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Abstract Natural rubber (NR) based nanocomposites containing a constant amount (50 phr) of standard furnace carbon
black and graphene nanoplatelets (GNP) in concentrations from 1 to 5 phr have been prepared. Their dielectric (dielectric
permittivity, dielectric loss)and microwave properties (coefficients of absorption and reflection ofthe electromagnetic waves
and electromagnetic interference shielding effectiveness) have been investigated in the 1-12 GHz frequency range. The
results achieved allow us to recommend GNP as second filler for natural rubberbased composites to afford specific absorbing

properties.
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1. Introduction

Significant scientific and technological interest has fo-
cused on carbon - polymer nanocomposites over the last
two decades. The specific development of poly meric nano-
composites based on conventional poly mers and conductive
carbonaceous materials has drawn much attention as a route
to obtain new materials with new structural and functional
properties superior to those of the pure components that
find applications in many industrial fields. Control of the
size, shape and surface chemistry of the reinforcement ma-
terials are essential in the development of materials that can
be used to produce devices, sensors and actuators based on
the modulation of functional properties as[1]. At present,
nanocomposites employing carbon-based reinforcement
materials are dominated by carbon nanotubes (CNTSs)
as[2-4]. However, the development of CNT-reinforced
composites has been impeded by both their difficult disper-
sion in the polymer matrix and their high cost.

The discovery of graphene[5] and the subsequent devel-
opment of graphene-based polymer nanocomposites is
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an important addition in the area of nanoscience and tech-
nology. Graphene is an allotrope of carbon, whose structure
is one-atom-th ick planar sheets of sp>—bonded carbon atoms
packed in a honeycomb lattice. It is the basic structural
element of some carbon allotropes including graphite,
charcoal, carbon nanotubes and fullerenes[6].

Compared to carbon nanotubes, as well as its high aspect
ratio and low density graphene has attracted considerable
attention because of its unique and outstanding mechanical,
electrical and electronic properties (e.g. exceptional in-plane
electrical conductivity — up to ~ 20,000 S/cm and highest
thermal conductivity - up to ~ 5,300 W/mK).

All these unique properties in a single nanomaterial have
made physicists, chemists and material scientists exited
about graphene’s potential. The history, chemistry, prepara-
tion methods and possible applications of graphene are re-
viewed in[7-9]. Another new review focused on trends and
frontiers in graphene-based polymer nanocomposites was
published an year ago[10]. Recently, the trustees of Prince-
ton University received a patent for graphene-elastomer
nanocomposites where functionalized graphene sheets had
been dispersed in vulcanized natural rubber, styrene buta-
diene rubber, Ps-isoprene-Ps and Polydimethylsiloxane
(PDMS)[11]. The authors concluded that graphene-rubber
nanocomposites possess qualities like those of carbon
nanotube composites but are much cheaper to make.
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Nanostructure material might be one of the most promis-
ing materials to enhance the EM wave absorption ability
owing to its higher surface area, more surface atoms, mu lti-
reflection, and thus larger dielectric or/and magnetic loss.
Combination of poly mers and nanomaterials is able to inte-
grate the large electric/magnetic loss of inorganic materials
and the easy tenability of polymer and is possibly an opti-
mal strategy to design excellent EM wave absorption mate-
rials.

Lately the research works appear about a possible appli-
cations of nanocomposites based on elastomeric matrices
and carbon nanotubes as filler in microwave absorbers for
deciding of electromagnetic interference (EMI) and elec-
tromagnetic compatibility (EMC) problems[12-21]. The
polymer matrices used in these cases are usually epoxy
resin, acrylonitrile—butadiene rubber, styrene-butadiene
rubber, silicone rubber, polyurethane rubber. Comparatively
it is rare to find out investigations on nanocomposites based
on natural rubber (NR) and carbon nanotubes and this is in
the last years[22- 25].

The data about graphene influence on the microwave
properties of the elastomeric composites are very scarce. Y.
Chen et al. used functionalized graphene-epoxy composites
as lightweight shielding materials for electromagnetic ra-
diation[26]. I. M. De Rosa and co-workers have a wide ex-
pertise in the design of micro/nanocomposites based on
carbon fibers and carbon nanotubes, for the realization of
high performing radar absorbing screens, with tailored
properties[27-29]. In a recent paper[30], the authors have
accomplished a Salisbury screen that consists of three layers.
The second layer (the spacer) is a low-loss-tangent nano-
composite based on a Bisphenol-A based epoxy resin filled
with graphene nanoplatelets (GNPs) at 0,5% and 1wt %. The
real and imaginary parts of the complex effective permittiv-
ity within the 8-18 GHz range of the nanocomposite filled
with GNPs have been shown. It has been observed that the
real part of the effective permittivity is nearly constant.

The price of GNPs is still significantly higher than stan-
dard furnace carbon black. In this context, the aim of this
study is to determine whether the addition of small quantities
(1-5 phr) GNP to one standard significantly greater amount
of active furnace carbon black (50 phr) can be used as a way
to modify and control, primarily to improve the dielectric
(dielectric permittivity, dielectric loss) and microwave
properties (coefficient of reflection, coefficient of attenua-
tion, electromagnetic interference shielding effectiveness) of
composites based on natural rubber in the high frequency
range 1-12 GHz. Data for such astudy of those combinations
of fillers that we mentioned was not found in the literature.

2. Experimental

2.1. Materials

Natural rubber (SMR 10) was purchased from North
Special Rubber Corporation of Hengshui, Hebei Province,
China. Other ingredients such as zinc oxide (ZnO), stearic
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acid(SA),N-(1,3-dimethylbuthyl)-N’-phenyl-p-phenylenedi-
amine (Mulkanox 4020, produced by Lanxess), MBTS
(Vulkacit DM, produced by Lanxess) and sulphur (S) were
commercial grades and used without further purification.

2.2. Characterization of the Graphene used

Graphene produced by Hayzen Engineering Co., Ankara,
Turkey was used in our investigation (Figure 1). Graphene
nanoplatelets (GNP) have a "platelet” morphology, meaning
they have avery thin but wide aspect (“sheet”-like structure).
Aspect ratios for this material can range into the thousands.
Each particle consists of several sheets of graphene with an
overall thickness of 50 nm and average plate diameter 40
microns. The pattern taken in SAED regime shows a con-
siderable number of spot-like reflections typical for sin-
gle-crystal structures (Figure 1 - in the right angle).

2.3. Characterization of Carbon Black used

The specific structure features of carbon black used
(Corax N 220, produced by Evonik) are shown in Figure 2.

It can be seen that the primary particle size of the carbon
black used is about 20 nm, but their capability to form sec-
ondary aggregates and agglomerates is considerable. SAED
indicates the absence of crystal structures.

#

Figure 1. TEM Micrographs of GNP intransmission regime and selected
area electron diffraction regime (insert inthe right comer)

[ee RS
Figure 2.  TEM micrographs of furnace carbon black Corax N220 parti-
clestogether with SAED (insert in the right comer)

2.4. Preparation and Vulcanization of Rubber
Compounds
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2
P, =P, @-|") 2

rubber compounds (in phr) used for the investigations.

Table 1. Composition of the rubber compounds studied

Ingredients NR 1 NR 2 NR 3 NR 4
Natural Rubber 100 100 100 100
Foaming agent 8 8 8 8

Stearic acid 1 1 1 1

Zn0O 4
Processing oil 10 10 10 10
Carbon black N220 50 50 50 50
GNP 0 1 3 5
MBT § 2 2 2 2
TMTD" 1 1 1 1
IPPD 4020° 1 1 1 1
Sulphur 2 2 2 2

g Mercapto benzothiazole sulphenamide
Tetramethyl thiuram disulphide

¢ Dimethylbutyl-phenyl-p-phenylendiamine

The rubber compounds were prepared on an open two-roll
laboratory mill (L/D 320x360 and friction 1.27) by incor-
porating pre-characterized CB and GNPs into a natural
rubber matrix at various loadings (Table 1). The speed of the
slow roll was 25 min™*. The experiments were repeated for
verify ing the statistical significance. The ready compounds
in the form of sheets stayed 24 hours prior to their vulcani-
zation.

The optimal vulcanization time was determined by the
vulcanization isotherms, taken on an oscillating disc vul-
cameter MDR 2000 (Alpha Technologies) at 150°C ac-
cording to 1ISO 3417:2002.

These composites were evaluated for their dielectric (di-
electric permittivity, dielectric loss angle tangent) and mi-
crowave (reflection coefficient, attenuation coefficient,
shielding effectiveness) properties in the 1-12 GHz fre-
quency range.

2.5. Measurements

2.5.1. Reflection and Attenuation

Measurements of reflection and attenuation were carried
out using the measurement of output (adopted) power P, in
the output of a measuring line without losses, where samples
of materials may be included. Because of the wide frequency
measurement a coaxial line was used. Samples of the mate-
rials were shaped into discs with an external diameter
D=20.6mm, equal to the outer diameter of the coaxial line
and thickness of A ~ 2mm. The internal diameter depended

on the relative dielectric permittivity of the material.

The sample reflected a part o fthe incident electromagnetic
wave with power Pj,. The rest of the wave with power P,
penetrated the material, so that the attenuation L depended
on the coefficient of reflection [I'|. Its module was deter-
mined by a reflect meter. Thus the attenuation was deter-
mined by

P
L=10log—,dB
95 (1)

p

The following scheme presents the equipment used for
testing both parameters (Figure 3)

R, ¥
S|

1 - a setof generators for the whole range:HP686A and G4 - 79t0 82;

2 - Coaxial section of the deck E2M Orion, with samples of material;

3 -Power meter HP432A;

4 — Scalar reflectometer HP416A;

R - Reflectometer

Figure 3. Scheme of the equipment for measuring the microwave proper-
ties

2.5.2. Shielding Effectiveness (S. E.)

This parameter is defined as the sum of the reflection
losses R,dB and attenuation L,dB in the material[31].It can be
directly measured or calculated from the measured reflec-
tance and attenuation in the material. In the first case, as
measured: incident power on the sample P;, and adopted
after the sample P,, S.E. is determined by

P

S.E.=10 IogFO,dB 3)

In the second, if known reflection and absorption in the
material, S.E. is determined, by a definition, as

SE.=R,dB+L,dB (4)

where R, dB is the attenuation due to the reflection of
power at the interfaces.

In the present work the shielding effectiveness was de-
termined by equation (4).

2.5.3. Complex Permittivity

The determination ofcomp lex permittivity was carried out
by the resonance method, based on the cavity perturbation
technique[32].

Having measured the resonance frequency of the empty
cavity resonator f, a measurement of the shift in resonance
frequency f. was carried out in the presence of the sample
material. Then the dielectric constant ¢, was calculated from
the shift in resonance frequency, cavity and the sample cross
sections S; and S,, respectively
S, . f,— 1, _ (5)
2S, f,

The sample was in the formof a disc with a diameter of 10
mm and about 2 mm thick. It was placed at the maximum
electric field location of the cavity. Because the thickness of
the sample was not equal to the height of the resonator, a
dielectric occurred with an equivalent permittivity &, at the
place of its inclusion. The parameter was determined by (5)
and instead &, be saved g,. Then &, was determined by

g =1+
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& =g (k+D) -k, (a<<l) (6)
where k=1/A and | is the distance from the disc to the
top of the resonator.

2.5.4. Loss Factor tan &

The loss factor tan & was calculated from the quality fac-
tor of the cavity with Q, and without sample Q;

1S (1 1
tandg =——"| ———|. (7
4z,5,(Q, Q
The measurement setup used several cavity resonators for
the whole range, generators for the whole range, frequency
meter and oscilloscope.

The following scheme presents the set used for measuring
the dielectric properties (Figure 4):

<+

w

p—
L}

2 e

1 - Generators for the whole range: HP686A and G4 - 79 to 82;

2 — Frequency meters: H532A; FS—54;

3 — Cavity resonator;

4 — Sample;

5 - Oscilloscope EO 213.

Figure 4. Scheme of the equipment for measuringthe dielectric properties

3. Results and Discussion
3.1. Dielectric Properties

3.1.1. Complex Permittivity

The dependence of the real part of complex dielectric
permittivity (the so-called relative dielectric permittivity &)
on the frequency and amount of the second filler is shown in
Figure5.

44
Z 42
2
£ 4
£
g 38 —+—n=0
(-9
-g 36 —a—n=1
g
ﬁ 34 T —&—n=3
o 32 —e—n=5
3
2 4 6 8 10 12 14
f,GHz
Figure 5. Frequency dependence of relative dielectric permittivity at

constant first filler amount (CB-50 phr) and various second filler amount
(n-phr of GNP)

It can be seen from the graphs that with the increase of
frequency and amount of the second filler (GNP) at constant
amount of carbon black (50 phr), the values of relative di-
electric permittivity increase. The influence of the frequency
and amount of the second filler is significantly pronounced
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in the range 7-12 GHz and the values of ¢, are between 3.2
and 3.8.

The polarization mechanism operating in the gigahertz
frequency is purely electronic or orientational with relaxa-
tion times smaller than the time period of the applied signals.
Interfacial polarization, which is the basic reason for the
dispersion in dielectric permittivity at radio frequency re-
gime, has no role to play in microwave frequencies as it does
not produce dispersion in & because of its much smaller
relaxation time. But & was found to increase with the in-
crease of phr of graphene nanoplatelets in the composite as it
is evident from Figure 5. This phenomenon of increase in
dielectric permittivity with the increase in second filler
concentration can be attributed to the enhancement of elec-
trical conductivity of the composites. We consider it was due
to graphene, because we have observed similar alterations in
the natural rubber based composites with graphene as a
filler[33].

3.1.2. Dielectric Loss

The dependence of the imaginary part of the complex di-
electric permittivity (dielectric losses) on the amount of the
second fillerand the frequency at constant amount of the first
filler is shown in Figure 6.

With the increase of frequency, the dielectric losses de-
crease, but by increasing the amount of the second filler
(GNP) the losses increase. The values of tan & are between
1.7.10% and 13.10°.

14

12

10

Dielectric loss
o N & o

Figure 6. Frequency dependence of dielectric loss at constant first filler
amount (50 phr) and various second filler amount (n-phr of GNP)

3.2. Microwave Properties

3.2.1. Coefficient of Reflection
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Figure 7. Frequency dependence of coefficient of reflection at constant
firg filler anount (50 phr) and various second filler amount (n-phrof GNP)
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The dependence of the coefficient of reflection of elec-
tromagnetic waves on the frequency and amount of the
second filler is shown in Figure 7.

It can be seen from the graphs that with the increase of
frequency and amount of the second filler, the reflection
coefficient also increases and reaches 0.79 value when n=5
and =12 GHz The influence of the amount of GNP is
stronger compared to the influence of frequency.

3.2.2. Coefficient of Attenuation

The dependence of the coefficients of attenuation on the
amount of the second filler and frequency is shown in Figure
8.

Attenuation Coefficient, dB/cm
oo ow
nwn o un o

f, GHz

Figure 8. Frequency dependence of coefficient of attenuation at constant
firg filler amount (50 phr) and various second filler amount (n-phrof GNP)

It is obvious that with the increase of the amount of the
second fillerand frequency the coefficient of attenuation also
increases. When the amount of GNP is higher (e.g. at 5 phr,
the attenuation coefficient of composites is in the range of
22-39dB/cm).

3.2.3. Shielding Effectiveness

The dependence of the shielding effectiveness on the
amount of the second filler and the frequency is shown in
Figure 9. The decrease in the values of this characteristic
depending on frequency is quite obvious since the growth of
the coefficients of attenuation is apparently not high enough
to make up for the increase in reflection coefficients. These
two coefficients according to equation (4) are crucial to the
formation of the value of the shielding effectiveness.

—+—n=0

S.E., dB

—&—n=1
——n=3

6 ——n=5

f, GHz

Figure 9. Frequency dependence of electromagnetic interference shield-
ing effectiveness at constant first filler amount (50 phr) and various second
filler amount (n-phr of GNP)

It was found out that the percolation threshold for com-
posites filled with the investigated fillers, but individually
and not in combination, is at 12 and 15 phr respectively for
GNP and CB[34]. It is possible because GNP and CB have
different geometry (the values of aspect ratio for CB is 1 and
for GNP — from 120 to 200). According to Balberg[34] the
average interparticle distance can be different in the carbon
nanofillers with different aspect ratios. The more spheri-
cal-like structure, the larger the interparticle distance will be
formed. For the elongated particles, their composites have a
very narrow distribution ofthe distances due to the entangled
particles structures[35] and the volume resistivity of the
composites decreases monotonically with increasing the
aspect ratio. The interparticle distance, composites micro-
structure and the volume resistivity have a strong influence
on the microwave properties[36]. Presumably the increase of
the dielectric permittivity ofthe composites, containing GNP
and carbon black toward high frequencies is induced by the
dielectric relaxation which suggests that the established
percolation network structure is not stable and easily affected
by the external frequency disturbances.

Our investigations present that adding small amounts (1-5
phr) of GNP to a standard constant amount of active furnace
carbon black can be used as a way to modify and to improve
the dielectric (dielectric permittivity, dielectric loss) and
microwave properties (coefficient of reflection, coefficient
of attenuation, electromagnetic interference shielding effec-
tiveness) of natural rubber based composites in the high
frequency range 1-12 GHz.

4. Conclusions

NR based nanocomposites containing a constant amount
of standard furnace carbon black and GNP in concentrations
from 1 to 5 phr have been prepared. Their dielectric (dielec-
tric permittivity, dielectric loss) and microwave properties
(coefficients of absorption and reflection of the electro-
magnetic waves and electromagnetic interference shielding
effectiveness) have been investigated in the 1-12 GHz fre-
quency range. It was found effect of modifying the properties
of the composites. Adding small amounts of GNP to a con-
stant amount of carbon black can be used as a way to control
and primarily to improve the dielectric and microwave
properties of composites based on natural rubber in the high
frequency range 1-12 GHz. The results achieved allow us to
recommend graphene as second filler for natural rubber
based composites to afford specific absorbing properties.
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