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Abstract—In this paper, studies on broadband microwave absorption and electromagnetic shielding
effectiveness are reported in flexible rubber composites with low filler content of nanosize conducting
carbon over 818 GHz frequency range of electromagnetic spectrum. Rubber based composites are
prepared by loading of 1-15wt% nanosize conducting Carbon Black (CB) in silicone rubber matrix.
Effect of percentage loading of nanosize CB on DC conductivity, dielectric & microwave absorption
properties and electromagnetic Shielding Effectiveness (SE) of silicone rubber composites is studied.
The percolation threshold is achieved at low concentration (3 wt%) of CB in composites. The observed
complex permittivity values revealed that composites with concentration of 5 wt% CB can provide more
than 90% microwave absorption (Reflection Loss > —10dB) over 8-18 GHz at composite thickness
of 1.9-2.7mm. Further, composites with concentration of 15wt% of CB shows —40dB SE over the
broad frequency range 8-18 GHz at thickness 2.8 mm. The effect of composite thickness on microwave
absorption properties and shielding effectiveness is also analyzed. Thus, the prepared rubber composites
with suitable concentration of nanosize CB as filler may be used as microwave absorber in stealth
applications as well as for EMI shielding of electronic equipments in various civilian and military areas.

1. INTRODUCTION

Flexible microwave absorbing composites are essentially required in military and civilian applications
for reduction of radar signatures of airborne platforms/targets to achieve stealthy features as well as
for protection of manpower & equipments from EM hazards. Rubber based composites with significant
microwave absorption and shielding effectiveness have attracted the attention of the scientific community
due to their advantages such as flexibility to cover curved structures, cut and paste type in nature,
and weather resistant for outdoor applications. Ideally, promising composites should be thin, light
weight and environmentally stable having wide absorption bandwidth coverage. In last few decades,
various magnetic and carbonaceous materials have been used as fillers in composites to obtain microwave
absorption and EMI shielding properties [1-3]. However, magnetic fillers based composites suffer from
weight penalty due to their high density. Further, different carbon allotropes viz. carbon nanotubes
(CNTs), carbon fibers (CFs) and graphene based composites also have certain difficulties including
dispersion of filler in host matrix, reproducibility of functional properties, production of bulk quantity
and cost effectiveness, thereby, limiting their extensive practical applications [4-11].

Nanosize conducting black (CB) is one of the promising filler materials due to its excellent electrical
conductivity, light weight and low cost. There are several reports on the use of CB along with certain
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other filler materials in composites to achieve MW absorption properties [12-14]. In previous studies,
this material has also been used by different researchers to obtain high Shielding Effectiveness (SE)
in composites [15-17]. However, as per available literature it is seen that the use of CB alone as a
microwave absorbing filler is not much explored. The authors could achieve SE values of ~ —30dB
with high loading of carbon black ~ 50 parts per hundred (phr) in gigahertz frequency range. Although
an SE of ~ —40dB has been reported in some of composites by using elongated fillers viz. Ni fibers,
Steel fibers, Ni filaments, etc. [18-20], inclusion of these types of fillers in the matrix brings difficulty
in fabrication processes leading to inconsistency in properties.

Dispersion of filler is one of the biggest challenges, particularly at high concentration. This may
lead to variation of functional properties, weakening the mechanical properties, increasing the cost
and weight penalty of composites. Therefore, development of lightweight, flexible composites is highly
crucial for many of the civil and defence applications, particularly for airborne systems.

In this work, attempts are made to develop flexible composites by taking nanosize CB as the
only filler material in a room temperature curable silicone rubber matrix having broadband microwave
absorption properties and EMI shielding effectiveness at low filler concentration. The percolation
threshold of composites is achieved at very low concentration (3 wt%) of nanosize CB in these composites.
Microwave absorption properties and shielding effectiveness of composites with different concentrations
of CB are investigated at microwave frequencies over 818 GHz.

2. MATERIALS AND METHODS

2.1. Preparation of Composites

Ketjenblack conducting carbon black (CB) (produced by AkzoNobel Functional Chemicals, USA)
with surface area 800m?/g (BET) and pore volume (dibutylphthalate) 310-345ml/100g has been
used as a filler for achieving desired electromagnetic performance in the rubber composites. Silicone
rubber (purchased from Performance Polymers, Bangalore, India) has been used as a binder matrix
for preparation of composites. This matrix has viscosity ~ 20PaS, density ~ 1.07g/cc, dielectric
constant ~ 3, dielectric loss tangent ~ 0.001 and room temperature curable characteristics. Xylene
and Dibutyletindilaurate have been used as solvent and curing agent respectively for the preparation of
composites.

The desired weight percentage of filler CB is added into the solvent and sonicated for 10 minutes
using ultrasonic bath for dispersing CB particles properly. This CB suspension is then added to the
silicone-rubber paste and stirred for 10 minutes. The required amount of hardner (5% of SiR) is added
to the mixture and stirred properly for 5 minutes. The resultant mixture is immediately poured into
a rectangular mould (50 mm x 50 mm x 2mm) and pressed for 8-10 hours for proper curing. After
curing, the sheet is removed from the mould and kept for 24 hours in ambient conditions. The obtained
sheet is cut into the desired dimensions for waveguide measurements for EM characterization in X (8.2
12.4 GHz) and Ku (12.4-18 GHz) bands of microwave frequency range. Samples with different loadings
of CB from 1wt% to 15wt% in silicone-rubber are prepared with die press method. The samples
prepared with 3wt%, 5 wt%, 10 wt% and 15 wt% of nanosize carbon are named as Sy, So, S3 and Sy,
respectively. Pure silicone rubber sample, named as Sy, is also prepared to compare the results.

2.2. Characterization of Composites

The structural characterization of the filler CB powder is carried out by powder X-ray diffraction
performed on a Philip X’Pert Pro system while using CuKal (A = 1.54A°) radiation. Transmission
Electron Microscope (TEM, JEOL 3010) and Scanning Electron Microscope (SEM, Carl Zeiss, EVO-
MA 15) are used to analyze the size of filler particles and morphology of composite samples respectively.
Four point resistivity probe and Electrometer (High Resistance meter) Model 6517A from Keithely are
used for measurement of volume resistivity.

Electromagnetic parameters and shielding effectiveness measurements are carried out by waveguide
transmission line technique using Vector Network Analyzer (Rohde & Schwarz, ZVM model)
instrumentation over 8-18 GHz frequency range as shown in Figure 1. The system is calibrated using
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Figure 1. (a) Set up for measurement of EM parameters and SE. (b) Sample holder with calibration
standards. (c) S-parameter flow graph.

Thru-Reflect-Line (TRL) calibration technique in X and Ku bands. The levels of isolation (Ss1-
parameter) are found ~ —80dB for perfect electric conductor (PEC). Rectangular samples of sizes
22.86 mm x 10.16 mm and 15.80 mm x 7.9 mm are cut from the prepared composites and measurements
carried out in X and Ku bands to cover the frequency range 8-18 GHz. S-parameters (Reflection and
Transmission) are measured in both bands. Complex permittivity and permeability properties are
extracted from these parameters using Nicolson-Ross procedure [21]. Different components of SE viz.
reflection, absorption and total SE are also calculated from the measured S-parameters.

3. RESULTS AND DISCUSSION

3.1. Filler Material Characterization

Figure 2(a) shows the powder XRD spectrum of pure carbon black (CB) which is used as filler material
in the present study. The pure hexagonal graphitic phase is seen from the spectrum. The average
crystalline diameter determined from the XRD spectrum by using Debby Scherer equation is found in
the range of 1520 nm. The corresponding TEM image of powder is shown in Figure 2(b). From TEM
image, it is observed that CB particles are distributed in the form of aggregates, wherein the individual
particle size is found ~ 15 nm. These aggregates due to high surface area result into enhanced interfacial
polarization causing increased attenuation of the electromagnetic wave energy.
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Figure 2. (a) Powder XRD spectrum and (b) TEM micrograph of pure CB.
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3.2. Volume Resistivity and DC Conductivity of Composites

The volume resistivity of CB-SiR composites as a function of CB concentration is shown in Figure 3(a).
Corresponding DC conductivity profile is shown in Figure 3(b).
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Figure 3. Effect of CB loading on (a) Volume resistivity (b) DC conductivity.

From Figure 3ga), it is observed that composites having 0-3 wt% CB loading show high resistivity
of the order of 10'' Qcm. However, increasing the concentration of CB up to 4wt%, the resistivity
value sharply decreases by nearly five orders of magnitude to around 10° Qcm. With further increasing
the CB content, the rate of decrease in resistivity with reference of CB concentration remains quite
high up to loading of 8 wt%. Beyond 8 wt% CB concentration, rate of decrease in resistivity w.r.t.
CB is very small, i.e., now the fall in resistivity is much less. The studies are continued up to 15wt%
of CB. The critical concentration level, where the system transforms from insulating to conducting
stage, is known as percolation threshold. From the curve, percolation threshold is found at 3 wt%, and
percolation zone can be defined in the range of 3-8 wt% loading of CB. Further, theoretical percolation
threshold of CB as filler in polymer matrix can be explained by equation given by Janzen [22,23].
The calculated value of percolation threshold is 3.6 wt% which closely matches with experimental value
~ 3.0wt% (Figure 3(a)) in the present study. Although the calculated value of percolation threshold
is very close to the experimental data, selection of matrix and method of preparation of composites
by proper dispersion of filler in matrix is very important to obtain low percolation threshold in the
composites. We have achieved low percolation threshold by selecting appropriate CB with high surface
area and high pore volume (DBP value) as filler material and room temperature curable silicone rubber
(medium viscosity) as binder matrix.

Figure 3(b) shows the DC conductivity profile of the composites. The change in the conductivity
beyond the percolation threshold is expressed using the following power law equation [24, 25].

o= K(p—po)! (1)
where o is the conductivity of composite, K the constant of proportionality, p the mass fraction of filler
material, p. the mass fraction of carbon black at the percolation threshold, and ¢ the critical exponent
which governs the scaling behaviour in the region p.. The observed value of ¢ = 2.96 is found in the
range of reported values 2 to 4.5 for such systems [26, 27].

3.3. Morphology Studies of Composites

In order to understand the low percolation threshold in composites, SEM micrographs are taken for the
CB-SiR composites containing 0-15 wt% CB. Some of the representative images are shown at Figure 4.
The SEM image of composite with 3 wt% loading shows change in morphology, wherein some aggregates
are seen in contact with each other and a few others separated in the image (Figure 4(a)). With further
increasing the loading of CB filler (5 wt% CB), closely spaced fine aggregates forming continuous network
are observed in the image (Figure 4(b)). In 10 wt% composite (Figure 4(c)), these aggregates are found
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Figure 4. SEM Micrographs of CB-silicone rubber composites. (a) 3wt%. (b) 5wt%. (c¢) 10wt%. (d)
15 wt%.

denser than the samples with lower concentrations. The composite with 15wt% CB shows further
change in morphology with layered structure (Figure 4(d)).

The insulating behaviour of composite with lower loading (1 wt% and 2wt%) is observed due to
insufficient network to conduct the electricity, as aggregates are largely spaced in the matrix. This
behaviour continues up to 3 wt% loading of CB due to lack of continuous network. However, in 5 wt%
composite, increase in dc electrical conductivity of the composites is observed due to formation of
continuous network of aggregates which can provide effective conducting path [28]. Increase in the
electrical conductivity of composites is observed at higher concentration of 10 wt% because of formation
of strong chain structure of aggregates of CB. Further, for the composite with 15 wt% of CB, the flow of
electron becomes much easier due to the formation of layer structure, which enhances the conductivity.

3.4. Complex Permittivity (¢ = &’ — je”) and Permeability (u = p' — ju”) Properties

The real (¢') and imaginary (¢”) parts of complex permittivity of composite samples Sy to S3 are shown
in Figures 5(a) and 5(b), respectively. From the figures, it is observed that both &’ and &” values of
composites increase with increasing the concentration of CB. The corresponding loss tangent (tan d.)
values also increase with CB content (Figure 5(c)). Values of ¢’ and &” for pure silicone rubber (sample
So) are found ~ 3 and ~ 0.01, respectively, over 8-18 GHz, whereas for sample S; (3wt% CB) &’ and
g’ values are increased to ~ 5 and ~ 1, respectively, and found almost constant over 8-18 GHz. With
further increasing the concentration of CB (sample Sy —5 wt%) ¢’ and €” show dispersion characteristics
with frequency and loss tangent values at ~ 0.45-0.5. At further higher concentration of CB (sample S5
—10wt%), composite shows more dispersion characteristics with increased loss tangent values ~ 0.8-0.9
over 8-18 GHz. The dispersion behaviour of imaginary part of permittivity [29] in the composites is

given as: -
6” = % + sg"lelax (2)
The enhanced values of loss factor in sample Sy and S3 are observed due to formation of conductive
network between CB aggregates as depicted in SEM images resulting in increase in dc conductivity
(04c). As a result, the dielectric loss of composites increases. EM characterization results of sample
Sy (15 wt% CB) are found conducting in nature. Therefore, permittivity results are not shown in the
figures given above. For composites below critical threshold, i.e., 3wt%, the observed values of loss
factor are related to the interfacial polarization which occurs due to combination of higher conducting
filler (CB) with non-conducting binder matrix (SiR). Therefore, loss factor increases slightly (¢”,,,.) for
these composites. The magnetic permeability is found almost constant, i.e., u ~ 1 —j %0 for all samples,
indicating dielectric nature of composites.
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Figure 5. Complex permittivity vs. frequency. (a) Real part (¢'). (b) Imaginary part (). (c)
Dielectric loss tangent (tan de).

3.5. Microwave Absorption Properties

Reflection Loss (RL) of the composites as a microwave absorber is calculated using the measured data
of complex relative permittivity () and relative permeability (1) based on transmission line model. The
normalized input impedance (Z,,), reflection coefficient (I') and RL (in dB) for a PEC backed single
layer absorber under normal incidence of EM wave are defined as [30]:

Zn—1
I = 4
Zn+1 4)
R.L. = 20log, |T'| (5)

where f is the frequency of the EM wave; d is the thickness of the absorber; ¢ is the velocity of light
in the free space; € and p are the relative complex permittivity & permeability; Zj is the characteristic
impedance of free space ~ 377 2; Z,, is the impedance of material; Z,, is the normalized input impedance.

Figure 6(a) shows the calculated RL (microwave absorption) values for samples Sp, Si, Sz and S3
for composite thickness 2 mm.

For sample Sy, no absorption (RL ~ 0dB) and for sample S; (3wt% CB) very small absorption
(RL < —5dB) are observed. For sample S2 (5wt% CB) maximum RL ~ —29dB (absorption peak)
is found at 13 GHz with > —10dB RL over 11-16 GHz frequency range (5 GHz bandwidth). However,
in sample S3 (10wt% CB), no such absorption peak is observed and RL response found almost flat in
nature with values ~ —6 to —10dB over 8-18 GHz. To understand the absorption behaviour of these
composites, normalized impedance for a single layer absorber of 2mm thickness is calculated using
the permittivity and permeability data of all samples as shown in Figure 7(a). It is observed that for
sample So, the value of Z,, is found ~ 0.93 (close to 1) at 13 GHz frequency in comparison to other
composite samples over 10-18 GHz, which provides better impedance match with free space impedance
for EM waves to attenuate (Figure 7(b)). Similarly, for thickness 1.9 mm, the absorption peak with
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Figure 6. Reflection loss (RL) vs. frequency (a) RL of samples Sy—S3 at thickness 2mm (b) RLof
sample Sy at different thicknesses.
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Figure 7. (a) Normalized impedance vs. frequency of all samples at thickness 2mm. (b) Schematic of
RL phenomenon of a single layer MW absorber.

maximum RL ~ —28dB is observed at 14 GHz, with more than 90% MW absorption (RL > —10dB)
over 12-18 GHz (6 GHz BW).

Although sample S3 shows high value of loss tangent in comparison to sample Sy (Figure 5(c)), the
EM wave reflects from the front surface of the absorber (Figure 7(b)), due to major contribution from
impedance mismatch (Figure 7(a)). As a result, the absorption of microwave energy decreases in sample
S3. Therefore, sample S5 is selected for calculation of RL values at different thicknesses of the absorber.
The calculated RLvalues for this sample are shown in Figure 6(b). The absorber of this composition is
found to give tunable RL values over 8-18 GHz by varying thickness from 1.5 to 2.7 mm. The absorption
bandwidth (> 90% MW absorption) of absorber is found ~ 6 GHz and ~ 4 GHz for absorber thickness
of 1.9mm and 2.7mm in Ku and X bands, respectively. In earlier report [12], narrow bandwidth of
absorption (~1.2 GHz) was reported by taking CB as filler in composites. Further, the increase in the
bandwidth of absorption was observed by taking additional filler SiC (50 wt%) along with CB (5 wt%).
Similar observations are reported in [3], wherein other filler materials viz. BaTiOg, Fe(Co)s, nanosize
Fe and ferrites were used along with CB in composites to achieve enhanced bandwidth. The other
filler materials, with higher density, result in the increase in the overall weight of the composites to
achieve the same performance. Therefore, there is always compromise between absorption performance
and weight penalty of absorber. The high absorption bandwidth and low weight penalty are always
preferred for practical applications. In our studies, we can achieve light weight absorber having large
bandwidths ~ 6 GHz in Ku-band and ~ 4 GHz in X-band with more than 90% microwave absorption
(RL > —10dB) using very low concentration of CB (5wt%) in the composites without any additional
fillers.
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3.6. Shielding Effectiveness (SE)

The shielding effectiveness of a material is measured in terms of reduction in magnitude of incident
power/field upon transition across the shield material. The total shielding effectiveness (SEr) is
expressed as [31]:

Three different mechanisms, namely reflection (R), absorption (A) and multiple internal reflections
(M), contribute towards overall attenuation. Experimentally, shielding effectiveness is measured using
Vector Network Analyzer (VNA) system. S-parameters (S11 & Sa1) are measured with VNA system.
Further, reflection (SEg), absorption (SE4) components of SE and total shielding effectiveness (SEr)
are calculated using these parameters as [32, 33]:

SEr = 10log10(1 — R) = 10log 10 (|1 — S,|?) (7)

SE4 = 10log10(1 — A.) = 10log 10 [ﬁ%}

SEr = 10log 10|T| = 101log 10|Sy | = SER + SE4 (9)

Results of shielding effectiveness for samples Sy—S4 measured in X and Ku bands are shown in
Figure 8. Figures 8(a) and 8(b) show the reflection component (SEg), and Figures 8(c) and 8(d)
show the absorption component of SE (SEA) over X and Ku bands. From the figures it is observed
that SER decreases with increasing the frequency. Figures 8(e) and 8(f) show the variation of total
shielding effectiveness (SEp) with frequency in X and Ku bands. The total shielding effectiveness
is determined from the measured values of transmission parameters (S21) as per Eq. (9). From the
figures, it is clear that SE of the composites increases with increasing the loading of CB in matrix. The
composite with 15wt% of CB (samples S4) shows ~ —40dB SE over X and Ku bands. The observed
Shielding effectiveness of composites results from high values of electrical conductivity of samples, which
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is attributed to layer morphology in this composition as seen in SEM image. In the previous studies,
using nanosize CB with CNTs and short carbon fibers, a maximum SE of ~ —30 dB was achieved [15-17],
but at higher content of CB.

3.6.1. Effect of Composite Thickness on SE

Figure 9(a) and 9(b) show the effect of composite thickness on shielding effectiveness and reflectivity
for 15wt% CB composite in 818 GHz. The shielding effectiveness increases from —15dB to —40dB
by varying the thickness from 1mm to 2.8 mm respectively for this composition. Further increasing
the thickness (~ 3.3mm), the transmission values approach PEC response (Figure 9(a)). Reflectivity
profile of the composite does not show any significant change (values are found within ~ 1-2dB) with
thickness (Figure 9(b)). From the above studies, it is clear that dominant phenomenon for increase in
shielding effectiveness is absorption of microwave energy within the composites.
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Figure 9. Effect of composite thickness on (a) shielding effectiveness, (b) reflectivity.

3.6.2. Effect of Filler Content on SE

The SE of composite depends on the conductivity, thickness of sample and frequency of operation. To
find SE values of the composites for different contents of CB, we plot graphs for different thicknesses
of the composites as shown in Figure 10. It is observed that SE values increase with increasing CB
content in the composites irrespective of thickness. However, the values are found more for higher
thickness. From these curves, loading of CB required to get desired SE values can be determined for a
given thickness and frequency.

Details of conductivity, RL and SE values of composites having thickness 2.8 mm are summarized
at Table 1.

Table 1. Conductivity, RL and SE of Composites (thickness 2.8 mm).

T. t
Sample | Composition Conductivity aIl,qogsZn RL (-dB) SE
P P (S/cm) (s | 218GHs | (-dB)

So 0wt% 2.63 x 10711 ~ 0 ~ 0 ~0
S 3wt% 6.50 x 1011 ~ 0.2 ~ 2 ~5
So 5 wt% 1.25 x 1076 ~ 0.4 ~ 29 ~ 10
Ss 10 wt% 5.95 x 1072 ~ 0.8 ~9 ~ 15
Sy 15 wt% 5.70 x 1071 - - ~ 40
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Figure 10. SE vs. content of CB (wt%) at thickness (a) 2.8 mm, (b) 1.5 mm, (c¢) 1.0 mm.

4. CONCLUSION

Conducting carbon black (CB) — silicone rubber composites are prepared, and their morphology, DC
conductivity, dielectric & microwave absorption properties and shielding effectiveness are investigated
in the frequency range of 8-18 GHz. The volume resistivity and DC conductivity measurements suggest
low percolation threshold at 3wt% of CB for these composites and percolation zone found to be 3—
8wt% loading of CB. The composites with 5wt% loading of CB show more than 90% absorption
(RL > —10dB) in X and Ku bands with thicknesses 2.7 mm and 1.9 mm, respectively. Further, Shielding
Effectiveness (SE) studies of composites are carried out with different concentrations of CB. An SE of
~ —40dB is achieved at 15 wt% CB-rubber composites with thickness 2.8 mm over the frequency range
8-18 GHz. The SE increases with increasing the thickness of the composites. SE values can be tuned in
the range of —15dB to —40 dB by varying the thickness from 1 mm to 2.8 mm for the same composition.
The prepared composites with selected filler concentration have potentials for microwave absorption in
Stealth Technology and also for EMI shielding of various equipments in military and civil areas.
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