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Abstract
Functional nanocomposites based on a blend of styrene butadiene rubber (SBR) and polyvinylidene
di�uoride (PVDF) as the matrix reinforced by a hybrid nano�ller system of graphene oxide nanosheets
(GOn) and ferromagnetic nanoparticles (Fe3O4) at different weight ratios (3.75:1.25; 2.5:2.5 and
1.25:3.75) were successfully prepared and characterized to determine the effect of nano�llers
hybridization in improving the structural,mechanical, dielectric/electrical, magnetic and thermal properties
of a polymer blend (PVDF-SBR) for electromagnetic interference (EMI) shielding applications. Due to the
synergy between both nano�llers, it was found that the Young’s modulus of the nanocomposite
containing 5 wt.% of the hybrid nano�ller was signi�cantly improved (87%), while the strain at yield
remained constant due to the low particle content and the rubbery effect of the SBR copolymer. In
addition, the degradation temperature of the matrix was shifted from 464°C to 472 °C with the addition of
2.5:2.5 of GOn:Fe3O4. Finally, the hybrid reinforcement also had a positive effect on the electrical and
magnetic properties of the nanocomposites with an improvement that exceeds 30%. By careful selection
of synthetic techniques and understanding/exploiting the unique physics of the polymeric
nanocomposites in such materials, novel functional polymer-inorganic nanocomposites can be designed
and fabricated for new interesting in magneto applications such as superparamagnetism,
electromagnetic wave absorption, and electromagnetic interference shielding.

Introduction
Recent research and development on functional materials revealed that the electromagnetic interference
(EMI) shielding of materials has the potential to signi�cantly improve speci�c applications such as
lightning strike protection in airplanes, electronics �eld, sensors, as well as sensitive electronic devices,
telecommunications, and radar systems. These systems generally emit electromagnetic waves
generating some issues about the people’s health and interference with the operation of near-by electronic
devices. For these applications, conductive polymers are currently being investigated to protect sensitive
equipment such as anti-electromagnetic interference coatings and appliances due to their lightweight
with tunable conductive properties [1–3]. To this end, the development of nanocomposites based on a
polymer matrix with nano�llers are expected to produce high mechanical properties as well as other
important characteristics such as absorption/shielding, electrical conductivity and electric dipole, as well
as magnetic dipoles. To further improve these properties, a hybrid particle system can be used to
optimize several properties as the same time while improving other physical properties such as thermal
stability [4, 5]. Furthermore, a polymer blend can be used as the matrix to combine several properties like
strength, elasticity, etc. [6, 7]. The use of inorganic nanomaterials as �llers in a polymer matrix still show a
growing interest due to their wide range of properties and potential industrial applications. Up to now, the
majority of research focused on polymer nanocomposites reinforced with organized carbon materials
such as carbon nanotubes (CNT), graphite and buckyballs [8–10]. These nano�llers have been promising
materials because of their speci�c properties such as low density, small dimensions, high aspect ratio, as
well as outstanding thermal and mechanical properties. Nevertheless, these developments generated new
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challenges related to the nature and size of the reinforcements used such as the ones related to their
dispersion/distribution, interfacial adhesion, availability, costs and stability, which are all critical factors
to control the �nal properties and commercial success of a new nanocomposites [11–14].

Over the last years, two dimensional (2D) materials (graphene, phosphorene, silicene) became the subject
of several scienti�c studies and their potential for the production of the next-generation of electronic and
energy conversion devices. Since its discovery in 2004 by Geim and coworkers, graphene became an
attractive material due to of its superior electrical, thermal, and mechanical properties [15, 16]. Graphene
oxide nanosheets (GOn) can be obtained in large quantities from graphite using low-cost processes [17].
In the three-step graphene oxide synthesis, natural graphite is �rstly oxidized into graphite oxide (GOn)
using strong acids and oxidizing agents. Then, a simple sonication step in water or an organic solvent
yields a stable GOn colloidal solution.

Magnetic stimulation has many advantages over other types of stimuli, especially in terms of penetration
and invasiveness. Many materials (especially biological tissues) are much more transparent to magnetic
�elds than to electric �elds, making it possible to remotely activate an event at a relevant distance from
the magnet. To this aim, it is necessary to load the material of interest with structures able to produce a
response to an external magnetic event Magnetic nanoparticles can be classi�ed into �ve main types:
ferromagnetic (iron, nickel, and cobalt), paramagnetic (gadolinium, magnesium, lithium, and tantalum),
diamagnetic (copper, silver, gold), antiferromagnetic (MnO, CoO, NiO, and CuCl2), and ferromagnetic
(magnetite Fe3O4 and maghemite γ-Fe2O3) [4, 18, 19]. Recently, metallic iron oxide nanoparticles attracted
a high interest due to their unique properties (magnetic, magneto-optical, magneto-resistive, thermal,
electrical and mechanical properties) allowing them to be used in different applications including
magnetic materials (circulators, oscillators and phase shifters for microwave regions), sensors, magneto-
optical sensors, anodic materials for batteries, catalysts, sensors, phosphorescent laser sources,
microwave and electrochemical devices, as well as black and brown pigments [20, 21]. The introduction
of magnetic particles into a polymer offers a great potential for inspection since iron oxides have
spontaneous magnetic induction. However, iron oxide nano-particles have a strong tendency to aggregate
because of dipole-dipole interactions (so-called dipolar coupling) and free surface energy [20, 22].
Consequently, polymer blends are interesting to use for melt mixing as they can help to overcome this
drawback due to selective localization of the nanoparticles at their interface of the matrix (if immiscible)
which can be tuned according to the �nal application.

Nowadays, hybrid polymer nanocomposites are being used in an interesting range of applications. This
class of materials offers several attractive characteristics such as ease of handling, high adaptability, as
well as better thermal and mechanical properties combined with their low manufacturing costs.
Furthermore, they are generally made from the hybridization of more than one type of reinforcements
embedded in a polymer matrix to combine the advantages of all the components while compensating for
the weakness of each one used individually [23, 24].
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Several methods have been proposed to compound nano�llers in different polymer matrices. The main
methods to get good dispersion/adhesion are: in situ polymerization, solution blending, and melt
blending. One main disadvantage of in situ polymerization and solution blending is the use of organic
solvent, which is usually very costly and not environmentally friendly. They are also limited in throughput
(production rate) and involve extra steps (�ltering, drying) and cost (solvent recovery). On the other hand,
melt blending is considered more economical (continuous process) and �exible (process con�guration
and design), as well as being commonly used (industrial practice) [25, 26].

In our previous work, graphene oxide nanosheets as electrical conductive nanoparticles were incorporated
into polyvinylidene �uoride (PVDF) using melt extrusion [13], as well as iron oxide (Fe3O4) nanoparticle as
a magnetic �ller into an acrylonitrile-butadiene-styrene/polyamide 6/styrene-butadiene rubber
(ABS/PA6/SBR) blend [4]. The results showed that both nanoparticles were successfully dispersed into
their respective polymer matrix, leading to improved thermal, mechanical and rheological properties at
low nanoparticle content (3wt.%)[27]. In this work, the main objective is to develop a new multifunctional
polymer nanocomposites for electromagnetic interference (EMI) shielding applications. The
nanocomposite is based on a hybrid �ller system of iron oxide (Fe3O4) as a magnetic �ller and graphene
oxide nanosheets (GOn) as an electrical conductive particle inside a polymer blend based on
polyvinylidene �uoride/styrene-butadiene rubber (PVDF/SBR). Based on some preliminary work, the
PVDF/SBR blend ratio was �xed at 65/35 wt.% leading to a good compromise between good �exibility
and a low percolation thresholds from the formation of a conducting network throughout the polymer
matrix. In particular, the effect of particle content on the tensile, hardness, thermal, rheological, electrical
and magnetic properties of the nanocomposites are investigated.

1 Materials And Processing
1.1 Materials

The matrix was prepared by blending two polymers: polyvinylidene �uoride (PVDF) Kynar 1000HD
purchased from Arkema (France) with a density of 1.77 g/cm3 and a melting temperature of 177°C, with
styrene-butadiene-rubber (SBR) supplied by Shell Chemical Company (Netherlands) with a density of 0.94
g/cm3 and a melting temperature of 70°C. The PVDF/SBR ratio was �xed at 65/35 wt.%. All the other
chemicals and solvents used were of analytical grade or of the highest purity available [28]. The natural
graphite powder used to prepare the graphene oxide nanosheet was supplied by Sigma-Aldrich (France),
as well as the concentrated sulfuric acid (H2SO4; 99%), hydrochloric acid (HCl; 5%), potassium
permanganate (KMnO4; 99%), hydrogen peroxide (H2O2; 30%), and N,N-dimethylformamide (DMF, 99.8%).
The iron oxide (Fe3O4) nanoparticles (NF) were obtained from Sigma-Aldrich (France) with a density of

5.1 g/cm3 and a particle size under 50 nm [2].

1.2 Synthesis of graphene oxide nanosheets
Graphene oxide nanosheets (GOn) were obtained by the exfoliation of natural graphite, which ensures a
large surface area and a high dispersion-distribution. The preparation steps are described as follows.
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Graphene oxide (GO) was prepared according to the Hummers method. Graphite powder (2 g) was
suspended �rstly into cold (0°C, ice bath) concentrated sulfuric acid (50 mL) in a 250 mL round-bottom
�ask equipped with a magnetic stirrer bar. Then, 6 g of potassium permanganate (KMnO4) was slowly
added with stirring and cooling to keep the temperature below 20°C. The mixing step was left for 2 h at
35°C, followed by the addition of distilled water (220 mL) and continuous stirring for an additional 15
min. Finally, the content of the �ask was poured into distilled water (280 mL) with 15 mL of hydrogen
peroxide (30%) to neutralize the permanganate excess (indicated by a color change of the solution from
dark brown to yellow). The separation of graphite oxide from the liquid phase was done using distilled
water and three times with a solution of HCl in water (1:10, vol/vol, dilution from commercial
concentrated HCl (12.1 N) via a Thermo Scienti�c Sorvall WX Floor Ultra Centrifuges (10,000 rpm for 20
min) until the sulfates were no longer detected in the �ltrate. The prepared graphite oxide was then
exfoliated to obtain an aqueous colloidal suspension using sonication (Heated Ultrasonic bath Gun
Cleaner, Germany) in 200 mL of N,N-dimethylformamide (DMF).

1.3 Processing

1.3.1 Matrix preparation

Firstly, the matrix (polymer blend) was prepared by mixing PVDF and SBR at a weight ratio of 65/35. The
compounds were prepared on a Leistritz ZSE-18 (L/D = 40) twin-screw extruder operating at a screw
speed of 125 rpm and a temperature pro�le of 220, 220, 230, 230, 220, 220, 220 and 220°C from the feed
hopper to the circular die (3 mm). The extruded strands were then cooled in a water bath and pelletized
(Thermo Fisher, UK).

1.3.2 Masterbatch preparation
Two masterbatch of PVDF/5 wt.% nanoparticles (GOn and Fe3O4) were prepared by solution-mixing in
DMF using 22.5 g of PVDF dissolved in 250 mL of DMF inside a 1,000 mL round-bottom �ask with
stirring at 80°C in an oil bath. Stirring was performed until complete PVDF solubilization (about 60 min).
A selected amount of GOn and Fe 3O4 was mixed with 200 mL of DMF and treated with ultrasound for 45
min. Then, the PVDF solution was added to this suspension, and the mixture was stirred for 2 h at 80°C
(oil bath). The suspension was poured into a large amount of distilled water, and a solid �occulent
precipitated. The solid obtained after �ltration was dried in a vacuum oven at 60°C for 8 h. The dried solid
was �nally crushed into a powder to obtain the masterbatch of PVDF/5 wt% (GOn at 5 wt.% and Fe3O4 at
5 wt.%). Figure 1 presents an overview of the complete processing steps for both nanoparticles.

1.3.3 Nano-composites preparation

The �nal hybrid nanocomposites were prepared by mixing the PVDF/GOn/Fe3O4 masterbatch with the
matrix (PVDF/SBR blend) to get a �nal graphene oxide (GOn) and iron oxide (Fe3O4) concentration of
1.25, 2.5, 3.75 and 5 wt.% as summarized in Table 1. This was done on a Leistritz ZSE-18 (L/D = 40) twin-
screw extruder operating at a screw speed of 125 rpm. The temperature pro�le was set at 220, 220, 230,
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230, 220, 220, 220 and 220°C from the feed hopper to the circular die (3 mm). The material was �nally
pelletized (Thermo Fisher, UK) into pellets of 2–3 mm in length. Before molding, the pellets were oven-
dried at 80°C for 24 h and �nally processed via injection molding (Engel e-Victory). The injection
temperature was �xed at 220°C with a mold temperature at 45°C.

Table 1
Formulation of hybrid nanocomposites produced.

Sample # Ratio PVDF/SBR (wt.%) GOn (wt.%) Fe3O4 (wt.%)

0 Neat matrix 65/35 0 0

1 5 :0 60/35 5 0

2 3.75 : 1.25 60/35 3.75 1.25

3 2.5 : 2.5 60/35 2.5 2.5

4 1.25 : 3.75 60/35 1.25 3.75

5 0 : 5 60/35 0 5

2 Characterization Techniques
The sample morphology and the level of nano�ller dispersion/distribution in the nano-composites were
analyzed using a scanning electron microscope (SEM) (JEOL JSM 840A). To obtain clean and precise
fractures, all the specimens were dipped in liquid nitrogen and cryogenically fractured before being
coated by a thin conductive layer of Au/Pd. An ABB Bomem FTLA 2000 − 102 spectrometer (ATR:
SPECAC GOLDEN GATE) was used to record the Fourier transform infrared spectra (FTIR) in the range of
400–4000 cm− 1 with a resolution of 4 cm− 1 and the accumulation of 16 scans. The thermal stability was
evaluated by thermogravimetric analysis (TGA) via a Q500 instrument from TA Instruments (UK). Roughly
10 mg of each specimen was placed in a platinum pan and heated under air from room temperature to
800°C at a heating rate of 10°C/min. On the other hand, the mechanical (tensile) testing of �ve
specimens for each nanocomposite with dimensions according to ISO 527-1:2012 [29], was performed
using a universal testing machine Tinius Olsen (India) H10KT at a speed rate of 5 mm/min with a 5 kN
load cell. For the dynamic rheological properties were obtained from a MCR 500 (Physica, Germany)
rotational rheometer equipped with a CTD600 device (melt state). Small amplitude oscillatory shear
(SAOS) tests were carried out at 180°C using a 25 mm parallel plate geometry with 2 mm thick samples.
Frequency sweeps from 500 Hz to 0.05 Hz were performed with a strain amplitude of 5%, for which the
materials exhibit a linear viscoelastic behavior as veri�ed by previous strain sweeps at 1 Hz. For the
electrical resistivity measurement, an electrometer/high resistance meter (Keithley instruments, 6517B)
coupled to a Keithley 8009 resistivity test �xture for short electri�cation time was used. This system is a
guarded test �xture to determine the volume and surface resistivity, generally able to supply high
electrostatic shielding and high insulation resistance up to 1100 V. The samples had an average diameter
of 9 cm and 1 mm thick. The magnetic properties were determined by the force necessary to remove the
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nanocomposite samples from a magnet [27]. This test setup was developed in our lab and the
characterization was made using the same tensile machine as for the tensile properties, by changing the
�xture by a homemade system as shown in Fig. 2. The assembly contains two supports where a magnet
is �xed on the bottom plate and the sample is �xed (glued to the support by double-sided tape) on the top
plate. The complete set-up is then mounted on the universal testing machine grip (Fig. 2). Both the
sample and the magnet have dimensions of (36 × 16 × 1) mm3. The magnetic strength (σ) was
determined as:

σ = F / S   (1)

where F is the necessary force to detach the samples from the magnet, and S is the sample surface
(cross-section).

3 Results And Discussion

3.1. Scanning electron microscope (SEM)
Figure 3 shows the SEM morphology of the cryo-fractured PVDF-SBR blend matrix and its
nanocomposites for GOn/Fe3O4 at (2.5/2.5). The neat PVDF-SBR (65/35) blend shows a plain type
morphology (absence of nano�llers).

It can be easily seen that the morphology of neat PVDF-SBR blend polymer is a sea-island morphology
with a large amount of droplet phenomenon and droplet size close to 40 µm which con�rms that both
polymers are immiscible due to the rough appearance of the rubber component of the SBR [2, 16]. On the
other hand, Fig. 3b, shows that the addition of nano�llers ( GOn-Fe3O4) at 2.5 wt.% may decrease the size
of droplets to the average diameter of 18µm leading to a formation of �ner morphology with the presence
of lower amount of pullout phenomenon as compared of neat PVDF-SBR material that may be ascribed
to compatibilizing effect of nano�llers via the physical interaction. The morphology of hybrid
nanocomposites starts to transform in a co-continuous structure with the presence of highly dispersed a
small droplet with a size of 18 µm and the appearance of some dispersed nanosheet ( GnO) and
nanoparticles ( Fe3O4) of PVDF-SBR with a size around of 7 − 6 µm. This structure is due to the
coalescence suppression of phase-separated domains trough the formation of physical interaction
between the polymer components via nano�llers [30]. For the Fig. 3 (b’), the morphology of the hybrid
nanocomposite PVDF-SBR/GOn-Fe3O4 at (2.5/2.5) sample shows that good dispersion/distribution of
the nano�llers was obtained as no traces of agglomeration can be seen. The presence of agglomeration
would indicate poor a�nity and lower distribution homogeneity [31, 32]. In our case, the GOn and Fe3O4

nanoparticles are homogeneously distributed due to the functional group interaction between both
nano�llers. The oxygen content in the functional groups on the GOn surface can interact with the Fe3O4

nanoparticles via hydrogen bonding as well as van der Waals interactions, resulting in good dispersion of
the nano-�llers inside the PVDF. Moreover, it is clearly shown on Fig. 3(a’,b’) that good interfacial adhesion
was produced after the nano�llers incorporation since no deboning can be seen. Finally, the nano�llers
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are well dispersed inside the matrix and it can be concluded that the masterbatch approach and the
processing conditions used were optimum leading to good dispersion/distribution and uniform
nanocomposite properties[33].

3.2. Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared (FTIR) spectroscopy is an effective method to study possible crystalline phase
transformation in PVDF. Figure 4 shows the FTIR spectra of the neat PVDF-SBR blend and the PVDF-SBR
nanocomposites at different GOn and Fe3O4 content. The FTIR spectra of the neat matrix is composed of
the two main characteristic bands of both PVDF and SBR. The characteristic bands of SBR are located at
3040 − 3020 cm− 1 corresponding to C–H stretching, the band at 1479 cm− 1 corresponds to CH2 in-plane

deformation, and 1376 cm− 1 band is characteristic of –CH2 wagging motion; while the PVDF has its

main characteristic bands at 975, 720, 672, 659 and 469 cm− 1 which are speci�c to the presence of the
pure α-phase. The bands at 975 cm− 1 corresponds to CH2 rocking, the band at 720 cm− 1 is characteristic
of bending and skeletal bending, the bands at 672 − 659 correspond to CF2 groups and rocking vibration,

and the band at 469 cm− 1 is associated to CF2 bending. From this analysis, it is clear that the PVDF
blended with the SBR is only only showing the α-phase, similar to the pure PVDF.

It is clear from the FTIR spectra of the nanocomposites that new bands are presents compared to those
of the PVDF α-phase, depending on the GOn, Fe3O4 or GOn-Fe3O4 content (wt.%). They are localized at

1218 − 1178, 966, 907, 869, 600, 568, and 437 cm− 1 which are assigned to the β-polymorph structure of
PVDF. This con�rms that nanoparticles addition led to some PVDF crystal transformation from the α-
phase to the β-phase as reported in the literature [27]. The increase of the β-phase content in the
nanocomposite can be related to the presence of GOn and Fe3O4 nanoparticles providing additional
nucleation sites (heterogeneous nucleation) for the crystallization of the β-phase. The formation of the β-
polymorph in the PVDF-SBR nanocomposites is also attributed to the strong and speci�c interaction
between the carbonyl groups in graphene oxide and the �uoride groups in PVDF (-C-O) found in graphene
oxide and the CF2 segments of PVDF leading to a transformation from the α-phase’s trans-gauche-trans-
gauche conformation into the trans-trans conformation characteristic of the β-phase. These results
con�rm the presence of a mixture of α- and β-polymorph in the PVDF-SBR nanocomposites studied.
Among the observed polymorphs, the polar β phase of PVDF is the most desirable form because of its
high permittivity making it a good candidate for piezoelectric material based on polymer matrices[27, 34].

3.3. Thermal properties:
The thermal resistance of the PVDF-SBR blend and its nanocomposites was evaluated using TGA.
Figure 5 presents the weight curves a function of temperature at a heating rate of 10°C/min in air. It can
be seen that all the curves have a similar shape, but the thermal stability increases with the presence of
the nanoparticles. This is especially the case when compared with the neat PVDF matrix in the
temperature range of 300–800°C. The nanocomposites �lled with Fe3O4 alone (5 wt.%) show the highest
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thermal stability compared to the nanocomposites �lled with GOn alone at the same content. This can be
related to the higher intrinsic thermal stability of iron oxide compared to the graphene oxide nanoplatelets
[35].

The temperature associated to the maximum degradation rate (Tmax) was obtained by the position of
peak in the derivative thermogravimetric curve (DTG). Based on the DTG curve of the neat matrix (PVDF-
SBR), it is clear that two maxima are present, which are associated to both polymers; the �rst one
corresponds to SBR (437°C) and the second one is PVFD (464°C). It is clear in Fig. 5 that the Tmax of the
nanocomposites is higher than that of the neat PVDF-SBR matrix. The Tmax of PVDF-SBR matrix is
464°C and increases to 470 oC and 477°C for the 5 wt % GOn and Fe3O4 nanocomposites, respectively.
On the other hand, Tmax of the hybrid system (GOn:Fe3O4 at 2.5:2.5) shows an intermediate value
(472°C). From these results, it clear that the incorporation of GOn and Fe3O4 nanoparticles in the PVDF-
SBR blend matrix induced better thermal stability and thus the starting decomposition temperature is
shifted to higher temperatures. During thermal degradation, GOn and Fe3O4 nano�llers, due to their
inorganic nature, with the homogeneous distribution and distribution of nano�llers prevent the evolution
of volatile decomposition products acting as a barrier inhibiting the propagation of heat from the
environment in the polymer matrix [36, 37]. On the other hand, there is a close relationship between the
crystallin phase of PVDF and the obtained results regarding the increased thermal stability. The addition
of GOn or Fe3O4 (alone or together) leads to additional nucleation sites for the crystallization of the β-
phase of PVDF leading to PVDF crystal transformation from the α-phase to the β-phase. In general, the
crystaline phase has a higher thermal stability compared to the amorphous phase due to the ordered
structure leading to a highest energy dissipation [27]. Finally, GOn and Fe3O4 can act as nucleating agent,
as well as thermal stabilizers.

3.4. Tensile testing
The large aspect ratio of the GOn and Fe3O4 nanoparticles and their respectively high Young’s modulus
should have a signi�cant reinforcement effect on the mechanical properties of the PVDF-SBR blend [3,
22, 23]. The homogenous dispersion/distribution of the nano�llers into the matrix, along with favorable
interfacial interactions between the nano�llers and the polymer blend, as well as the high level of
exfoliation of GOn are the key points to achieve polymer nanocomposites with highly enhanced �nal
properties[40, 41].

The tensile properties of neat PVDF-SBR blend and its nanocomposite were investigated by uniaxial
tensile testing. Figures (6) presents the Young’s modulus, tensile strength, and strain at yield as a function
of GOn and Fe3O4 content. Firstly, the neat PVDF, neat SBR and PVDF-SBR blend tensile properties are
reported in Table 2. From these results, it is clear that SBR has better elasticity (higher strain at yield)
compared to PVDF which is more rigid (higher modulus and strength). So the properties of the blend are
in between. In our case, one of the main goal is to produce rigid nanocomposites while maintaining some
ductility. So Fig. 6a shows that the addition of GOn and Fe3O4 nanoparticles gradually changes the
tensile properties of the PVDF-SBR blend for the range of Fe3O4 loading (1.25-5 wt.%) investigated. But
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the nanocomposite containing only 5 wt.% Fe3O4 showed better mechanical properties with respect to the
nanocomposite containing 5 wt.% GOn and the neat matrix. The Young’s modulus of these
nanocomposites (1.25, 2.5 and 5 wt.% Fe3O4) was increased by around 85% compared to the neat PVDF-
SBR matrix and the nanocomposite with 5 wt.% GOn. Higher Young’s modulus with Fe3O4 is due to the
intrinsic properties of this nanoparticles compared to the nanosheet in terms particle shape. The sheet
shape of GOn prevents their dispersion and distribution into the polymeric matrix at higher loading. So
the GOn start to aggregate for content above 2.5 wt.%, while for Fe3O4 with their particulate shape (more
spherical), there is a good dispersion and distribution into the matrix even up to 5 wt.% [42, 43].

When particle hybridization was performed by combining Fe3O4 and GOn, it can be seen that all the
nanocomposites exhibit superior Young’s modulus than for the nanocomposites based on GOn or Fe3O4

alone. This con�rm that a synergistic effect occurs between both particles leading to better reinforcement
of the PVDF-SBR matrix. The results also show that by decreasing the GOn content and increasing the
Fe3O4 nanoparticles (�xed total content), the Young’s modulus gradually increase to reach a maximum
value (2052 MPa) at a GOn:Fe3O4 of 2.5:2.5 wt.% before decreasing. So this hybrid nanocomposites
presents the optimum results due to the synergetic effect induced by the combination of GOn and Fe3O4

[23],[44]. Such synergistic interactions result in the formation of an homogeneous interconnected network
structure, which explains the large increase in the matrix Young’s modulus. On the other hand, the
phenomenon of nanosheets restacking at GOn:Fe3O4 of 2.5:2.5 wt.% does not occur and the nanosheets
are still well dispersed and distributed within the matrix. Actually, the GOn surface becomes decorated
with Fe3O4, which inhibited the sheet-to-sheet aggregations of GOn as evidenced by SEM observations in
Fig. 3; i.e. no aggregation of sheets or nanoparticles was observed, ascribed to the good processing
conditions used leading to high distribution and dispersion level of GOn and Fe3O4 combined with the
strong hydrogen bonding between the matrix and the surface of GOn and Fe3O4 [44]. For the
nanocomposites containing only one type of particle (GOn or Fe3O4) at 5wt.%, the relatively lower Young’s
modulus can be associated to the possible agglomeration of some nanosheets. These agglomerates
may prevent an e�cient interfacial load transfer and changes in the �llers aspect ratio [23, 45].

Figure 6a also shows the tensile strength of the nanocomposites as a function of nanoparticles content.
It is clear from Fig. 6a that a slight tensile strength decrease (5%) is observed for all the nanocomposites
compared to the neat matrix. Generally in nanocomposites, an increase of the nano�llers content
combined with a weak interfacial adhesion between the nano�llers and the matrix leads to poor
interfacial quality and more decohesion zone are created in the nanocomposites under stress. This
decohesion acts as stress concentration points accelerating sample failure [46]. On the other hand, it is
observed that the tensile strength of all the nanocomposites are similar close to 44.7 MPa (± 0.2 MPa).
This result may con�rm the good interfacial adhesion generating better stress transfer under tensile load;
i.e. better compatibility and a�nity between GOn and Fe3O4 with the matrix. This is especially the case
for the hybrid nanocomposites as the tensile strength is almost constant independent of the GOn:Fe3O4

ratio. The interfacial adhesion between the GOn:Fe3O4 hybrid system and the polymer matrix was very
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good as con�rmed by SEM images (Fig. 3). As a results, the GOn:Fe3O4 hybrid nano�ller network acts as
an e�cient reinforcement in the parent system, providing superior tensile properties to the
nanocomposites. In this case, effective stress transfer occurred from the polymer chains to the dispersed
hybrid nano�ller, providing additional strength to the nanocomposites attributed to the synergistic effect
generated from the combination of GOn and Fe3O4. Therefore, the successful addition of a relatively high
nano�ller content into the polymer matrix strongly depends on the good compatibility and the strong
interfacial interaction between all phases present.

Change in the ductile behavior of the nanocomposites related to GOn and Fe3O4 content and their
hybridization was also investigated according to the strain at yield results. Figure 6b shows that the
strain at yield of the nanocomposites gradually decreased with nano�llers loading. The strain at yield
decreased to 20% for all the nanocomposites compared to the blend matrix. However, an almost contant
value of the strain at yield values around 0.41 mm/mm (± 0.01 MPa) is observed for all the hybrid
nanocomposites. Lower strain at yield for the nanocomposites was expected because of the intrinsic
rigid character of both nanoparticles which have low deformation and act as stress concentrators
accelerating crack initiation. The nano�llers used, even at lower content, also acted as nucleating agents
reducing the amount of plastic energy (elasticity) absorbed by the nanocomposites under stress leading
to lower ductility [47]. Another reason for the low ductility of the nanocomposites is due to the large
aspect ratio and the strong interactions between the GOn and Fe3O4 with the matrix, which increased the
crystallinity, both imposing restriction on the polymer chains mobility [48]. However, the almost constant
strain at yield of all the nanocomposites, even with the increased of rigidity, is mainly due to the effect of
the elastomeric nature of the SBR which confers the ductile behavior of the nanocomposites by
preventing crack propagation along the interfacial area and facilitates mechanical energy dissipation.
Furthermore, SBR addition led to maintain the strain at yield as it increases the interfacial adhesion
improving the stress transfer to the nano�llers and promoting an e�cient distribution of the applied
stresses.

Such improvement in mechanical properties for the hybrid nanocomposites at a GOn:Fe3O4 ratio of
2.5:2.5 wt.% can be related to the good dispersion of GOn and Fe3O4, which is related to the high
compatibility between all the phases, as well as the presence of strong hydrogen-bonding interactions
between the polymer matrix chains and the nano�llers generating a strong synergy between GOn, Fe3O4,
and PVDF-SBR. All these effects are required to improve the interfacial stress transfer from the polymer
matrix to the individual nano�llers, thus increasing the nanocomposite mechanical properties.
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Table 2
Tensile properties of the used polymers.

Polymer Young’s modulus (MPa) Tensile strength (MPa) Strain at yield (mm/mm)

PVDF 1500 50 0.15

SBR 40 25 2.5

PVDF/SBR (65/35) 1098 46.9 0.5

 

3.5. Rheological properties:
The dynamic rheological properties of the nanocomposites were measured to provide further information
on the internal structure and processability of these materials. Moreover, the information on the
nano�llers dispersion state (percolated network structure), the effect of rigid particle addition on the
motion of polymer chains, and interaction between the components can also be extracted.

Figure 7 compares the rheological properties of the nanocomposites in the melt state. It can be seen that
the nano�ller content and frequency play an important role in the materials response to dynamic stress.
Firstly, the addition of GOn or Fe3O4 into the polymer matrix disturbs the mobility of the polymer chains in
the melt, thus increasing the storage modulus and loss modulus of the nanocomposites compared to the
neat matrix. This also con�rms the reinforcement effect of the nano�llers. The presence of rigid
nanoparticles limits the polymer chain mobility and changes their molecular dynamics [49, 50]. Thus,
large-scale polymer chain relaxation in the nanocomposites was effectively restrained by the presence of
rigid inclusions. On the other hand, it is clear that the nanocomposites containing Fe3O4 alone (5 wt.%)
produced signi�cantly higher storage modulus than their GOn counterparts (5 wt.%). This behavior
indicates that the nano�ller type has a direct effect of this property, as for the tensile properties (Fig. 5).
This can again be related to the particle shape and their interactions with the matrix.

Figure 7 also shows that all the hybrid nanocomposites have intermediate values of storage modulus
and loss modulus, between that of GOn and Fe3O4 nanocomposites. The synergetic effect induced by the
combination of both particles is more effective in restraining the polymer relaxation than using GOn or
Fe3O4 alone. This is due to the higher surface area and higher aspect ratio when two nano�llers are
combined (better organization). Together with the high surface area of Fe3O4 and the nanoscale �at
surface of GOn, the hybrid system led to stronger interfacial interactions with the matrix, good
distribution/dispersion, and substantially higher effect on the polymer chain motion.

Figure 7 clearly show that the rheological properties of the nanocomposites have a predominantly elastic
behavior at high frequencies (G’ > G’’), while a more viscous behavior is observed at low frequencies (G’ <
G’’). This transition is associated to the polymer chains relaxation time [51]. The frequency also plays an
important role on the nanocomposites' rheological response which is related to the viscoelastic behavior
of these materials; i.e. a more solid-like behavior at higher frequencies as there is not enough time for the
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chain entanglements to occur and follow the deformation imposed, so a small amount of relaxation
results in a higher value of the storage modulus (G′). On the other hand, the low-frequency region is
related to reptation relaxation which is the motion of the whole chain [52].

One of the most important properties of thermoplastics materials is their viscosity which is a key property
for successful manufacturing. The viscosity allows to predict �ow of material inside processing
equipment like extrusion and injection machines. It also allows to optimize the processing parameters
(temperature, �ow rate, screw speed, etc.) to produce homogeneous and stable parts [53]. Generally,
viscosity is a function of the number of effective chains participating in the formation of a network
structure. Figure 7c shows the complex viscosity as a function Gon and Fe3O4 content, and frequency.
The results show an increase in complex viscosity with the addition of GOn at 5 wt.% to reach a
maximum for the nanocomposites containing Fe3O4 nano�llers (5 wt.%). However, all the hybrid
nanocomposites show intermediate values. The increased complex viscosity at low frequency of all the
nanocomposites compared to the neat matrix can be attributed to the nanoscale dispersion/distribution
of the nano�llers and to the presence of a higher number of interacting chains resulting from strong
interfacial adhesion [54].

It can also be seen in Fig. 7c that the complex viscosity decreases with increasing frequency due to the
strong shear-thinning behavior of polymers in the a melt state [55, 56]. A signi�cant increase in the
complex viscosity (η*) of the nanocomposites with increasing GOn and/or Fe3O4 content can be seen.
The effect of the nano�llers content is mostly seen at low frequency, and the relative effect decreases
with increasing frequency because of shear thinning behavior. The entanglement of polymer chains
hinders the shear �ow at a lower frequency, therefore higher viscosity is observed. But lower viscosity
makes easier the processing and blending of nanocomposites at higher nano�ller content.

3.6. Electrical properties:
One of the key challenges to fabricate thermoplastic nanocomposites with high electrical and mechanical
properties is related to the good processing conditions leading to the production of an interconnected
network of nano�llers. Electrical percolation in conducting polymer nanocomposites containing
nano�llers is strongly dependent on the properties of the nano�ller, namely their aspect ratio (L/D),
electrical properties, and dispersion, as well as the nanocomposite microstructure associated to the
dispersion and orientation of the nano�ller within the polymer matrix [57]. The addition of GOn and/or
Fe3O4 has an effect on the electrical conductivity of the polymer matrix because of the intrinsic electrical
properties of graphene and iron oxide which can provide percolated pathways for electron transfer
making the nanocomposites electrically conductive even at low content [58, 59].

The effect of nano�llers on the electrical conductivity of the PVDF-SBR matrix is shown in Fig. 8. From
the results obtained, it is clear that the electrical conductivity was in�uenced by the addition of 5 wt.%
GOn, 5 wt.% Fe3O4 and 5 wt.% GOn:Fe3O4 hybrid nano�llers at various ratios. The electrical conductivity

in Fig. 8 show an increases from 4.37x10− 13 S/m for the neat PVDF-SBR matrix to 1.71x10− 11 and 7
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x10− 12 S/m for 5 wt.% GOn and 5 wt.% Fe3O4 nanocomposite, respectively. The nanocomposites with
GOn alone had higher electrical conductivity than nanocomposites with Fe3O4 alone because of the
higher aspect ratio of GOn. The percolation theory describes the connectivity of objects within a network
structure and the effects of this connectivity on the macroscale properties of the system [60]. The
nano�llers with nanoscopic dimensions and thereby large surface area to volume ratios tend toward
agglomeration due to the strong interparticle attractive forces. This is particularly true for GOn that
experience high van der Waals interlayers interactions. This intrinsic attraction, coupled with their high
aspect ratios, can lead to substantial GOn aggregation. In addition to the nanoscale bundling or
clustering of the nano�llers, the micro- and macro-scale dispersion/distribution is affected by both the
internal inter-nano�llers and nano�llers interactions and by the external forces applied during the
nanocomposite fabrication. The details of the nano�llers microstructure signi�cantly affect the electrical
properties of the �nal nanocomposite and give more advantage to the nanocomposites based on GOn.

The electrical conductivity of the nanocomposites containing hybrid nano�llers is higher than Fe3O4

nanocomposites at the same nano�ller content. However, the results show that the hybrid
nanocomposites GOn:Fe3O4 -2.5:2.5 has an intermediate value (1.10x10− 11 S/m). As a result, the
synergistic effect between GOn and Fe3O4 makes it possible for the partial replacement of the high
aspect ratio and high-cost nano�llers (GOn) with low aspect ratio and lower cost Fe3O4.

3.7. Magnetic properties
Figure 9 presents the magnetic properties of the nanocomposites as measured by the system described
in Fig. 2. The set-up determines the force (stress) necessary to detach the nanocomposites from a
magnet. The measured magnetic stress presented in Fig. 9 shows that all the nanocomposites containing
Fe3O4 alone at 5wt.% and GOn:Fe3O4 hybrid nano�llers exhibit superior magnetic properties than those
observed for the nanocomposite containing GOn at 5wt.% alone. The magnetic stress increases linearly
from 0 Pa for the GOn nanocomposites to reach a maximum of 870 Pa for the Fe3O4 nanocomposites at
5 wt.%. This increase with Fe3O4 content con�rms the ferromagnetic behavior of the nanocomposites,
which is attributed to the magnetic properties of the Fe3O4 nanoparticles and to the good
dispersion/distribution of the magnetic nano�llers inside the polymer matrix con�rmed by SEM (Fig. 3)
and mechanical (Fig. 6) results [4, 61].

For the hybrid nanocomposites, the magnetic stress increased with increasing Fe3O4 ratio. At low
nano�llers content, the nanocomposites are superparamagnetic due to the directions of weak
magnetization axes which are randomly distributed [62, 63]. However, at high concentration, a interaction
between the nano�llers occurs to form an in�nite conductive network leading to ferromagnetic properties.
The advantage of introducing magnetic nanoparticles in a material is twofold, as magnetic �eld
gradients can be used to move the material, while alternating magnetic �elds can be used to locally heat
up the regions in the proximity of Fe3O4 .As the size of magnetic particles is reduced below a critical
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diameter (typically in the order of tens of nm), particles behave as superparamagnets[64] i.e., the atomic
moments of the nanoparticle are aligned into a giant magnetic moment.

Once again for the magnetic properties, the hybrid system is an excellent way to produce
nanocomposites with good magnetic properties, but good distribution/dispersion of the nano�llers in the
matrix is required, which also leads to higher mechanical properties.

4 Conclusion
In this work, the combination of graphene nanosheets (GOn) and ferromagnetic iron oxide nanoparticles
(Fe3O4) was used to produce a novel hybrid nano�ller system which was highly effective to overcome the
agglomeration phenomenon. In particular, a PVDF/SBR blend was used as the matrix to get a balance
between rigidity and ductility. Three GOn:Fe3O4 ratio were used to compared with the properties of each
nanoparticle used alone.

The results showed a signi�cant improvement in structural, thermal, mechanical, rheological, electrical
and magnetic properties of the hybrid nanocomposites due to strong interfacial interaction and a
synergistic effect from the combination of both kinds of nano�ller (GOn and Fe3O4). The synergistic
effect of 2D exfoliated GOn with 1D Fe3O4 nanoparticles improved the dispersion/distribution
homogeneity by avoiding agglomeration phenomenon within the polymer, resulting in nanocomposites
with enhanced properties. Based on the results obtained, it is now possible to develop novel
multifunctional nanocomposites based on the combination of existing nanomaterials. The possibilities
are enormous, especially for conductive applications like electronics, sensors, energy harvesting and
storage, as well as other more general properties like electromagnetic interference (EMI) shielding and
radar/infrared blocking.
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Figure 1

Schematic illustration of the preparation steps for the PVDF-SBR nanocomposites with iron oxide
nanoparticles and graphene oxide nanosheets at different nanoparticles content.
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Figure 2

Schematic representation of the setup developed to characterize the magnetic strength of the
nanocomposites [25].
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Figure 3

SEM images of : (a, a’) the neat PVDF-SBR blend and (b, b’) a typical nanocomposite (GOn-Fe3O4 at 2.5-
2.5 wt.%).
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Figure 4

FTIR spectra of the neat PVDF-SBR blend and its nanocomposites.
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Figure 5

Thermogravemetric analysis of the neat PVDF-SBR blend and its nanocomposites : (a) TGA, and (b) DTG
curves.
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Figure 6

Tensile properties of the neat PVDF-SBR blend and its nanocomposites.
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Figure 7

Rheological properties of the neat PVDF-SBR blend and its nanocomposites.
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Figure 8

Electrical conductivity of the neat PVDF-SBR blend and its nanocomposites.
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Figure 9

Magnetic properties of the neat PVDF-SBR blend and its nanocomposites.


