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The molecular dynamics of a triblock copolymer and of expanded graphite nanoplatelets were investigated. Composites were
prepared using the solution technique. The effects of filler addition and of filler-matrix interactions were investigated using dielectric
relaxation spectroscopy (DRS) and dynamic mechanical analysis (DMA). Only one relaxation was observed by DRS, which was
associated with the relaxation of the main polymer chain. Both DRS and DMA demonstrated that the addition of the filler does
not cause a significant change in either the temperature of the relaxation or its activation energy, which suggests the presence of
weak interactions between the filler and matrix. The storage modulus of the composites increased with increasing filler content.
The composite containing 8% filler exhibited a storage modulus increase of approximately 394% in the rubber area. Using the DC
electrical conductivity measurements, the electrical percolation threshold was determined to be approximately 5%. The dielectric
permittivity and conductivity in the microwave region were determined, confirming that percolating behavior and the critical

threshold concentration.

1. Introduction

Graphene is a flat monolayer of carbon atoms that are tightly
packed into a two-dimensional (2D) carbon honeycomb lat-
tice. Recently, graphene has attracted considerable attention
due to its high surface area, low density, and electrical and
mechanical properties [1-7]. The incorporation of graphene
particles into polymer matrices promises to produce compos-
ites that possess unusual properties [8-16].

The electrical conductivity of an insulating polymer can
be enhanced by adding different conducting particles, such as
carbon [1-15], metals, or even another conducting polymer
[16]. A low electrical percolation threshold can also be
achieved with graphene sheets. An electrical percolation
threshold of 0.05wt.% was observed in the polyethylene-
terephthalate matrix [17]. Additionally, an improvement

in mechanical properties was observed in thermoplastic
polyurethane, and the incorporation of 3wt.% of ultra-
thin graphene sheets improves the storage modulus (by
300%), shear viscosity (by 150%), and thermal stability of
the material. Further improvement was observed when the
oxidized form of graphene was applied; this improvement was
likely due to improved chemical interactions [18]. Moreover,
graphene-based composites have been reported to possess
a novel behavior: photoactuation [19]. Compared to other
carbon-based fillers, the graphene-based nanopellets exhib-
ited the best actuation behavior [20]. This result highlights
the potential of these elastomer-based graphene composites.

The physical properties of a composite are always deter-
mined by the employed processing technique. Compared
to the solution mixing method, the in situ preparation
of graphene oxide/polyurethane composites resulted in an



improvement in the modulus. The observed reinforcing effect
was attributed to the improved interactions obtained during
this in situ method [21]. Similar results were also obtained in
the thermoplastic polyurethane matrix [22]; however only a
weak reinforcement effect has been reported in polyethylene
matric [23]. The physical properties of the grapheme-polymer
composites depend also highly on the degree of cross-linking
and the final morphology [24]. This result can be attributed to
the decreased aspect ratio of the filler, as it can emerge either
in a wrinkled conformation of the filler [25] or due to particle
attrition during mixing [26]. It was also reported that the
sonication of expanded graphite in a viscous solution enables
the further separation of graphene platelets into smaller
nanometer-sized platelets [27]. As the expanded graphene
layers are intercalated by polymer chains, it is hypothesized
that the sonicated expanded graphene possesses a larger
number of smaller platelets and therefore serves as a more
efficient nanofiller [28].

The need to protect electronic components against
electromagnetic interference is very important, particularly
at microwave frequencies where wireless communications
occur. The effects of electromagnetic interference can be
decreased by positioning a shielding material between the
source of the electromagnetic field and the electronic compo-
nent. Graphene composites are a good possibility for achiev-
ing that objective. Then, microwave dielectric properties were
measured using the resonant cavity method [29, 30]. To the
best of our knowledge there is only one work concerning
microwave spectroscopy study of graphene-based elastomer
composite materials when the microwave permittivity of
styrene-butadiene rubber composite was unaffected by strain
up to 8% [31].

Therefore, in this study, expanded graphite obtained
using the solution sonication technique was employed. In this
paper, the results from a study on the molecular dynamics of
a styrene-isoprene-styrene and graphene sheet composite are
presented. The composites were prepared using the solution
technique, and their percolation behaviors, impedance spec-
tra, and mechanical properties were characterized.

2. Materials and Methods

2.1. Materials. GFG50 expanded graphite particles, with
an average size of 50 ym, were obtained from SGL Tech-
nologies GmbH, Germany. Kraton D1165 PT (a linear tri-
block copolymer based on styrene and isoprene with a
polystyrene content of 30%) was purchased from Kraton
Performance Polymers Inc. Toluene with a p.a. purity was
purchased from Sigma-Aldrich and was used without further
purification.

A dispersion of GFG50 in 50 mL of toluene was produced
by sonication in an ultrasonic bath for 20 minutes, followed
by mixing with a polymer solution (2g of polymer was
dissolved in 20 mL of toluene under rigorous stirring). The
thin films were casted onto a Teflon array. The thin films
with a nanofiller concentration of up to 10 wt.% exhibited an
average thickness of approximately 400 pm.
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2.2. Polymer Characterization. XRD analysis was conducted
using a Bruker D8 DISCOVER diffractometer equipped with
an X-ray tube with a rotating Cu anode operating at 12 kW. All
of the measurements were performed using a parallel beam
geometry with a parabolic Goebel mirror positioned in the
primary beam.

The X-ray diffraction patterns were recorded using a
grazing incidence setup with an angle of incidence 2°. The
surface morphologies were examined using scanning elec-
tron microscopy with a dual beam (FIB/SEM) Microscope
Quanta 3D 200i (FEI). The free surface and the cross sections
of these materials were investigated. All of the specimens were
sputter coated with a thin layer of gold prior to examination.

TGA measurements were performed using a Mettler
Toledo TGA/SDTA 851 instrument in a nitrogen flow
(30 mL/min) using a heating rate of 10°C/min over the tem-
perature range from 25°C to 800°C. Indium and aluminum
were used for temperature calibration. The amount of sample
used was 2mg. Two parallel runs were performed for each
sample.

Viscoelastic measurements were performed using a TA
Instruments DMA Q800 dynamic mechanical analyzer. Sam-
ples with uniform shapes were measured in the module
tensile multifrequency strain at 10 Hz and a strain amplitude
of 5 um. The loss tangent (tan §) and storage modulus were
obtained from -100°C to 130°C using a heating rate of
2°C/min.

For the electrical measurements of the samples, contacts
were made by painting both sides of the polymer sample
with silver paste, simulating a parallel plate capacitor with
a surface area of 1cm® and a distance between electrodes of
approximately 0.4 mm.

DC conductivity measurements were conducted using
the standard two contacts with the guard method, using a
Keithley 617 Electrometer, at temperatures between —110°C
and 90°C in an inert atmosphere.

Dielectric measurements were performed using an Agi-
lent 4294A Precision Impedance Analyzer for frequencies
between 40 Hz and 2 MHz. The general approach is to apply
an electrical stimulus and to observe the response of the mate-
rial. It is then assumed that the properties of the electrode-
material system are time invariant, which is an important
assumption for the measurement method. The amplitude
of the applied voltage was 1V. From a practical point of
view, dielectric spectroscopy can provide a measurement
of the complex permittivity, ¢"(w) = e(w) - i (w), or
derived quantities related to it, such as the dielectric modulus,
M = &', The macroscopic properties, such as impedance,
Z*(w) = Z'(w) - iZ"(w), or admittance, Y = Z7!, can
also be obtained. The interrelations between these quantities
are simple when their geometric parameters (shape, size, and
thickness) are known. In our case, the measured values were
used to calculate the dielectric complex modulus (M™) using
a parallel RC (Resistance-Capacitor) model of the sample.
The estimated relative errors on both the real and imaginary
parts of the complex permittivity were less than 2%.

For the microwave dielectric measurements, the resonant
cavity method at 2.7 GHz was used. The samples used were
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FIGURE 1: WAXS patterns of different samples; neat polymer matrix

(0%) and three different composites with 0.5; 5; and 10 wt.% of filler,
respectively.

prepared as cylinders with a height of 8 mm and a diameter
of 4 mm. In this method, the shift in the resonant frequency
of the cavity, Af, caused by the insertion of a sample in
a cavity sample, which is related to the real part of the
complex permittivity, &', and the change in the inverse of the
quality factor of the cavity, A(1/Q), which is associated with
the imaginary part, ", were measured. The mathematical
formalism is simple when we consider only the first-order
perturbation in the electric field caused by the sample [32]:

A
¢ =K—fz+1
0V
@
el = 5A<l>z,
2 Q) v

where K is a constant related to the depolarization factor,
which depends upon the geometric parameters; f, is the
resonance frequency of the cavity; v is the volume of the
sample; and V is the volume of the cavity. By using a sample
with a known permittivity as a reference, it is possible to
calculate the constant K. In this case, a PTFE sample with
the same shape and dimensions of the samples was used as
a reference. These measurements were performed using an
Agilent 8753D Network Analyzer coupled to a 2.7 GHz cavity
resonator.

3. Results and Discussion

Figure 1 shows the WAXS patterns of different samples. In
this figure, 4 lines can be observed for the neat polymer and
for 3 composites with different concentrations of nanofiller
(0.5, 5, and 10 wt.%). The WAXS pattern of the neat polymer
matrix contains only one broad peak at approximately 20 =
18.5°. The addition of expanded graphite introduced a new
peak at 2@ = 26.5°, corresponding to the 002 reflection peak
of pure graphite. The intensity of this peak increased as

the concentration of GFG50 in the sample increased. No
other peaks at lower 20 angles were observed, which indi-
cates no exfoliation to longer distances between individual
layers of graphite. This scattering profile corresponds to that
of the neat matrix polymer with separate phase (microcom-
posite) [10]. However, we believe that the sonication step
allowed for further separation of graphite platelets to indi-
vidual graphene sheets, as observed in the scanning electron
micrographs of the composites. Because the concentration of
graphene sheets is significantly lower than the concentration
of expanded graphite particles, which have the dominant
peak in the WAXS pattern, no related signal was observed.
In addition, peaks of the graphene sheets can also be covered
by the broad peak of the amorphous polymer at 20 =18.5°.

As shown in Figure 2, the nanocomposite surface is not
completely flat. This slight waviness was created during the
evaporation of the solvent. Small graphene particles (white
lines, sizes up to 10 ym in length but only few nanometers
in thickness) are observed at the surface and are oriented
out from the surface. The entire surface is homogeneous
for all of the samples, with the same texture. As indicated
by the cross-sectional area, this composite is homogeneous
through the entire thickness without preferred sedimentation
at one side; however, drying the free-standing solvent-casted
films required a few hours. Therefore, the distribution of
graphene particles is isotropic, meaning that the nanofiller
was homogeneously separated in the solvents and that the
addition of polymer solution caused the filler to be covered
with polymer chains, which prevented their restacking. The
starting carbon filler dimension was approximately 50 ym,
and its thickness after sonication is at the nanometer scale,
which is evidence that the sonication process exfoliated large
graphite particles to thinner ones [33].

Thermogravimetric analysis (TGA) was performed under
an inert atmosphere to avoid oxidation processes. As
observed from the TGA curves (Figure 3), the neat polymer
is stable up to 310°C, when rapid thermal degradation began.
At Ty = 391°C, 50 wt.% of the polymer is decomposed. The
entire neat polymer is decomposed at 471°C. The addition of
expanded graphite has only a weak effect on thermal stability;
however expanded graphite could act as fire retardant [34].
The onset of thermal degradation is the same as that for the
neat polymer. T, value is only slightly shifted by approxi-
mately 11°C to higher temperatures up to 402°C (the value
increased as the content of nanofiller increased). The thermal
degradation of the composites was completed at the same
temperature as for the neat polymer matrix. Only the amount
of residue increased as the content of GFG50 particles
increased (graphite cannot be removed by combustion under
a nitrogen atmosphere at this low temperature).

Figure 4 shows the storage modulus and tan § of the neat
polymer matrix curve. The values of the measured properties
at selected temperatures are presented in Table 1.

As shown, there are no significant changes in the value
of the glass transition temperature between the neat material
and composites. The first transition is close to —40°C. This
transition is caused by the isoprene part of the SIS block
copolymer. The second transition caused by the styrene part
of the copolymer occurs at an average temperature of 110°C
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FIGURE 2: SEM images of GFG50 in Kraton: (a) cross-sectional area of the whole composite for 5wt.% GFG50; (b) detailed view of cross-
sectional area; (c) surface area of nanocomposite.
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FIGURE 3: TGA curves for all samples.
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TABLE 1: Summary of the thermal and mechanical properties obtained from DMA measurements.

x T,bytand('C) SD T,bytand ('C) SD E' 0o (MPa)

SD  E,.c (MPa) SD E'jyc (MPa) SD E'gpc (MPa) SD

0 -39.8 0.2 110.7 1.8 2796.5 400.9 5.4 0.2 4.5 0.3 3.6 0.1
0.5 -39.7 0.4 111.0 17 1228.9 4774 4.2 1.6 3.1 1.4 2.3 1.2
1.0 -40.4 1.0 110.8 17 3256.5 580.5 6.7 2.5 5.5 2.7 4.2 2.4
2.0 -39.3 1.4 111.6 0.4 3471.5 297.7 8.4 1.7 5.5 3.0 4.8 2.1
4.0 -38.3 3.1 109.9 0.9 3612.0 596.8 12.3 1.4 10.2 0.3 7.8 0.4
5.0 -394 0.9 111.3 0.8 3561.0 2871 12.3 1.5 10.4 11 8.8 0.2
6.0 -39.5 0.8 110.5 13 3889.5 805.4 14.9 0.3 11.9 13 9.3 1.0
8.0 -38.8 0.1 110.6 1.5 4728.5 238.3 26.7 0.9 21.9 2.4 15.4 4.6
10.0 —40.2 11 107.3 1.6 3505.0 1513.2 26.5 3.7 25.3 3.4 18.4 4.9
SD: standard deviation.
Ty: glass transition temperature.
E storage modulus at selected temperature.
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FIGURE 4: Temperature dependence of storage modulus and tan § for neat polymer matrix.
[30]. This behavior suggests very poor interactions between
the filler and polymer chains; however an increase of 6°C in 0,01 4 -
the PS glass transition temperature was previously observed 3
for functionalized graphene sheets in SIS copolymer [35]. 1E -4
The storage modulus values exhibit an increasing trend at ~ ]
all testing temperatures as the content of GFG50 increases. 'E1E- 61
The most significant reinforcement effect was observed for %
the sample with 8 wt.% nanofiller, in which the storage & -
modulus E' was increased by 69% to 4.7 GPa in the glass 1E-81
area and by 394% to 26.7 MPa in the rubber area (at 25°C). 1 -
The mechanical properties of SIS copolymer with graphene 1E - 10 +
particles were also studied by Ansari et al. in tensile mode ;
[36] when the reinforcement was observed with increasing 1E-12 -
concentration of filler up to 1wt.% and then the decrease of 0 2 4 6 8 10

modulus proceeded for higher concentrations.

Figure 5 presents the DC electrical conductivity as a
function of the filler concentration at 27°C (300 K). At low
concentrations, the small increase in the conductivity of
the composite can be attributed to the mobility of a small
number of charged particles through the system without a
continuous conductive path. At the percolation threshold
concentration (5wt.%), the conductivity sharply increases
due to the formation of a continuous conductive path

Concentration (wt.%)

FIGURE 5: DC electrical conductivity op, as a function of the filler
concentration at 27°C (300 K).

developed in the polymer matrix, and finally, at higher
concentrations, the further addition of filler has a marginal
effect on the conductivity. The value of percolation threshold
is significantly higher than for other polymer composites
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FIGURE 6: Transmission of the 2.7 GHz resonant cavity, with the
empty cavity and with different samples, that is, PTFE and copoly-
mer matrix with 1wt.%, 4 wt.%, and 5wt.% conducting fillers.
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FIGURE 7: Conductivity at microwave frequencies (oyny) at 27°C
(300K) (O). The DC conductivity (e) is also included for comparison

(0pc)-

with graphite nanoplatelets [17, 37] but is affected by low
interaction between the filler and the polymer matrix caused
by microstructure of expanded graphite particles as was
observed on WAXS [16].

The percolation behavior can also be observed in the
AC conductivity and permittivity measurements. Figure 6
shows the transmission of the 2.7 GHz resonant cavity, with
the empty cavity and with different samples, that is, PTFE
and copolymer matrix with concentration 1 wt.%, 4 wt.%, and
5wt.% conducting fillers. It can be observed that the highest
perturbation is observed for concentration 5 wt.%, where the
percolation path is formed. This perturbation corresponds to
highest real and imaginary parts of the complex permittivity.

Using the relation

Opc = € 27fe, (2)

it is possible to calculate the conductivity at microwave
frequencies, which is shown in Figure 7 (open squares), at T =
27°C (300 K), in which the DC conductivity is included for
comparison (open circles).
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FIGURE 8: Dielectric constants measured at several frequencies (o at
GHz, O at kHz, and A at MHz) at a constant temperature of 27°C
(300 K).
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FIGURE 9: Real part of the complex permittivity for a sample with
concentration 5 wt.% at different temperatures.

The dielectric permittivity measurements at microwave
frequencies show the same phenomena. The dielectric con-
stants measured at several frequencies and at a constant
temperature of 27°C (300 K) are shown in Figure 8.

The literature about influence of graphene on the
microwave properties of the elastomeric composites is very
rare. The natural rubber [38, 39], epoxy [40], or styrene-
butadiene rubber based nanocomposites [31] were studied.

Figures 9 and 10 present the real and imaginary parts of
the complex permittivity, e* (w) = €' (w) —ie” (w), for a sample
with concentration of filler 5 wt.% for different temperatures,
in which a relaxation process is clearly observed. The peak
in the imaginary part and the inflection in the real part of
the complex permittivity do not considerably change with
temperature. This behavior is observed for all of the samples,
including the pure copolymer sample, indicating that this
relaxation process is due to the copolymer chains.

Figure 11 presents the Cole-Cole plot of the complex
permittivity for the same sample at different temperatures.
The observed relaxation has a shape of decentered semicircles
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FIGURE 10: Imaginary part of the complex permittivity for a sample
with concentration 5 wt.% at different temperatures.

with their center situated below the abscissa axis for all of the
temperatures and for all of the samples. This profile indicates
that simple exponential decay, corresponding to a Debye
relaxation, is not appropriate for describing the relaxation
phenomenon and should be replaced by an empirical model,
such as the Cole-Cole model

Ae

& (w) =g, +— .
1+ (jwn)'™

3)
In this model, which is a modification of the Debye equation,
& Is the relaxed dielectric constant, Ae is the dielectric
relaxation strength (Ae = g, — &), T is the relaxation time,
and « is a parameter between 0 and 1 that reflects the dipole
interaction or the complexity of the system. The inset of
Figure 11 shows the fit for T = 350 K. The calculated values
of &, approximately 0.26 and independent of temperature and
filler concentration, show that the system is very complex and
far from the Debye model that corresponds to & = 0. The
relaxation frequency, f, = 1/2m7, can be expressed by the
well-known Arrhenius relation as

E
frocexp |2 (4)
where T is the absolute temperature and k is the Boltzmann
constant. The activation energy, E,,, is practically independent
of the filler concentration, with a value of 3.5 meV, suggesting
that the filler does not interact or only weakly interacts with
the chain segments of the macromolecules in the copolymer.
Furthermore, this result also suggests that there is poor
bonding between the polymer matrix and the conducting
nanoparticles. Stronger interactions between the graphene
filler and polymer matrix should be introduced by surface
modification of graphene particles [41], which will be the aim
of our future research.

4. Conclusion

Percolation behavior was observed with a critical concen-
tration of approximately 5wt.% of conducting filler. This

11 12 13 14 15

FIGURE 11: Cole-Cole plot of the complex permittivity for the same
sample with concentration of 5wt.% at different temperatures. The
inset shows the fit.

phenomenon could be observed using DC and AC conduc-
tivity measurements and was also observed in the dielectric
properties, that is, in the complex permittivity. A relaxation
process was observed in all of the samples, including the
neat polymer matrix; that is, this relaxation is due to the
polymer and not to the fillers. The filler slightly changes this
relaxation, but only very weakly. The activation energy of this
relaxation process is very low. The peak in the imaginary part
and the inflection in the real part of the complex permittivity
do not considerably change with temperature. This result
indicates that the filler does not interact or only weakly
interacts with the chain segments of the macromolecules in
the copolymer. This observation was also confirmed from
the dynamic mechanical analysis, in which an increasing
storage modulus was observed with an increasing amount of
nanofiller, but no effect on the tan & curves was observed.
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