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Abstract Hybrid fillers have been prepared by impregnation of
conductive carbon black with different amounts of silicasol,
equivalent to 3 % and 7 % silica, respectively. The fillers have
been characterized and their effect upon the microwave proper-
ties of natural rubber based composites has been also investigat-
ed. The results obtained show that, the silica (dielectric) phase is
distributed both over the surface and inside the carbon black
aggregates (conductive phase). Thus, the interaction between
the particles of the conductive filler (building of conductive path-
ways) is restricted. It has been established that the microwave
properties studied are dependent on the ratio between the filler’s
phases. The composites filled with the hybrid filler comprising
the highest amount of silica possess the best total shielding ef-
fectiveness and absorptive shielding effectiveness. In all cases
absorption is the mechanism prevailing in effectiveness. Thus,
the fillers obtained allow an easy control and tailoring of the

elastomer based electromagnetic interference shielding mate-
rials. The investigations carried out reveal the good potential of
the composites studied for finding applications as antennas, au-
tomobiles, sensors and military-related applications.

Keywords Natural rubber .Hybridfillers .Conductivecarbon
black . Silica . Impregnation .Microwave properties

Introduction

A significant part of the modern electronic devices used in
everyday life such as computers, modems, printers, mobile
phones, etc., create electromagnetic interference (EMI) that
hinders to a great extent the operating of other similar appara-
tuses in their vicinity [1, 2]. Therefore EMI shieldingmaterials
(EMI SM) protecting bio-systems and digital devices from the
unwanted effects of electromagnetic waves have been
attracting more and more attention of the scientific circles
[3–6]. Usually the major mechanism of EMI shielding is re-
flection. To be an effective reflecting shield, the latter should
possess mobile charge carriers (free electrons) interacting with
the unwanted electromagnetic waves. Therefore, the tendency
of those shields is their being conductive to some extent, al-
though there is no need of their possessing high conductivity.
The availability of free electrons in metals makes them the
most used EMI shielding materials reflecting effectively the
electromagnetic waves. Though, their high density, proneness
to corrosion, the lack of enough elasticity and hard processing,
limit their application for light weight EMI SM of a sophisti-
cated form [7, 8]. Those drawbacks could be overcome when
using different elastomer based composites. However, most of
neat elastomers are dielectrics and entirely transparent for
electromagnetic radiation, i.e. their EMI shielding effective-
ness (EMI SE) is practically zero. That is why, a good
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elastomer based EMI SM could be obtained only via creation
of conductive pathways by introduction of conductive fillers
apt to form chain-like structures in the dielectric rubber ma-
trix. Most often such fillers are various metal powders,
graphene, conductive carbon black, etc. The high specific sur-
face area of conductive carbon black and its ability to form
various aggregates and agglomerates are a key factor in the
manufacture of good elastomer based EMI SM [8, 9]. It is also
assumed that such elastomer composites should comprise
more than 20 phr of conductive carbon black [10].

Another class of elastomer based materials of interest for
protecting electronic instruments and equipment are the
Rubber Radar Absorbing Materials (RRAMs). RRAMs used
as an electromagnetic shielding material that can reduce or
weaken EMI in a way. It is mainly made of a rubber matrix
and electromagnetic wave absorbents. The absorbents provide
the necessary electromagnetic performances of RAM. Rubber is
the carrier of the electromagnetic wave absorbents, and it can
make a RAM soft, flexible and easy to clip. Thus, many re-
searchers have paid much attention to RRAMs [11, 12]. As
known, the main principles for developing elastomer based mi-
crowave absorbers are: finding a suitable dielectric rubber ma-
trix and a filler or a system of fillers possessing high dielectric
and/or magnetic loss values (such as conductive carbon black,

γ-Fe2O3, Ni-Zn-Fe2O4, Fe3O4, SrFe12O19, etc.) [13–17]. The
crucial factor to obtain good microwave absorbers is the ability
of the dielectric matrix or of any other phase to isolate complete-
ly the particles of the conducting filler, i.e. its particles to get in
fewer contacts with each other [18]. In most cases that requires
using the filler in small amounts what has a negative effect upon
the mechanical properties of the rubber composites.

It is a fact that a good number of authors have been inves-
tigating the microwave properties of composites comprising
silica and carbon materials in various forms [19, 20]. That is
because the average real part (ɛ’) and imaginary part (ɛ^) of
the relative complex permittivity of silica powder are 4.1 and
0.02 in X-band, i.e. silica is totally transparent for electromag-
netic waves what makes it a dielectric matrix appropriate for
manufacturing of microwave absorbers [21].

Currently dual-phase furnace carbon black/silica fillers find
wider application in rubber industry, particularly in tire
manufacturing [22]. The conductivity and dielectric losses of
carbon black in the hybrid fillers used in tire production are
rather low, hence they could not be used for obtaining elasto-
mer based EMI SM. Solely for that reason it is worth
experimenting the impregnation of highly conductive carbon
black with silicasol in order to obtain hybrid fillers of different
silica amount. It also worth studying the fillers effect upon the
microwave properties of natural rubber based composites
what has been the main goal of the present work.

According to our working hypothesis, if the silica phase
(dielectric phase) in the hybrid fillers is located over the

Fig. 1 Design of the reactor used: 1 – Reactor vessel, 2 – Top (Sealing
flange), 3 – Sealing nuts, 4 –Gas inlet, 5 –Gas outlet, 6 – Thermocouple,
7 – Buchner funnel

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

NR 1 NR 2 NR 3

Natural Rubber – SVR 10 100.0 100.0 100.0

Zinc Oxide 3.0 3.0 3.0

Stearic Acid 2.0 2.0 2.0

Printex XE-2B 70.0 - -

Pr/Si 3 - 70.0 -

Pr/Si 7 - - 70.0

TBBS 1.5 1.5 1.5

Sulfur 2.0 2.0 2.0

Fig. 2 Schematic presentation of a shielding material interacting with an
electromagnetic wave of incident power (PI)

Fig. 3 Schematic diagram of the system for measuring EMI SE
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surface or penetrates the inner domains of conductive carbon
black aggregates (conductive phase), it should isolate them
and restrict their interaction. Impregnation facilitates an easy
control over the quantitative ratio between the dielectric and
conductive phases in the hybrid fillers. On the other hand, that
ensures an easy control and tailoring the electromagnetic
properties of the elastomer composites.

Experimental

Materials

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

Hybrid fillers preparation

The hybrid fillers studied were prepared by modification of con-
ductive Printex XE-2B carbon black (by Orion Engineered

Carbons GmbH) with silicasol (40 % of silica, pH – 9 and
density of 1.3 g/cm3). A mixture of 100 g of 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 h. 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 h. Then it was thermally treated at 440 °C
under 10−2 mmHg vacuum for 2 h in a reactor designed espe-
cially for the purpose. Thus the thermal activation could be run at
higher temperature without a negative effect upon the carbon
black. The design of the reactor used is presented in Fig. 1.
Being removed from the reactor the product was ground again
in a ball mill and was ready for further investigations. Two hy-
brid fillers based on Printex XE-2B conductive black and 3% or
7 % of silica were prepared according to the above method. The
fillers were denoted as Pr/Si 3 and Pr/Si 7, respectively.

Preparation of rubber composites

The rubber compounds studied were prepared on a two-roll lab-
oratory mill (rolls Length/Diameter 320 × 160 mm). Table 1
presents the compositions of the rubber compounds studied.

Table 2 Main properties of the studied fillers

Sample OANa, ml/100 g IAb, mg/g SBET
c, m2/g SMI

d, m2/g SEXT
e, m2/g Vt

f, cm3/g VMI
g, cm3/g DAV

h, nm

Printex XE-2B 420 1125 1000 - - - - -

Pr/Si 3 460 695 912 82 830 1.73 0.04 7.6

Pr/Si 7 480 750 899 76 823 1.70 0.03 7.6

a oil absorption number
b iodine adsorption
c specific surface area (BET)
d specific surface area related to the micropores
e external specific surface area
f the total pore volume
g volume of the micropores
h the average pore diameter
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Fig. 4 Volume of adsorbed gas dependence (cm3/g) on relative pressure
(p/p0) of hybrid filler Pr/Si 3

0 5 10 15 20 25 30 35 40

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

d
V

Pore diameter, nm

Fig. 5 Derivative volume (dV) as a function of pore diameter (nm) of
hybrid filler Pr/Si 3
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The vulcanization of the natural rubber based compounds
was carried out on an electrically heated hydraulic press using
a special homemade mold at 150 °C and 10 MPa.

Measurements

Characterization of the studied fillers

The texture characteristics of the studied fillers were de-
termined by low-temperature (77.4 K) nitrogen adsorp-
tion in a Quantachrome Instruments NOVA 1200e
(USA) apparatus. The nitrogen adsorption–desorption
isotherms were analyzed to evaluate the following param-
eters: the specific surface area (SBET) was determined on
the basis of the BET equation, the total pore volume (Vt)
was estimated in accordance with the Gurvich rule at a
relative pressure close to 0.99. The volume of the micro-
pores (VMI) and the specific surface area related to mi-
cropores (SMI), as well as the external specific surface
area (SEXT) were evaluated according to V-t-method.
Additionally, the pore-size distributions were calculated
by DFT method using NLDFT equilibrium model. All
samples were outgassed for 16 h in vacuum at 120 °C
before the measurements.

For ascertaining the distribution of carbon black and
silica, the hybrid products were also investigated by

TEM. The TEM investigations were performed on a
TEM JEOL 2100 instrument at accelerating voltage of
200 kV. The specimens were prepared by grinding and
dispersing them in ethanol by ultrasonic treatment for
6 min. The suspension was dripped on standard holey
carbon/Cu grids. The measurements of lattice-fringe
spacing recorded in HRTEM micrographs were made
using digital image analysis of reciprocal space parame-
ters. The analysis was carried out by the Digital
Micrograph software. TEM JEOL 2100; XEDS: Oxford
Instruments, X-MAXN 80 T; CCD Camera Orius 1000,
11 Mp, Gatan.

Microwave properties measurements

Figure 2 presents the mechanism of interaction of a composite
to an electromagnetic wave with incident power PI. A fraction
of the power of the wave reflects back by the surface of the
material PR. Another fraction passes through the material
while being absorbed by it and converted into heat PA, where-
as remainder gets transmitted PT.

The total shielding effectiveness was defined as the ratio
between the incident power on the sample PI and the trans-
mitted power PT in accordance with Eq. (1) [23–25]:

SET ¼ 10log
PI

PT
ð1Þ

The total shielding effectiveness (SET, in dB) and the re-
flective shielding effectiveness of the sample surface (SER, in
dB) were determined by Eqs. (2) and (3) [26–29]:

SET ¼ −10lgT ; ð2Þ

where T = |PT/PI| = |S21|
2

SER ¼ −10lg 1−Rð Þ; ð3Þ

where R = |PR/PI| = |S11|
2.

S11 and S21 are complex scattering parameters or
S-parameters (S11 corresponds to the reflection coefficient
and S21 - to the transmission coefficient).

The absorptive shielding effectiveness (SEA) was calculat-
ed as the difference between (2) and (3), as shown in Eq. (4):

SEA ¼ SET−SER ð4Þ

The attenuation coefficient (α, dB/cm) was determined
using Equation (4). Substituting SET and SER in it with
Eqs. (2) and (3), Eq. (5) is obtained.

SEA ¼ 10lg
PI 1− S11j j2
� �

PT

0
@

1
A ð5Þ
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Fig. 6 Volume of adsorbed gas dependence (cm3/g) on relative pressure
(p/p0) of hybrid filler Pr/Si 7
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Fig. 7 Derivative volume (dV) as a function of pore diameter (nm) of
hybrid filler Pr/Si 7
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Fig. 8 a BF- STEM image and
compositional maps: b Carbon
map; c Silicon map; d Oxygen
map of hybrid filler Pr/Si 3

Fig. 9 a BF-STEM image and
compositional maps: b Carbon
map; c Silicon map; d Oxygen
map of hybrid filler Pr/Si 7
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For determining the attenuation coefficient, Eq. (5) was
divided by the thickness of the sample d in centimeters, as
shown in Eq. (6).

α ¼ SEA

d
¼ 10lg

PT

PI 1− S11j j2
� �

0
@

1
A ð6Þ

Figure 3 presents the schematic diagram of the measurement
system for the EMI SE in a broadband frequency range. The
experimental setup consists of a coaxial reflectometer (coaxial
directional couplers Narda model 4222–16 and detectors Narda
FSCM 998999 model 4503 A, separating the incident power
from the reflected power in the transmission line); a RatioMeter
HP Model 416 A, calculates and depicts the amplitude of the
reflection coefficient; a series of radiofrequency generators G4-
37 A, G4–79 to G4–82 and HP 68 A in the frequency range
from 1 GHz to 12 GHz; a signal generator BM492 releasing a
modulating signal at 1 kHz directed towards the radiofrequency
generator; a coaxial transmission line Orion type E2M for fre-
quencies from 1 GHz to 5 GHz; a coaxial measuring line APC-
7mm for frequencies from 6GHz to 12 GHz and a power meter
HP 432 A. The cutoff frequencies for the coaxial measuring
lines were determined by the formulas presented in literature
[30, 31]. The sample holder, reflectometer setup and radiofre-
quency generator were connected with a rugged phase stable
cable N9910X-810 Agilent and through the connectors without
interference from other components.

The ratio meter was calibrated prior to carrying out the actual
measurements. A calibrating BOpen-Short-Load^ procedure was
applied with Agilent N9330 and Agilent 1250 calibration kits.

Measurements of the incident power, transmitted power
and reflection coefficient were performed using the following
procedure:

a) Preparation of the measuring system.
b) The systemwas calibrated with calibration kits in order to

eliminate systematic errors from the proper measurement.
c) Preparation of the samples by cutting out pieces from the

obtained vulcanized materials having dimensions as
follows:

– external diameter of 20 mm and internal diameter of
7 mm in case of using coaxial transmission line Orion
E2M;

– external diameter of 7 mm and internal diameter of 3 mm
in case of using coaxial measuring line APC-7 mm.

d) Carrying out measurements for determining the module
of the reflection coefficient using:

– standard load of the type Agilent 1250, connected in the
position of the coaxial line;

– blank coaxial line with a standard load at the end (Agilent
N9330 calibrating kit of tools).

e) Carrying out measurement of incident power PI.
f) Careful placement of the cut-out sample inside the coaxial

line and measurement of the reflection coefficient and
transmitted power PT.

g) The cut-out standard material (polytetrafluoroethylene -
PTFE load of thickness 1 mm) was placed into the coaxial
line and the reflection coefficient and transmitted power

Fig. 10 BF-TEMmicrographs of
hybrid filler Pr/Si 3 at different
magnifications: a × 60,000; b ×
400,000

Fig. 11 BF-TEM micrographs of
hybrid filler Pr/Si 7 at different
magnifications: a × 60,000; b
×400000
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PT measured for confirming the correctness of the mea-
surements done.

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

Results and discussion

Characterization of the studied fillers

Printex XE-2B carbon black (from Orion Engineered Carbons
GmbH) has been used as a substrate for the hybrid fillers
studied due to its high conductivity, specific surface area, io-
dine adsorption (IA), oil absorption number, etc. Table 2 sum-
marizes the main properties of the hybrid fillers obtained. The
properties of the fillers we have modified are compared to
those of Printex XE-2B carbon black as given in the data sheet
of the product provided by the producers.

The oil absorption number (OAN) or dibutylphthalate ab-
sorption (DBPA) of the fillers reveals their ability to form
secondary structures - aggregates and agglomerates.
Therefore OAN is a key parameter for a great part of the fillers
used in rubber industry [32, 33]. As seen from Table 2, the
non-modified carbon black has OAN of 420 ml/100 g. The
values of OAN for both carbon black/silica hybrid fillers (Pr/
Si 3 and Pr/Si 7) obtained by impregnation of Printex XE-2B
carbon black with different silicasol amounts are 460 and

480 ml/100 g, respectively. That shows that, the hybrid fillers
we have obtained are more prone to forming different second-
ary structures than non-modified Printex XE-2B carbon black.
The fact is due to the silica available in the fillers. The effect is
more pronounced at higher silica amounts in the total mass of
the hybrid fillers. As known, silica is hydrophilic and has
hydroxyl (silanol) groups over its surface. Silanol groups lo-
cated over the silica particles interact with each other via hy-
drogen bonds what ensures them aptitude to agglomeration
greater than that of carbon black.

The iodine adsorption (IA) of fillers reveals their adsorp-
tion activity. The method is applicable only to the characteri-
zation of carbon black [33]. For that reason IA values for the
prepared hybrid fillers comprising certain amounts of silica
presented in Table 2 are subjective.

As seen from Table 2, the specific surface area (BET) of
non-modified Printex XE-2B carbon black is about 1000 m2/
g. Its impregnation with different silicasol amounts (equivalent
to 3 % and 7% of silica, respectively) leads to gradual decrease
of the specific surface area of the hybrid fillers. That decrease is
caused by the lower specific surface area of silica phase.

Obviously the difference in silicasol amounts used for the
modification is not great enough to cause drastic differences in
the values for the adsorption-texture parameters of the hybrid
fillers obtained. Nevertheless, Table 2 shows the synchronic
(though insignificant) decrease of the total volume of Pr/Si 7
pores, if compared to that of Pr/Si 3. On the contrary, the average
diameter of the pores is the same for both fillers what proves the
identical process of forming the carbon/silica aggregates.

Figures 4, 5, 6 and 7 present the volume of adsorbed gas
dependence (cm3/g) on relative pressure (p/p0) and the deriv-
ative volume (dV) as a function of pore diameter (nm) of the
studied fillers.

As seen from Figs. 4, 5, 6 and 7, the curves for the pores
size distribution for both fillers are more or less of quite a
similar pattern. Although, it could be assumed that, the major
peaks at DP: 25–65-70 nm for both fillers are due to inter-
aggregate pores dominating in their structure. The availability
of intra-aggregate pores is more pronounced in the case of Pr/
Si 3, while in the case of Pr/Si 7 those are practically massive-
ly blocked by silicasol. That means, silica is located over the
surface of carbon aggregates in Pr/Si 3, while in Pr/Si 7 the
silica phase is distributed both over and inside the carbon
black aggregates. Obviously, in the case of Pr/Si 7 aggregates
clustering is more pronounced than in the case of Pr/Si 3. The
occurrence of visible ill-resolved peaks for Pr/Si 7 (distribu-
tion curve) is related to the intra-cluster pores (in the clustered
aggregates which are of large size than those of filler Pr/Si 3).

Doubtless, energy dispersive X-ray spectroscopy (XEDS),
used at the scanning transmission electron microscopy
(STEM), or STEM-XEDS, is the most appropriate modern
method for answering questions about the distribution of car-
bon and silica phases within the hybrid filler obtained.

Fig. 12 Energy dispersive X-ray spectrum of hybrid filler Pr/Si 3

Fig. 13 Energy dispersive X-ray spectrum of hybrid filler Pr/Si 7
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Figures 8 and 9 present the bright field STEM images and
the compositional maps of the hybrid fillers studied.

Figures 8 and 9 confirm the successful modification of
conductive Printex XE-2B carbon black with different
silicasol amounts what has resulted into carbon black/silica
hybrid fillers with a different quantitative ratio between the
conductive (carbon) and dielectric (silica) phases. The com-
positional maps of the fillers obtained show that the silica
phase is evenly distributed in that of Printex XE-2B carbon
black in filler Pr/Si 3 (comprising 3 % of silica). In the case it
is mainly distributed over the surface of carbon aggregates.
There are larger lumps of the inorganic phase (clusters, ag-
glomerates) and domains where silica is less in filler Pr/Si 7
(comprising 7 % of silica). That reveals the silica phase to be
distributed over the surface of carbon black aggregates as well
as inside them. STEM analysis is in agreement with the tex-
ture characteristics of the hybrid fillers investigated and evi-
dences that, the distribution of silica phase in the carbon one in
both fillers hinders at a certain extent the interaction between
the conductive particles (i.e. the formation of conductive path-
ways). On the other hand, that could provide an easy control
and tailoring of the microwave properties of the elastomer
composites. That has been also confirmed by TEM micro-
graphs of the hybrid fillers presented in Figs. 10 and 11.

As seen from TEM micrographs of higher magnifications
(× 400,000), presented in Figs. 10b and 11b, in both hybrid
fillers the darker and more ordered structures of silica are
located over the surface of carbon black (the brighter struc-
tures). TEM micrographs of lower magnifications (Figs. 10a
and 11a), prove the above statement about the distribution of
the two phases in the hybrid fillers obtained which is based on
their texture characteristics and STEM analysis.

Figures 12 and 13 present the Energy Dispersive X-ray
spectra of the hybrid fillers studied. The figures show that,
the fillers comprise traces of small amounts of vanadium,
nickel, iron, etc. but carbon and silica. Those results are ex-
pected, as the metals are present in Printex XE-2B conductive
carbon black used as a substrate for the fillers preparation.

Figures 14a and 15a present the bright field micrographs
which show the morphologies of the particles, available in the
hybrid fillers studied, involved in SAED (Selected Area
Electron Diffraction) measurements (Figs. 14b and 15b).

SAED patterns shown in Figs. 14b and 15b confirm the
availability of FeS and Fe2O3 (Powder Difraction File – PDF
76–0961, 84–0311) in the hybrid fillers studied. That evi-
dences the existence of the above mentioned metals in the
obtained products in the form of various sulfides and chiefly
in the form of oxides. Regarding the aim of our investigations
the result is positive since some of those oxides find applica-
tion in manufacturing elastomer based EMI SM [14].

Microwave properties

Figures 16, 17 and 18 show measured total shielding effec-
tiveness (SET), reflective shielding effectiveness (SER) and
absorptive shielding effectiveness (SEA) of the studied com-
posites over the frequency range of 1 GHz to 12 GHz. The
measurements were conducted on samples 2.71 mm (NR 1),
2.65 mm (NR 2) and 2.85 mm (NR 3) thickness.

As seen from Figs. 16, 17 and 18, sample NR 1 comprising
non-modified Printex XE-2B has the lowest total shielding
effectiveness (SET). The average SET value in the case is
about 11.31 dB. In all cases the total shielding effectiveness
of composites NR 2 and NR 3 comprising the studied hybrid

Fig. 14 a Bright field
micrograph of FeS particle (in the
middle) in hybrid filler Pr/Si 3; b
Single crystal SAED pattern of
FeS PDF 76–0961 in orientation
[081]

Fig. 15 Bright field micrograph
of hybrid filler Pr/Si 7; b
Polycrystalline SAED pattern of
hybrid filler Pr/Si 7
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fillers is higher than that of composite NR 1 filled with their
substrate carbon black. Moreover, with the increase in the
silica amount in the total mass of the hybrid fillers the total
shielding effectiveness of the composites studied improves. In
the frequency range 1–12 GHz, the best SETwas obtained for
NR 3, with average value of 16.06 dB. Taking into account
that, the reflective shielding effectiveness (SER) of the com-
posites studied does not change significantly depending on the
type of filler, the total shielding effectiveness has been deter-
mined by the changes in the absorptive shielding effectiveness
(SEA). As the figures show, SEA of the composites studied
increases with the increasing silica amount in the hybrid
fillers. That is because of the inorganic (dielectric) phase of
the fillers distributed both over the surface and inside the car-
bon black aggregates (conductive phase). Thus the interaction
between the conductive particles (building of conductive path-
ways) is restricted what is in fact one of the prerequisites for
obtaining microwave absorbers. The higher silica amount in
the fillers the more pronounced the said effect is. Besides, with
increasing silica amount in the total mass of the hybrid fillers
probably the number of formed electric dipoles in the com-
posites thus filled increases. That leads to a deeper penetration
of the electromagnetic waves into the material and to an in-
crease in latter’s absorptive shielding effectiveness. The re-
sults obtained confirm fully our working hypothesis.

Figures 16, 17 and 18 reveal the resonance character of
SET, SER and SEA dependence on frequency. In all studied

cases absorption is a dominating mechanism. That could be
explained examining inmore details the values of the modulus
of the reflection coefficient presented in Fig. 19. As seen, the
modulus of the reflection coefficient for the composite filled
with Pr/Si 3 (NR 2), for instance, at 1 GHz is 0.81. The am-
plitude of the reflected wave will be approximately 81 % of
the incident wave. That means the power of the reflected wave
(PR = |Γ|2 ⋅ PI, Fig. 1) will be 66% of the power of the incident
wave (PI). According to Eq. (3), the reflective shielding effec-
tiveness in that case is about 4.6 dB at 1 GHz. According 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 Fig. 17 the total shielding effective-
ness (SET) at 1 GHz is approximately 14 dB. As it is clear
from Eq. (2), the transmitted power (PT) is approximately 4 %
of the incident power (PI). According to Eq. (2) and (4), the
low PT value determines the high SEAvalue and the dominat-
ing absorption character of the microwave shielding
effectiveness.

The frequency dependence of the attenuation coefficient
(α, dB/cm) of the studied composites is presented in Fig. 20.
Obviously, the attenuation coefficient (which is a direct func-
tion of the absorptive shielding effectiveness) of the studied
composites increases with the increasing silica amount in
fillers they comprise. As the data in the figure shows, in the
frequency interval from 1 GHz to 4 GHz the attenuation co-
efficient values for NR 3 decrease to 35 dB/cm approximately.
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Fig. 18 Frequency dependence of SET, SER and SEA of sample NR 3
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|Γ| of the studied composites

J Polym Res (2016) 23: 180 Page 9 of 12 180



The increase in the attenuation coefficient values for NR 2 up
to 65 dB/cm is observed with the increasing frequency from
9 GHz to 12 GHz exhibiting frequency selectivity in the X-
band. The low almost zero values of the attenuation coeffi-
cient for the completely transparent for electromagnetic waves
polytetrafluoroethylene confirm the correctness of the per-
formed measurements.

The high conductivity of the studied composites determined
by their high concentration (above the percolation threshold) of
fillers wherein predominates the conductive phase, is the reason
for their shielding effectiveness and for the impossibility to
measure their dielectric properties. The conductive and dielec-
tric properties of polymer materials depend on many factors
and the filler/matrix ratio is amongst the most important ones.
In the presence of small amounts of a conductive filler elasto-
mer composites are good dielectric materials but above the
critical filler concentration (percolation threshold) the conduc-
tivity may increase drastically [34]. Literature studies have
established that, the EMI SE of a composite is a function of
its electrical conductivity. Moreover, EMI SE of composites
increases with the filler concentration [5, 35].

To verify the assumption that the composites studied pos-
sess high conductivity, they were placed successively at the

maximum of the electric field of a volume rectangular resona-
tor. The cavity used for measurements was a rectangular
waveguide with dimensions 207.5 mm (length), 248 mm
(width) and 124 mm (height). A conducting plate with small
aperture (38 mm) provided inductive coupling to the cavity
with coaxial-waveguide transition. The sample under test was
inserted into the center of the cavity (at peak electric field).
Dimensions of the investigated samples (NR 2 and metal)
were 1 mm (width), 0.5 mm (thickness) and 124 mm (height).
The cavity operated in a TE101 mode with resonant frequency
of 942.5 MHz. Measurements of S11 parameter were per-
formed using an Agilent FieldFox N9212 network analyzer
connected to the cavity. The S parameters of the empty cavity,
the cavity with sample NR 2 and the metal sample are shown
in Figs. 21, 22 and 23. Obviously, the insertion of the com-
posite NR 2 causes collapse of TE101 mode (the electric field
component). In the case of the cavity with a metal sample the
results are almost the same (Fig. 23). That allows the conclu-
sion that the composites studied comprising a high amount of
conductive filler exhibit behaviour similar to that of the metals
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Fig. 20 Frequency dependence of the attenuation coefficient (α) of the
studied composites

Fig. 21 S11 of the empty cavity

Fig. 22 S11 of the cavity containing sample NR 2

Fig. 23 S11 of the cavity containing the metal sample
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when interacting with an electromagnetic wave in the frequen-
cy range form 0.9 GHz to 12 GHz. Kaynak and coworkers
have observed the same results [5].

The investigations carried out reveal that the composites
we have prepared have a good potential to be used for several
applications such as antennas, automobiles, sensors and
military-related applications.

Conclusions

The work reports on the synthesis of hybrid conductive carbon
black/silica fillers and on their characterization by up-to-date
methods. The results obtained show that, the silica (dielectric)
phase is distributed both over the surface and inside the carbon
black aggregates (conductive phase). Thus, the interaction be-
tween the particles of the conductive filler (building of conduc-
tive pathways) is restricted. The effect is more pronounced with
the increasing silica amount in the hybrid fillers. The fillers
obtained allow an easy control and tailoring of the elastomer
based EMI SM. The composites filled with the hybrid filler
comprising the highest amount of silica possess the best total
shielding effectiveness and absorptive shielding effectiveness.
In all cases absorption is the mechanism prevailing in effective-
ness. Although the composites studied reflect the greater part of
the power of the incident wave (about 66 %), the wave pene-
trating the samples has power about 34 % of the incident power.
However, the transmitted power PT is only 4 % of the incident
wave (PI) what in fact determines the absorption character of the
achieved microwave shielding effectiveness. The high conduc-
tivity of the composites studies is the reason for the impossibility
to measure their dielectric properties.

The investigations carried out reveal the good potential of
the composites studied for finding applications as antennas,
automobiles, sensors and military-related applications.
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