � kp
(8)

3. Geometric Mean Model (GMM)29:

kc ¼ k
Vf

f k
1�Vf

p (9)

4. Effective Medium Theory Model (EMTM)21:

Vf

kf � kc

kf þ 2kc
þ Vp

kp � kc

kp þ 2kc
¼ 0 (10)

5. Cheng–Vachon Model (CVM)29:

1

kc
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C kp � kf
� �

kp þ B kf � kp
� �� �q

� ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kp þ B kf � kp

� �� �q
þ B

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C kf � kp
� �q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kp þ B kf � kp

� �� �q
� B

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C kp � kf
� �q þ 1� B

kp

(11)

where B ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
3Vf=2

p
and C ¼ �4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3Vf

p
6. Nielsen Model (NM)

kc ¼
1þ 2avVf

1� v/Vf

� 	
kp (12)

where a ¼ h
d, v ¼ ðkf =kp�1Þ

ðkf =kpþ2aÞ, and u ¼ 1þ
1�Vmax

V2
max

� �
Vf

7. Agari Model (AM)13:

log kc ¼ VfC2 log kf þ 1� Vf

� �
log kpC1

� �
(13)

where kc, kp, and kf are the thermal conductivities
of composites, PVC polymer matrix, and filler,
respectively, Vf is the volume fraction of filler in the
PVC/GN nanocomposite, h is the thickness of filler,
d is the diameter of filler, Vmax is the maximum
packing factor of filler, C1 a factor related to the
structure of polymer such as crystallinity of matrix,
and C2 is a factor related to the measure of ease for
the formation of conductive networks of filler.
By fitting the experimental data of the thermal

conductivity of the PVC/GN nanocomposites into
the Agari model, we can get the values of C1 and C2.
The computed values of C1 are 0.913, 0.946, 0.957,
and 0.989 and C2 are 0.923, 0.967, 0.978, and 0.989
for GN content respectively. It is observed that the
values of C1 and C2 are close to unity. This con-
firmed that the GN nanoparticles are well dispersed

Figure 4 Measured and calculated thermal conductivity
(k) versus GN content of PVC/GN nanocomposites.
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and form networks into PVC matrix as previously
confirmed by SEM image in Figure 2(b).

The comparison of the experimental and proposed
theoretical models of thermal conductivity of PVC/
GN nanocomposites is shown in Figure 4. Clearly,
the experimental data of the nanocomposites agreed
very well with the Agari model and significantly
deviates the predictions from the others proposed
theoretical models. This deviation is attributed to the
nanosheets shape of the filler and the special disper-
sion of filler entire composites.29–36 When the effect
of filler dispersion and interface interaction is not
included, the predicted results are deviated from the
experimental values. It is interesting to note that in
Figure 4 there is a good agreement between our pre-
dictions and the measured data when the volume
fraction is lower than 10 wt %. When the fiber frac-
tion is high, the inter-fiber contacts will affect the
effective thermal property. Because no thermal con-
tact resistance7 is considered in our model, the pre-
dicted thermal conductivities are a little lower than
but still comparable with the experimental data
when the volume fraction of filler is high.

The effect of GN content on the thermal diffusivity
(TD), specific heat capacity (Cp) of PVC/GN nano-
composites, is depicted in Figure 5. It can clearly be
seen that both TD and Cp increase with the increase
of GN content into composites. This is due to that
with increasing GN content into composites, the con-
ductive phases become either very close or in direct
contact with each other and the interfacial adhesion
increases, leading to an increases both TD and Cp

into nanocomposites. It is worth noting that when

the GN fraction is high, the inter-particle contacts
will affect the effective thermal property. In turn,
this was another proof, besides the TGA measure-
ments mentioned above, indicating the stability on
nanocomposites enhances with increasing GN load-
ing level. To gain further argument to the above
facts we measured the P, CLD, and coefficient of
thermal expansion (TEC) as a function of GN con-
tent as depicted in Figure 5. It is seen that both P
and TEC decreases whereas CLD increases with
increasing GN content into composites. This can be
ascribed to the increase of the interfacial adhesion
among filler and matrix. The decreases in the TEC
of PVC/GN nanocomposites may be due to the
physicochemical interaction between GN and PVC
through reinforcing action. Interestingly, in Figure 5,
there was a linear decreases in the P values with the
inclusion of GN into composites. This indicates
greater reinforcing nature of GN nanoparticles
through confinement of PVC chains adjacent to
graphite nanosheets.
The variation of thermal conductivity (k) and ther-

mal diffusivity (TD) with temperature of PVC/GN
is depicted in Figures 6 and 7, respectively. It is seen
that there is a continuous increase of both the ther-
mal conductivity and diffusivity with the increase of
temperature of nanocomposites. The reason could be
the presence of crystal fraction and orientation in
PVC that hinder the establishment of a network for
thermal conductivity.13–16 Furthermore, with the
increase of temperature PVC polymeric chains

Figure 5 Thermal conductivity versus temperature of
PVC/GN nanocomposites.

Figure 6 Thermal diffusivity versus temperature of PVC/
GN nanocomposites.
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straighten out more and more and the mean free
path of phonons increases resulting in an increase in
both the thermal conductivity and diffusivity.1,2

Mechanical properties

To gain more deep insight on the above facts, we
measured the mechanical properties of composites
such as hardness (H), tensile strength (TS), tensile
modulus (TM), and elongation at break (EB) as a
function of GN content of PVC/GN composites as
shown in Figure 8. Interaction between the GN
nanoparticles having large aspect ratio and the PVC
chains facilitates stress transfer to the reinforcement
phase, resulting in improved tensile properties. It is
clear that the tensile strength as well as tensile
modulus increase with GN content increase in com-
posites. The increase in the tensile strength and
modulus with increase in GN content is due to
increase in polymer–filler and filler–filler interactions
in PVC/GN composites, which restrict the mobility
of PVC chain.33,35 In addition, the formation of
strong interfacial adhesion and good dispersion
between filler and matrix could also increase the val-
ues of tensile modulus. Also, the increase in tensile
strength may be attributed to the fact that high
stresses enhance the flow mechanism by increasing
the mobility of the macromolecular chains to yield
higher flexibility. In Figure 8, the decrease of the
elongation at break with increasing GN content is
due to decrease of the molecular mobility of compo-
sites. This suggests that the GN nanosheets, i.e.,
plate-like layers, can perform the role of reinforce-
ment in PVC/G composite for the purpose of stiffen-

ing the PVC matrix. The stiffness of the GN nano-
particles contributed to the immobilization of PVC
segment. The decrease in the elongation at break
with increasing GN loadings may be attributed to
the formation of graphite tactoids, which effectively
weaken the number of available reinforcing links. It
was noticed from Figure 8, that the hardness
increases significantly from 53 to 91 shore D with
increase in the GN content. As hardness depends on
the behavior of particulate fillers in the composites,
the filler that has strong filler–filler interaction will
induce more rigidity. This result clearly indicates
that there is enhancement in dimensional stability of
these composites with increase in GN content.

Dielectric properties of GN reinforced
nanocomposites

The variation of real and imaginary part of permit-
tivity with frequency at room temperature for green
PVC and PVC/GN nanocomposites is depicted in
Figures 9 and 10, respectively. It is clear that both
the real and imaginary part of permittivity increased
as the GN content increased into composites. When
GN reinforced PVC with different volume content,
the real and imaginary permittivity increase due to
interfacial polarization.22,23 This facts can be
explained as the follows, in heterogeneous systems
where a dielectric material is composed of two or
more phases, space charge build up occurs at the
macroscopic interface and the accumulation of polar
charges at the interface leads to dipolar polarization

Figure 7 Specific heat (Cp), porosity (p), thermal expan-
sion coefficient (TEC), and cross linking density (CLD).

Figure 8 Hardness shore (D), elongation at break (EB),
tensile strength (TS), and tensile modulus (TM) of PVC/
GN nanocomposites.
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as a result of the differences in the dielectric con-
stants of the materials at the interface. This accumu-
lation of space charge leads to field distortions and
dielectric loss; this interfacial loss depends on the
quantity of filler present as well as on the geometri-
cal shape of its dispersion. The magnitude of the
interfacial loss is particularly susceptible to the
length of the dispersed phase geometry in the direc-
tion of the field. In conclusion, The higher the polar-
izability of the material greater will be the real and
imaginary permittivity.

In Figure 9 it is observed that the real permittivity
rapidly decreases with increasing frequency and then
slightly decreases. A rapid decrease in real permittiv-
ity may be noticed over the frequency range of 1–9
GHz. This can be explained as follows at low fre-
quency the tendency of dipoles in macromolecules to
orient themselves in the direction of the applied field
and all three types (electronic, atomic, and orienta-
tion) of polarizations are taking place.33,34 The
decrease of real permittivity with increase in fre-
quency is due to the orientation of the polarization in
the high frequency field. In the case of orientation
polarization, the applied field causes a net orientation
of the dipoles parallel to the field. On the other hand,
in the high-frequency range the dipoles will hardly
be able to orient themselves in the direction of the
applied field and hence the value of the real permit-
tivity decreases. As the frequency of the applied field
is increased, the net polarization is reduced due to
orientation polarization and total polarizability falls.
This fall in polarizability leads to dielectric relaxation,

which in turn, leads to a decrease in real permittivity.
In other words at higher frequencies due to the rota-
tional displacement of polar groups under the influ-
ence of the electric field, frictional loss increases and
it reduces real permittivity.35

In Figure 10, the decreases of imaginary permittiv-
ity with increasing frequency is ascribed to as fre-
quency increases the dielectric loss factor increases.
The dielectric loss is a direct function of the relaxa-
tion process, which is due to the local motion of the
polar groups. At high frequencies the friction
between the molecular chains increases, which leads
to a higher dielectric loss. This dielectric loss factor
leads to the so called ‘‘conductivity relaxation’. At
the relaxation region, the polarization acquires a
component out of phase with the field and a dis-
placement current in phase with the field, resulting
in thermal dissipation of energy.36

CONCLUSION

Nanocomposites based on GN reinforced PVC poly-
mer matrix have been fabricated and their network
structure, thermal stability, dielectric properties, and
mechanical properties as a function of GN content.
This numerical and experimental investigation on
thermal conductivity of GN reinforced PVC compo-
sites has led to the following specific conclusions:

1. The SEM and XRD analysis showed that the
GN nanoparticles were incorporated in the
PVC matrix. Furthermore, The GN nanopar-
ticles are in good dispersion and bonding with
PVC polymer matrix.

Figure 9 Real permittivity versus frequency for green
PVC and PVC/GN nanocomposites.

Figure 10 Imaginary permittivity versus frequency for
green PVC and PVC/GN nanocomposites.
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2. Considerable enhancement of thermal stability
and mechanical properties in PVC/GN nano-
composites, which is attributed to the well-dis-
persed and interface adhesion of GN
nanoparticles with PVC matrix.

3. The PVC/GN nanocomposite thermal conduc-
tivity increases almost nonlinearly with
increase of GN content. Moreover, the experi-
mental thermal conductivity of composites
agree well with theoretical predictions by Agari
model.

4. The real and imaginary permittivity increases
with increasing GN content into composites.
Both the real and imaginary permittivity
decreases with increasing frequency into
composites.

The present paper is a result of an international collaboration
program between University of Tabuk, Tabuk, Kingdom of
Saudi Arabia and the University of Chemical Technology
and Metallurgy, Sofia, Bulgaria. The authors gratefully
acknowledge the financial support from the University of
Tabuk.
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