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clusion that these materials can find such applications indeed. Composites of

higher conductivity can be used where surface waves are generated to provide

on-body communications, while composites of lower conductivity may be
used for antennae that will be on the body of a person and will transmit to
and receive from other antennas that are not on the body of the same person
(off-body communications). It is clear that one can engineer the properties of
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antennae substrates at microwave frequencies by adjusting the filler content
and the type of filler and thus control and tailor the antenna performance
specific for a particular application.
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1. Introduction

The current expansion of high-frequency wireless devices and appliances has
augmented the need of versatile dielectric antennae, hence urged the search of
materials able to meet the producers’ requirements—higher dielectric constant
and lower tangent of dielectric loss angle values being amongst the most impor-
tant. In the former case a wave will be transmitted faster in the dielectric materi-
al [1], while the latter factor leads to suppressed heat generation-induced energy
and to a better performance, respectively. Being hard and brittle conventional
antenna materials, lack flexibility and are vulnerable to impact [1], so recently
elastomer composites have emerged as promising substitutes of traditional ce-
ramics used to make antenna substrates. A rubber substrate antenna has a num-
ber of advantages [1] [2]:

¢ One can choose the relative dielectric constant (4 - 20) established arbitrarily

to be in the 2.2 - 12.0 range for flexible substrates [3]

At lower dielectric constant values the surface wave losses are related to
guided wave broadcast within substrate. Thus the impedance bandwidth of the
antenna raises with adequate competence and high gain [4].

e Low tangent dielectric loss angle values (0.01 or lower)

As a dissipation factor the tangent of dielectric loss angle (tand) describes the
amount of power turned into heat in the substrate material. It is defined as the
ratio between the imaginary part and real part of the relative permittivity. Its
high values result in additional losses in the dielectric substrate, subsequently
into higher losses, in reduced radiation efficiency [5].

o Thickness of the dielectric substrate

The dielectric constant and its width determine the bandwidth and compe-
tence of a rubber based flexible antenna. A substrate is normally in the range of
0.0031 < h < 0.0054, whereas A represents its wavelength. The bandwidth of the
flexible antenna at a fixed comparative permittivity may be maximized by se-
lecting an appropriate substrate.
¢ High flexibility
e High shock resistance
e Easy to cut and grind
e Options for casting into cylinders, prisms or large size sheets

o Possibility to acquire tailored characteristics by adjusting the filler amount
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We have assumed that, besides by the layers of the elastomer matrix, the elec-
troconductive aggregates and agglomerates could be insulated by introduction of
a second less conductive phase to fill the space between the aggregates and ag-
glomerates. The second phase would have its own contribution to the formation
of the dielectric and magnetic losses of the composite. For the purpose we have
chosen two conductive phases differing completely in their chemical, crystallo-
chemical and crystallographic properties, namely conductive carbon black (CCB)
and nickel powder.

The properties of dual systems (rubber-metallic powder) are well-studied but
there are few papers dealing with properties of the tertiary ones (rubber-carbon
black-metallic powder) and the comparison of the two types of systems com-
prising the same amount of filler. Such a type of research also deserves interest
in view of the large differences in the chemical and structural properties of the
fillers used. Also the influence of the components ratio on the microwave prop-
erties of the composite material and the possibilities for its antenna applications
requires special attention.

The present study reports on investigations on the complex permittivity and
permeability of acrylonitrile-butadiene based composites containing a combina-
tion of conductive fillers including carbon black and nickel powder. It also
presents and discusses the comparison between the properties of the dual and
tertiary composites containing each of the fillers at the same loading degree, as
well as assessment of the possibilities for antenna applications of the developed

composites.

2. Experimental
2.1. Materials

Nitrile butadiene rubber (NBR) Perbunan N 3310 (a Lanxess product)—a copo-
lymer with 34% acrylonitrile content, specific gravity 1.170 and Mooney viscosi-
ty ML(1 + 4) at 100°C 45 +5—was used as rubber matrix.

Conductive carbon black Printex XE2-B (an Orion Engineered Carbons
product) with iodine adsorption 1091 mg/g, CTAB surface area-600 m?/g, BET
surface area-1000 m’/g and DBP absorption-403 mL/100g was used as a filler.

Nickel powder with apparent density 1.8 - 2.7 g/cm? and average particles size
3 - 7 microns, produced by Alfa Aesar was also used as filler.

All other ingredients such as N-tert-butyl-2-benzothiazolesulfenamide (TBBS),
vulcanization accelerator, Vulcazit NZ, produced by Lanxess), sulfur, zinc oxide
(ZnO), stearic acid, processing oil and N-isopropyl-N'phenyl p-phenylene di-
amine (IPPD), antiozonant, Vulkanox 4010NA, produced by Lanxess) were ob-

tained from local rubber enterprises.

2.2. Sample Preparation

The formulation of the NBR based compounds (in phr) were as follows: acrylo-

nitrile butadiene rubber (NBR)-100, zinc oxide-3, stearic acid-2, processing oil
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(Petronet 620N)-10, TMQ-1, TBBS-1,5, sulfur-2, conductive carbon black
(CCB) Printex XE-2B and nickel powder (Ni) as fillers in amounts shown in
Table 1.

An open laboratory two rolls mill (L/D 320 x 160 mm and 1.27 friction, slow
roll speed 25 min™") was used for compounding the elastomer materials. Then
specimens 15 cm x 15 cm in size were cut and vulcanized on an electrically
heated vulcanization hydraulic press at 10 MPa and 160°C in accordance with
ISO 3417:2010.

2.3. Experimental Techniques

The electromagnetic parameters (EM) of the composite materials were measured
by the resonant perturbation method described in a previous publication [6].
According to the resonant perturbation method, the tested sample was
introduced into a cavity resonator with dimensions 61.2 mm x 10.0 mm x 610
mm. The EM parameters of the sample were deduced from the change in the
resonant frequency and quality factor of the resonator [6]. For permittivity
measurements the sample was placed at the spot of maximum intensity of electric
field, where TE,;,; mode was always adopted. For permeability measurements the
sample was placed at the spot of maximum magnetic field, where TE,,, even
mode was always adopted.

Scanning electron microscopy (SEM)

The nickel powder, CCB and NBR-based composites were subjected to elec-
tron microscopy studies on a JEOL ISM 5510 microscope. The SEM images of
the nickel powder sample were taken directly and those of carbon black—from
aqueous dispersion. The prepared samples were put into a JEOL JFC-1200 ca-
thode-sputtering chamber and covered with 24 carat gold.

3. Results and Discussion

Figure 1 and Figure 2 present the real (¢’ ) and imaginary (& ) part of the rela-
tive dielectric permittivity of NBR-based vulcanizates at a different filler concen-
tration and 2.56 GHz. As seen, the values for all vulcanizates increase with in-
creasing the filler concentration. The smallest variation is observed for the com-
posites containing only nickel powder, while the highest ¢ and &’ values are
observed for composite NBR-6 containing CCB at 60 phr. The results also show
that at filler concentration of 30 phr and 50 phr & and &’

r

values are higher
for the tertiary systems, if compared to those of the composites containing only
CCB or nickel powder. The opposite is observed at a 60 phr filler loading—the
composites with only conductive carbon black have better results. That might be

due to the combination of fillers, namely to their different particles shape and

Table 1. Formulations of the studied NBR based compounds (in phr).

Composite NBR1 NBR2 NBR3 NBR4 NBR5 NBR6 NBR7 NBR8 NBR9

CCB/Niamounts (phr) 15/15 25/25 30/30 30/0  50/0 60/0 0/30 0/50  0/60
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Figure 1. Real part of the relative dielectric permittivity of NBR-based vulcanizates.
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Figure 2. Imaginary part of the relative dielectric permittivity of NBR-based vulcanizates.

size which yield non-uniform interface phenomena. Hotta et al [7] discussing
the complex permittivity, claim it to be dependent on the specific surface area of
the fillers. In our case CCB has specific surface area much higher than that of the
nickel powder. The difference in particle size is also huge.

The magnitude of the dielectric loss angle is greatest with NBR-6 composite
containing 60 phr carbon black as a filler, whereas at the concentration of 30 phr
and 50 phr the values of ¢ and &’ are higher in the triple systems, relative to
those composites which contain as filler only carbon black or only nickel powder
(Figure 3). These results are due to the fact that the dielectric losses in a multiple
composite are the result of complex phenomena like natural resonance, dipole
relaxation, electronic polarization as well as their relaxation and interfacial
polarizations. Interfacial polarizations occur in heterogeneous media due to
accumulation of charges at the interfaces and the formation of large dipoles [8].
The important factor is also the ratio between the particles of the fillers and the
host materials [9]. The morphology and structure of the conductive filler, its size
and shape, as well as the morphology and structure of the composite affect the

changes in the real and imaginary part of the relative permittivity.
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The electric conductivity (o) of the composites at 2.66 GHz is presented in
Figure 4. As seen, composites NBR-2, NBR-3, NBR-5 and NBR-6 are highly
electroconductive and NBR-6, possesses the highest o, values. Composites
conductivity is a function of a number of factors, but filler-filler and matrix-filler
interactions are the determining ones [6]. The higher the filler loading in the
matrix, the more the conductive paths in it are. Another factor is the so called
“percolation threshold”—a certain concentration of the filler that causes a dras-
tic conductivity increase. The number of conductive paths continues to increase
at filler amounts higher than the percolation threshold. That leads to the forma-
tion of a complete conducting network, which can explain the high o, value for
NBR-6, as the percolation threshold for Printex is at about 25 phr. The results in
Figure 4 allow the conclusion that the tertiary systems have o, values higher
than those of the composites loaded only with one filler at the same amount (30
phr and 50 phr). As Figure 4, shows o,(NBR-1) > 0,(NBR-4) > 0,A(NBR-7)
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Figure 3. Tangent of dielectric loss angle of the composites studied.
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Figure 4. Electric conductivity of NBR-based vulcanizates.
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and o, (NBR-2) > 0,(NBR-4) > 0,{NBR-8). The order is due to the fact that
CCB is able of forming a hybrid network with the Ni particles. The results in
Figure 4 lead to the conclusion that composites NBR-7, NBR-8 and NBR-9 have
very low conductivity, suggesting that the addition of only nickel powder does not
cause the formation of conductive pathways at the filler concentrations studied.
Figures 5-7 plot the real ( z) and imaginary ( ') part of the relative mag-
netic permeability and the tangent of magnetic loss angle (tand,) of NBR-based
vulcanizates at various concentrations of the conductive filler taken at 2.66 GHz.
The results reveal that the increasing filler concentration leads to significant
changes in x4’ and u” for NBR-1, NBR-2, NBR-3 comprising a hybrid filler
and for those with carbon black (NBR-4, NBR-5, NBR-6), while for those loaded
with nickel powder the change is negligible. The magnetic losses for magnetic
materials originate mainly from domain resonance, hysteresis loss, eddy current
loss, and natural resonance. The domain wall resonance normally occurs at a

frequency lower than 100 MHz, so it can be neglected in the microwave range.

B,
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Figure 5. Real part of the relative magnetic permeability of NBR-based vulcanizates.
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Figure 6. Imaginary part of the relative magnetic permeability of NBR-based vulcanizates.
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Having measured relative permeability a low microwave power (<5 mW), we
claim that complex phenomena like eddy current loss and natural resonance are
the main cause of the magnetic loss in the present study [10], instead of hystere-
sis and domain resonance observed in the conventional case. Undoubtedly, the
morphology and structure of the composites studied influence the mentioned
phenomena.

The explanations made are supported by the results obtained by scanning
electron microscopy. Figure 8 shows different crystalline structures and forma-
tions of layered structure in the investigated nickel powder.

The aggregates of the nickel particles form crystalline structures of the “spiral
rosette” type. The rosettes aggregate according to the forces of interaction be-
tween them and strive to have a pseudospheric shape. Spheres can also form tiles
that make up twin-nano domains. The spiral growth of nano-twins forms the
crystal “comb” structure (Figure 8(b)).

Figure 9 shows a SEM image of the used conductive carbon black Printex
XE-2B.

tand,
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Figure 7. Tangent of magnetic loss angle of NBR-based vulcanizates.

=

Figure 8. SEM images nickel powder at magnitude of 5000 (a) and 10,000 (b).
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The picture shows the high structurality of the carbon black expressed via
formation of chain aggregates, as well as the tendency of the latter to form ag-
glomerates. Elementary particles are nano-sized.

Figure 10 shows SEM images of the investigated vulcanizates filled at 30 phr.

It is clear from Figure 10(a) that nickel aggregates are made of crystalline
“spiral-shaped” rosettes which retain their shape and dimensions upon being
inserted into the elastomeric matrix. The individual aggregates are coated with a
rubber film, forming agglomerates which are located in separate clusters in the
matrix. That hinders the charge transfer and correlates with the high values of
the specific volume resistivity.

The image of the composite filled with conductive carbon black at 30 phr
(Figure 10(b)), is quite different. The size of carbon particles is much smaller

Figure 10. SEM images of NBR composites CEM filled with: (a) nickel power; (b) CCB;
(c) nickel power + CCB at 30 phr.
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than the size of the nickel ones what results in a significant increase in the num-
ber of charge carriers. The micrograph clearly shows the structures of the filler,
and its particles being in direct contact with each other, what leads to their mi-
croscopic conductivity of an ohmic character. The elastomeric layers between
the individual aggregates and agglomerates are very thin, and therefore are
overcome easily by charge carriers in the tunnel transfers. That explains the low
specific volume resistivity values for the composites containing CCB. The image
of the composite filled with a combination of the two fillers at a total of 30 phr
(Figure 10(c)), is identical to that of the composite filled with CCB at 30 phr.
Here in some places we can see the aggregates and agglomerates of the nickel
particles, which stand out in their larger dimensions, but the chain-like struc-
tures of CCB particles, which act as conducting paths, predominate in the elas-
tomeric matrix. The similarity in the morphology of the two composites also ex-
plains their close values of specific volume resistivity, electrical conductivity, re-
spectively.

Figure 11(a) shows clearly the nickel aggregates made up of a large number of
particles of different size which are isolated from each other with a coating layer
cutting the contact between them. In addition, the aggregates themselves are en-
capsulated by an elastomeric layer and are located in the matrix itself on separate
islands remote from one another. That impedes greatly the charge transfer and
blocks the high electrical conductivity of the nickel powder. In the composite,
filled with CCB at 60 phr (Figure 11(b)), the location of the carbon black par-

ticles in the elastomeric matrix is identical to that of the composite filled with

A
Fle\

taky

Figure 11. SEM images of NBR composites filled with: (a) nickel powder; (b) CCB; (c)
nickel powder + CCB at 60 phr.
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CCB at 30 phr, with the difference that there are larger clusters of carbon par-
ticles in the chain aggregates and the distance between the aggregates themselves
is smaller. That facilitates the transport of electrons and p, decreases, but to a
lesser extent because the distance between the particles cannot be reduced to in-
finity and a dynamic equilibrium is established. The morphological structure of
carbon black particles that make up the conductive paths and their phase con-
trols the electrical conductivity of the vulcanizate predominates in the composite
filled with nickel powder at 30 phr and with CCB at 30 phr (Figure 11(c)). Here
too, the aggregates of nickel particles have no relation to the conductive paths.
Due to the lower amount of CCB compared to the composite in Figure 11(b),
the distance between the carbon particles and their aggregates is greater, result-
ing in a higher p, value.

The comparing Figure 10(a) and Figure 11(a) one sees that, with increasing
the concentration of nickel powder from 30 phr to 60 phr the nickel aggregates
become larger and not so well defined.

The comparison of Figure 10(b) and Figure 11(b) reveals that, at a higher
CCB concentration the clusters of carbon black particles in the chain aggregates
enlarge and the distance between the aggregates is shorter, hence the electrical
conductivity gets higher (Figure 4).

As Figure 10(c) and Figure 11(c) show, with increasing the filler concentra-
tion the aggregates become larger, but very different in shape and size.

The images obtained by SEM demonstrate clearly that the particles and ag-
gregates are well dispersed in the elastomeric matrix in all composites filled with
CCB unlike the nickel powder particles. However, in the presence of carbon
black, the dispersion of nickel particles is better. The presented results from SEM
studies on the composites confirm categorically that the differences observed in
the values of their dielectric permittivity and magnetic permeability, and the
tangents of the dielectric and magnetic losses angles are due to significant dif-
ferences in morphology and structure of the very fillers and of composites filled
with the latter. Obviously, the morphology and structure have a significant im-
pact on the phenomena forming the dielectric permittivity and magnetic per-
meability values described above. It is also obvious that, the morphology and
structure of the fillers used are very different. As seen, the particle size and oc-
currence of particles clustering, the arrangement of the particles in the matrix
and the phenomena in the interface region between the matrix and the filler
have a significant effect on the permittivity and permeability of the composite
materials investigated.

The different types of vulcanizates studied were built into a microwave dipole
antenna with a reflector as substrates or insulating layers in flexible antenna for
body centric communications (BCCs). The constructed model antenna had three
metallic (Figure 12(a)—layers 1, 3 and 5) and three polymer layers (Figure
12(a), layers 2, 4 and 6), and can operate in the industrial, scientific, and medical
(ISM) band in the range of 2.40 - 2.48 GHz.
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Figure 12. Structure of the antenna (a), photograph of the antenna (b) and photograph of
the homogeneous flat phantom (c).

Composite NRK (formulation in phr: acrylonitrile butadiene rubber-100, zinc
oxide-3, stearic acid-2, processing oil (Petronet 620N)-10, TMQ-1, TBBS-1.5,
sulfur-2, kaolin-50) was used in layers 2, 4; composites from NBR-1 to NBR-9
(formulations in Table 1) were used in layer 6. The structure of the antenna as
well as its dimensions are shown in Figure 12. The electromagnetic parameters
of the NRK composite measured at 2.56 GHz are as follows: & =248, &’ =
0.02, tand, = 0.006, g,-= 0.0021.

The first series of studies we conducted aimed at showing the absorption of
electromagnetic energy from each composite with a conductive filler, while the
subsequent studies aim at demonstrating the applicability of the composites to
reduce the specific absorption rate (SAR) which is a value that measures how
much power is absorbed in a biological tissue when the body is exposed to

electromagnetic radiation [11]. SAR is determined as follows:

SAR =(o/r)|E2], 1)

where E is the electric field (V/m), o is the conductivity (S/m), and p is the
density (kg/m’) [12].

The SAR was computed using FDTD numerical technique by placing a ho-
mogeneous human body model (Figure 12(c)) near the antenna. In the course
of the study, numerical models of nine antennae were constructed, in each of
which the last antenna layer (Layer 6 located behind the reflector) consisted of
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one of the composites from NBR-1 to NBR-9. Table 2 presents the materials
from which the individual layers of the investigated antennae were made. Each
antenna is placed directly on the surface of the flat phantom composites from
NBR-1 to NBR-9. Each antenna is placed directly on the surface of the flat
phantom to study how the insulating layer consisting of one of the composites
with conductive fillers (NBR-1 to NBR-9) reduces SAR. Figure 13 shows results
for the maximum mean 10 g average SAR in each of the composites with con-
ductive fillers (NBR-1 to NBR-9). The 12-field components approach was used
to calculate SAR in the voxel using xFDTD (xFDTD, Remcom Inc., State College,

PA, USA) simulation software, based on the finite-difference time domain method

Table 2. Materials used to build the layers of the antennae studies.

1.2

00 1
-2
~
=

g 08
3
<
[7,]

0.6

0.4

0.2

0

Materials for antenna layers ~ Layer 1 Layer2 Layer3 Layer4 Layer 5 Layer 6
Antenna 1 brass foil NRK brassfoil NRK aluminum foil NBR-1
Antenna 2 brass foil NRK brassfoil NRK aluminum foil NBR-2
Antenna 3 brass foil NRK brassfoil NRK aluminum foil NBR-3
Antenna 4 brass foil NRK brassfoil NRK aluminum foil NBR-4
Antenna 5 brass foil NRK brassfoil NRK aluminum foil NBR-5
Antenna 6 brass foil NRK brassfoil NRK aluminum foil NBR-6
Antenna 7 brass foil NRK brassfoil NRK aluminum foil NBR-7
Antenna 8 brass foil NRK brassfoil NRK aluminum foil NBR-8
Antenna 9 brass foil NRK brassfoil NRK aluminum foil NBR-9
1.6
1.412
1.4

1.209
1.14
0.9184 0.9182
0.6811
—0.5331
l 04127  0.4246 0.4481

Reference Antennal Antenna2 Antenna3 Antenna4 Antenna5 Antenna6 Antenna7 Antenna8 Antenna9
antenna

Figure 13. Maximum averaged 10 g SAR values caused by investigated antennae in composite layers and flat

phantom.
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(FDTD). All results were normalized to a net input power level of 100 mW. As seen,
the lowest electromagnetic was power absorbed by the sixth layer of the antenna
when it is made of composite NBR-7. This effect can be related to several factors,
namely to the lower dielectric permittivity of the composite, lower dielectric losses,
and lower conductivity regarding the composites with a conductive filler.

Figure 14 shows results for the distribution of SAR over the flat phantom
surface caused by an antenna whose last layer is made of one of the composites
with the conductive filler (NBR-1 to NBR-9).

According to the above figure, the highest SAR values of the surface of the
phantom are observed when the last layer of the antenna is made of composites
NBR-2, NBR-3 and NBR-6. These results can be related to the conductivity of
the three composites which are higher than that of the rest (Figure 4). High
conductivity leads to a current flow both on the surface of the reflector and on
the surface of the last composite layer, which in turn leads to the generation of
surface waves on the surface of the flat phantom and hence to higher SAR values.
It should be noted that, the highest SAR value induced at an input power of 100
mW is lower than the maximum one set in international standards and
recommendations [13] [14]. On the other hand, the generation of surface waves
can be used when the two antennas (transmitting and receiving) are located on
the surface of the human body, for example in cases of on-body communications
in Body area networks. Analyzing the results in Figure 14, one also sees that
antennae with NBR-7, NBR-8 and NBR-9 composites in the third layer of the
antenna cause the lowest SAR values of the flat phantom surface. This result may

be associated with several factors, namely, the lower dielectric permittivity of the

(2) (h) (i)

Figure 14. SAR distribution over the flat phantom and antenna when Layer 6 is made of
composites NBR-1 to NBR-9.
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composite and the lower conductivity of the composite comprising a conductive
filler. The lower conductivity of composites NBR-7, NBR-8 and NBR-9 does not
allow the electric current to flow from the surface of the reflector to the surface
of the flat phantom, therefore the electromagnetic field on the surface of the
phantom is weaker, and hence SAR values are lower.

As a result of the research we can conclude that the studied composites can
find application as insulating layers and substrates in flexible antennas,
depending on the antenna application. For example, composites of higher
conductivity can be used in applications where surface waves are generated to
realize on-body communications, whereas composites with lower conductivity
can be used for antennas that will be on the body of a person and will transmit to
and receive from other antennas that are not on the same person's body
(off-body communications). It is clear that we can engineer the properties of an
antenna substrate at microwave frequencies by adjusting the content and type of
the filler and thus control the antenna performance. It will allow us to tailor an

antenna performance specific to a particular application.

4. Conclusions

The complex permittivity and permeability of composites containing conductive
fillers—very different in their type and chemical nature—conductive carbon
black, nickel powder, and combinations thereof—were investigated. The proper-
ties of the dual and tertiary composites were evaluated at the same degree of fill-
ing. A noticeable influence of the morphology and structure of both fillers and
the composites on their permittivity and permeability values was established. It
can be argued that particle size and occurrence of particle clustering; arrange-
ment of the particles in the matrix and phenomena in the interface region be-
tween the matrix and the filler are the crucial factors for the permittivity and
permeability formation of the composite materials investigated.

The investigations covered the possibilities to use the composites in antennae
making, in particular as substrates and insulating properties in body centric
communications (BCCs) flexible antennas. The research allows the conclusion
that the studied composites can be used for such purposes depending on the ap-
plication of the antenna. Higher conductivity composites can be used in applica-
tions where surface waves are generated to provide on-body communications,
while lower conductivity composites may be used for antennas that will be on
the body of a person and will transmit to and receive from other antennas that
are not on the body of the same person (off-body communications). It is clear
that one can engineer the antenna substrate properties at microwave frequencies
by adjusting the content and type of filler and thus control and tailor the anten-

na performances specific to particular applications.
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