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a b s t r a c t

The electrically conductive nanocomposites composing of different concentrations (0.05e1.5 wt%) of
reduced graphene oxide (RGO) in the thermoplastic polyurethane/polypropylene (TPU/PP, 55/40) matrix
with a fine co-continuous structure were fabricated by solution-flocculation and melt-mixing process
using a micron twin-screw extruder. Both thermodynamic and kinetic theoretical analysis predicated the
preferential location of RGO in the TPU rather than PP phase. Both optical microscope and field emission
scanning electron microscopy (FESEM) observations verified this theoretical dispersion predication. The
homogeneous dispersion of RGO in the TPU matrix is confirmed by wide-angle X-ray diffraction (WAXD)
patterns and transmission electron microscope (TEM) observation. A very low percolation threshold of
0.054 wt% was achieved owing to high conductivity of RGO and favorable double percolation effect. The
tensile strength and elongation at break of the composites with RGO content of only 0.5 wt% were
improved by 341.9% and 354.3%, respectively. The present work provides a guideline for an efficient,
facile fabrication technique of graphene based conductive polymer nanocomposites with high electrical
conductivity and improved mechanical properties.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, an atomically thick, two-dimension sheet composed
of sp2 carbon atoms arranged in honeycomb structure [1], has
tremendous advantageous properties such as high electrical con-
ductivity, extremely high specific surface area, favorable dis-
persibility in organic solvents, and high mechanical properties.
Graphene has been utilized to tune the performances of polymer
materials, like the mechanical strength, electrical property and
thermal conductivity. Generally, high loading of conductive fillers,
such as carbon black (CB) or graphite, etc., is needed to make
insulating polymers conductive, causing a high electrical percola-
tion threshold. Up to now, much effort has been devoted to lower
the percolation threshold. One important approach is to introduce
highly conductive fillers with high aspect ratio (such as carbon
nanotubes (CNTs), Ag nanowires, etc.), in other words, using lower
o10@utk.edu (Z. Guo).
filler contents to achieve higher electrical conductivity. Another
way is to design the microstructure of conductive polymer com-
posites (CPCs), for example, the double percolation structure,
which was first introduced by Sumita et al. [2], and this concept has
been applied to CB [3e6] and CNTs [7e12] filled CPCs. The term of
double percolation means that both the percolation of conductive
fillers in one given single polymer phase and the percolation of
continuous conductive polymer composite phase in a polymer
blend through the whole system take place simultaneously. The
nanofillers are envisioned to be selectively located in one special
phase or at the interface of the polymer blend system.

The selective dispersion behavior of nanofillers in the polymer
blend is most commonly interpreted by thermodynamic and ki-
netic factors. A convenient and effective strategy to produce poly-
meric materials with double-percolation structure, i.e. the co-
continuous structure, is the blending of two immiscible polymer
components. For example, P€otschke et al. [13] reported the
MWCNTs/polycarbonate (PC, 60 wt%)/poly(styrene-acrylonitrile)
(SAN, 40 wt%) composites with a percolation threshold of 0.5 wt%,
and the MWCNTs were thermodynamically driven to locate in the
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PC domain. What’s more, the formation of a co-continuous struc-
ture strongly depends on the melt viscosity ratio of the matrices.
For example, Tassin et al. [14] studied the morphology evolution of
CB/polypropylene (PP)/poly (ε-caprolactone) (PCL) composites
induced by the change of viscosity ratio through using the polymers
of different densities. For CB/PP/PCL (60w/40w) composites, a more
elongated and interconnected structure of PCL was formed when
the viscosity ratio was 0.3 and 1.1, and a circular structure was
formed when the viscosity ratio was 0.06, 3.5 and 14.7.

As excellent conductive fillers with high specific surface area
(SSA), graphene has also been applied to build a double percolation
system [15e18]. However, the reported graphene based CPCs are
always fabricated through solution mixing [16e18] or melt-
compounding [15] techniques. For example, Zhu et al. [16] pre-
pared the polystyrene/poly(methyl methanol)/octadecylamine-
functionalized graphene (PS/PMMA/GE-ODA) composites by solu-
tion blending. The co-continuous structure was formed only when
the component ratio was fixed at 50w/50w, and GE-ODA was
selectively distributed in PS, then the composites exhibited an
extremely low percolation threshold of 0.5 wt%. For the composites
prepared by simple melt-mixing process, it is hard to achieve
uniform dispersion in the matrix. Moreover, the agglomerations
would act as defects in the composites and thus produced detri-
mental influence on the mechanical and electrical properties of the
composites. Solution mixing technique undoubtedly involves low
efficiency, small-scale production and narrow application range.
However, there are still some advantages of solution mixing and
melt-mixing, and these advantages are presented as follows. As for
the solution mixing process, the nanofillers can be dispersed ho-
mogeneously in the polymer matrix under sonication treatment.
Melt-mixing with twin-screw extruder possesses the advantages of
low-cost, high-production, high-efficiency and easy manipulation.
Importantly, the composite melt can also be directly molded into
products using extrusion technique. Hence, melt-mixing with
extruder provides a good foundation for the preparation and pro-
cessing of conductive nanofillers based polymer composites. This
feature cannot be easily realized by using simple solution method.
Therefore, it is of great significance to develop a technique that
combines the advantages of both melt-mixing and solution mixing
for nanocomposites preparation. Up to now, the graphene based
polymer nanocomposites prepared by solution-melt mixing
method have not been reported yet, and it is even rare for the
immiscible polymer composites.

In this work, immiscible thermoplastic polyurethane (TPU) and
polypropylene (PP) are selected as polymer matrices because of
their large differences in polarity and high interfacial tension. A
series of co-continuous reduced graphene oxide (RGO)/TPU/PP
composites were prepared by using a combined solution-
flocculation and melt-mixing with a miniature twin-screw
extruder, Wide-angle X-ray diffraction (WAXD) patterns and
transmission electron microscope (TEM) measurements were
applied to illustrate the dispersion levels of RGO in the polymer
matrix. Wetting coefficient calculation was carried out to predict
the selective location of RGO in the blend. The dispersion state of
RGO, the microstructure of the CPC, and the RGO loading on the
electrical and mechanical properties were investigated in details.

2. Experimental

2.1. Materials

Thermoplastic polyurethane (TPU, Elastollan 1185A) and poly-
propylene (PP, T30s) were used as polymer matrices. TPU with a
density of 1.12 g/cm3 and melt flow index of 17.5 g/10 min (215 �C,
10 Kg) was purchased from BASF Co. Ltd., Germany. PP with a
density of 0.91 g/cm3 and melt flow index of 3.0 g/10 min (210 �C,
2.16 Kg) was a commercial product of Maoming Petroleum Co.,
Guangdong, China. Reduced graphene oxide (RGO) solution with
0.5 wt% RGO (Chengdu Organic Chemicals Co. Ltd. Chengdu, China)
was applied as electrical conductive filler. The graphene nanosheets
of RGO solution have a SSA of 500e1000 m2/g, thickness of
0.55e3.74 nm (Fig. 1a0) and size of about 0.5e3 mm. Maleic anhy-
dride grafted polypropylene (MA-g-PP) (Nanjing Poly Star Polymer
Materials Co. Ltd., China) was used as compatibilizer to enhance the
compatibility between twomatrices, its grafting percent was about
0.8e1.0%. Methanol and N,N-dimethyl formamide (DMF) were
supplied by Zhiyuan Reagent Co. Ltd. Tianjin, China. All the chem-
icals were used as received without any further treatment.

TPU is a linear, segmented copolymer consisting of hard and soft
segments. The hard segment usually consists of urethane groups,
and the soft segment is typically a polyether-diol. PP is a kind of
non-polar semi-crystallization polyolefin. For the chemical struc-
ture of MA-g-PP, it is composed of non-polar backbone and polar
maleic anhydride branch chains. Specially, the addition of MA-g-PP
has two counter-balancing effects, i.e., lower themelt viscosity of PP
and increase the polarity of PP phase. For one thing, the addition of
MA-g-PP can lower the melt viscosity of PP to some extent, which
make the melt viscosity of TPU and PP comparative. This can
effectively improve the compatibility between TPU and PP phase.
For another, the non-polar chain backbone of MA-g-PP intertwines
with molecular chains of PP through van de Waals’ force, and the
maleic anhydride of MA-g-PP interacts with the TPU phase. The
interaction between TPU and PP is enhanced under the help of MA-
g-PP, which is in favor of the mutual diffusion of polymer chain
segments. Finally, the interfacial adhesion between these two
phases is enhanced.

2.2. Composite sample preparation

TPUwas dried in a vacuum oven at 80 �C for 12 h prior tomixing.
The composites fabrication process involved solution-flocculation
and melt-mixing, schematically shown in Fig. 1(a) and (b),
respectively. Briefly, 3.0 g of TPU was dissolved in 50 mL DMF by
vigorous stirring for 1 h, meanwhile, the required amount of RGO
solution was mixed with 45 mL DMF and treated under sonication
for 30 min to create a homogeneous dispersion. Then TPU/DMF
mixed with the RGO/DMF by stirring and sonication for another
30 min respectively. The energy input of sonication was fixed at
295 W. The flocculation and vacuum filtration processes were then
carried out with the mixture to obtain a RGO/TPU premix, the
volume ratio of the mixture and methanol was fixed at 1:5; the
RGO/TPU was rinsed with methanol after filtration and then
collected by drying in a vacuum oven at 80 �C for 24 h to remove the
residual solvents. This process conquered the disadvantages of
conventional one-step melt-mixing method for poor filler disper-
sion and inferior mechanical properties. Uniform dispersion of RGO
in the TPU matrix through solution-flocculation process is of sig-
nificant importance for the enhancement of electrical and me-
chanical properties of the composites. Subsequently, RGO/TPU, PP
and MA-g-PP were melt-mixed by using a micron twin-screw
extruder (L/D ¼ 16) (SJSZ-10A, Wuhan Ruiming Plastic Machinery
Co., Ltd) at a temperature of 200 �C and a rotation speed of 50 rpm.
The extruded strands were collected and cut into small granules.
The weight ratio of TPU/PP/MA-g-PP was fixed at 55/40/5 to pro-
duce a fine co-continuous structure in the polymer blend. Finally,
the resulting granules were compressed into sheets with a thick-
ness of ~0.5 mm by a vacuum mold pressing machine (FM450,
Beijing Future Material Sci-tech Co., Ltd.) at 200 �C and 2.5 MPa for
5 min.

The used conductive nanofillers here were aqueous suspension



Fig. 1. Schematic illustration of the process for the preparation of RGO/TPU/PP composites by (a) solution-flocculation and (b) melt-mixing, (a0) is the non-tapping-mode AFM image
of RGO.
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with 0.5 wt% RGO, then it was impossible to prepare the RGO/TPU/
PP composites by simple melt-mixing technique with aqueous RGO
suspension, TPU and PP. Similarly, it was hardly possible for the PP
particles to dissolve in DMF, hence simple solution-mixing with
graphene, TPU and PP was not a desirable method to fabricate the
RGO/TPU/PP composites. To sum up, the combination of solution-
mixing and melt-mixing method, i.e. the solution-melt mixing
technique, was the most suitable method to prepare RGO/TPU/PP
composites.
2.3. Characterization

Atom force microscopy (AFM) images of RGO after sonication in
DMF were taken in the non-tapping mode on a VEECO Nanoscope
IV instrument. The specimens were prepared by spin-coating RGO
solution on amica plate and subsequently drying in a vacuum oven.
The crystalline structures of TPU, PP, TPU/PP blend, and RGO/TPU/
PP composites with various RGO contents were investigated by
utilizing the wide-angle X-ray diffraction (WAXD) (Ultima IV,
Rigaku Corporation). The surface energy of all components was
calculated by the contact angle measurements, which were per-
formed on the surface of compression-molded films of pure TPU
and PP. The measurements of the contact angle of a given sample
were carried out at least for five times. Distilled water (H2O) and
ethylene glycol (C2H6O2) were used as probe liquids.

Optical microscope (OM) (BX51, OLYMPUS, Japan) and field
emission scanning electron microscopy (FESEM) (JEOL JSM-7500F,
Japan) were performed to characterize the microstructures of the
RGO/TPU/PP composites. The specimen was cut into films with a
thickness of about 10 mm by a microtome for optical microscope
observation. The detailed information of the morphology was
further investigated by FESEM with an accelerating voltage of 5 kV.
For FESEM observation, the specimens were firstly cryogenically
fractured in liquid nitrogen; and some samples were then etched by
DMF for 2 h at ambient temperature to remove the TPU phase. All
the specimens were sputter-coated with a thin layer of gold for
better imaging. The transmission electron microscope (TEM) ob-
servations were performed on a JEOL JEM-1230 with an accelera-
tion voltage of 90 kV. Before the observation, the samples were
ultra-microtome into ultrathin films with a thickness of about
~100 nm in liquid nitrogen by a microtome (Leica UC-7) equipped
with a glass knife.

The volume electrical resistivity lower than 106 U m was
measured by four probemethod, the volume resistivity higher than
106 U mwas measured by a high-resistance meter. Copper meshes
were attached to both sides of each sample to ensure good contacts
between the samples and the electrodes. The dimension of the
tested samples was 40 � 10 � 0.5 mm3. The mechanical properties
of RGO/TPU/PP composites were tested on Suns UTM2203 universal
testing machine (with 100 N load cell) at a cross-head speed of
0.5 mm/min, and the gauge length was fixed at 16 mm. The tested
samples with dimensions of 40 � 4 � 0.5 mm3 were cut from the
hot-compressed films for the mechanical performance test. Each
type of samples had been carried out at least eight parallel mea-
surements tomake statistical analysis of themechanical properties.

The viscosity of TPU and PP was measured on Malvern
Rheometer (Bohlin Gemini 2, UK) with parallel-plate geometry
(diameter of 25 mm). The testing samples were hot pressed into
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disks with a thickness of 1 mm and diameter of 25 mm. Oscillatory
frequency was swept from 0.1 to 100 rad/s with a fixed strain
amplitude of 1% to ensure that the rheological behavior was located
in the linear viscoelasticity regime, and the composites were tested
at 200 �C under nitrogen atmosphere.
Table 1
Surface energy data of the components.

Component gp (mJ/m2) gd (mJ/m2) g (mJ/m2) References

TPU 12.6 15.4 28.0
PP 5.1 27.2 32.3
RGO 11.2 4.1 15.3 [24,25]
3. Results and discussion

To characterize the dispersion state of RGO in the polymer
matrix, the wide-angle X-ray diffraction patterns of the hot-
compressed films of TPU, PP, TPU/PP blend and the conductive
composites with various RGO contents were investigated, Fig. 2.
The TPU film exhibits only a broad diffraction peak ranging from 15
to 26� and centered at 21.2�, Fig. 2a, that can be assigned to poly-
ether segment [19]. While the PP film exhibits sharp diffraction
peaks associated with the a-form crystal, which is caused by the
rapid crystallization during the melt-quenching process [20]. For
the TPU/PP blend and its composite films with different RGO con-
tents, X-ray diffraction patterns are almost identical to that of neat
PP film. This indicates that the crystallization behavior is domi-
nated by the a-form PP crystals developed during the melt-
quenching process [21]. Importantly, the XRD patterns of the
RGO/TPU/PP composites with various RGO contents, Fig. 2b, indi-
cate that there are no distinct RGO characteristic peaks at 2q ~24�.
Accordingly, it can be inferred that RGO is well dispersed in the
polymer matrix and there is no significant re-stacking of RGO
nanosheets in the CPCs [22,23].

In order to investigate the morphological characteristics of the
CPCs, the distribution of RGO in the TPU/PP blend is predicted
firstly. Generally, selective dispersion of electrical conductive
nanofillers in one specific phase or at the interface of immiscible
polymer blend is mainly determined by the combined action of
thermodynamic and kinetic factors [24]. The former relies on the
wetting coefficient (ua), which can be theoretically deduced from
Equation (1) [2]:

ua ¼ gG�TPU � gG�PP
gTPU�PP

(1)

where gG�TPU , gG�PP and gTPU�PP represent the interface energy
between RGO and TPU, RGO and PP, and TPU and PP, respectively. If
ua < �1, RGO will preferentially locate in the TPU phase; if ua > 1,
RGO will preferentially locate in the PP phase; and if �1 < ua < 1,
RGO will locate at the interface between the matrix and the
dispersed phase. The interface energy can be estimated by both
Harmonic-mean equation (Eq. (2)) and Geometric-mean equation
(Eq. (3)) [25]:
Fig. 2. X-ray diffraction patterns of (A) (a) TPU, (b) PP and (c) TPU/PP; and (B) RGO/TPU/PP co
(h) 1.5 wt%.
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where gd
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1 represent the dispersive and polar parts of the
surface tension of component 1, respectively. g1 is the surface en-
ergy of component 1, which can be calculated by the contact angle
according to Eq. (4):
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where q is the contact angle; gs and gl denote the surface energies
of solid and liquid. The contact angles of the TPU films for distilled
H2O and C2H6O2 are 78.5� and 58.6�, the PP films for distilled H2O
and C2H6O2 are 83.6� and 54.8�, respectively. Table 1 shows the
corresponding surface energy data of TPU and PP.

For the RGO, the surface energy is calculated by the Owens-
Wendt model [26]:

glð1þ cos qÞ
2

ffiffiffiffiffiffi
gdl

q ¼
ffiffiffiffiffiffi
gps

q gpl
gdl

þ gds (5)

where gd
l and gp

l are the dispersive and polar parts of the liquid, gd
s

and gp
s are the dispersive and polar parts of the solid, respectively.

The average contact angles of graphene films for water and
ethylene glycol are reported to be about 127.0� and 76.3� respec-
tively [27]. The surface energy of RGO is calculated to be 15.3mJ/m2,
and the dispersive and polar parts of the surface energy are 4.1 and
11.2 mJ/m2, respectively.

Based on the data of surface energy of TPU, PP and RGO, using
Eq. (2) and Eq. (3), the corresponding interfacial energy is calcu-
lated and listed in Table 2. According to the data of interfacial en-
ergy and Eq. (1), ua are �2.0 or �2.3 based on Harmonic-mean
equation or Geometric-mean equation. Therefore, the theoretically
thermodynamic calculation indicates that RGO tends to be prefer-
entially located in the TPU phase during the melt-mixing process.
mposites with a RGO loading of (a) 0.05, (b) 0.1, (c) 0.3, (d) 0.5, (e) 0.7, (f) 1.0, (g) 1.2 and



Table 2
Interfacial energy as calculated by Harmonic-mean equation and Geometric-mean equation.

Samples Based on Harmonic-mean equation (mJ/m2) Based on Geometric-mean equation (mJ/m2)

RGO/TPU 6.7 3.7
RGO/PP 19.4 11.4
TPU/PP 6.3 3.3

Y. Lan et al. / Polymer 97 (2016) 11e19 15
The melt viscosity is another key factor influencing the distri-
bution of conductive fillers in an immiscible blend [24,28e30].
Fig. 3 shows the melt viscosity of pure TPU and PP as a function of
angle frequency. It is obvious that the melt viscosity of TPU is much
lower than that of PP within the experiment range. The shear rate
applied in the melt-mixing process was 50 rpm, which was esti-
mated to be 5.24 rad/s according to the conversion law: 1 rad/
s¼ 9.55 rpm. Based on the literature, the nanofillers are reported to
have a tendency to localize in the lower viscosity phase [2,24].
Therefore, from the kinetics point of view, it is suggested that RGO
is preferentially distributed in the TPU phase during the melt-
mixing process. Additionally, the processing design plays an
important role in determining the selective location of the nano-
fillers. In terms of the preparation techniques (RGO was premixed
with TPU) and the intrinsic characteristics of RGO, it is unlikely for
RGO to transfer from TPUphase to PP phase during themelt-mixing
procedure due to its high specific surface area and large size.

On the whole, thermodynamic factor, the kinetic factor and the
sample preparation procedure are all important for the selective
distribution of RGO in the composites. Nevertheless, it is believed
that the thermodynamic factor is the determining factor. According
to Table 2, it is evident that the interfacial energy between the RGO
and TPU is much lower than that of the RGO and PP. This indicates
that the TPU shows much stronger thermodynamic affinity to RGO
than PP. Therefore, from the viewpoint of thermodynamics, the
RGO tends to locate in the TPUphase. Meanwhile, themelt viscosity
of PP is apparent higher than that of TPU. In addition, RGO was
premixed with TPU and then melt mixed with PP. Therefore, all the
factors were beneficial for the selective dispersion of RGO in the
TPU phase. Considering the large size of RGO, it is almost impos-
sible for RGO to migrate from the low viscosity TPU phase to the
high viscosity PP phase during the melt mixing process. In a word,
the RGO tend to distribute in the TPU phase preferentially through
the combined action of thermodynamic and kinetic factors. Among
them, the thermodynamic factor is the determining factor.
Fig. 3. Complex viscosity of (a) TPU and (b) PP.
Fig. 4 shows the optical images of the RGO/TPU/PP composites,
which provide insight into the microstructure of the composites. A
typical co-continuous structure can be observed, Fig. 4. It is
deduced that the light and dark domains correspond to the PP and
RGO/TPU phase, respectively, based on the aforementioned anal-
ysis. It is obvious thatmost of the RGO have been selectively resided
in the TPU phase while no RGO are observed in the PP phase.

Fig. 5 shows the TEM microstructures of the RGO/TPU/PP com-
posites with RGO content of 1.0 wt%. A typical two-phase structure
is formed in the composites, Fig. 5(a) and (b). The RGO nanosheets
are selectively located in the TPU phase, and no obvious RGO
nanosheets are found in the PP phase. The results agree well with
the theoretical predictions and the OM, SEM observations. The
selective location of RGO in TPU is mainly determined by the
combined action of thermodynamic and kinetic factors. In addition,
the RGO nanosheets are dispersed homogeneously in the TPU
phase without obvious aggregation, Fig. 5(c) and (d).

The dispersion state of RGO nanosheets in the matrix can be
studied further from the fractured surfaces. Fig. 6 illustrates the
fracture surfaces of the RGO/TPU/PP composites. No obvious phase
interface between TPU and PP phase can be differentiated, Fig. 6a. It
is mainly ascribed to the addition of compatibilizer, which effi-
ciently enhances the interfacial adhesion of the two matrices. RGO
nanosheets with wrinkled structure and large-size can be dis-
cerned, Fig. 6b. Obviously, the RGO nanosheets are combined well
with the TPU matrix.

To provide clearer insights into the co-continuous structure and
the RGO distribution in the composites, FESEM micrographs of the
RGO/TPU/PP composites after etching by DMF are shown in Fig. 7.
Apparently, the composites show a nice co-continuous structure,
which is coincident with the above optical microscope results quite
well. Due to the nice solubility of TPU in DMF, it is understandable
that the TPU phase has been dissolved after this processing.
Furthermore, the surface of PP phase is very smooth and nowrinkle
structure of RGO nanosheets can be differentiated, Fig. 7b, indi-
cating that RGO have also been removed from the CPC. This reveals
Fig. 4. Optical images of RGO/TPU/PP composite, the content of RGO is 1.0 wt% for the
observation of typical co-continuous structure and conductive network.



Fig. 5. TEM images of 1.0 wt% RGO/TPU/PP composite.

Fig. 6. SEM images of fractured surface of 1.2 wt% RGO/TPU/PP composite.
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again that the RGO are preferentially accumulated in the TPU phase
[31]. Hence, we can conclude that most of the RGO have been
located in the TPU phase and there is no obvious migration of RGO
occurring from TPU to PP phase in the course of sample
preparation.

Fig. 8 shows the electrical conductivity of the composites as a
function of the RGO content. The conductivity shows a sharp rise of
about 6 orders of magnitude as the RGO content increases from 0 to
0.5 wt%, indicating that a good percolation conductive network is
formed in the composites. The electrical conductivity of the com-
posites above the percolation threshold is predicated by the sta-
tistical percolation model as shown in Eq. (6) [32].
s∝ðffcÞt for f>fc; (6)

where s is the electrical conductivity of the composites, f is the
weight fraction of RGO, fc is the percolation threshold, t is the
critical exponent that depends on the dimensionality of the
percolation network. The percolation threshold is estimated from
the curves to be 0.054 wt%, which is much lower than that of
graphene/TPU (fc ¼ 0.1 wt%) [33] and graphene/PP (fc ¼ 0.4 wt%)
[34]. It is believed that the very low percolation threshold is the
result of the joint action of the co-continuous structure and the
selective location of highly conductive RGO with a high SSA.



Fig. 7. (a) SEM images of the morphology of 1.0 wt% RGO/TPU/PP composite, (b) SEM images of 1.0 wt% RGO/TPU/PP composite at high magnification. TPU phase was removed by
using DMF.

Fig. 8. Electrical conductivity as a function of RGO content for RGO/TPU/PP composites,
the inset shows a log-log plot of the conductivity as a function of (f � fc) with an
exponent t ¼ 2.42 and a critical weight content fc ¼ 0.054 wt %.
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The insert of Fig. 8 shows the double-logarithmic plot of the
electrical conductivity versus (f � fc). Using the data in Fig. 8, t is
estimated to be 2.42. It is well known that the value of t varied in
the range of 1.6e2.0 means a three-dimensional network [35,36].
The obtained higher value of t (2.42) here implies a complicated
conductive network in the composites. It is possible that the higher
value of t relates to the high SSA of RGO nanosheets, the selective
location of RGO and the complex morphology of the composites
[29]. The high value of t has also been reported in others literature
[37e39].

The nanofiller’s concentration, dispersion state and the inter-
action between matrix and the nanofiller influence the composites’
mechanical properties crucially. Fig. 9 presents the bar diagrams of
tensile strength (it refers to the stress at break) and elongation at
break vs. RGO concentration, respectively. The results of uniaxial
tensile test show a non-monotonic trend of the mechanical prop-
erty with the filler loading. In case of RGO concentration increasing
from 0 to 0.5 wt%, both the tensile strength and the elongation at
break increase simultaneously. When the RGO concentration
further increases to 1.2 wt%, the tensile strength and the elongation
at break decrease simultaneously instead. In other words, when
RGO concentration in the composites approaches 0.5 wt%, the
tensile strength and the elongation of the RGO/TPU/PP composites
achieved an optimal value of 11.89 MPa and 16.08%, which is
improved by 341.9% and 354.3% as compared to that of the TPU/PP
composites.

It is interesting to note that the mechanical analysis of the RGO/
TPU/PP composites appears to differ from the conventional com-
posites system, in which the tensile strength increases with
increasing the filler concentration while the elongation at break
decreases [40]. It is believed that the enhancement of tensile
strength without sacrificing the toughness is mainly stemmed from
excellent mechanical strength of RGO, good dispersion of RGO in
the matrix, and strong interfacial interactions between the two
components with the help of compatibilizer. Nice interfacial
adhesion between RGO and TPU is also important. During the
tensile test, the effective stress transfer from the matrix polymer to
RGO is beneficial to the reinforcement of the composites [41,42].

When the RGO concentration is over 0.5 wt%, the tensile
strength gets deteriorated, Fig. 9a. It is supposed that the RGO
nanosheets are vulnerable to aggregation at high RGO contents.
Moreover, the van der Waals interaction between the RGO nano-
sheets will relatively weaken the interaction between the matrix
and RGO available for the stress transfer [43,44]. Meanwhile, the
elongation at break of the composites decreases as well, Fig. 9b, and
it is attributed to the limited deformation degree of molecular
chains of TPU at higher RGO content [45]. In addition, it is possible
that the variation of RGO concentration might cause the transition
of morphology to some extent, affecting the mechanical perfor-
mances evolution in turn [46]. The morphology changes of the
composites are illustrated in Fig. 10, showing the optical images of
the composites with various RGO concentrations. It is easy to
differentiate the two phases from the optical images, namely, all the
composites exhibit a similar co-continuous structure with the RGO
selectively located in the TPU phase. In other words, the variation of
RGO concentration does not change the co-continuous structure of
the composites. However, it is worth mentioning that the co-
continuous structure becomes more obvious and finer with
increasing the RGO content. For another, the RGO results in the
change of phase domains of PP and TPU, i.e. the phase domains of PP
and TPU decrease with increasing the RGO concentration. Similar
morphology changes have been reported previously [47e49] and
are mainly related to the RGO content and the viscosity ratio be-
tween the polymer components. Jordhamo and co-workers [50]
predict the point of phase inversion following Eq. (7).

h1
h2

$
42
41

¼ 1 (7)

where, h1 and h2 represent the viscosity of two polymer compo-
nents, respectively, f1 and f2 are the content of the polymer



Fig. 9. Bar diagrams of (a) tensile strength and (b) elongation at break of RGO/TPU/PP composites with various graphene loadings.

Fig. 10. Optical images of RGO/TPU/PP composites with various RGO contents, (a) 0.05, (b) 0.1, (c) 0.5, and (d) 1.0 wt% RGO/TPU/PP composites.
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components, respectively. When the compositions of the compo-
nents are invariable, the blend morphology is mainly determined
by the viscosity ratio. Zou et al. [51] describe the change of blend
morphology with different contents of CNTs in poly(p-phenyl-
enesulfide)/polyamide66 (PPS/PA66, 60w/40w) system. The PPS/
PA66 blend shows typical sea-island morphology. However, the
phase morphology changes from sea-island to co-continuous
structure when adding small amount of CNTs (0.01e0.3 phr). The
co-continuous morphology returns back to sea-island structure
when the CNTs content further increases to 0.5 and 1 phr.

In this work, MA-g-PP induces the slight decrease of the vis-
cosity of PP component. Undoubtedly, the viscosity of the filled TPU
improveswith the increase of RGO content, leading to the obviously
increased viscosity of the composites, Fig. S1. Thus, the viscosity
ratio between filled TPU and PP also increases with the increase of
the RGO content. The increased TPU viscosity induces higher shear
stress, which then breaks up the PP component and results in a
reduced size of the PP. At the same time, the coalescence of filled
TPU becomes impeded, resulting in smaller structures of the RGO
filled TPU component within the unfilled PP phase [15]. Therefore,
the domain sizes of TPU and PP phase decrease, and the amount of
conductive RGO/TPU branch increases. Certainly, the coalescence of
the broken domains also takes place to some extent. Finally, a more
obvious and finer co-continuous structure is formed in the com-
posites with the increase of RGO content.

For the conductive properties, with the increase of RGO content,
the decreased domain sizes of the TPU and PP phases in the
nanocomposites are observed gradually. More conductive paths are
constructed in the TPU phase with a developed microstructure in
the nanocomposites, therefore, the conductivity is greatly
improved and a sharp rise more than 6 orders of magnitude as the
RGO content increases from 0 to 1 wt% is displayed. The
morphology evolution also influences the mechanical properties of
the composites to some extent. The total contact area between TPU
and PP increases with the decrease of domain size of TPU and PP
phases, the interaction between TPU and PP would thus be
improved. The effective stress transfer between TPU and RGO also
contributes to the reinforcement of the composites. Themechanical
properties of the nanocomposites are enhanced significantly when
the RGO content increases from 0 to 0.5 wt%. When the RGO con-
tent is over 0.5 wt%, the aggregation of RGO weakens the effect of
stress transfer and limits the deformation degree of molecular
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chains of TPU, resulting in the deterioration of the mechanical
properties.

4. Conclusions

RGO with high electrical conductivity was introduced to the
immiscible TPU/PP blend by solution-flocculation and melt-mixing
process. X-ray diffraction patterns manifested that RGO was well-
dispersed in the matrix and a-form crystals of PP were developed
dominantly in the polymer composites. The optical microscope and
FESEM images affirmed the fact that a nice co-continuous structure
in the immiscible polymer composites was formed and RGO was
selectively resided in the TPU phase. TEM measurements provided
more direct observations of selective location and homogeneous
dispersion of RGO in the TPU phase. Based on the formation of co-
continuous structure and the selective location of RGO, a conduc-
tive composite with a very low percolation concentration of
0.054 wt% was achieved. Mechanical property tests showed that
the tensile strength and the elongation at break emerged a
maximum value at the RGO contents of 0.5 wt%. The morphology
evolution had been further investigated to illustrate the changes of
mechanical, electrical properties. The morphology evolution of the
composites was mainly ascribed to the change of viscosity ratio and
RGO content. The preparationmethod, i.e. solution-flocculation and
melt-mixing process through a micron twin-screw extruder, com-
bines the advantage of nice dispersion of RGO, good conductive and
mechanical properties and improved processing efficiency of the
composites. This technique can also be applied to fabricate other
similar graphene based immiscible polymer composite systems.
This paper reveals that the employment of efficiently industrial
techniques (i.e., extrusion) for preparing graphene based CPCs
could bridge the gap from nanoscience and nanoengineering to a
large-scale production of graphene based polymer composites with
reliable and tunable properties for practical applications.
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