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This study investigates the synthesis, characterization and properties of isotactic polypropylene/graph-
ene nanosheet nanocomposites (iPP/GNS). These nanocomposites were prepared by in situ polymeriza-
tion using the metallocene complex rac-Me2Si(Ind)2ZrCl2 and methylaluminoxane (MAO) as cocatalyst.
Homogeneous graphene nanosheet dispersions within the polymeric matrix were observed by TEM
and XRD. The molecular characteristics of iPP, such as molecular weight, polydispersity and tacticity,
were not affected by the presence of nanoparticles. The thermal properties investigated by DSC and
TGA showed that graphene nanosheets significantly improved the matrix, increasing the crystallization
and the degradation temperatures. From a mechanical perspective, there was an excellent balance
between a significant increase in Young’s modulus and a slight reduction in the elongation at break.
The reinforcing effect of graphene incorporation was confirmed by the increase of the storage modulus
with nanosheet content. An enhancement of dimensional stability was also detected, and deformability
was significantly smaller in the nanocomposites than in the homopolymer. Impedance measurements
showed that the electrical conductivity increased by a factor of 108 compared to that of neat iPP.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Polymeric nanocomposites are materials composed of organic
or inorganic fillers and polymers, where at least one dimension
of the dispersed particles is in the nanometer range [1]. Polypro-
pylene, when reinforced with micro- and nanofillers, shows high
stiffness and strength, and it is commonly used in the automotive
and aerospace industries [2]. Many nanocomposites have been pre-
pared by mixing the nanofiller with the polymer in its molten state
[3]. In this procedure, the nanofiller particles tend to agglomerate
rather than disperse, which is a disadvantage. The in situ polymer-
ization approach, i.e., the polymerization of monomers in the pres-
ence of nanofiller, shows promising results for the improvement of
nanofiller dispersion in the polymeric matrix [4,5]. A good disper-
sion is of critical importance for the final properties of the
nanocomposite.

Industrial interest in graphite as filler has increased enor-
mously. In fact, graphene is stronger than steel and conducts elec-
tricity, at room temperature, better than any other material known
to mankind [6,7]. There is a wide variety of possible graphene
applications, including the creation of new materials and the pro-
duction of innovative electronic devices [8]. Graphite naturally oc-
curs in the form of flakes or powders of various particle size [9].
However, the preparation of nanocomposites by direct intercala-
tion is difficult, requiring the chemical or physical modification
of graphite. Changes in graphite structure are usually made by
intercalation with chemical species to form graphite intercalated
compounds (GICs), which expand at high temperatures, producing
expanded graphite (EG) [10–12]. Finally, graphene nanosheets
(GNSs) can be prepared by dispersing EG in an ultrasound bath. Be-
cause of the excellent electrical, mechanical and thermal proper-
ties of graphene, the resulting nanocomposites are electrical
conductors with improved heat resistance and stiffness [13–15].
In the literature, some papers report the preparation of isotactic
polypropylene (iPP) nanocomposites with graphite or graphite
oxide by molten state blending [16–18], solid state shear pulveri-
zation [19] and solution processes [20]. However, the in situ
polymerization of propylene with graphite or graphite-derived
materials has been studied rarely until now. Very recently, Dong
et al. [21,22] described the synthesis of PP nanocomposites using
graphite oxide delaminated with a Grignard reagent supported
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on a TiCl4 catalyst. Those authors claim to have observed unique
electrical conductivity at a very low percolation threshold. While
we were concluding our work on this manuscript, Shevchenko
et al. [23] published a paper concerning the use of in situ polymer-
ization to prepare PP/graphene nanoplatelets with good exfolia-
tion. However, their catalytic activities were much lower than
ours; they used higher PP pressures and Al/Zr ratios than in our
study and they did not investigate the thermal stability, molecular
weight and dynamic-mechanical properties of their composites. In
a preliminary study, our research group [24] studied two types of
graphene nanosheets (GNSs) and metallocene catalysts to synthe-
size isotactic polypropylene–graphene (iPP/GNS) nanocomposites
with good molecular weight, crystallinity and tacticity. However,
we did not analyze the properties of those materials. The present
study includes a detailed examination of the properties of iPP/
GNS nanocomposites obtained through in situ polymerization.
2. Experimental

2.1. Materials

All manipulations were performed using standard Schlenk tube
techniques under deoxygenated dried argon. Expanded graphite
(Micrograf HC11) was provided by Nacional de Grafite Ltda. (Bra-
zil). Toluene was distilled with metallic sodium and benzophe-
none. Methylaluminoxane, MAO, (Witco, 10 wt.% Al solution in
toluene) and the metallocene catalyst rac-Me2Si(Ind)2ZrCl2 (Chem-
tura) were used as received.

2.2. Preparation of graphene nanosheets

The preparation of graphene nanosheets from graphite flake
and the characterization of the nanosheets were described in our
previous papers [9,24]. The expanded graphite was suspended in
ethanol at a concentration of 70%, and the suspension was placed
in an ultrasound bath for 8 h. Then, the solution was filtered, and
the graphene nanosheets were dried at 120 �C for 48 h.

2.3. Polymerization reactions

Polymerization reactions were performed at a controlled tem-
perature (40 �C) using a 1000 mL Büchi glass reactor equipped with
mechanical stirring. First, toluene as a solvent, MAO (Al/Zr = 1000)
as a cocatalyst and graphene nanosheets in amounts from 0.5 to
20 wt.% were added to the reactor. A wide range of GNS values
were chosen to study their influence on nanocomposites proper-
ties. Then, propylene was fed into the reactor at atmospheric pres-
sure, and the catalyst rac-Me2Si(Ind)2ZrCl2 (5 � 10�6 mol) was
added. The reactor was fed continuously with propylene to main-
tain a constant pressure of 2.8 bar during 0.5 h. The polymeriza-
tions were terminated by the addition of 5 vol.% HCl in ethanol.
The polymers were washed with water and dried to a constant
weight. Each polymerization was repeated until a maximum devi-
ation of 10% in catalytic activity was obtained in three reactions,
and these values were used to calculate the average.

2.4. Characterization and properties of homopolymers and
nanocomposites

Calorimetric analyses were carried out in a TA Instruments Q20
calorimeter at a heating rate of 10 �C/min�1 from 25 to 160 �C.
Thermogravimetric analysis (TGA) was performed on a SDT Q600
thermal analyzer Q20 (TA Instruments) at a scanning rate of
20 �C/min from 25 to 1000 �C. X-ray diffraction (XRD) measure-
ments were obtained on a diffractometer Rigaku DMAX 2200
equipped with a Cu tube and a secondary monochromator. The
goniometer was a Siemens D500, and the detector was a scintilla-
tor (NaI and Tl). The samples were analyzed in powder form at
room temperature. Molecular weights were estimated using a
Waters Alliance GPC 2000 instrument at 135 �C. The polymeric
microstructure was determined by 13C-NMR at 130 �C in a Varian
Inova 300 operating at 75 MHz. Sample solutions of polymers in
o-dichlorobenzene and benzene-d6 (20% v/v) were prepared in
5 mm sample tubes. Scanning Electronic Microscopy (SEM) analy-
ses were carried out using a Phillips microscope, model XL30, oper-
ating at 20 kV. Samples were deposited on aluminum stubs and
coated with gold. Transmission Electronic Microscopy (TEM)
images were obtained using a JEOL 1200 ExII transmission electron
microscope operated at 100 kV. Samples were prepared by depos-
iting drops of solution on a grid or by cutting ultrathin films
(�70 nm) under cryogenic conditions with a Leica Ultracut UCT
microtome at �80 �C and placing pieces on a grid. Tensile proper-
ties were evaluated with an HP model D-500 dynamometer.
Dumbbell-shaped samples with an effective thickness of 1 mm, a
length of 80 mm and a width of 12 mm were cut from compres-
sion-molded sheets. Samples were tested at a rate of 50 mm/min
at room temperature. Viscoelastic properties were measured in a
Polymer Laboratories MK II dynamic mechanical thermal analyzer
working in tensile mode. The complex modulus and the loss tan-
gent for each sample were determined at 1, 3, 10 and 30 Hz over
a temperature range from �140 to 150 �C, at a heating rate of
1.5 �C/min. These measurements were performed on iPP/graphene
nanosheet nanocomposite films (approximately 450 lm) pro-
cessed by compression molding in a Collin press between hot
plates at 200 �C at a pressure of 25 bar for 5 min. A fast quench
in cold water was applied after melting in the press. The electrical
conductivity of the nanocomposites was obtained by impedance
measurements, as described in the literature [25]. These imped-
ance experiments were performed using an AUTOLAB PGSTAT
30/FRA 2 in the 1 MHz to 100 mHz frequency range with a sinusoi-
dal voltage amplitude of 10 mV. Thus, the electrical conductivity of
the polymeric film could be calculated by the following equation:
r = 1/Rb (d/S), where r is the electrical conductivity, d is the film
thickness, S is the area of electrodes in contact with the polymeric
film and Rb is the bulk resistance.
3. Results and discussion

3.1. In situ polymerization reactions

The polymerization reactions were performed using the metal-
locene catalyst rac-Me2Si(Ind)2ZrCl2 and methylaluminoxane
(MAO) as a cocatalyst. The graphene nanosheets (GNSs) were
stirred for 15 min with MAO to eliminate impurities or to block
functional groups that could remain from the graphite oxidation.
Table 1 lists the series of polymerization reactions performed with
different amounts of GNS and the results for the catalytic activity,
molecular weight, polydispersity and tacticity. The percentages of
graphene nanosheets in nanocomposites were determined using
reaction yields and TGA residues, and both approaches indicated
good sample homogeneity. The catalytic activity tended to de-
crease with the increasing graphene amounts, showing that some
remaining active polar functional groups deactivated the catalyst.
Nevertheless, the amount of MAO was kept constant, even in poly-
merizations with high GNS contents, because the amount of nano-
composite product was high enough to study the properties of the
polymers. The molecular weight, polydispersity and tacticity esti-
mated for the nanocomposites were compared with those found
in the neat polymer (iPP) and did not differ significantly from the
iPP.



Table 1
Results of the in situ polymerization reactions for iPP/GNS nanocomposites.

Sample GNS- yielda

(wt.%)
GNS- TGAb

(wt.%)
Polymer
Yield (g)

Activity(kgPP/
nZr.bar.h.)

Mw (g/
mol)

Mw/
Mn

Tacticity m
(mol%)

Tm

(�C)
Tc

(�C)
Xc

(%)
Tonset

(�C)
Tmax

(�C)
rac

(S cm�1)

1 – – 68.7 9814 74,641 1.4 96.1 145 109 45 443 466 1.5 � 10�13

2 0.5 0.5 64.8 9257 n.d n.d 96.4 146 113 41 451 475 n.d.
3 1.1 0.9 60.4 8629 75,262 1.4 96.7 146 114 46 452 476 4.6 � 10�13

4 2.5 2 54.3 7757 75,963 1.4 95.4 147 115 44 452 477 5.4 � 10�12

5 3.4 2.8 51.8 7400 n.d n.d n.d 147 116 42 453 477 n.d.
6 4.8 4.8 41.3 5900 n.d n.d 97.1 147 117 40 454 479 2.7 � 10�11

7 8.2 7.6 36.7 5243 n.d n.d n.d 147 119 41 460 483 1.2 � 10�10

8 13.2 12.3 26.4 3771 75,705 1.5 96.4 147 119 40 466 487 4.4 � 10�8

9 15.3 13.6 22.8 3257 n.d n.d n.d 147 120 41 467 489 n.d.
10 20.2 17.4 20.9 2986 n.d n.d n.d 147 121 40 470 491 3.4 � 10�5

Reaction conditions: P = 2.8 bar, T = 40 �C, [Zr] = 5 lmol, Al/Zr = 1000, t = 30 min, Vtol = 400 mL.
a GNS percentage calculated from the polymer yield.
b GNS percentage obtained by TGA residue.

Fig. 1. X-ray diffraction data for neat iPP, GNS and iPP/GNS nanocomposites.
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3.2. X-ray diffraction (XRD)

Fig. 1 shows the X-ray diffraction data for neat iPP, the graphene
nanosheets and the iPP/GNS nanocomposites. The GNS diffracto-
gram has a strong peak at 2h � 26.5� that is characteristic of the
spacing between graphene units in the 002 plane. The neat iPP pro-
file is related to its a monoclinic modification, exhibiting the five
main diffraction peaks of this crystalline lattice corresponding to
the (110), (040), (130), (111) and (130, 041) planes, in order
of increasing angles. For iPP, none of the peaks is located near
26.5�. In the iPP/GNS nanocomposites, the characteristic GNS peak
appears only at 4.8 wt.% and higher levels of GNS. This indicates
complete exfoliation and a good dispersion of the graphene nano-
sheets in the nanocomposites with low GNS contents. For compos-
ites with higher GNS contents, the graphite peak indicates that the
GNS is dispersed in the polymer but not completely exfoliated.
3.3. Scanning Electronic Microcopy (SEM)

Fig. 2 shows the SEM images taken at the fracture surfaces after
deformation measurements for neat iPP (a) and its nanocomposites
(b–f), and the differences in morphology are clearly evident. Pris-
tine iPP exhibits a smooth surface, while nanocomposites show
layered structures because GNS is well covered by the polymeric
matrix.
3.4. Transmission Electronic Microscopy (TEM)

Fig. 3 shows TEM images of a iPP/GNS nanocomposite that con-
tains 12.3 wt.% GNS. The graphene nanosheets (black lines) are vis-
ible in the micrographs of samples prepared by depositing solution
drops (Fig. 3a and b) or ultrathin films (Fig. 3c and d). Graphene
nanosheets are less visible in the nanocomposites with low GNS
levels, most likely due to their low concentrations as well as their
exfoliation, as indicated by the absence of characteristic graphene
spacing in the XRD profiles. The graphene nanosheets dispersed in
nanocomposites containing 12.3 wt.% GNS, depicted in Fig. 3, have
an average thickness of 7.9 nm, which corresponds to 18 graphene
units per nanosheet.

3.5. Thermal properties

Table 1 shows the thermal properties of iPP and its nanocompos-
ites. The values of the melting temperature and the degree of crys-
tallinity do not change significantly with the amount of GNS. In
contrast, the considerable increase (more than 10 �C) in the crystal-
lization temperature indicates that the graphene nanosheets are
functioning as nucleating agents in these nanocomposites. High
crystallization temperatures are very interesting because they
allow a reduction in the processing cycle, which consequently in-
creases the production rate [16]. Increasing the amount of GNS in
these nanocomposites also raises the initial degradation tempera-
ture (Tonset) and the maximum mass loss temperature (Tmax)
relative to the temperatures for neat iPP. An enhancement of
approximately 10 �C in both temperatures is observed using only
2 wt.% GNS, while an increase greater than 20 �C is observed above
12.3 wt.% GNS (see Table 1). These features are strong indications
that graphite can function as a flame retardant, significantly
improving the thermal stability of isotactic polypropylene. Fang
[20], coating graphene with PP latex and then melt-mixing in a PP
matrix, and Torkelson [19], using a solid-state shear pulverization
method, also obtained a significant increase in the initial and max-
imum mass loss temperatures. However, the degradation tempera-
tures obtained in our study are significantly greater than those
reported by those authors. This difference can be attributed to the
preparation of the iPP using a metallocene catalyst that produces
polyolefins with very narrow polydispersity (Mw/Mn < 2), as re-
ported in Table 1. All of the other previously published studies on
these types of nanocomposites involved iPP obtained with
Ziegler–Natta catalysts, which produce broad molecular weight dis-
persions. The shorter chains present in those materials start to de-
grade at lower temperatures than longer chains. Using metallocene
catalysts, homogeneous materials can be synthesized and used as
accurate models in comprehensive studies of the properties afford-
ing tunable behavior because of the versatility of the materials.



Fig. 2. SEM images (20 lm) of the tensile broken sections of: (a) neat iPP, (b) iPP/GNS 0.9%, (c) iPP/GNS 2.0%, (d) iPP/GNS 4.8%, (e) iPP/GNS 7.6% and (f) iPP/GNS 12.3%.

4 M.A. Milani et al. / Composites Science and Technology 84 (2013) 1–7
3.6. Mechanical properties

Fig. 4 clearly shows the considerable change in Young’s modu-
lus as GNS is incorporated in the iPP polymeric matrix. A significant
increase is observed, from 1280 ± 42 MPa in neat iPP to approxi-
mately 1920 ± 63 MPa (approximately 50% greater rigidity) in the
iPP/GNS nanocomposite with the highest GNS content (17.4 wt.%).

Fig. 5a shows that GNS incorporation also leads to an increase in
the tensile strength values to a maximum of 2.6 MPa for the iPP/
GNS nanocomposite with 4.8% GNS, i.e., an increase of approxi-
mately 25% compared with neat iPP. The presence of graphene
agglomerates above 4.8 wt.% GNS, as shown by the XRD measure-
ments, does not contribute to a further increase in tensile strength,
although the lowest tensile value in nanocomposites with high
GNS loading is similar to that exhibited by the pristine iPP. More-
over, the small decrease in the elongation at break (Fig. 5b) for the
nanocomposites compared to the iPP matrix is a remarkable fea-
ture. This reduction is only approximately 12% for nanocomposites
containing less than 4.8 wt.% GNS, and it increases to approxi-
mately 30% for higher GNS loadings. The formation of graphene
agglomerates seems to play a significant role.

Torkelson [19], using solid-state shear pulverization, and Fang
[20], using melt blending, observed increases in Young’s modulus
up to 1830 and 1760 MPa at graphite loadings of 2.7 and 1 wt.%,
respectively, and significant decreases at higher graphene contents.
The results observed previously by Torkelson [19] and Fang [20]
differ from our results for nanocomposites prepared by in situ poly-
merization, where the modulus continuously increased with GNS
content. This is a primary and important practical difference be-
tween these in situ nanocomposites and nanocomposites prepared
using other methods. The degree of dispersion and the agglomerate
sizes are sufficient to produce stiffer nanocomposites at a graphene
levels as high as 17.4 wt.%. Some researchers have reported a sig-
nificant decrease for the elongation at break. The iPPs prepared
using ZN catalysts have much broader polydispersity than metallo-
cene iPP and consequently their elongation at break is also much
higher. The polymeric chains with low molecular weights can act
as a plasticizer and the reduction of elongation at break in those
ZN nanocomposites becomes much significant.

3.7. Dynamic mechanical properties

Fig. 6 shows the variation of the storage modulus and the loss
tangent for different specimens. The upper plot shows an increase
in the storage modulus with increasing graphene nanosheet con-
tent in the nanocomposites, which is consistent with the trend ob-
tained from uniaxial deformation. Therefore, the increase in
rigidity can be attributed to the reinforcing effect of graphene, as
crystalline graphene is one of the stiffest materials in nature. How-
ever, this improvement of rigidity with GNS content is more



Fig. 3. TEM images of an iPP/GNS nanocomposite with 12.3 wt.% GNS prepared by solution drops (a and b) or ultrathin films (c and d).

Fig. 4. Variation of Young’s modulus with increasing GNS content in
nanocomposites.
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important above the glass transition temperature, i.e., when the
polypropylene chain mobility is sufficiently high. From a practical
point of view, these materials will show improved mechanical per-
formance compared to the iPP with no variation in the final pro-
cessing temperature (because Tm remains almost constant for all
samples). This reinforcement effect is higher in the iPP materials
prepared by in situ polymerization than in solution-blended nano-
composites [26].

Dynamic mechanical measurements provide information about
the dimensional stability of different samples from the variation of
displacement with temperature. Fig. 7 shows that deformability in
pristine iPP (sample 1) is much higher than in the nanocomposite
with 12.3% GNS (sample 8), and intermediate for the other speci-
mens depending on the GNS content. These changes are more sig-
nificant at temperatures above the glass transition temperature, as
observed with the differences in rigidity of these samples.

For relaxation processes, the tan d representations in the lower
plot in Fig. 6 shows three main processes [27], labeled c, b and a
in order of increasing temperature. The c mechanism overlaps the
b process and has been attributed to local motions in the amor-
phous phase of iPP. The b relaxation is associated with generalized
motion in the amorphous regions during the glass transition, while
the transition at higher temperatures is attributed to the mobility
within crystallites. The rigidity introduced by the presence of
graphene slightly modifies the amorphous regions, and small differ-
ences are observed in the location and the intensity of the b process.
Therefore, this b relaxation moves to slightly higher temperatures
(10.0, 11.0, 11.5, 12.0 and 13.5 �C for neat iPP, iPP/GNS 0.9%, iPP/
GNS 2.0%, iPP/GNS 4.8% and iPP/GNS 12.3%, respectively). Neverthe-
less, changes in the mobility within crystallites seem to be more
important, and the a mechanism accordingly shifts to higher tem-
perature (75.5, 81.0, 79.0, 82.0 and 82.0 �C for pristine iPP, iPP/
GNS 0.9%, iPP/GNS 2.0%, iPP/GNS 4.8% and iPP/GNS 12.3%, respec-
tively), and its intensity is reduced in nanocomposites relative to
the iPP homopolymer.
3.8. Electrical conductivity

The values of the electrical conductivity of iPP and its nanocom-
posites are listed in Table 1. The conductivity of the neat iPP is vir-
tually null (1.5 � 10�13 S cm�1), as expected, which confirms the
insulating nature of this material. Increasing the GNS content of



Fig. 5. Variation of the tensile strength (a) and the elongation at break (b) with increasing GNS content.

Fig. 6. Variation of the storage modulus and the loss tangent for different
specimens.

Fig. 7. Dimensional stability of iPP and iPP/GNS nanocomposites.
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the nanocomposites produces an important increase in conductiv-
ity. Nanocomposites with a GNS content of 17.4 wt.% are more con-
ductive than pristine iPP by a factor of 108. The conductivities
obtained in this work are not as high as the values reported in
other works [28,19]. A high degree of dispersion might not neces-
sarily lead to higher conductivities. The SEM images showed that
the graphene nanosheets were rather well wrapped up within
the isolating iPP, which prevented direct inter-particle contact
and decreased the conductivity [10]. In fact, a very low percolation
thresholds have been achieved when the fillers were not homoge-
neously dispersed in the polymer matrix but rather segregated
forming a conductive network [29].

4. Conclusions

Isotactic polypropylene/graphene nanosheet nanocomposites
have been successfully synthesized by in situ polymerization using
a metallocene catalyst. The molecular weight, polydispersity and
tacticity of these nanocomposites are similar to those of neat iPP.
The XRD profiles show almost complete exfoliation in the nano-
composites with the smallest graphene levels. The TEM images
show good dispersion of GNS in the polymer matrix in nanocom-
posites with high GNS levels. Crystallization shifts to higher tem-
peratures as GNS content increases because GNS functions as a
nucleating agent. Nevertheless, the melting temperature and the
crystallinity do not vary significantly in these nanocomposites
because of the presence of GNS. The incorporation of GNS also im-
proves the thermal stability and shifts the degradation tempera-
ture by more than 20 �C. Young’s modulus increases continuously
(50%), the tensile strength increases (25%), and the elongation at
break decreases (30%) in these nanocomposites. Dynamic mechan-
ical properties are consistent with the GNS reinforcement effect
within iPP, which is more important above the glass transition
temperature. Nanocomposites also exhibit superior dimensional
stability relative to iPP. Finally, impedance measurements prove
that the polymer conductivity increases by a factor of 108, and
the iPP is transformed from an isolating polymer to a semiconduc-
tor. Although this increase in conductivity is high, only samples
with more than 7.6 wt.% GNS show in the some conductivity,
which was higher than other results reported in the literature.
The in situ polymerization used to synthesize these nanocompos-
ites most likely favors the growth of polymeric chains around
GNS and facilitates their overall dispersion, hindering more effi-
cient inter-particle contact.
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