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Abstract

The paper presents a comparative study on the electric, dielectric and microwave properties of
natural rubber based composites comprising dual phase fillers prepared from furnace carbon
black or conductive carbon black with a different amount of silica. It has been established that, the
specifics of the carbon phase have a marked strong effect upon the properties mentioned above.
The interpenetration of the two filler phases and the grade of isolation of the conductive carbon
phase by the dielectric one depend on the ratio between them. On the other hand, that leads to a
change in all properties of the studied composites, which allows tailoring those characteristics.
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1. Introduction

In the recent decades the technological progress has been causing a new type of contamination, namely, elec-
tromagnetic interference (EMI). EMI is an electromagnetic signal emitted by an electronic source which disturbs
the performance of other similar devices in its vicinity [1]-[4]. Therefore, microwave absorbing materials have
been finding wider application in modern technologies such as electronics and telecommunications [5]. The us-
age of such absorbers aims at reducing the radiation reflection, and ensuring EMI shielding and protection [5]-
[9]. Being elastic, easy to process, possessing good mechanical properties and highly resistant to various natural
factors, elastomers have been finding wider application in the design of microwave absorbing materials. How-
ever, most of the neat elastomers are dielectrics and absolutely transparent to electromagnetic radiation. For that
reason, the elastomer based microwave absorbing materials consist of a rubber matrix and electromagnetic wave
absorbents. The necessary electromagnetic performances of a rubber absorbing material (RAM) are owing to the
electromagnetic wave absorbents while the rubber is their carrier [10] [11].

An essential requirement for a good microwave absorbing material is the so-called “impedance matching”,
which can decrease the reflection of the incident wave on the interface between free spaces and absorbing mate-
rials and be in favour of the improvement of absorbing properties. Dielectric and magnetic losses are also im-
portant parameters determining the absorbing properties of microwave absorbents [12]. As known, the main
principles for developing elastomer based microwave absorbers are: finding a suitable dielectric rubber matrix
and filler or a system of fillers possessing high dielectric and/or magnetic loss values (such as conductive carbon
black, y-Fe,0s, Ni-Zn-Fe,04, Fe304, SrFe;,014, etc.) [13]-[18]. The crucial factor to obtain good microwave ab-
sorbers is the ability of the dielectric matrix or of any other dielectric phase to isolate completely the particles of
the conducting filler, i.e. its particles to get in fewer contacts with each other [19].

On the other hand, the constant improvement in wireless technologies and communications in recent years has
set the necessity of creating antennae of miniature size, simplified structure and wider broadband. The com-
pounds being used currently are copper coated laminates with high dielectric constant, which in fact are ce-
ramic-polymer composites [20]. The shortcomings of the high dielectric ceramics are their being of high density
and friability as well as hard process. Those shortcomings are overcome using various polymers [21] [22]. In
this connection, Jin and co-workers have studied the properties of PTFE based composites, comprising SrTiOs
of different amounts. The authors have established that, composites comprising about 60 wt% of SrTiOs, whose
dielectric constant is 12 (&, =12), are suitable for microwave radio frequency antenna applications [22]. In
wideband communication systems, the antenna is the sole interfacing device attached to both the transmitter and
receiver. It has been found that, the impedance bandwidth is of crucial importance for a high performance com-
munication system. The operative frequency of an antenna is affected by dielectric permittivity which is influ-
enced by the types of materials that it is made of. Antennas require a dielectric constant that is high enough (re-
flection loss lower than —10 dB in wide frequency range) for sufficient coupling to the excitation source in order
to operate efficiently [23].

Currently dual-phase furnace carbon black/silica fillers find wider application in rubber industry [24] [25].
According to our working hypothesis, if the silica phase (dielectric phase) in the hybrid fillers is located over the
surface or penetrates the inner domains of carbon black aggregates (conductive phase), it should isolate them
and restrict their interaction. Thus, the electric (conductivity), dielectric (dielectric constant) and microwave
(impedance matching, reflection, absorption, etc.) properties of the composites comprising hybrid fillers could
be controlled by varying the ratio between their conductive and dielectric phases. We have chosen to use im-
pregnation technology for the preparation of such fillers since it is an affordable method facilitating an easy
control over the quantitative ratio between the dielectric and conductive phases in the hybrid fillers.

The paper aims at comparing the electric, dielectric and microwave properties of natural rubber based com-
posites comprising dual phase fillers prepared from furnace carbon black and conductive carbon black with a
different amount of silicon dioxide (silica) and at evaluating the effect that the specifics of carbon phase have
upon the composites properties. Another aim is to assess the possibilities for their application as microwave ab-
sorbers, shielding materials as well as for microwave radio frequency antennae.

2. Experimental
2.1. Materials
Natural rubber SVR 10 supplied by Hong Thanh Rubber Pty. Ltd. was used as a polymer matrix. The other in-
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gredients such as zinc oxide (ZnO), stearic acid, N-tert-butyl-2-benzothiazole sulfenamide (TBBS) and sulphur
(S) were commercial grades and used without further purification.

2.2. Hybrid Fillers Preparation

The hybrid fillers studied were prepared by modification with silicasol (40% of silica, pH-9 and density of 1.3
glem®) of either industrial furnace carbon black type N 330 with specific surface area (BET) 75 m?/g or conduc-
tive Printex XE-2B carbon black with specific surface area (BET) 1000 m?/g (both produced by Orion Engi-
neered Carbons GmbH). A mixture of 100 g of N 330 or Printex XE-2B carbon black and the needed amount of
silicasol, corresponding to 3% or 7% of silica, was placed into a ball mill and 1.6 L of distilled water was poured
over it. The mixture was impregnated for 2 hours. The product was placed into a drying chamber at 150°C and
stayed till its complete drying. After that it was ground again in a ball mill for 2 hours. Then it was thermally
treated at 440°C under 10 2 mm Hg vacuum for 2 hours in a reactor designed especially for the purpose. Thus,
the thermal activation could be run at higher temperature without a negative effect upon the carbon black. Being
removed from the reactor the product was ground again in a ball mill and was ready for further investigations.
Four hybrid fillers based on furnace carbon black N 330 and Printex XE-2B conductive black, and 3% or 7% of
silica were prepared according to the above method. The fillers were denoted as N 330/3, N 330/7, Pr/Si 3 and
Pr/Si 7, respectively.

2.3. Preparation of Rubber Composites

The rubber compounds studied were prepared on a two-roll laboratory mill (rolls length/diameter 320 x 160
mm). Table 1 presents the compositions of the rubber compounds studied. The vulcanization of the natural rub-
ber based compounds was carried out on an electrically heated hydraulic press using a special homemade mold
at 150°C and 10 MPa.

2.4. Measurements

2.4.1. Electrical Properties Measurement

1) Volume Resistivity

Volume resistivity (p,, Q-m) of the studied composites was measured using two electrodes (2-terminal method)
and calculated by the Equation (1):

PRy &

Table 1. Compositions of the investigated natural rubber based composites (phr).

NR 1 NR 2 NR 3 NR 4 NR 5 NR 6
Natural Rubber-SVR 10 100.0 100.0 100.0 100.0 100.0 100.0
Zinc Oxide 3.0 3.0 3.0 3.0 3.0 3.0
Stearic Acid 2.0 2.0 2.0 2.0 2.0 2.0
Carbon Black N 330 70.0 - - - -
N 330/3 - 70.0 - - -
N 330/7 - - 70.0 - -
Printex XE-2B - - - 70.0 -
Pr/Si 3 - - - - 70.0
Pr/Si 7 - - - - - 70.0
TBBS 15 15 15 15 15 15
Sulfur 20 2.0 2.0 20 2.0 20
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where:

R,—ohmic resistance between the electrodes; h—sample thickness between the electrodes, m; S—cross sec-
tional area of the measuring electrode, m?.

A Wheatstone bridge was used to measure the resistance.

2) Surface Resistivity

The surface resistivity of the samples was calculated using Equation (2):

p, =100R, @)

where R; is the resistivity measured in Q.

2.4.2. Dielectric Properties Measurement

The dielectric properties of the composite materials were measured by the resonant perturbation method. Ac-
cording to the resonant perturbation method, the tested sample is introduced into a resonator, and the electro-
magnetic parameters of the sample are deduced from the change in the resonant frequency and quality factor of
the resonator [26]. For the rectangular cavity, TE;o, modes are used for the complex permittivity measurements.
The sample was placed on the spot of maximum intensity of electric field, where n = odd is always adopted, be-
cause the sample’s position can be located easily as the geometric centre of the cavity is one of the maximum
positions [27]. The formulas for the real and imaginary parts of the relative permittivity are as follows [28]:

pef fe= ) Yol ?)
21, V,
V,
8” — C . i_i (4)
4VS QS QC
where f. and Q. are resonance frequency and Q-factor of the cavity without an inserted sample, f; and Q;, are
with an inserted sample, respectively; V. is the volume of the cavity; V; is the volume of the sample.

2.4.3. Microwave Properties Measurement
The total shielding effectiveness was defined as the ratio between the incident power on the sample P, and the
transmitted power Pt in accordance with Equation (5) [29]-[31]:

SE, = 10Iog% (®)

T

The total shielding effectiveness (SEt, in dB) and the reflective shielding effectiveness of the sample surface
(SEg, in dB) were determined by Equations (6) and (7) [32]-[35]:
SE, =-10IgT, (6)

where T =|P, /R | =[S,["-
SE, = -10lg(1-R), ©)

where R=|P/P|=[S,[".

Sy1 and Sy are the complex scattering parameters or S-parameters (Sy; corresponds to the reflection coefficient
and Sy;-to the transmission coefficient).

The absorptive shielding effectiveness (SE,) was calculated as the difference between (6) and (7), as shown in
Equation (8):

SE, = SE, - SE, ®)

The attenuation coefficient (o, dB/cm) was determined using Equation (8). Substituting SE; and SEg in it with
Equations (6) and (7), Equation (9) is obtained.

PI (1_|511|2)

T

SE, =10lg )
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For determining the attenuation coefficient, Equation (9) was divided by the thickness of the sample d in cen-
timetres, as shown in Equation (10).

a :—SEA —10lg| — - (10)
PI (1_|Sll| )
The reflection losses were determined according to Equation (11).
R, =20log,, || (11)

where Ry is the reflection loss, |I'] is the reflection coefficient.

The measurements were carried out at room temperature varying from 19°C up to 24°C and incident power P,
at the inlet of the coaxial measuring line varying from 800 uW up to 1300 pW within the frequency range of 1
GHz to 12 GHz.

3. Results and Discussion
3.1. Electrical Properties

Most elastomers are dielectrics, i.e. they have low conductivity (less than 10 ** S/m). The introduction of vari-
ous conductive nanofillers might improve considerably their conductivity due to the percolation pathways in the
elastomer matrix built by the conductive filler. Thus the electroconductivity increases drastically at a certain
filler concentration termed as “percolation threshold”. That widens to a great extent the application areas of
elastomer composites [36]-[39].

Figure 1 presents the filler concentration dependence of volume resistivity and surface resistivity. Our previ-
ous studies have shown 7.5 phr to be the critical concentration of Printex XE-2B in the rubber matrix at which
the percolation threshold is reached [40]. However, in the case aiming at determining the effect that the sec-
ond-dielectric phase (silica) in the studied hybrid fillers has, the filler concentration in the studied composites is
much higher than the one needed to pass the percolation threshold. As Figure 1 shows, p, and p, values for the
composites comprising carbon black N 330 (NR 1) and for those comprising hybrid fillers on its base (NR 2 and
NR 3) vary in the range 2.2 x 10° to 3.8 x 10® Q:m and 2.3 x 10° - 6.0 x 10° Q, respectively. The composites
comprising conductive carbon black Printex XE-2B (NR 4) and those comprising hybrid fillers on its base (NR
5 and NR 6) have much lower p, and p; values—3.6 to 4.9 Q-m and 5.2 x 10? - 6.3 x 10? Q, respectively, i.e. those
composites have higher conductivity and can be classified as true conductors. The well pronounced difference in
pv and ps values for the composites is due to the difference in the size of carbon black particles, to the difference
in the their specific surface area, respectively. The specific surface area (BET) of furnace carbon black N 330 is

T T T T T T T T T T T
I £ 107
(-)/O —H— pV, Qm
10° 5 L 106
E —0—p, Q £ 10
g £ 10°
c 10°4 F S
> E o
[o%
=10
10" 5 X
E E10
—00——=D0

T ' T T T T T T | T T
NR 1 NR 2 NR 3 NR 4 NR S NR 6

Figure 1. Volume resistivity and (p,) surface resistivity (ps) of the studied composites.
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75 m?/g, that of Printex XE-2B-1000 m%g [40]. The smaller particles of Printex XE-2B, their higher specific
surface area, respectively, favours the formation of conductive pathways, even at lower filler concentrations
what is a prerequisite for higher conductivity.

Evidently in all cases, the volume resistivity and surface resistivity values for the composites comprising the
investigated hybrid fillers increase with the increasing silica amount in them, i.e. their conductivity decreases.
That is due to the silica phase penetration amongst the chain-like structures of carbon black [41]. Thus, the di-
electric phase insulates the conductive one and the formation of conductive pathways is hindered, hence conduc-
tivity of the composite is lower. The results obtained are in full accordance with our working hypothesis.

3.2. Dielectric Properties

Figure 2 and Figure 3 present the frequency dependencies of the real part (& ) and imaginary part (¢") of
permittivity of the studied composites.
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Figure 2. Frequency dependence of the real part of permittivity (&) of the studied composites.
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Figure 3. Frequency dependence of the imaginary part of permittivity (¢") of the studied

composites.
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As Figure 2 shows, in the entire frequency range, &, values for NR 1 comprising virgin carbon black are the
highest of those for the composites comprising furnace carbon black N 330 and the hybrid fillers on its base.
That is due to the interfacial polarization resulting from the inhomogeneity introduced by the filler particles and
the conductive pathways they have built. The higher &/ values in the case reveal that, the molecular polariza-
tion is accomplished easily [42]. The & values of composites NR 2 and NR 3 comprising the hybrid fillers
prepared by impregnation of furnace carbon black N 330 with silicasol are slightly lower than those of compos-
ite NR 1 filled with the substrate N 330 carbon black. The penetration of the silica phase amongst the chain
structures of carbon black and their isolation hinders the formation of conductive pathways. That hampers the
molecular polarization, therefore the real part of permittivity of the composites obtained is lower [41]. The
higher dielectric silica phase amount in the hybrid fillers, the more pronounced its impact is. Similar effects have
been observed for the composites comprising Printex XE-2B conductive carbon black and the hybrid fillers
based on it (NR 4, NR 5 and NR 6). However, in the case the dielectric constant values are much higher ( &/
varies from 112 to 130 at 3 GHz) than those for the composites filled with furnace carbon black (& varies from
3.8 t0 4.2 at 3 GHz). That is due to the difference in the particle size of the two fillers and to the difference in
their ability to form chain structures (conductive pathways). The smaller size of Printex XE-2B carbon black
particles and their aptitude to form chain structures favour the formation of conductive pathways. Hence, the in-
terfacial polarization resulting from inhomogeneity introduced by the filler particles becomes easier and conse-
quently the real part of permittivity gets higher.

Figure 3 shows &" to be a parameter very sensitive to frequency. As seen, &" values for the composites
filled with conductive carbon black Printex XE-2B are higher than those for composites with furnace carbon
black N 330. The result may also be assigned to the differences in their structurality and main characteristics.

3.3. Microwave Properties

Figure 4 and Figure 5 present the frequency dependencies of the reflection loss and coefficient of attenuation of
the composites studied.

As Figure 4 shows, the reflection loss values for the composites filled with furnace carbon black N 330 (NR
1), as well as for those comprising fillers on its base (NR 2 and NR 3), as determined by the amount of the sec-
ond (dielectric) phase, do not differ significantly. Apparently, in the case, the low values (less than —10 dB) are
observed in the 1 GHz to 3 GHz bandwidth. In the 3 GHz to 12 GHz range the reflective loss values are higher
than —10 dB. That indicates matching between the impedance of free space and the impedance of the investi-
gated material only in the 1 GHz to 3 GHz frequency range, i.e. the electromagnetic wave penetrates the sample.
At higher frequencies the greater portion of the electromagnetic wave is reflected by the sample. As seen from

0

24

-4 4

Reflection loss, dB

64/ —#—NR1—@—NR2
é —4&A—NR3—</—NR4
/ —>—NR5—<}—NR6

T T T T T T T T T T T T
0 2 4 6 8 10 12
Frequency, GHz

Figure 4. Reflection loss of the studied composites.
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Figure 5. Attenuation coefficient of the studied composites.

Figure 5, the second phase has a better pronounced effect upon the attenuation coefficient. Evidently, the
higher silica amounts improve the electromagnetic attenuation. Nonetheless, the attenuation coefficient values
for the composites investigated are too low, while the ones for the reflection are too high. Hence, the composites
filled with furnace carbon black N 330 and those with hybrid fillers on its base are unsuitable microwave ab-
sorbing materials. To produce good microwave absorbers one needs composites of low reflection and good at-
tenuation properties. There are two methods for achieving low reflection. The first one involves making so that
the electromagnetic waves are attenuated completely by the composite. The method is hard to accomplish,
therefore researchers prefer the second one which consists of letting the electromagnetic wave penetrate the
composite as much as possible and be attenuated by the absorbing material. Practically that can be realized by
matching the impedance of free space with the material’s impedance. The necessary condition is that the real
part of magnetic permeability (') and the real part of the dielectric permittivity (& ) should be equal, i.e.
u'/e) =1 [12], [43]. Keeping in mind that, carbon black does not possess magnetic properties, the condition
cannot be fulfilled in the case studied because the dielectric constant of the composites comprising furnace car-
bon black N 330 and the hybrid fillers based on it is much higher than their magnetic permeability [44]. When
matching between the impedance of free space and material’s impedance is achieved, i.e. the electromagnetic
wave having penetrated the material should be attenuated, the necessary condition is that, the imaginary part of
permittivity (&” ) and the imaginary part of permeability ( #") should be higher [12], [43].

As Figure 4 shows, the reflection loss values for the composites comprising conductive carbon black Printex
XE-2B and the hybrid fillers on its base in all cases are higher than —10 dB. In the case that means the imped-
ance of the free space mismatches the impedance of the material, i.e. the samples reflect the greater portions of
incident electromagnetic waves. The fact is due to the higher conductivity of the fillers studied which is closer to
the one metals have. However, as seen from Figure 5, the composites comprising conductive carbon black
Printex XE-2B and the hybrid fillers on its base have electromagnetic attenuation values much higher than those
for the composites filled with furnace carbon black N 330. The tendency of an increasing attenuation coefficient
with the increasing silica amount in the hybrid fillers has also been observed in the case. That is due to the pene-
tration of the silica phase amongst the chain structures of carbon black which isolation hinders the formation of
conductive pathways.

The more pronounced ability of the composites comprising conductive carbon black Printex XE-2B and the
hybrid fillers on its base to attenuate the electromagnetic waves could be explained examining thoroughly the
reflection losses presented in Figure 4 and the electromagnetic interference shielding effectiveness presented in
Figure 6. As seen from Figure 4, the reflection loss for the composite comprising hybrid filler based on Printex
XE-2B and 3% of silica (NR 5), for instance, at 1 GHz is about —1.8 dB, i.e. the value of the reflection coeffi-
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Figure 6. Frequency dependence of electromagnetic interference shielding effectiveness of the
composite NR 5.

cient |I'] is about 0.81. The amplitude of the reflected wave will be approximately 81% of the incident wave.
That means the power of the reflected wave will be 66% of the power of the incident wave (P,). According to
Equation (7) and Figure 6, the reflective shielding effectiveness in that case is about 4.6 dB at 1 GHz. Accord-
ing to the law of conservation of energy, the wave penetrating the sample will have power equal to 34% of that
of the incident wave. In accordance with Figure 6, the total shielding effectiveness (SEt) at 1 GHz is approxi-
mately 14 dB. As it is clear from Equation (6), the transmitted power (Pr) is approximately 4% of the incident
power (P,). According to Equations (6), (8) and (10), the low Pt value determines the high SE, value, the higher
attenuation, as well as the dominating absorption character of the microwave shielding effectiveness. The more
pronounced ability of the composites comprising conductive carbon black Printex XE-2B and the hybrid fillers
on its base to attenuate the electromagnetic waves could be also explained by their higher values of the imagi-
nary part of permittivity. Thus they meet the requirements for a good attenuation of electromagnetic waves.
Though, there is a noteworthy drawback in the case—the undesired greater dielectric heating resulting from the
higher &" values [43].

Figure 7 presents the frequency dependence of electromagnetic interference shielding effectiveness of the
composite, comprising the hybrid filler based on furnace carbon black N 330 and 3% of silica. As seen, the total
shielding effectiveness values of the composites filled with furnace carbon black are about three times lower
than those of the composites comprising conductive carbon black. It could be said in the case that, reflection is
the predominating component in the total shielding effectiveness.

The composites obtained, those comprising conductive carbon black Printex XE-2B and the hybrid fillers on
its base, in particular, could find wide application in various areas of electronics. Their total shielding effective-
ness values (varying between 14 and 19 dB), guarantee electromagnetic shielding of 95% and make them valu-
able for manufacturing electromagnetic interference shielding materials [45]-[47]. Their high electric conductiv-
ity and relatively high ability to attenuate the electromagnetic waves, make them suitable for other applications
as well—namely as antennas for mobile devices, automobiles, sensors and military-related applications. Of
course, the applications could be much more provided that, the properties of the composites discussed above are
improved. It is affordable by a more precise optimization of the amount ratio between the conductive and di-
electric phases in the hybrid fillers, as well as by appropriating concentration of those fillers in the elastomer
composites.

4. Conclusion

A comparison has been made of the electric, dielectric and microwave properties of natural rubber based com-
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posites comprising dual phase fillers based on furnace carbon black or conductive carbon black and different
amounts of silica. It has been established that, the specifics of the carbon phase have a marked strong effect
upon the properties mentioned above. The interpenetration of the two filler phases and the grade of isolation of
the conductive carbon phase by the dielectric one depend on the ratio between them. On the other hand, that
leads to a change in all properties of the studied composites, what allows tailoring those characteristics. With an
increasing amount of the dielectric phase in the hybrid fillers, the electric conductivity and dielectric constant of
the composites get lower, while their ability to absorb electromagnetic waves enhances. The higher electrocon-
ductivity and the relatively high ability of the composites comprising conductive carbon black to attenuate the
electromagnetic waves, make them suitable for several applications such as electromagnetic interference shield-
ing materials, antennas for mobile devices, automobiles, sensors and military-related applications, as they meet
the requirements set for the properties that such type of materials should possess.
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