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Abstract 
The paper presents the synthesis and characterization of carbon black/silicone dio-
xide hybrid fillers obtained by an impregnation technology. The electromagnetic in-
terference shielding effectiveness of the composites filled with carbon black/silicone 
dioxide hybrid fillers was measured in wide frequency range of 1 - 12 GHz. The dc 
and ac electrical conductivity of composites also have been investigated. The rela-
tionship between electrical (dc and ac) conductivity and shielding effectiveness was 
analyzed. A positive correlation was found between the absorptive shielding effec-
tiveness and ac conductivity for composites comprising conductive carbon black/si- 
lica filler, when the filler loading is above the percolation threshold. 
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1. Introduction 

Recently, the importance of preventing electromagnetic interference (EMI) on diverse 
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electronic devices has increased with the rapid development of radiation source and the 
high reliability requirements for electronic devices [1]. Furthermore, EMI shielding at 
higher frequency especially microwave radiation has become one of the serious con-
cerns to the society as it not only affects the lifetime, performance of electronic devices 
but also has adverse effect on human beings [2]. Hence, many efforts have been done to 
design and develop EMI shielding materials/composites to eliminate the harmful effects 
of electromagnetic radiation. 

Among the various composite materials, rubber composite materials filled with hy-
brid fillers are also employed as appropriate electromagnetic shields due to their com-
bined electrical conductivity, interesting mechanical and dielectric properties. In the 
last years, a considerable number of studies investigated the application of rubber 
composite materials as EMI shields and radar absorbing materials [3]-[9]. In order to 
achieve high value of shielding effectiveness of conductive composites, non-conductive 
fillers such as SiO2, are used [10] [11]. For example, Mishra et al. [10] found that the 
phenolic resin sheet consisting of multiphase such as EG, γ-Fe2O3, silica and carbon fi-
ber exhibits enhanced shielding effectiveness (from 18.77 to 55.40 dB) in the frequency 
range of 8.2 - 12.4 GHz (X-band). However, Xiang et al. [12] used silica particles for fa-
bricating MWCNT-fused silica composites for electromagnetic interference shielding. 

There are no literature data on the correlation between electrical conductivity and 
EMI shielding effectiveness (SE) of natural rubber based (NR) composites loaded with 
carbon black/silicone dioxide hybrid fillers in wide frequency range of 1 - 10 GHz. 

The aim of the paper is to investigate the influence of type of filler and percolation 
threshold on the correlation between electrical conductivity and shielding effectiveness 
of natural rubber based composite loaded with three types of hybrid carbon black/sili- 
con dioxide fillers obtained by an impregnation technology using carbon black of dif-
ferent characteristics as a substrate. 

2. Experimental Details 
2.1. Materials 

Natural rubber SVR 10 (Hong Thanh Rubber Pty. Ltd.) was used as a polymer matrix. 
The other ingredients such as zinc oxide, stearic acid, N-tert-butyl-2-benzothiazole sul-
fenamide (TBBS) and sulphur were commercial grades and used without further puri-
fication. Industrial furnace carbon black types PM-15 and PM-75 (produced in Russia 
with characteristics corresponding to those of carbon black types N 776 and N 330, re-
spectively) and conductive carbon black Printex XE-2B (Orion Engineered Carbons 
GmbH) were used as substrates for production of the hybrid fillers. Silicasol (contain-
ing 40% of silica; pH-9; density 1.3 g/cm3) was chosen as an impregnating agent due to 
our idea to obtain carbon/silica dual-phase fillers. The choice of these three fillers was 
caused by the big difference in their main characteristics: specific surface area, particle 
size, oil absorption number, iodine adsorption, etc. 

2.1.1. Hybrid Fillers Preparation 
The hybrid fillers were prepared via impregnation according to following procedure: 
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A mixture of 100 g of furnace carbon black (PM-15 or PM-75) 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 impreg-
nation and homogenization were run for 2 h. After the impregnation, the fillers with 
substrate PM-75 and PM-15 were dried at 50˚C for 30 min and then at 200˚C for 2 
hours. Fillers with substrate Printex XE-2B were placed into a drying chamber at 150˚C 
and the drying continued for than 2 hours until complete dryness of the compound. 
After that, the product was ground 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. 

The obtained hybrid fillers were denoted as, PM-15-3, PM-15-7, PM-75-3, and 
PM-75-7, for fillers with furnace CB. The last digit denotes the percentage of silica they 
comprise. The hybrid fillers with conductive carbon black (CCB) were denoted as 
CCB-3, and CCB-7, respectively. The substrates were denoted as PM-15-0, PM-75-0, 
and CCB-0, respectively. The amounts of filler are expressed in phr (parts in wt per 100 
parts in wt of dry rubber) in the following sections. 

2.1.2. Preparation of Rubber Composites 
The compositions of rubber-based composites are summarized in Table 1. The mixing 
of rubber compounds was performed in two-roll laboratory mill with rolls dimensions 
L/D 320 mm × 160 mm and 1.27 friction. The speed of the slow roll was 25 min−1. 

The vulcanization of the NR based compounds was carried out on an electrically 
heated hydraulic press with a special homemade mold at 150˚C and 10 MPa. Finally, 
thin sheets (dimensions 150 mm × 150 mm, thickness 2 mm) of vulcanized rubber 
compounds were obtained. 
 
Table 1. Composition of the investigated rubber compounds (phr). 

 NR1 NR2 NR3 NR4 NR5 NR6 NR7 NR8 NR9 
Natural Rubber 

SVR 10 
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Zinc Oxide 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

Steric Acid 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

PM-15-0 70.0 - - - - - - - - 

PM-15-3 - 70.0 - - - - - - - 

PM-15-7 - - 70.0 - - - - - - 

PM-75-0 - - - 70.0 - - - - - 

PM-75-3 - - - - 70.0 - - - - 

PM-75-7 - - - - - 70.0 - - - 

CCB-0 - - - - - - 70.0 - - 

CCB-3 - - - - - - - 70.0 - 

CCB-7 - - - - - - - - 70.0 

TBBS 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

Sulfur 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
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Composites comprising fillers PM-15-0, PM-75-0, CCB-0 in the concentration range 
10 - 60, 80 and 90 (phr) were also prepared in order to establish the percolation thre-
shold of the composites filled with different types of carbon black. However, the former 
composites are not included in Table 1 because their properties were not determined 
except for the dc conductivity. 

2.2. Measurements 
2.2.1. DC Volume Resistivity Measurements 
Volume resistivity (ρv in Ω·m) of the obtained flat rubber based composites was meas-
ured using two electrodes method and calculated by Equation (1) 

v vR S hρ =                           (1) 

where: 
RV is ohmic resistance between the electrodes; h—sample thickness between the elec-

trodes, in m; and S—cross sectional area of the measuring electrodes, in m2. 
The dc electrical conductivity of the composites was calculated using Equation (2) 

1 .dc vσ ρ=                           (2) 

2.2.2. AC Electrical Conductivity Measurement 
AC electrical conductivity, which is associated with dielectric loss factorε'', was calcu-
lated using Equation (3) 

02πc ra fσ ωε ε ε ′′= =                       (3) 

where f is the frequency of electromagnetic field, in Hz, ε0 = 8.854 × 10–12 (F/m) is the 
permittivity of free space, and 0rε ε ε′′ ′′=  [13]. The measurements of the real ε' and 
imaginary ε'' parts of permittivity of composites were carried out by using the resonant 
perturbation method.Accordingto the resonant perturbation method, the tested sample 
is introducedinto a resonator, and the electromagnetic parameters of the sampleare 
deduced from the changein the resonant frequency and quality factor of the resonator 
[14]. 

2.2.3. Shielding Effectiveness Measurement 
The EMI shielding effectiveness of rubber composites was analyzed using the mea-
surement setup indicated in Figure 1 in frequency range from 1 GHz to 12 GHz. 
Composite samples of 2 mm thickness were used. 

According to classical electromagnetic wave theory [15] [16], the total shielding ef-
fectiveness (SET) of a composite is expressed in terms of the ratio of the incident power 
on the composite surface PI and the transmitted power PT, and can be mathematically 
expressed in logarithmic scale, in dB as 

( )1010 logT I T R A MSE P P SE SE SE= = + +             (4) 

where SER and SEA represents the contributions in total shielding effectiveness due to 
reflection and absorption, respectively, SEM represents the additional effects of multiple 
reflections and transmissions [15] and can be neglected [17] in all practical application  
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Figure 1. Schematic diagram of the system for measuring EMI SE. (1) A set of radiofrequency 
generators G4-37A, G4-79 to G4-82 and HP 68A; (2) A coaxial reflectometer; (3) A coaxial trans-
mission line Orion type E2M for frequencies from 1 GHz to 5 GHz and a coaxial transmission line 
APC-7 mm for frequencies from 6 GHz to 12 GHz; (4) A power meter HP 432A; (5) A signal ge-
nerator BM492 releasing a modulating signal at 1 kHz and (6) ratio meter HP Model 416A. 

 
when SET > 10 dB [10]. 

The total shielding effectiveness (SET, in dB) and the reflective shielding effectiveness 
of the composite surface (SER, in dB) were determined by Equations (5) and (6) [15] 
[16] [18]. 

1010 logTSE T= −                       (5) 

where: 2
21T IT P P S= =  

( )1010 log 1RSE R= − −                     (6) 

where 2
11R IR P P S= = , S11 and S21 are complex scattering parameters or S-param- 

eters (S11 corresponds to the reflection coefficient and S21- to the transmission coeffi-
cient). 

To determine the shielding components for the composites, PI, PT and 11SΓ =  
were measured, and PR was computed from the magnitude of reflection coefficient 
( 2

R IP P= Γ ). 
The absorptive shielding effectiveness (SEA in dB) was calculated as the difference 

between Equations (5) and (6), as shown in Equation (7). 

A T RSE SE SE= −                         (7) 

2.3. Statistical Analysis 

IBM SPSS Statistics software was used for data processing and statistical analysis. Pear-
son’s correlation coefficient was used to analyze the correlation between ac conductivity 
and EMI SE in frequency range from 1 GHz to 10 GHz. Significance was defined at a 
level of P < 0.05. 

3. Results and Discussion 
3.1. Electrical Properties 

The dc electrical conductivity of rubber composites comprising fillers PM-15-0, PM-75- 
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0, CCB-0 as a function of filler loading is shown in Figure 2. It is observed from these 
results that for all composites, the dc electrical conductivity increases with the increase 
in carbon black loading. When the carbon black loading reaches a level sufficient for 
the aggregates to form a continuous network, the electrical conductivity of the rubber 
compound arises significantly (several orders of magnitude). This mechanism is a part 
of the foundation of the percolation theory [19]. 

The carbon black loading at which the conductivity starts to increase rapidly is about 
10 phr for Printex XE-2B and as much as 70 phr for PM-15. In the case of carbon black 
РМ-75 the conductivity starts to increase after filler loading of 30 phr, but at 70 phr the 
increase continues. For conductive carbon black Printex XE-2B filled composites, the 
increase of conductivity is quite sharp with initial filler addition to the rubber matrix 
and the dc conductivity increase is much more drastic compared to that of composites 
with PM-75 and PM-15. Moreover, as more filler is added to the composite above the 
percolation threshold, the dc electrical conductivity continues to increase but slowly. 
Finally, after 60 phr the conductivity constantly retains the same regardless of the in-
creasing content of the filler Printex XE-2B. 

The effects of the types of conductivity (dc versus ac), the percolation threshold, type 
of the filler, and silica phase in filler on the EMI SE of the rubber composites were as-
sessed at filler loading 70 phr. Depending on dc conductivity of the composites at 70 
phr filler loading the composites behavior can be defined as: (1) prior to the percolation 
threshold for composites NR1–NR3 with hybrid fillers PM-15-0, PM-15-3 and 
PM-15-7, respectively; (2) about the percolation threshold (the percolation has begun 
but has not been completed yet) for composites NR4–NR6 with hybrid fillers PM-75- 0, 
PM-75-3 and PM-75-7, respectively and (3) above the percolation threshold for com-
posites NR7-NR9 with hybrid fillers CCB-0, CCB-3 and CCB-7, respectively. 

 

 
Figure 2. DC electrical conductivity of natural rubber composites as a function of filler loading. 
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Table 2 presents the influence of silica phase in hybrid fillers on the dc electrical 
conductivity for the studied composites. As shown in Table 2, there is a direct correla-
tion between increasing SiO2 content and dc electrical conductivity of composites. 

From the results, we can conclude that increasing silica concentration in filler, the dc 
electrical conductivity decrease. The decrease of dc electrical conductivity in the com-
posites may be due to the formation of isolated segregated regions. This effect is most 
expressive at composites with filler PM-15, from 3.3 × 10−13 to 8.3 × 10−14 S/m. 

The well pronounced difference in dc conductivity values for the composites is due 
to the difference in the size of carbon black particles and consequently to the difference 
in the their specific surface area. The specific surface area of furnace carbon black PM- 
15-0 is 15 m2/g, PM-75-0 is 75 m2/g, that of CCB-0-1000 m2/g. The smaller particles of 
Printex XE-2B i.e. their higher specific surface area, favours the formation of conduc-
tive pathways, even at lower filler concentrations that is a prerequisite for higher con-
ductivity. 

3.2. Shielding Effectiveness 

EMI shielding effectiveness of NR based composites (NR1-NR9) was investigated in a 
wide frequency range from 1 GHz to 12 GHz at the level of the filler loading 70 phr as 
given in Table 1. 

As can be seen from Figures 3-5 the NR composites with hybrid filler based on fur-
nace carbon black possessed shielding effectiveness due to both reflection and absorp-
tion. EMI SET of composites with conductive carbon black is mainly due to absorption. 
EMI SE of all composites shows wave like variation against frequency. 
 
Table 2. DC electrical conductivity of the investigated composites. 

Composite NR1 NR2 NR3 NR4 NR5 NR6 NR7 NR8 NR9 

σDC (S/m) 3.3 × 10−13 2.4 × 10−13 8.3 × 10−14 4.6 × 10−7 3.3 × 10−7 2.6 × 10−7 0.44 0.28 0.23 

 

 
Figure 3. Shielding effectiveness (SER, SEA, and SET) versus frequency for natural rub-
ber composites NR1-NR3. 

Frequency (GHz)
0                  2                 4                  6                  8                10                12

0.00

3.00

6.00

S
hi

el
di

ng
 E

ffe
ct

iv
en

es
s 

(d
B

)

SER NR 1 (PM-15-0)
SEA NR 1 (PM-15-0)
SET NR 1 (PM-15-0)

SER NR 2 (PM-15-3)
SEA NR 2 (PM-15-3)
SET NR 2 (PM-15-3)

SER NR 3 (PM-15-7)
SEA NR 3 (PM-15-7)
SET NR 3 (PM-15-7)



A. A. Al-Ghamdi et al. 
 

503 

 
Figure 4. Shielding effectiveness (SER, SEA, and SET) versus frequency for natural 
rubber composites NR4-NR6. 

 

 
Figure 5. Shielding effectiveness (SER, SEA, and SET) versus frequency for natural 
rubber composites NR7-NR9. 
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Table 3. Dynamic range and mean value of EMI SE in frequency range from 1 GHz to 12 GHz. 

 NR1 NR2 NR3 NR4 NR5 NR6 NR7 NR8 NR9 

SET dynamic range (dB) 6.0 5.0 3.0 7.0 6.0 6.0 11.0 9.0 5.0 

SEA dynamic range (dB) 5.0 4.0 1.5 5.0 4.0 3.0 13.0 11.0 5.0 

SER dynamic range (dB) 4.0 3.0 2.3 4.0 4.0 4.0 5.0 5.0 6.0 

SET Mean value (dB) 
± S.D (dB) 

3.13 
±1.60 

2.44 
±1.32 

1.71 
±0.85 

4.42 
±1.82 

4.06 
±1.76 

3.50 
±1.70 

12.99 
±3.31 

13.75 
±2.74 

16.06 
±1.37 

SEA Mean value (dB) 
± S.D (dB) 

1.25 
±1.04 

1.06 
±0.95 

0.71 
±0.43 

2.73 
±1.31 

2.03 
±0.87 

1.51 
±0.69 

10.16 
±3.89 

10.79 
±3.00 

13.08 
±1.14 

SER Mean value (dB) 
± S.D (dB) 

1.13 
±1.00 

1.29 
±0.99 

1.01 
±0.75 

1.69 
±0.99 

2.02 
±1.17 

1.99 
±1.34 

2.73 
±1.36 

2.86 
±1.27 

3.03 
±1.07 

 
composites comprising conductive carbon black Printex XE-2B and the hybrid fillers 
on its base is related to the higher electrical conductivity of these composites. As known 
from the general EMI theory, (15) when skin depth δ becomes much less as compared 
to actual shield thickness t, which is valid in our case, EMI SET increases with the in-
crease in total electrical conductivity σ, as shown in Equations (8) and (9) [15]. In these 
equations, it is apparent that both the shielding by reflection SER and shielding by ab-
sorption SEA increases with the increase in the electrical conductivity [20]. In the equa-
tions, µ is the permeability, µr is the relative permeability, and ω = 2πf is the angular 
frequency. The term total electrical conductivity (σ) which is composed of frequency 
dependent (ac) and independent (dc) components is presented in Equation (10) as: 

10 10
0

110 log 39.5 10 log
16 2πR

r

SE
f

σ σ
ωµ ε µ

   
= = +   

  
        (8) 

8.686 πASE t f µσ=                       (9) 

dc acσ σ σ= +                        (10) 

It is observed from Table 3 and Figure 2 that the EMI SE has some dependence on 
percolation threshold. The composites prior to the percolation threshold (NR1-NR3) 
have the lowest SET values, while those with loading above the percolation threshold 
(NR7-NR9) have the highest ones. In between are the composites (NR4-NR6) where in 
the percolation has started but has not been completed yet. Hence, conductive mesh 
formation and type of hybrid filler decide the EMI SE of a particular composite. 

3.3. Correlation between DC Electrical Conductivity and EMI SE 

The correlation between the mean values of EMI SE (total, absorptive and reflective) 
and dc electrical conductivity of NR based composites loaded with hybrid fillers is dis-
played in Figure 6. It is found that EMI SET and SEA increase with dc conductivity of 
composites comprising furnace carbon black and the hybrid fillers on its base. 

A positive correlation is observed between the EMI SE (SET and SEA) and dc conduc-
tivity of composites comprising furnace carbon black and the hybrid fillers on its base. 
However, the correlation is found to be negative with respect to EMI SE (SET and SEA)  
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Figure 6. Correlation between EMI shielding effectiveness and dc electrical conductivity of 
composites NR1-NR9 filled with different silica concentration. 
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Table 4. Mean value of ac electrical conductivity of the NR composites in frequency range from 1 
GHz to 10 GHz. 

Composite NR4 NR5 NR6 NR7 NR8 NR9 

Mean value of ac conductivity 0.0027 0.0040 0.0054 6.158 8.305 9.916 

±S.D. (S/m) ±0.003 ±0.0071 ±0.0102 ±6.897 ±8.649 ±9.952 

 
the two phases of the hybrid filler are responsible for interfacial polarization, which 
further contribute to dielectric loss. Thus, interfacial polarization, as well as the number 
of possible relaxation modes can produce enhancement of microwave absorption, in-
creased EMI SE, respectively. 

The relationship between ac electrical conductivity and EMI SE (reflective, absorp-
tive and total) was analyzed by Pearson’s correlation coefficient. Table 5 presents the 
results of correlation coefficients between σac and SER, SEA and SET at ten frequencies in 
the 1 GHz to 10 GHz frequency range. 

The highest correlation (0.825 for NR7; 0.826 for NR8 and 0.725 for NR9) in a posi-
tive direction has been established between absorptive shielding effectiveness and ac 
electrical conductivity, when the composite is loaded above the percolation threshold. 
Significant to high correlation has also been observed when total shielding effectiveness 
and ac electrical conductivity of composites NR7, NR8 and NR9 are compared. The 
composites filled with furnace carbon black have a correlation of −0.722 (NR4), −0.602 
(NR5) and −0.506 (NR6) when their absorptive shielding effectiveness and ac electrical 
conductivity are compared. We can say that they are correlated significantly in a nega-
tive direction. For those composites the lowest correlation from medium to significant 
has been established between reflective shielding effectiveness and ac electrical conduc-
tivity. The direction of the correlation is negative. 

From these results, it is concluded that EMI shielding effectiveness of rubber compo-
sites comprising carbon black/silica hybrid fillers is primarily affected by the percola-
tion behavior of composites. Below the percolation threshold, the conductivity change 
is negligible and the conductivity of the composites is equal to the polymer conductivity 
or slightly higher [21]. An increase in filler loading second phase (silica) results in de-
crease of EMI shielding effectiveness. This is due to absence of contact between the fil-
ler particles. Above the percolation threshold, the dc electrical conductivity increases to 
the maximum value. An increase in filler loading second phase (silica) results in in-
crease of EMI shielding effectiveness. This is due to the increase in ac electrical conduc-
tivity, as shown in Table 4. This observation was also reported by others [11] [12]. Wu 
et al. [11] found that introducing non-conductive particle into conductive filler filled 
composites could result in a better conductivity. Hence, silica is also act as a shield 
when it is used with different materials [10]. Therefore, in the case of natural rubber 
composite loaded with hybrid carbon black/silica filler the enhance of ac electrical 
conductivity due to increase filler loading second phase (silica) can play its role for 
shielding by absorption SEA (SEA mechanism) only when a percolation network is 
formed. 



A. A. Al-Ghamdi et al. 
 

507 

Table 5. Person’s correlation coefficients between shielding effectiveness with ac electrical con-
ductivity of natural rubber composites. 

Shielding 
Mechanism 

 AC electrical conductivity to Shielding Effectiveness 

 NR4 NR5 NR6 NR7 NR8 NR9 
Total Shielding 

Effectiveness 
Pearson 

Correlation 
−0.755 −0.816 −0.679 0.788 0.499 0.821 

Absorptive Shielding 
Effectiveness 

Pearson 
Correlation 

−0.722 −0.602 −0.506 0.825 0.826 0.725 

Reflective Shielding 
Effectiveness 

Pearson 
Correlation 

−0.496 −0.781 −0.599 −0.791 −0.350 −0.005 

4. Conclusions 

The role of type of filler and percolation threshold on the correlation between electrical 
conductivity (dc and ac) and shielding effectiveness of natural rubber based composite 
loaded with three types of hybrid carbon black/silicon dioxide fillers obtained by an 
impregnation technology using carbon black of absolutely different characteristics as a 
substrate has been discussed thoroughly. It has been observed that EMI shielding effec-
tiveness of composites comprising carbon black/silica hybrid fillers is primarily affected 
by the percolation behaviour of composites. A positive correlation is observed between 
the EMI SE (total and absorptive) and dc electrical conductivity of composites com-
prising furnace carbon black and the hybrid fillers on its base when the composites are 
loaded below and about the percolation threshold. The highest correlation (0.825 for 
NR7; 0.826 for NR8 and 0.725 for NR9) in a positive direction has been established be-
tween absorptive shielding effectiveness and ac electrical conductivity, when the com-
posites comprising conductive carbon black Printex XE-2B and the hybrid fillers on its 
base are loaded above the percolation threshold. The results demonstrated that dc 
conductivity is not only the determining factor for controlling the magnitude of shiel-
ding effectiveness. In addition, the ac conductivity can play its role for shielding effec-
tiveness only when a percolation network is formed. Hence, combination of both elec-
trically conductive filler and dielectric material (SiO2) is effective to enhance the elec-
tromagnetic wave attenuation (shielding effectiveness) only when a percolation net-
work is formed. 

Due to their properties, the composites comprising carbon black Printex XE-2B and 
the hybrid fillers on its base could be adopted as a material for improving mobile phone 
antenna radiation efficiency, reducing specific absorption rate in human head induced 
from phone antenna and as shielding materials in the frequency range of 1 - 12 GHz. 
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