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An efficient strategy is developed for the fabrication of graphene-filled polypropylene (PP) nanocomposites
with graphene nanosheets orderly oriented in the in-plane direction. The nanocomposites with an
anisotropic coefficient as high as 35 000 in electrical resistivity were fabricated by a sequential biaxial
stretching process. Polymethylmethacrylate (PMMA) was employed to bridge graphene to the non-polar
PP matrix, which facilitates the homogeneous dispersion and the orientation of the chemically converted
graphene nanosheets. A PMMA/graphene masterbatch was firstly prepared and blended into the PP
matrix. During the biaxial stretching, the PMMA/graphene phase was transformed from beads to sheets,
which induced the in-plane orientation of the graphene nanosheets. As a consequence, the storage
modulus and the conductivity of the nanocomposites were improved in the in-plane direction. The
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nanocomposites were discussed
effectiveness can be potentially integrated with commercialized biaxial stretching processes to produce
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Introduction

Graphene, a well-known two-dimensional nanomaterial, has
attracted tremendous attention since its first successful prepa-
ration in 2004." It has been regarded as the most promising
material for many advanced applications due to its extraordi-
nary mechanical, thermal, and electrical properties.> In the field
of polymer composites, graphene has been intensively investi-
gated as a promising filler to enhance the physical properties of
polymers such as mechanical strength, electrical conductivity,
gas barrier, etc.>* It is well-known that nano-fillers with high
aspect ratios (AR) will be more efficient in improving the
mechanical strength and other physical properties of the poly-
mer matrix.® The theoretical specific surface area of graphene is
as high as 2630 g m 2, which suggests a huge AR because of its
ultralow thickness of only one atom.” Consequently, a signifi-
cant difference in physical properties between the in-plane
direction and out-plane direction of graphene can be expected.
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effects of graphene content and draw

ratio on the anisotropy of the PP/PMMA/graphene
in detail. This strategy of orientation-effectiveness and cost-

high-quality anisotropic polyolefin/graphene composite films.

The electrical conductivity and mechanical strength of gra-
phene in the in-plane direction are much higher than those in
the out-plane direction. Thus, the anisotropy in physical prop-
erties can be obtained by the orientation of graphene. For
example, Liang et al. have observed a remarkable anisotropy of
functionalized multilayer graphene sheets (fMGs).® High elec-
trical conductivity (~386 S cm "), high thermal conductivity
(~112 Wm ™ K" at 25 °C), and ultralow coefficient of thermal
expansion (~—0.71 ppm K ') were obtained in the in-plane
direction of fMGs. Therefore, polymer nanocomposites with
anisotropic properties can be expected by incorporating well-
aligned graphene nanosheets. However, conventional
blending techniques often lead to a random distribution of
graphene. Notably, two methods can realize the orientation of
graphene in the polymer matrix. One is the self-assembly
technology”® which can only be available in solution
surroundings. For instance, Kulkarni et al. have prepared
laminated polyelectrolyte/graphene oxide nanocomposites by
incorporating negative charged functionalized graphene oxide
(GO) layers into polyelectrolyte via Langmuir-Blodgett (LB)
deposition.® The in-plane elastic modulus of the nano-
composites was significantly enhanced from 1.5 GPa for simple
layer-by-layer (LbL) membranes to about 20 GPa for the
membranes encapsulated with only 8.0 vol% of GO. Yousefi
et al. have prepared polyurethane (PU)-based composite films
containing highly aligned graphene sheets through an envi-
ronmentally benign process and the resultant composites
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exhibited a very low electrical conductivity percolation
threshold of 0.078 vol%.'* Well-aligned graphene nanosheets in
the polymer matrix can also be obtained by wet spinning or
casting.” Shin has successfully realized a synergistic tough-
ening of composite fibers by self-alignment of reduced gra-
phene oxide and carbon nanotubes in solution-spun poly(vinyl
alcohol) fibers. The gravimetric toughness approached 1000 J
g~', which had far exceeded that of Kevlar (78 J g~ ').*> The other
method to realize the oriented distribution of graphene in the
polymer matrix is using uniaxial stretching or biaxial stretching.
Though the orientation degree of fillers in the polymer matrix
through self-assembly is higher than that of using stretching,
the stretching technique is more convenient for industrial
practice because it does not need solvent which is inevitable in
self-assembly techniques. The latter approach is often used to
realize the orientation of polymeric or inorganic fillers in poly-
mer manufacturing.

Hot stretching is an efficient and facile method to transform
morphologies or improve the ultimate properties in the
stretching direction of resultant polymer nanocomposites.** For
instance, the biaxially oriented polypropylene (BOPP) films by
using hot stretching have become commercial products for
several years, which have played a great role in packaging
industries. Smook et al. have investigated the effect of draw
ratio on the morphologies and structures of ultra-high molec-
ular weight polyethylene (UHMWPE) in hot-drawing by differ-
ential scanning calorimetry."* A shish-kebab morphology was
found to transform into a smooth fibrillar structure for
UHMWPE in the drawing process and the melting point of
UHMWPE increased with draw ratios. Tang et al. have used
uniaxial stretching to align lead zirconate titanate (PZT) nano-
wires in a thermal plastic matrix."”> A maximum energy density
in the in-plane direction is as high as 1.28 ] em* for nano-
composites with a volume fraction of 40% PZT nanowires. Shen
et al. have comprehensively investigated the development of
electronic conducting networks of carbon nanotubes (CNT) in
PP matrix during the simultaneous biaxial stretching process.
They found the resistivity of the stretched films with 2.2 vol% of
CNT was dramatically decreased by seven orders of magni-
tude.'®'” Very recently, Leung et al. have prepared ultra-drawn
nanocomposites with aligned liquid crystal polymer fibrils
and graphene nanoplatelets. They found these nanocomposites
possessed much higher thermal conductivity than that of the
neat polymer.” One particular hot stretching can be realized
through the so-called forced assembly process by using multi-
layer coextrusion equipment.'® For instance, the orientation of
graphene in poly(methyl methacrylate)/polystyrene (PMMA/PS)
and PMMA/PMMA multilayer films has been achieved by Li,
et al. using a forced assembly.>® A significant reinforcement of
118% in the multilayer films with graphene well-oriented was
achieved, which is much higher than the counterparts with
graphene randomly dispersed.

It should be noted that most of the graphene/polymer
nanocomposites with graphene nanosheets well-aligned
employ polar polymer matrix owing to a relatively strong
interaction between the graphene and the polymer chains.**
In contrast, the orientation of graphene nanosheets in
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polyolefin matrix is challenging, though these polyolefin
nanocomposites are highly desired in many industry fields
including electronics, packaging, smart textiles, etc. The chal-
lenge should be mainly caused by the weak interfacial interac-
tion between graphene and polyolefin chains.** Therefore, in
this work we develop a facile strategy to realize the orientation
of graphene nanosheets in PP matrix through biaxial hot
stretching, in which PMMA is employed to bridge the graphene
and PP and to enhance their interfacial interactions. PP/
graphene nanocomposites with an anisotropic coefficient as
high as 35 000 in electrical resistivity can be obtained by care-
fully controlling the amount of graphene and the draw ratio of
stretching. The effects of graphene loading and draw ratio on
the thermal behaviors, dynamic mechanical properties, and
anisotropic electrical resistivity of the resultant PP/PMMA/
graphene nanocomposites are discussed in detail.

Experimental

Materials

PP (T30S, MFI = 3.0 g/10 min) was obtained from Maoming
Petroleum Chemical, China. PMMA (CM205, MFI = 12.5 g/10
min) was purchased from Taiwan Qimei Company. Poly-
propylene-graft-maleic anhydride (MAPP) with the maleic
anhydride grafting ratio of 1.5 wt% was prepared in laboratory.
Graphite powder (Sinopharm Chemical Reagent Co. Ltd.) with
a size of 300-400 mesh was sieved out before use. All other
reagents and solvents were analytical grade products and used
without further purification.

Preparation of PMMA/graphene masterbatch

The graphite oxide was firstly prepared from natural graphite
powders following the modified Hummers method.* The dry
graphite oxide powder (1.5 g) was dispersed in water (1.2 L) to
form a uniform graphene oxide (GO) suspension through
exfoliation under ultrasonication. PMMA pellets (3.0 g) was
dissolved in 300 mL of N,N-dimethylformamide (DMF) and the
resultant PMMA solution was slowly poured into the GO
suspension under mechanical stirring. A stable suspension of
GO in which the PMMA wrapped GO nanosheets was obtained.
Then the PMMA/GO suspension was reduced by hydrazine
hydrate (3 mL) at 90 °C for 8 h. The obtained PMMA/graphene
suspension was filtered over a polytetrafluoroethylene (PTFE)
membrane with a pore size of 2.0 pum and washed with excessive
ethanol. Finally, the PMMA/graphene powder (3.9 g) was ob-
tained after drying at 60 °C under vacuum for 48 h. The
reduction yield from GO to graphene is estimated to be 0.6 by
weighing the mass difference of GO and resultant graphene in
control experiments without the appearance of PMMA. There-
fore, the graphene loading in PMMA/graphene masterbatch is
13 vol%.

Fabrication of PP/PMMA/graphene nanocomposites

Certain amounts of PP, PMMA, and the PMMA/graphene mas-
terbatch were melt blended through a Haake miniLab micro
compounder (Thermo Fisher Scientific, USA) at 180 °C with
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a screw speed of 80 rpm for 8 min. 3 vol% of MAPP was also
incorporated in the blending process to improve the compati-
bility between PP and PMMA. PP/PMMA/graphene nano-
composites with three different graphene loadings (0.5, 1.5, and
2.5 vol%) were fabricated, in which the total volume ratio of PP/
MAPP to PMMA is controlled to be 7:3. Table 1 lists the
composition of various PP/PMMA/graphene nanocomposites.
The resultant nanocomposites were then compression molded
to square plates with the dimension of 60 x 60 x 1 mm® at
180 °C for 15 min.

The sequential biaxial stretching of PP/PMMA/graphene
nanocomposites, as schematically showed in Fig. 1, was
carried out by using a laboratory-made equipment. The
stretching was performed at 150 °C under a constant speed of 10
mm min~'. Before each step of stretching, the composite films
were rested for 5 min. Two draw ratios (I/ly), 1.5 and 2.4, were
conducted in this work. For the unstretched benchmarks, the
draw ratio was denoted as 1.0.

Characterization

X-ray photoelectron spectroscopy (XPS) was recorded on a Kra-
tos AXIS ULTRADLD system (Japan), using monochromatic Al
Ko radiation as the source. The XPS spectra were fitted by using
an XPS PEAK software to determine the changes in the atomic
ratios of carbon to oxygen. X-ray diffraction (XRD) patterns of
samples were collected by using a D/MAX 2500 system (Rigaku,
Japan) with a Cu Ka radiation source (40 kV, 150 mA). Thermal
gravimetric analysis (TGA) was analyzed by a HCT-3 system
(Beijing Henven Scientific, China) with a heating rate of 10 °C
min~" under nitrogen atmosphere. The graphene sample from
PMMA/graphene masterbatch for XPS, XRD and TGA measure-
ments was obtained by removing PMMA with excess DMF
solvent. The fracture surfaces of samples were sputter-coated
with gold and observed by using an S4700 field emission
scanning electron microscope (SEM, HITACHI, Japan) under an
accelerating voltage of 20 kv. The samples were etched by DMF
for 8 h to remove the dispersed PMMA phase before observa-
tion. Thermal properties of PP/PMMA blends and PP/PMMA/
graphene nanocomposites were performed by using a differen-
tial scanning calorimetry (DSC-60, SHIMADZU, Japan). The
samples were heated from 30 °C to 200 °C with a heating rate of
10 °C min~' under nitrogen atmosphere. The dynamic
mechanical (DMA) properties of samples with dimensions of 25
x 4 x 1 mm? were conducted on a DMA-Q800 (TA instruments,
USA) machine. A tensile mode with a frequency of 1 Hz and
a heating rate of 3 °C min~" from 20 °C to 165 °C was adopted.
The electrical resistivity of square plates was tested by using

Table 1 Composition of PP/PMMA/graphene nanocomposites

Sample PP, MAPP, PMMA, Graphene,
entry vol% vol% vol% vol%

1 67.0 3.0 30.0 0

2 66.6 3.0 29.9 0.5

3 66.0 3.0 29.5 1.5

4 65.2 3.0 29.3 2.5
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Fig. 1 Schematic description of the sequential biaxial stretching
process.

a digital-mode resistivity determiner (6517B, Keithley, USA).
The high limit of electrical resistance measurement can reach
10'° Q.

Results and discussion

Chemical structure of graphene

The XPS profiles of GO and graphene are presented in Fig. 2a
and b. The C1s spectra of them were compared by deconvolut-
ing each curve into four peaks, which correspond to C=C (sp”
carbon, ~284.8 eV), C-O (hydroxyl and epoxy, ~286.7 €V), C=0
(carbonyl, ~288.3 eV) and O-C=O (carboxyl, ~290.3 eV),
respectively.*®*” The C-O and C=O0 groups are clearly observed
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Fig. 2 Chemical structure characterization of GO and graphene. (a)
and (b) are X-ray photoelectron spectroscopy of GO and graphene,
respectively. Peaks 1, 2, 3, and 4 correspond to C=C (sp? carbon,
~284.8 eV), C-0O (hydroxyl and epoxy, ~286.7 eV), C=0O (carbonyl,
~288.3 eV) and O-C=0 (carboxyl, ~290.3 eV). (c) and (d) are X-ray
diffraction patterns and TGA curves of GO and graphene.
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in the XPS spectrum of GO. After reduced by hydrazine hydrate,
the intensity of the oxygen functional groups dramatically
decreased in the spectrum of graphene sample (as shown in
Fig. 2b), indicating the successful reduction of GO. The XRD
patterns and TGA curves of GO and graphene are given in Fig. 2c
and d. The interlayer distance of GO is about 0.99 nm (26 =
8.9°), this is a typical monolayer distance for GO nanosheets. In
comparison, graphene shows a broad peak at 26 = 24.8° and the
corresponding interlayer distance is 0.34 nm, suggesting the
formation of the graphite-like structure due to the aggregation
of graphene nanosheets. The mass loss of graphene in TGA
curves (Fig. 2d) is much lower than that of GO, giving another
evidence for the removal of oxygen-containing groups of GO
during reduction.

Effect of temperature on the deformation capability of PP and
PMMA in PP/PMMA/graphene nanocomposites

It is known that the dispersion of graphene in PP matrix is
rather poor because of the hydrophobic nature and low polarity
of polyolefin.* To deal with this trouble, the PMMA/graphene
masterbatch was first fabricated to realize a selective localiza-
tion of graphene in PMMA phase, which will be demonstrated
in the following section. The orientation of graphene in PP
matrix can be induced during the morphological trans-
formation of PMMA phase from beads to sheets. In other words,
graphene will be aligned in PMMA sheet during the phase
transformation of PMMA. To achieve this goal, the deformation
capability of PMMA must be higher than that of PP during the
stretching process. Otherwise the morphological trans-
formation of PMMA would not occur.

Dynamic mechanical analysis was conducted to investigate
the effect of temperature on the deformation capability of
PMMA and PP. Fig. 3 gives the comparison of storage modulus
of PP, PMMA and the PMMA/graphene masterbatch under
different temperature. It is clear that PMMA and PMMA/
graphene exhibited higher storage modulus than that of PP in
the low-temperature region. The modulus of PMMA/graphene
with the filler loading of only 2.5 vol% is even higher than
PMMA by 24% at 30 °C due to the reinforcing effect of graphene.
Fortunately, the modulus curves of PMMA and PMMA/graphene
undergo a sharp decrease when the temperature approached
90 °C. As a consequence, both of PMMA and PMMA/graphene
exhibit storage modulus lower than PP when the temperature
exceeded 110 °C. This should be attributed to the phase tran-
sition of PMMA from glassy state to rubbery state. Subsequently,
the chain segment motion of PMMA is motivated, and the
deformation will become easier during the process of stretch-
ing. At the same temperature, the crystalline blocks of PP are
remained, which is essential to keep the storage modulus of PP
at a relatively high level. The storage modulus ratios versus
temperature of PMMA and PMMA/graphene to PP (E'pyuvia/E pp
and E asterbaten/E pp) are given in Fig. 3b. The results suggested
that the lowest temperature to render the deformation of PMMA
phase in PP is ca. 110 °C, under which the storage modulus ratio
equals to 1. Further increasing the temperature is welcome to
the deformation of PMMA dispersed phase and the stretching
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Fig. 3 Storage modulus of PP, PMMA, and PMMA/graphene master-
batch with the graphene loading of 13 vol% as a function of temper-
ature: (a) the storage modulus; (b) the storage modulus ratio of PMMA
and PMMA masterbatch to PP.

of PP matrix. While the operation temperature for stretching
was preset as 150 °C by taking the melting point (7},) of PP
(~160 °C) into account.

Morphological transformation of PP/PMMA/graphene
nanocomposites

The morphologies of fracture surfaces of PP/PMMA/graphene
nanocomposites at different draw ratios are displayed in
Fig. 4. The SEM images were observed from the in-plane
direction for each sample. PMMA spherical dispersed phase
with an average diameter of 10 um can be discovered in the
unstretched PP/PMMA/graphene nanocomposites, and the
spheres transformed into sheet-like shape when the draw ratio
approached 1.5. Large voids, corresponding to the etched
PMMA phase, can be found on the fracture surfaces of PP/
PMMA/graphene nanocomposites when the draw ratio further
increased to 2.4, revealing the PMMA has been well oriented in
PP matrix after biaxial stretching process. It should also be
mentioned that some graphene nanosheets can still be
observed on the fractured surfaces even after the selective

RSC Adv., 2017, 7, 6170-6178 | 6173
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Fig.4 SEM graphs of fracture surfaces of PP/PMMA blend and PP/PMMA/graphene nanocomposite. The PMMA phase was etched by immersing
samples in N,N-dimethylformamide for 8 h before observation. (al), (a2) and (a3) represent the biaxially stretched PP/PMMA blend under the draw
ratio of 1.0, 1.5, and 2.4; (b1), (b2) and (b3) represent the biaxially stretched PP/PMMA/graphene filled with 2.5 vol% of graphene under the draw
ratio of 1.0, 1.5, and 2.4; (cl), (c2) and (c3) are the magnification of (bl), (b2) and (b3), respectively. The red circles and arrows show the residual
crumped graphene nanosheets and their orientation direction, respectively.

etching of PMMA by using DMF (as shown in Fig. 4c). It was
expected that most of the graphene nanosheets are localized in
PMMA phase owing to the pre-dispersion of graphene in PMMA
and the strong interactions between them. Nonetheless, the
appearance of graphene gives intuitive evidence that their
orientation in PP matrix will enhanced with the draw ratios.
Therefore, the SEM images can clearly demonstrate that gra-
phene nanosheets are randomly dispersed throughout the
unstretched PP/PMMA/graphene samples, while they tend to
align in the in-plane direction as the draw ratio increases.

Thermal behavior of PP/PMMA/graphene nanocomposites

The thermal behavior of PP/PMMA/graphene nanocomposites
before stretching was tested by using DSC and DMA. Typical
results are summarized in Fig. 5 and 6. Little change was found
in the Ty, of PP for PP/PMMA/graphene nanocomposites with
different graphene loadings. However, the glass transition
temperature (7, the peak of tan 6 of storage modulus) of
PMMA, as shown in Fig. 6, increased from 110.0 °C to 116.2 °C
when the graphene loading increased from 0 to 2.5 vol%. These
observations suggest that graphene is selectively dispersed in
PMMA phase rather than PP matrix due to the relatively strong

6174 | RSC Adv., 2017, 7, 6170-6178

interactions between graphene and PMMA macromolecular
chain segment. Consequently, the T, of PMMA rather than the
T of PP is increased.

The effect of draw ratio on the thermal behavior of PP/
PMMA/graphene nanocomposites with different graphene
loadings is depicted in Fig. 7 and 8. This time, both the T, of PP
and the T, of PMMA increase with draw ratios. Before
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L3 . sm-----
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[
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Fig. 5 DSC curves of PP/PMMA/graphene nanocomposites with
various graphene loadings.
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Fig. 6 tané curves versus temperature of PP/PMMA/graphene
nanocomposites with various graphene loadings.

stretching, the Ty, of PP in PP/PMMA blends is around 163.0 °C,
an apparent increase of Ty, (6.7 °C) is detected as the draw ratio
approaches to 1.5. An obvious shoulder melting peak at the low-
temperature side is also observed for PP/PMMA blends when
the draw ratio further increases to 2.4. Similar results are also
observed in PP/PMMA blends containing 0.5 vol% and 2.5 vol%
of graphene. The high T, represents the highly chain-extended
and the highly oriented crystalline blocks formed during hot
drawing, while the low T}, may be due to the melting of strained
non-crystalline region and some partially oriented lamella.”®
The thermal transition temperatures under different draw
ratios are listed in Table 2. The T}, of PP in PP/PMMA blends did
not increase with the graphene loadings at the same draw ratio.
Therefore, graphene has little effect on the T}, of PP in PP/
PMMA/graphene nanocomposites, which is consistent with
the DSC results in Fig. 5. On the other hand, the melting
endotherm ratio of high Ty, to low T, of PP decreased when the
graphene loading increased from 0 to 2.5 vol%, this may be
caused by the hindrance of oriented PMMA/graphene phase to
the crystallization of PP. However, the T, of PMMA in PP/PMMA
blends increased from 110.0 °C to 114.1 °C as the draw ratio was
raised to 2.4. It was further improved to 121.5 °C for PP/PMMA/
graphene nanocomposites with 2.5 vol% of graphene. Both the
PMMA chains and chain segments can be induced to orientate
by hot stretching, leading to higher restriction on the mobility.
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In addition, the T, of PP/PMMA/graphene nanocomposites is
also increased with graphene loading.

The orientation of PMMA/graphene in the nanocomposites
will lead to the enhancement of the modulus in the in-plane
direction of biaxial stretching. The effects of graphene load-
ings and draws ratios on the in-plane storage modulus of PP/
PMMA/graphene nanocomposites are shown in Fig. 8. Large
increase in the storage modulus of PP/PMMA was achieved by
incorporating graphene. A 57.5% and an 82.6% of increment in
the storage modulus at 25 °C were obtained for the PP/PMMA/
graphene nanocomposites with 0.5 vol% and 2.5 vol% of gra-
phene, respectively. The storage modulus PP/PMMA/graphene
nanocomposites is also increased with draw ratios, while
most of the tan ¢ values of PP/PMMA/graphene nanocomposites
decreased with draw ratios, indicating the local motions of
chain segments of PMMA were suppressed due to orientation.

The electrical resistivity of PP/PMMA/graphene
nanocomposites

Fig. 9 shows the effect of draw ratios on the electrical resistivity
of PP/PMMA/graphene nanocomposites. The electrical resis-
tivity of the nanocomposites in the in-plane direction (p) and
the thickness direction (p , ) were measured and compared. For
the unstretched PP/PMMA blends, the electrical resistivity (p,) is
as high as 6.3 x 10'® Q c¢m, and the stretching affects little on
the resistivity. After incorporation of only 0.5 vol% of graphene,
the po of PP/PMMA decreases to 4.5 x 10'* Q cm. During the
biaxial stretching process, the pj and p , of PP/PMMA/graphene
nanocomposites changed in different manners. As shown in
Fig. 9b and c, the p| is greatly reduced as draw ratio goes up
while the p, exhibits a slight increase. In other words, the
biaxial stretching results in an anisotropic behavior in the
electrical resistivity of PP/PMMA/graphene nanocomposites.

A coefficient C,, which is defined as following, is introduced
to characterize the anisotropy quantitatively.

Ca=pilp| (1)

As shown in Fig. 9d, a C, as high as 3.5 x 10" was achieved
for the PP/PMMA/graphene with 2.5 vol% of graphene loadings
under the draw ratio of 2.4. It should be noted that the p;| of this
sample was dramatically decreased to 7.5 x 10° Q cm, which is
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Fig.7 DSC curves of PP/PMMA blends and PP/PMMA/graphene nanocomposites with various draw ratios: (a) is PP/PMMA blends; (b) and (c) are
the PP/PMMA/graphene nanocomposites with 0.5 vol% and 2.5 vol% of graphene loadings, respectively.
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draw ratios: (a) is PP/PMMA blends; (b) and (c) are the PP/PMMA/graphene nanocomposites with 0.5 vol% and 2.5 vol% of graphene loadings,

respectively.

Table 2 Effect of the draw ratio on the T4 of PMMA and the T,,, of PP in
PP/PMMA/graphene nanocomposites with various graphene loadings

Draw ratio = Draw ratio =
Unstretched 1.5 2.4
Volume fraction
of graphene, vol% Ty, °C Ty, °C Ty, °C Ty °C Ty, °C Ty, °C
0 110.0 163.0 112.9 169.7 114.1 170.8
0.5 114.1 162.0 114.3 171.1 118.2 170.5
2.5 116.2 161.1 119.9 169.9 121.5 170.3

about five orders of magnitude lower than the p, under its un-
stretched state. The results also confirm that high draw ratio
is conducive to enhance the anisotropy in electrical conductivity
of PP/PMMA/graphene nanocomposites, though the rising
trend is lagged as the draw ratio increases from 1.5 to 2.4.
The mechanisms of the biaxial stretching induced morpho-
logical transformation and the anisotropic performance of PP/
PMMA/graphene nanocomposites are simply discussed. As
depicted in Fig. 10, graphene is randomly distributed in PMMA
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Fig. 9 Effect of draw ratio on the anisotropic electrical resistivity of
PP/PMMA/graphene nanocomposites with different graphene load-
ings: (a), (b), and (c) show the electrical resistivity of nanocomposites
filled with graphene of 0, 0.5 vol%, and 2.5 vol%, respectively. (d) Shows
the anisotropic coefficient (Ca) in electrical resistivity of the PP/PMMA/
graphene nanocomposites under different draw ratios.
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phase and the morphology of PMMA/graphene is bead-like
before stretching. In this case, the PP/PMMA/graphene nano-
composites are isotropic. After biaxial stretching, spherical
PMMA phase is transformed to sheet-like phase due to its lower
shear modulus than PP under the hot drawing conditions.
Graphene nanosheets are also dragged by the PMMA chains
which results in the orientation along the stretching direction.
Consequently, the orientation of PMMA and graphene will give
rise to the anisotropy of PP/PMMA/graphene nanocomposites
between the in-plane direction and the thickness direction.
Fig. 10b gives a sectional view of the PP/PMMA/graphene
nanocomposite. PMMA/graphene can be regarded as small
conductive modules randomly dispersed in PP matrix. The
average diameter of PMMA/graphene particles and the average
inter-particle distance among them are defined as d, and D,,
respectively. After biaxial stretching, d, is divided into two
parameters, namely the in-plane direction length (d;) and the
thickness (d;) of the sheet phase. The d; of PMMA/graphene
conductive modules is much higher than d,, which results in
a large aspect ratio (d;/d,). At the same time, the average distance
between PMMA/graphene conductive modules in the in-plane
direction (D; = Dy + dy — d;) is greatly shortened. In contrast,
the average distance between PMMA/graphene modules (D, =
Dy + dy — dy) exhibits an increase. This opposite trend in the
average inter-particle distance between the in-plane direction

(@) PPmatrix ﬂ 3
biaxial stretching
graphene
i PMMA
PMMA/graphene
() ly Pt /
@ | —t
t
. — Y,
t i biaxial stretching d; t
D D. D,
! .dﬂ —<—'>I—[
t
Fig. 10 (a) Schematic description of the morphology transformation

of PP/PMMA/graphene nanocomposites during the biaxial stretching;
(b) is a sectional view of (a).
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and the thickness direction should be responsible for the
anisotropy in electrical resistivity.

The electrical resistivity can be easily converted into
conductivity. For the PP/PMMA/graphene nanocomposites, the
conductivity in the in-plane direction is 1.3 x 107> S m~* with
only 2.5 vol% of graphene loading. The anisotropy coefficient of
conductivity in the in-plane direction to the thickness direction
remains 3.5 x 10* These values are comparable to those
anisotropic conductive composite films widely reported in
literature by aligning carbon black, carbon nanotube, and gra-
phene.”?! In present work, the alignment of graphene was
induced by the flow of PMMA melt. Considering the graphene
nanosheets and PMMA are physically mixed and the intermo-
lecular interactions are still relatively weak, one can expect that
the orientation degree of graphene would be further enhanced
by chemically grafting PMMA chains onto graphene.*
Furthermore, the alignment direction of graphene might be
selectively modulated, rather than the common in-plane
orientation, by the combination of optical-field and shear
force-field after introducing photo-active polymer chains onto
the graphene surface.*®*” Research towards the vertical align-
ment of graphene in polymer matrix along this approach is on
the way.

Conclusions

PP/PMMA/graphene nanocomposites with graphene highly
oriented in in-plane direction were fabricated through biaxial
stretching in this work. The effect of draw ratio of biaxial
stretching on the morphological transformation and the
anisotropic  performance of PP/PMMA/graphene nano-
composites was investigated. Graphene nanosheets were firstly
blended with PMMA and then mixed into PP matrix.
Throughout the nanocomposites, graphene nanosheets were
confined to selectively disperse in PMMA phase. The optimized
hot drawing temperature was 150 °C for PP/PMMA/graphene
nanocomposites to realize the orientation of graphene. The
morphology of PMMA and distribution of graphene were greatly
changed by the biaxial stretching. The PMMA sheets were
formed in PP matrix after biaxial stretching. At the same time,
the distribution of graphene nanosheets changed from
a random state to a highly oriented state along the stretching
direction. The incorporation of graphene could enhance the T,
of PMMA while had little effect on the T},, of PP. Both of the T; of
PMMA and the T, of PP were enhanced after biaxial stretching.
Furthermore, both of the storage modulus and the electrical
conductivity in the in-plane direction of PP/PMMA/graphene
nanocomposites were increased with the draw ratios. A great
anisotropic coefficient as high as 35 000 in electrical conduc-
tivity was achieved by stretching for such PP/PMMA/graphene
nanocomposites.
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