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Abstract 
Samples of butyl rubber(IIR)/ graphite powder were prepared using two different methods in bulk and membrane forms. 

The dielectric properties were studied in the frequency range 10
2
 - 2×10

5
Hz. The behavior of the dielectric constant and the 

AC conductivity were found to be described by the well-known percolation theory. The percolation threshold for both types 

of samples was found to be around 0.25. A deviation in the value of the percolation exponent form the universal value was 

found and this also was explained. 

 

Keywords:dielectric properties, IIR, graphite, percolation. 

 

Introduction  
Conducting polymer composites (CPC) have become the subject of an increased research interest [1-5] due to 

their great variety of applications such as electroluminescence, sensors and energy storage systems.In order to 

get a satisfactory conductivity level, using conventional graphite powder fillers, polymer composites loadings 

need to be about 20 wt% or even higher. However, high graphite powder filler concentration could always lead 

to not only materials redundancy and detrimental mechanical properties but also a high threshold value (the 

percolation threshold) [1, 6, 7]. Celzardet al. [8] reported an epoxy/expanded graphite (E.G) composites with a 

percolation threshold of 1.3 vol.% of E.G fillers by subjecting the graphite powder to a rapid thermal treatment. 

Recently, several groups reported PMMA/E.G, PS/PG, PS/PMMA/E.G composites with markedly low 

threshold values [9–14]. Efimov and coworkers [15] and Meng and coworkers [16] also researched the 

conductivity of PANI/ graphite composites, but the graphite was natural expandable graphite, and the size was 

at micrometer and millimeter scales. At the basis of these experiments, Chen et al. [17] revealed that the 

graphite nanosheets (NanoG) were prepared by E.G with ultrasonic irradiation. The NanoG isnanosized (with 

thickness of 30–80 nm and diameter of 5–20 µm) and the high aspect ratio (diameter to thickness), about 100–

300. More recently, NanoG was used to prepare PS/NanoG [18] and PMMA/NanoG [19] composites with very 

low values of percolation threshold, about 1.6 and 1.5 vol%, respectively.  

The aim of the present work is to study the influence of the varying the final shape and the method of 

preparation on the dielectric properties of IIR/graphite powder composites. 

 

2. Materials and methods 

2.1. Materials used in this Work   

Butyl rubber (IIR) was supplied by TRENCO, Alexandria, Egypt and the fine powder extra pure graphite (50 

µm) was supplied by Merck, Germany were used in this study. Graphite properties are: Solubility (20 °C) 

insoluble; Molar mass 12.01 g/mol; Density 2.2 g/cm
3
 (20 °C); Bulk density 280 kg/m

3
; pH value 5 - 6 (50 g/l, 

H2O, 20 °C). The calculation of the true graphite volume fraction was performed through the following 

relationship: 

true graphite true graphite

true graphite

/
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                                                                   (1) 

Where 
iw and 

i are the weight fraction and the density of the i
th
 phase, respectively. 

 

2.2. Sample preparation and Measurements 

2.2.1 Bulk Forms 

All samples were prepared according to the following method with the compositions shown in table (1). 

Ingredients of the rubber composites were mixed on a 2-roll mill of 170 mm diameter, working distance 300-
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mm, speed of slow roll being 24 rpm and gear ratio 1.4. The compounded rubber was divided into two groups; 

the first group was left for 24 hours before vulcanization. The vulcanization process was performed at 153 ± 2
°
C 

under a pressure of 150 bar for 15 minutes. To ensure reproducibility of the results, the samples were aged at 

70
°
C for 10 days. By this way the bulky samples were prepared with average thickness 0.3 cm.  

 

2.2.2 Membrane Form 

This group was prepared by dissolving the second group in methylbenzene to obtain a highly concentrated 

solution. Subsequently, each gelatinous solution was shaped into membrane in a form of circle (7 cm in 

diameter) by means of a stainless steel dish. After slow drying, a smooth and uniform thin composite membrane 

was obtained about 0.7 mm in thickness. Then all membrane samples were vulcanized under pressure of 294 

bar, at temperature 153
°
C, and time of 30 minutes, the final membranes have average thickness 0.2 mm. Finally 

they were aged at 70 
°
C for 10 days to insure reproducibility of results.  

 

2.2.3 Measurements and Calculations 

The dielectric properties were measured using a bridge (type GM Instek LCR – 821 meter) in the frequency 

range 10
2
-10

5
Hz. Both samples capacitance and tan δ values were measured for all samples at different 

temperatures and frequencies .The dielectric constant ε' (real part of the complex dielectric constant) of the 

samples was calculated by using the relation. 

'  
d

C
A







                                                                     (2) 

WhereC isthe capacitance of the sample, disthe thickness of the sample, A is the cross-sectional area of each of 

the parallel surfaces of the sample, and
o is the permittivity of free space. 

Conducting polymer composites possess a frequency (ω) dependent complex dielectric constant  

     * ' – "  i      The real part ε'(ω) represents the dielectric constant and the imaginary part ε"(ω) 

accounts for the dielectric loss. The ratio of the imaginary to the real part (ε''/ ε') is the "dissipation factor" 

which is denoted by tan δ, where δ is called the "loss angle" denoting the phase difference between the voltage 

and the charging current. The AC conductivity can be deduced from the equation 2 ''AC f    , where f is the 

frequency. The dielectric loss '' is calculated from the equation ''' tan   .  

 

3. Results and discussion 

3.1 Graphite content dependence 

The dependence of the dielectric constant ε'on the graphite volume fraction  at 100 kHz of the graphite/IIR 

both in bulk and membrane forms respectively are shown inFigures (1) and (2).The dielectric constant increases 

moderately up to a point in the vicinity of the percolation threshold obtained from conductivity measurements 

( 0.25c  ). Above this point, the dielectric constant increases at a faster rate and exhibits an abrupt change. 

This increase in the value of the dielectric constant may be attributed to the buildup of space charges at the 

interface separating the conducting phase and the insulating phase due to the difference in the conductivities of 

the two phases. This buildup process is referred to as Maxwell-Wagner polarization originating in the insulator- 

conductor interfaces [20]. Space charge polarization occurs when more than one component is present or when 

segregation occurs in a material that contains incompatible chemical species and mobile charge carriers are 

trapped at the interfaces of these heterogeneous systems. The electric field distortion caused by these trapped 

charges increases the overall capacitance and hence the dielectric constant of the system[21].However, this 

enhancement of the dielectric constant in the neighborhood of the percolation threshold ( 0.25c  ) is also 

predicted by the power law[22-23] as follows: 

' (φ φ) t

c                                                                            
(3) 

Where t is a critical exponent. The log-log plots of equation(3) are shown in the inset of Figures (1) &(2). The 

best fit of the dielectric constant data to the log-log plot of Eq. (3) gives θc =0.25 for IIR/graphite in both bulk 

and membrane forms. The value of t was found to be 0.24 and0.048 for IIR/graphitein bulk and membrane 

forms respectively, which is too small compared to the universal value given by the percolation theory[24]. The 

reason for the deviation of t from the universal value ( 2) has also been reported by previous research articles 

[25-27]. It was reported [25-26] that the theoretical model did not consider the interaction between the 

conducting particle and the polymer matrix. They concluded that theoretically if physical contact is not 

necessary (i.e., charges can tunnel through the barrier) to make the percolative network, non-universal value of t 
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could be obtained for composite systems. Research article [27] reported that thevalue of t depends on type of 

simulation used to fit Eq. (3). The best linear fitting to Eq. (3) is obtained by varying the value of 
c and 

different values oftare obtained. Also, it has been demonstrated that very high values of t tend to occur when the 

conducting particles have extreme geometry [28], presence of tunneling conduction can also lead to non-

universal critical exponent [28].  

 

3.2 Frequency dependence 

The dependence of ε' on the frequency for IIR/graphite composites both in the bulk and membrane forms are 

shown in Figures (3) & (4). The ε' of the composites having θ ≤ 0.29 exhibit weak frequency dependence (for 

bulk and membrane forms), but when θ ≥ 0.35, the ε' of the composites exhibits strong dependence and 

decreases sharply in the frequency range 10
2
 Hz to 10

4 
Hz,which may be attributed to the large leakage current 

resulting from the high conductivity composites (except IIR samples in the membrane form which has low 

conductivity value). At low frequency, ahigh value of ε' ofIIR composites with θ ≥ 0.35 was observed because 

at low frequency, the polarization follows the change of the electric field, and dielectric loss is minimum and 

hence the contribution to the dielectric constant is maximal. At high frequencies, the electric field changes too 

fast for the polarization effects to appear. In this case, ε' has minimum contribution and there is approximately 

no dielectric losses in the polymer matrix[29]. A high value of ε' is very good in capacitor applications. 

Figures (5)& (6) show the frequency dependence of AC electrical conductivity of all samples in bulk and 

membrane forms respectively. The plot of log [ζAC(ω)] versus log ω emphasizes generally two regimes; a 

frequency independent plateau and frequency dependent region separated by a critical frequency. The critical 

frequency depends on the concentration of the filler in the polymer matrix. As the concentration increases, the 

critical frequency moves toward higher values. To explain this behavior,one can use the universal power law 

relation [30] 
s

AC DC A                                                              (4) 

where
DC is DC conductivity, A is a temperature-dependent constant, ω = 2πf, and s is the frequency exponent 

(s≤1.0).However, if the DC conductivity of the composite is very small then the 
DC term can be neglected and 

the above relation converts to 
s

AC A                                                                      (5) 

The exponent s is seen to be a function of ω. We determine the s value, as a function of ω (following 

Bhattacharyya et al method [31] from the slope of the log ζac(ω) - log(ω) curve at different frequencies for 

various samples. To obtain the s value, we fitted the log ζac (ω) - log (ω) data by a polynomial of the form: 

   
2

log log logac a b c     
   

 (6) 

 The slope at any frequencyω was obtained from the equation [13] 

(log )

(log )

d
s

d






      

 (7) 

using equation (6), we obtain 

2  s b c log                                               (8) 

In Figures (7) and (8) the variation of s as a function of log ω for different samples is shown.  

Other models can be used to describe the conduction mechanism and to explain the behaviour of 
AC with both 

temperature and frequency by using Eq.(5); the first one isthe correlated barrier hopping (CBH) model, which 

was proposed by Elliott [22,32]; another is the quantum mechanical tunnelling (QMT) model, which was 

proposed by Pollak and Geballe [33] and Austin and Mott [16]. According to the QMT model, the value of the 

frequency exponent s, which is calculated from the slope of the straight line relating frequency to conductivity, 

is predicted to be temperature independent but frequency dependent, whereas in the case of the CBH model it is 

predicted to be temperature and frequency dependent.This regime is attributed to hopping conduction and at 

enough high frequency the conductivity is higher than the conductivity due to band conduction. The two 

regimes are clearly visible for samplesloaded with graphite < 50phr and hopping conduction sets in at 

temperatures greater than 80 C̊ (for samples loaded with graphite ≥ 60phr) as seen in Figures (5)& (6).   
For QMT of electrons, the real part of the AC conductivity within the pair approximation is given by  

   
4

22 1 4( )
24

fe Tk N E R


          (9) 
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where N(Ef) is the density of states at the Fermi level, α
-1

 is the spatial decay parameter for the localized wave 

function, and Rω is the tunneling length at frequency ω: 

1

0

1
(2 ) lnR 



  
  

         

(10) 

where η0 is a characteristic relaxation time. The frequency exponent s in this model is deduced to be: 

0

4
1

1
ln

s



 
 
 
 

                                               (11) 

Thus, for QMT of electrons, ζ(ω) is linearly dependent on temperature and s is temperature-independent. 

The correlated barrier hopping(CBH) model was first proposed by Pike[35] to account for ac conduction in 

amorphous scandium oxide films; it was assumed that single electron motion was responsible. The ac 

conductivity in this model is expressed by: 

 
3

2 6

0
24

N R


            (12) 

WhereN is the density of a pair of sites. The hopping length Rω is given by: 
2

0 0

1
 lnm

e
R W kT

 

  
   

   

             (13) 

where Wm is the maximum barrier height. The frequency exponent s in the electron CBH model is evaluated to 

be: 

0

6
1

1
 lnm

kT
s

W kT


 
  

  
  

                            (14) 

 It is evident from Figures(7) and (8) that the frequency exponent s decreases with the increase in 

frequency for samples 20 and 40phr in bulk form and for samples 60,100phrin membrane state. This suggests 

that the variation follows Eq.(11), indicating a QMT mechanism is operative in these systems.Meanwhile, all 

other samples show an increase in s as the frequency increase. This is consistent with Eq.(14), indicating the 

presence of a CBH mechanism. The value of ηo for all samples exhibited a QMT mechanism are summarized in 

table(2) 

Table (1)Formulation of the rubber compounds  

Ingredients Quantity(phr
a
) 

Rubber IIR 100 

Filler Graphite 0,10,20,30,40,50,60,80,100 

Plasticizer Processing oil 10 

Activators 
Stearic acid 1.5 

Zinc oxide 5 

Accelerator MBTS
b
 1.5 

Age resisters PBN
c
 1 

Vulcanizing Agents Sulfur 2 
a
  Parts per hundred parts by weight of rubber  

 

Table (2): Values of relaxation time ηo for all samples exhibiting a QMT mechanism 

 Graphite content(phr) o(s) 

IIR bulk 
20 10 

40 10
3
 

IIR membrane 
60 10

-22
 

100 10
-18
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Figure(1): shows the variation of ε' of graphite/IIR in bulk 

form as a function of graphite volume fraction at 100 kHz 

 
Figure 2: shows the variation of ε' of graphite/IIR membrane 

form as a function of graphite volume fraction at 100 kHz 

 
Figure (3): Frequency dependence of ε' of IIR/graphite 

composites in the bulk form. 

 
Figure (4): Frequency dependence of ε' of graphite/IIR 

composites in membrane form. 

 
Figure (5): The frequency dependence of ζAC of 

graphite/IIR composites in the bulk form. 

 
Figure (6): The frequency dependence of ζAC of 

graphite/IIR composites in membrane form. 

 
Figure(7): Variation of s as a function of log f for IIR bulk 

samples 

 
Figure(8): Variation of s as a function of log f for IIR 

membrane samples 
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Conclusion 

Using graphite powder as a reinforcing conducting filler in IIR matrix causes the dielectric constant to increase 

by few orders of magnitude (almost 3 orders of magnitude) upon increasing the filler loading above the 

percolation threshold( 0.25 ) and frequency exponent values obtained were far from the reported values. 

However, that was attributed to several factors of which, the polymer filler interaction was not taken into 

account. Also, it was found that QMT is dominant in samples 20 phr and 40 phr in bulk form and 60 and100 phr 

in membrane form,while CBH is operative in all other samples. 
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