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Abstract: We have prepared a series of polypropylene/exfoliated graphene (PP/EG) nanocomposite films via efficient melt-
compounding and compression, and investigated their morphology, structures, thermal transition behavior, thermal stability,
electrical and mechanical properties as a function of EG content. For the purpose, EG, which is composed of disordered
graphene platelets as reinforcing nanoscale fillers, is prepared by the oxidation/exfoliation process of natural graphite flakes.
SEM images and X-ray diffraction data confirm that the graphene platelets of EG are well dispersed in PP matrix for the
nanocomposites with EG contents less than 1.0 wt%. It is found that thermo-oxidative degradation of PP/EG nanocomposites
is noticeably retarded with the increasing of EG content. Electrical resistivity of the nanocomposite films was dramatically
changed from ~10'® to ~10° Q-cm by forming electrical percolation threshold at an certain EG content between 1 and 3 wt%.
Tensile drawing experiments demonstrate that yielding strength and initial modulus of PP/EG nanocomposite films are

highly improved with the increment of EG content.
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Introduction

Polypropylene (PP) is one of chief polyolefins in com-
mercial importance because of its cost-effectiveness as
well as intrinsic properties of low density, high stiffness,
good tensile strength, and inertness toward acids, alkalis and
solvents [1]. PP has been thus used in a wide range of
applications including packaging, textiles (ropes, thermal
underwear and carpets), automotive components, and so on.
On the other hand, for advanced applications, physico-
chemical properties of PP need to be further improved or
new functionalities should be endowed.

In the simplest case, adding appropriate nanoscale fillers
to a polymer matrix can enhance its performances, often in
very dramatic degree, by maximizing the nature and
properties of the fillers [2,3]. This strategy is particularly
effective in yielding high performance nanocomposites,
when good dispersion of the nanoscale fillers with high
aspect ratio and/or high surface area to volume ratio is
achieved and properties of the fillers are substantially better
than those of the polymer matrix, for example, reinforcing a
polymer matrix by much stiffer and/or multi-functional
nanofillers such as ceramics [4-6], clays [7-9], and carbon
nanotubes [10-13].

Recently, graphene platelets are considered as an
intriguing and interesting new class of reinforcing nanoscale
carbon material with many unusual and fascinating prop-
erties of thermal stability, mechanical modulus, and elec-
trical and thermal conductivity [14-16]. Accordingly, there
are several reports on preparation and property charac-
terization of PP-based nanocomposites including expanded
graphite or commercially available graphite nanoplatelets,
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i.e., xGnP™, as the reinforcing nanofiller [17-22]. Shen et
al. reported structure and electrical properties of grafted PP/
graphite nanocomposite prepared by solution intercalation
[17]. In the study, the conducting percolation threshold of
the nanocomposites was found to be 0.67 vol%, which was
much lower than that of the conventional composites
prepared by melt mixing. Causin et al. reported that PP/
conductive graphite composites, which were prepared by
melt-mixing, exhibited an enhanced thermal conductivity as
well as different crystallization mechanism due to the pres-
ence of graphite nanofiller [18]. On the other hand, Drazal et
al. have fabricated PP nanocomposites reinforced with xGnP
by using various methods of melt-mixing, polymer solution
and coating, and compared their mechanical and electrical
properties [19]. The coating method was found to be more
effective than the solution method, in terms of lowering the
electrical percolation threshold. In addition, Drazal’s group
has also systematically studied the thermal expansion coeftfi-
cient, thermal conductivity, rheological property, and oxygen
gas permeability of PP/xGnP nanocomposites [20]. Recent
research of Torkelson’s group reported that PP/graphite
nanocomposites prepared via solid-state shear pulverization
exhibited effective dispersion and mechanical property
enhancement [22]. On the other hand, it should be men-
tioned that graphite or xGnP used for manufacturing PP/
graphite nanocomposites in literatures had well layered
structure of graphene platelets, although it was a nanoscale
filler [19]. In addition, highly layered structure of graphites
or xGnP remained in the nanocomposites.

Recently, it has been reported by Aksay’s group that
exfoliated graphene (EG), which is composed of at least
80 % single graphene sheets and has the average thickness
of ~1.75 nm, can be manufactured in bulk quantities through
rapid thermal expansion of graphite oxide (GO), which was
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obtained by oxidization of natural graphite (NG) flake via
Staudenmaier’s method [23,24]. Therefore, it is considered
that EG prepared via the oxidation/exfoliation process can
be also used as the effective nanoscale reinforcing filler for
PP. In this study, we have prepared EG nanofiller, which is
composed of disordered graphene platelets, and fabricated a
series of PP/EG nanocomposites with a variety of EG con-
tents via simple but efficient melt-mixing. Effects of graphene
platelets on thermo-oxidative stability, crystallization/melting
behavior, electrical resistivity, and tensile mechanical per-
formance of the neat PP are systematically investigated.

Experimental

Materials

Isotactic polypropylene (melt flow rate of 1.0 g/10 min at
230 °C and 2.16 kg by ASTM D-1238, maleic anhydride of
0.8 wt%) was kindly supplied by WooSung Chemical Co.,
Ltd., Korea. Natural graphite (NG) flake (grade 3061) with a
mean diameter of ~500 gm was purchased by Sigma-
Aldrich Com. Sulfuric acid (90 %) and nitric acid (60 %)
was purchased from Junsei Chemical Co., Ltd. Potassium
chlorate (99.5 %) was purchased from Kanto Chemical Co.,
Ltd. All the chemicals were used without further purifi-
cation.

Preparation

As the reinforcing filler, exfoliated graphene (EG) were
manufactured via the oxidation/exfoliation process sug-
gested by Akasy’s group [23-25]. Firstly, graphite oxide
(GO) was obtained by the oxidation of NG flakes. Sulfuric
acid (360 m/) and nitric acid (180 m/) were stirred in an 1/
round-bottom flask, which was cooled in an ice bath for
30 min. NG flake (20 g) was added into the mixed acid
solution with vigorous stirring for 20 min. Potassium chlo-
rate (220 g) was slowly added over 15 min into the reaction
flask, which was located in an ice bath. Oxidation of NG
flake was carried out for 120 hrs. After the reaction, GO
slurry in the solution was washed with distilled water and
filtrated, which was repeated until neutral pH was attained.
GO filtrate was dried at room temperature for 24 hrs.
Finally, EG was obtained by thermal expansion of GO at
1050 °C for 30 sec and it was used for reinforcing nanofiller
for PP matrix.

For manufacturing PP/EG nanocomposites vial melt-
compounding, PP chips were mechanically ground into
powders, which were mixed with the predetermined amount
of EG in a mechanical mixer. The EG content in solid
mixtures was set to be 0.0, 0.1, 0.3, 0.5, 0.7, 1.0, 3.0, 5.0, 7.0
and 10.0 wt%. Each solid mixture was then melt-com-
pounded by using a modular intermeshing co-rotating twin
screw extruder (BK-11, Bowtec Com., Korea) with screw
length of 40 mm and screw diameter of 11 mm. Melt-
compounding temperature from zone 1 to Zone 6 was con-
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trolled to be 170, 175, 180, 190, 200 and 200 °C, and the
screw seed of 180 rpm was applied. The melt-compounded
PP/EG strand was cut into pellets, which were then dried
under vacuum at 70 °C for 24 hrs. Melt-quenched neat PP
and its nanocomposite films with 0.2 mm thickness were
prepared by hot-pressing the composite pellets at 190 °C for
3 min and quickly quenching into an iced water bath at 0 °C.
Finally, each nanocomposite films were vacuum-dried at
25 °C over 24 hrs before structure and property charac-
terization.

Characterization

The structural order and crystalline feature of NG, GO,
EG, and PP/EG nanocomposite films were characterized by
using a Rigaku X-ray diffractometer with Ni-filtered Cu-K &
radiation (40 kV and 150 mA) at a scanning rate of 2 °/min.

The dispersion state of EG in the nanocomposites were
examined by a scanning electron microscope (JEOL JSM-
6380LV). For comparison, SEM images of NG, GO, and EG
were also obtained.

Thermal transition behavior of the neat PP and its nano-
composite films with various EG contents was characterized
by using a differential scanning calorimeter (Diamond DSC,
Perkin Elmer Inc.). DSC heating and cooling thermograms
under nitrogen gas environment were obtained in the
temperature range of 0~200 °C at a heating and cooling rate
of 10 °C/min.

Thermo-oxidative stability of the neat PP and PP/EG nano-
composite films was examined by using a thermogravi-
metric analyzer (TGA Q500, TA Instrument). TGA experi-
ments were performed under oxygen gas condition from
room temperature to 600 °C at a heating rate of 20 °C /min.

Electrical volume resistivity of the neat PP and PP/EG
nanocomposite films measured by using a electrometer/high
resistance meter (6517A, Keithley Instruments) with 8009
resistivity test fixture.

Tensile mechanical properties of the nanocomposite films
were investigated by using a universal testing machine
(UTM, Instron series 4467) at 25 °C. Film sample sizes for
the tensile drawing experiment were 5.0x40.0x0.2 mm’.
The sample gauge length was 20.0 mm and the cross-head
speed was 20.0 mm/min.

Results and Discussion

Structural Characterization

Figure 1 shows X-ray diffraction patterns as well as SEM
images of NG, GO, and EG. In the X-ray diffraction pattern
of NG, a strong diffraction peak was detected at 26.4 °,
which corresponds to a d-spacing of 0.336 nm according to
Bragg’s law expressed as nA=2dsin6, where » is an integer
determined by the given order and A is the X-ray wavelength.
The presence of strong diffraction peak confirms that the
pristine NG flake has a highly ordered packing structure of
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Figure 1. X-ray diffraction patterns and associated SEM images

of natural graphite (NG), graphite oxide (GO), and exfoliated
graphene (EG).

graphene platelets. In case of GO, a relatively weak and
broad diffraction peak was observed at 11.6 °, which is
associated with d-spacing of 0.763 nm. The diffraction peak
appeared at 11.6 © is related to the increment of the interlayer
distance between graphene platelets owing to functional
groups introduced into NG flakes during the oxidation
process. On the other hand, EG do not show any diffraction
peak, which means that graphene platelets were totally
exfoliated and disordered during the rapid thermal
expansion process. This disordered and exfoliated structure
of EG was also confirmed by SEM image, as shown in
Figure 1.

Figure 2 displays X-ray diffraction patterns of neat PP and
its nanocomposite films with various EG contents. In case of
the neat PP film, sharp diffraction peaks of typical a-form
crystal, which is the most stable among polymorphs, are
appeared. For all nanocomposite films, X-ray diffraction
patterns are almost identical to that of the neat PP film
without showing any diffraction peaks from ordered graphene
platelets. These results denote that only PP a-form crystals
are developed dominantly in the nanocomposites and graphene
platelets of EG in the PP matrix remain in disordered
structure. In addition, it was found the presence of graphene
platelets in the nanocomposites do not affect the crystalline
a-phase of PP matrix.

To have a better comprehension of the dispersion state of
graphene platelets of EG in the nanocomposites, SEM
images of the neat PP and its nanocomposite films fractured
cryogenically were obtained, as can be seen in Figure 3. For
the nanocomposites with low EG contents up to 1.0 wt%, no
aggregates of graphene platelets were detected in the PP
matrix (Figure 3(b)~(d)). It means that graphene platelets of
EG are uniformly distributed in the PP matrix. On the other
hand, in cases of the nanocomposites with high EG contents

Fibers and Polymers 2012, Vol.13,No.4 509

(110), (040),
| J(130),

'\
EG 7.0 wt%

| UJ'N'

EG 10.0 wt'%

EG 3.0 wt% "‘l

EG 1.0 wt%

Intensity (a.u.)

EG 0.7 wt%
EG 0.5 wt%

EG 0.3 wt% ,
EG 0.1 wt%

Neat PP

1 1 1 1

5 10 15 20 25 30
20 (degree)

Figure 2. X-ray diffraction patterns of neat PP and PP/EG nano-
composites including various EG contents.

above 3.0 wt%, partial aggregates of graphene platelets were
observed (Figure 3(e)~(f)), although they did not exhibit any
ordered structural feature, which was confirmed by X-ray
diffraction patterns in Figure 2. The presence of aggregated
graphene platelets of EG is probably due to the partial
restacking of disordered graphene platelets in the nanocom-
posites with high EG contents. It has been recently reported
that, when the amount of graphene platelets reaches a critical
content, the distance among graphene platelets is so small
that they can be stack together easily due to van der Waals
force among graphene platelets [26]. From these results, it is
conjectured that the critical EG content is between 1 and
3 wt% EG. As will be discussed in later, agglomeration of
graphene platelets of EG in the PP matrix will influence
thermal, electrical, and mechanical performances of the
nanocomposites.

Thermal Properties of PP/EG Nanocomposites

Figure 4 shows DSC heating and cooling thermograms of
the neat PP and its nanocomposite films containing various
EG contents. In the heating thermograms of the melt-
quenched film samples (Figure 4(a)), the melting transition
temperature (7;,) remained unchanged, while the melting
endothermic peak area (AH,,) decreased slightly with the
increment of the EG content. On the other hand, in the
cooling thermograms (Figure 4(b)), it was observed that the
crystallization temperature (7)) was shifted to higher tem-
peratures, as the EG content increased in the nanocom-
posites. It demonstrates that the graphene platelets of EG
dispersed in the nanocomposites promote the overall melt-
crystallization of PP by serving as nucleating agents. From
the DSC heating and cooling thermograms, characteristic
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Figure 3. SEM images the cryogenically fractured surfaces for the neat PP and its nanocomposite films with various EG contents. (a) neat PP,
(b) 0.3 wt% EG, (¢) 0.7 wt% EG, (d) 1.0 wt% EG, (e) 3.0 wt% EG, and (f) 7.0 wt% EG.
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Figure 4. DSC heating (a) and following cooling (b) thermograms of the neat PP and its nanocomposite films with various EG contents.

melting/crystallization peak temperatures (7, and 7;) and
enthalpies (AH,, and AH,) were evaluated and summarized
in Table 1. To characterize the influence of graphene plate-
lets of EG on the formation of PP crystals, the apparent
crystallinity (X.) of the samples could be calculated by using
following equation:

AH,
X,(%) = —=—x 100 (1)
AH,

where AH, is the melting enthalpy (209 J/g) of the 100 %
crystalline isotactic PP, AH_ is the melting enthalpy of the
samples evaluated from the DSC heating thermograms, and
@ is the weight fraction of PP in the nanocomposites. It was
found that the apparent crystallinity of PP/EG nanocom-
posites was almost identical with that of the neat PP,
regardless of EG content in the nanocomposite films within
the experimental error (Table 1).

Enhanced thermal stability of PP is also very important for

its applications. Accordingly, thermal stability of the neat PP
and its nanocomposite films with various EG contents were
examined under oxygen gas atmosphere, as can be seen in
Figure 5(a). It was found that thermo-oxidative degradation
of PP/EG nanocomposites under oxygen gas condition was
noticeably retarded, compared with the neat PP. For quan-
titative comparison, thermo-oxidative degradation tempera-
tures at 50 % weight loss (7’sqs,) of the neat PP and its nano-
composites were evaluated and they were summarized in
Table 1. Tsq, value of the neat PP film was measured to be
~261 °C. In case of the nanocomposite film with 0.1 wt%
EG, Tsg, value was evaluated to be ~276 °C, which was
~15 °C higher than that of neat PP. For the nanocomposite
film with 10 wt% EG, more highly improved thermo-oxida-
tive degradation performance of 75y, ~301 °C was achieved.
To examine thermo-oxidative degradation behavior in detail,
the first derivative weigh loss curves for the neat PP and its
nanocomposites were obtained, as shown in Figure 5(b),
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Table 1. Thermal transition characteristics (7, AH,,, X., T, and AH,) and thermal degradation temperature (T,) for the neat PP and PP/EG

nanocomposite films

DSC heating runs DSC cooling runs TGA
Sample code EG (Wt%) S 5 - S
T (°0) AH,, (J/g) X (%) I. (°C) AH, (J/g) Tspy, (°C)
Neat PP 0.0 165.1 80.3 384 115.5 83.1 260.7
0.1 166.4 77.3 37.0 123.0 87.2 276.4
0.3 165.7 76.6 36.8 124.9 87.0 268.5
0.5 166.8 78.1 37.6 124.6 86.6 267.1
0.7 166.4 75.6 36.4 124.6 85.8 281.8
PP/EG 1.0 1654 76.0 36.7 125.6 86.1 2717.1
3.0 165.2 73.0 36.0 126.1 83.1 290.0
5.0 164.5 73.2 36.9 127.7 83.2 290.7
7.0 164.6 71.6 374 127.7 81.0 304.5
10.0 165.9 70.1 373 127.9 79.9 300.7
6
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Figure 5. TGA thermograms (a) and their 1st derivative curves (b) of the neat PP and its nanocomposite films with various EG contents

examined under oxygen gas condition.

where the thermo-oxidative degradation behavior of PP/EG
nanocomposites was quite different from that of the neat PP.
For instance, the neat PP film exhibited an intense weight
loss peak at ~260 °C. In cases of PP/EG nanocomposites,
two discernible weight loss peaks were observed, indicating
a two-step mechanism of the thermo-oxidative degradation
of the nanocomposites. The derivative weight loss peak
intensity at lower temperature was decreased with increasing
the EG content, whereas the peak intensity at higher
temperature was substantially increased. It is thus expected
that the weak weight loss peak at lower temperature of ~260 °C
is due to the degradation of PP chains which are not
influenced by the presence of graphene platelets of EG,
while the strong weight loss peak at higher temperature of
~300 °C is related with the degradation of PP chains hin-
dered by graphene platelets of EG. It was reported that PP/
xGnP nanocomposites had high oxygen gas barrier perform-
ance even at low xGnP loading [19]. Considering that appar-

ent crystallinity of PP/EG nanocomposite films is almost
identical irrespective of the EG content, it is valid to contend
that the highly improved thermo-oxidative stability of PP/
EG nanocomposites under the oxygen gas condition is
dominantly originated from the barrier effect of graphene
platelets of EG dispersed in the PP matrix to the permeating
oxygen gas molecules. It is also noticeable that no discern-
ible difference in thermo-oxidative degradation behavior for
the nanocomposite films with high EG contents above 3.0
wt% is associated with the existence of partial aggregates of
disordered graphene platelets as can be seen in SEM images
(Figure 3).

Electrical Properties of PP/EG Nanocomposites

Figure 6 shows the change of the electrical volume
resistivity of PP/EG nanocomposite films as a function of
the EG content. In case of the neat PP film, the electrical
resistivity was measured to be ~10'® Q-cm, which indicates
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Figure 6. Electrical volume resistivities of the neat PP and its
nanocomposite films as a function of EG content.

that the neat PP film is electrically insulating. For the nano-
composite films with EG contents less than 1.0 wt%, the
electrical resistivity of ~10'® Q-cm was retained. On the
other hand, in cases of the nanocomposites with high EG
contents above 3.0 wt%, remarkably low electrical resistivity of
10°~107 ©Q-cm was attained. This electrical resistivity transition
from insulating to semi-conductive materials can be explained
by the percolation/hopping mechanism. It is reasonable to
note that the electrical percolation threshold of PP/EG
nanocomposite films by melt-compounding technique in this
study was achieved at a certain EG content between 1.0 and
3.0 wt%. This result can be supported by the fact that nano-
composites with EG contents above 3.0 wt% exhibited
aggregates of disordered graphene platelets owing to the van
der Waals interaction among neighboring graphene platelets
in the PP matrix. It is also noticeable that the electrical
resistivity of 10°~10” Q-cm for PP/EG nanocomposites is
low enough to be used for electrostatic dissipation applications.

Mechanical Properties of PP/EG Nanocomposites

In order to investigate the effect of graphene platelets of
EG on mechanical properties of PP, uniaxial tensile tests for
PP/EG nanocomposite films were carried out and the
resulting stress-strain curves were presented in Figure 7. It
was found that breaking strength and initial modulus of PP/
EG nanocomposite films were highly increased by the intro-
duction of graphene platelets, while breaking strain were
decreased, as summarized in Table 2. On the other hand, the
breaking strength for the neat PP film was somewhat higher
than those of the nanocomposites with EG contents of
0.1~3.0 wt%, which is owing to the strength-hardening
effect for the neat PP film during the tensile elongation after
yielding. The overall mechanical data suggest that the tensile
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Figure 7. Stress-strain curves of the neat PP and its nanocomposite
films at 25 °C.

mechanical performance of the neat PP film is varied dra-
matically by the introduction of graphene platelets. For deep
understanding the mechanical performances of PP/EG
nanocomposite films, the initial modulus was plotted as a
function of EG content, as can be seen in Figure 8, and they
were compared with the values predicted by the Halpin-Tsai
model. By assuming the random orientation of graphene
platelets in the PP matrix, the theoretical composite modu-
1us, Ecomposite based on the Halpin-Tsai equation is expressed
as [27-29]
2 dLG)
31+3(1EG ’7LVEG+§1 27V g

1=1,Vig

composite ]

E 1
8 1_77TVEG PP ( )

(Ege/Epp)—1
(Ege/Epp)+ %(dEG/tEG)

N =

o = Eoe/Epp) -1
" Es/Epr) +2

Peg\(1 =M\ T'
o2
£ Pr Mgg
where Ep and Epp are graphene modulus (1060 GPa) [16]
and PP modulus (0.46 GPa), respectively. #:g and drg are
thickness (~1.75 nm) and diameter (~10 gm) of graphene

platelets, respectively, which were prepared via the oxi-
dation/exfoliation process [24]. Vg, the volume fraction of
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Table 2. Tensile mechanical properties of the neat PP and PP/EG nanocomposite films

Yielding strength ~ Yielding strain ~ Breaking strength ~ Breaking strain Initial modulus
Sample code EG (wt%) (N%Pa) gt & (l\/}[gPa) £ (O/f) (MPa)
Neat PP 0.0 16.3£1.3 7.610.6 20.2£1.5 998.5£91.5 449.1+42.1
0.1 18.0£2.0 6.6+£0.9 14.1£2.7 88.8+£18.7 626.21+24.7
0.3 19.3+4.6 5.1£1.6 14.7+4.1 23.419.9 741.4+90.9
0.5 19.3£3.5 54+1.1 15.7+£1.9 29.616.8 710.8+84.9
0.7 19.4£3.8 4.7+1.1 16.1+£3.7 23.216.5 731.9+83.8
PP/EG 1.0 19.7£2.5 43103 16.3£0.7 14.1£5.0 668.31+56.7
3.0 22.8+6.0 4.6+£0.9 16.7£3.3 7.6+1.9 733.6+116.5
5.0 28.7£3.5 54104 20.9+0.8 7.1£0.9 820.5+127.6
7.0 28.1+£2.7 4.9+0.3 28.1+£2.7 4.9+0.3 841.0£216.5
10.0 29.0£2.1 5304 29.0£2.2 53104 956.1£46.8
1200 phene platelets in the PP matrix. Therefore, it is speculated
that the large difference between experimental and theore-
tical moduli for the nanocomposites with high EG contents
1000 above 1.0 wt% is owing to the partial aggregation of gra-
= phene platelets of EG in the PP matrix as well as the struc-
% tural distortion and imperfection of graphene platelets. The
> 800 presence of partial aggregates of disordered graphene plate-
= lets in the nanocomposites containing high EG contents
B3 above 3.0 wt% was evidenced by SEM images in Figure 3,
% 600 as discussed above.
£ .
= Conclusion
400
—@— Experimental In this study, EG, which is composed of disordered
=== Theoretical (Halpin-Tsai model) . .
graphene platelets and has high aspect ratio, was prepared
200 L L L L via the oxidation/exfoliation process and it was adopted as
0 2 4 6 8 10 the reinforcing nanofiller for PP matrix. PP-based nano-
EG (wt%) composite films reinforced with 0.1~10.0 wt% EG were

Figure 8. Initial modulus of the neat PP and its nanocomposite
films as a function of EG content. The dashed line indicates the
theoretical modulus predicted by the Halpin-Tsai model.

EG in the nanocomposites, which can be converted from the
weight fraction of EG (myg), by adopting the graphite
density (ppg=1.9 g/em’) and the density (ppp=0.9 g/cm’) of
PP with ~40 % crystallinity. As a result, the theoretical
modulus calculated by the Halpin-Tsai equation was pre-
sented as a dotted line in Figure 8. The experimental initial
moduli at 25 °C were quite consistent with the theoretical
values for the nanocomposites with low EG contents below
0.5 wt%, but they were far lower than the theoretical values
for the nanocomposites with high EG contents above 1.0
wt%. It must be mentioned that the moduli predicted by the
Halpin-Tsai equation is based on the assumptions of the
perfect interfacial adhesion between graphene platelets and
PP matrix, the perfect 2-dimensional planar structure of
graphene platelets of EG, and uniform dispersion of gra-

manufactured by efficient melt-mixing and compression. X-
ray diffraction results demonstrated that, for all nano-
composite films, graphene platelets of EG remained in a
disordered state in the PP matrix without influencing
crystalline a-phase of PP. SEM images confirmed that the
graphene platelets in the nanocomposites with EG contents
less than 1.0 wt% were well dispersed in the PP matrix,
while they were partially aggregated in the nanocomposites
with EG contents more than 3.0 wt%. DSC cooling curves
exhibited that the melt-crystallization temperatures of PP/
EG nanocomposites increased slightly with the increment of
EG content, indicating that graphene platelets of EG
accelerated overall-crystallization of the PP matrix. Thermo-
oxidative stability of PP/EG nanocomposites was highly
improved by the presence of graphene platelets of EG. For
instance, Tsp, of the nanocomposite with 10.0 wt% EG
under oxygen condition was enhanced by ~40 °C, compared
with the neat PP. Electrical resistivities of the neat PP and
its nanocomposite films were varied appreciably from ~10'
to ~10° Q-cm with the EG content, especially at a certain EG



514  Fibers and Polymers 2012, Vol.13, No.4

content between 1.0 and 3.0 wt%. Tensile mechanical results
showed that breaking strength and initial modulus of the
nanocomposite films were highly increased by the intro-
duction of graphene platelets, while breaking strain were
decreased. Initial moduli of PP/EG nanocomposite films
increased steeply with increasing EG content up to ~0.5 wt%
and then increased slightly at higher EG content. It was
found that initial modulus (~956 MPa) of the nanocomposite
film with 10.0 wt% EG was improved by 113 %, compared
to the neat PP (~449 MPa).
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