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Ethylene Propylene Diene Monomer (EPDM) rubber filled with High Abrasion Furnace (HAF) carbon black at various 

concentrations (30, 40, 50, 80 phr) were synthesized and electrically characterized. The structure of the synthesized 

EPDM/HAF composites was studied by XRD and the surface morphology was analyzed by SEM. The XRD patterns 

revealed that the structure was partially amorphous with some crystalline phases. SEM micrographs showed a set of carbon 

black aggregates with different dimensions depending on the amount of carbon black filler. The electrical resistivity 

(conductivity) of the composites was investigated as a function of temperature and filler content. The  electrical conductivity 

was greatly influenced by both the temperature and carbon black filler content. The conduction mechanisms were analyzed 

at different temperature regions. A variable range hopping process was suggested to explain the temperature dependence of 

the conductivity of low mass fraction carbon black.  At higher carbon black concentration, the behavior of the conductivity 

is of a semiconductor-like and a metallic-like behavior. The concept of metal- insulator transition was suggested to explain 

the conductivity of the composites. 

Keywords: EPDM rubber, HAF carbon black, Composites, Percolation, Resistivity, Aggregates, Variable range hopping, 

Metal-insulator transition 

1 Introduction 

Rubbers loaded with electrically conductive-based 

fillers have attracted great interest during the last 

decades due to their applications such as plastic 

batteries, sensors, electro-chromic displays, 

electromagnetic interference shielding, fuel cells, 

circuit boards etc.1-5.  When rubber is filled with 

conductive additives, such as carbon black, the 

electrical conductivity of the formed composite is 

enhanced. This is because the charge carriers can form 

a conductive path throw the insulating matrix. The 

properties of the induced rubber-carbon black 

composite depend widely on the type and structure of 

both polymer and carbon black. The internal filler-filler 

interaction inside the composite is responsible for the 

formation of three-dimensional aggregation structures 

within the bulk of the rubber matrix6. The carriers can 

jump from one aggregate to another making their own 

conductive path. Many approaches were introduced to 

explain the behavior of the electrical conductivity in 

the conductive filler reinforced rubbers. Percolation 

theory7 was often used to analyze the filler 

concentration dependence of the electrical 

conductivity. On the other hand, the Fluctuation 

Induced Tunneling (FIT) theory, proposed by Sheng & 

Klafter8, was commonly used to describe heterogeneous 

composites and its electrical conductivity.  

Voet et al. 9 discussed the conductivity of the 

composite on the basis of the possibility of non-ohmic 

conduction in the system. McCullough model10 was 

based on the use of transport phenomena for 

predicting conductivity of polymer composite. 

Scarisbrick11 proposed a statistical model for a system 

consisting of conducting filler in a polymer matrix. It 

was assumed that all the conducting particles in the 

composite were randomly distributed spheres. The 

conductivity of the system was based on the 

probability of formation of conductive network 

through inter-particle contacts. El-Messieh et al.12 

reported that the aspect ratio and surface area to 

volume ratio of fillers play very important role in 

establishing a conductive network. Their analysis 

revealed that when the filler concentration is below 

the percolation threshold, the differences between the 

calculated and experimental conductivities were more 

pronounced. Reffaee et al.13 studied the electrical and 

mechanical properties of acrylonitrile rubber (NBR), 

linear low-density polyethylene (LLDPE) and 

NBR/LLDPE blends before and after the addition of 

high abrasion furnace black (HAF) with different 
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contents in order to find out the percolation thresholds 

in relation to the network formation.  

In a recent work by Kolonelou et al.14, the 

electrical conductivity of Polyvinyl alcohol/ 

polyvinylidene fluoride blends reinforced with low 

enough mass fraction of nano-graphene platelets 

(NGPs) was found to be comparable to that of a 

semiconductor. Zeid 15 studied the effect of gamma 

radiation on the mechanical, thermal, and electrical 

properties of Ethylene Propylene Diene Monomer 

(EPDM)/NBR rubber blends loaded with HAF at 

room temperature. Effect of HAF carbon black on 

curing, mechanical, thermal, and neutron shielding 

properties of natural rubber-low-density polyethylene 

composites was studied by Sajith et al.16. They 

concluded that high percentage of HAF leads to a 

filler network formation in the composite. The study 

performed by Azizi et al.17 on EPDM and 

EPDM/Silicon rubber composites loaded with some 

additives showed an increase in the dielectric constant 

and AC dielectric breakdown strength. In addition, a 

significant increase in the thermal stability and 

thermal conductivity of this composite were noticed. 

Dielectric, thermal, and water absorption properties 

of some EPDM/Flax fiber composites were studied by 

Airinei et al.18. A monotonic decrease of the dielectric 

constant and dielectric loss with the increase of 

frequency was recorded. However, at higher 

frequencies (above 103 Hz), independent behavior was 

observed. The increase of the dielectric constant and 

dielectric loss with the frequency was assumed to be 

due to the increase of the number of polar groups in 

the composites leading to a higher orientation 

polarization. A short review about the effect of carbon 

black and graphene on the performance of EPDM 

rubber composites was given by Mishra19. Mahmood 

et al.20 studied the effect of nanocrystalline CaO 

particles on mechanical, thermal, and electrical 

properties of EPDM rubber. It was found that adding 

CaO nanocrystalline particles increases the thermal 

stability of the glass transition temperature, as well as 

the hardness of the EPDM rubber. Electrical 

properties of polymer blend composites based on 

Silicone rubber/EPDM/Clay hybrid for high voltage 

insulators were examined by Bazli et al.21. Jha et al.22 

studied the morphology, barrier, and electrical 

properties (as a function of frequency) of Oil-

extended EPDM/Nanographite nanocomposites. 

Experimental and theoretical analyses on 

mechanical properties of hybrid Graphene/Graphene 

oxide reinforced EPDM/NBR nanocomposites were 

discussed by Paran et al.23. Both types of platelet-like 

nanoparticles were found to affect on the mechanical 

properties of this hybrid composite. Dielectric 

behavior of ternary polymer blend nanocomposites 

including EPDM, was discussed by Padhi et al.24. The 

change in the dielectric behavior with frequency was 

attributed to a possible change in polarization and due 

to breaking of some aggregates at high temperatures.  

In the present work, composites of EPDM rubber 

loaded with HAF carbon black were synthesized. The 

structure was analyzed by X-ray diffraction (XRD) 

and Scanning Electron Microscopy (SEM). The effect 

of various HAF carbon black concentrations on the 

electrical conductivity of the polymeric EPDM 

rubbers at different temperatures was studied. Thus, 

the electrical conductivity of the composites was 

examined as a function of both carbon black 

concentration and temperature. Conduction 

mechanisms at different temperature regions were 

specified. The new and novel trend in our composite 

system was the possibility of finding a metal- 

insulator transition in the electrical behavior which 

depends on the amount of carbon black content in the 

composite. This property can be used practically as 

switches and sensors. 

 

2 Experimental Method 

EPDM rubber was used as main matrix. HAF 

carbon black at 30, 40, 50, 80 and 100 part per 

hundred part of rubber by weight (phr) was used as a 

filler. The constituents were mixed according to the 

Compounds and Preparing Standard Vulcanized 

Sheets (ASTM D 3182)25. The rubber and the 

additives (as indicated in Table 1) were mixed by 

using two roll mills of 300 mm length, 150 mm 

Table 1 — Composition of EPDM rubber/HAF carbon black 

samples. 

Ingredient (phr)* Sample code 

H30 H40 H50 H80 H100 

EPDM rubber 100 100 100 100 100 

Stearic acid 2 2 2 2 2 

Zinc oxide 5 5 5 5 5 

Dioctyl phthalate 50 50 50 50 50 

HAF carbon black (N-330) 30 40 50 80 100 

Volume fraction of the 

carbon black 
0.2 0.25 0.294 0.4 0.455 

Benzothiazyl Disulfide 1.5 1.5 1.5 1.5 1.5 

Tetramethylthiuram 

Disulfide 2 2 2 2 2 

Sulfur 3 3 3 3 3 
* Part per hundred part of rubber by weight 
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diameter, speed of slow roll 18 rpm and 1.4 gear  

ratio. The rubber composite was left for 24 hours 

before vulcanization. The vulcanization process was  

carried out by using an electrically heated platen 

hydraulic press at 150 ± 2 °C and 15 MPa for 15 min. 

The compositions and sample coding were shown in 

Table 1. 

Square- shaped sheets with a thickness of 1 mm 

were prepared to study the morphology of the 

composites. Additionally, bar-shaped samples of 

dimensions 1 × 0.1 × 0.2  cm3 were prepared  

for electrical measurements. The direction of  

molding was recorded to be in the same direction of 

the bar-shaped samples through the vulcanization 

process where all electrical properties were in the 

longitudinal direction. Non-inductive electric oven 

was used to perform the electrical measurements at 

different temperatures. The samples were fixed 

between ground-shielded connections inside the 

electric oven. 

The structure of the EPDM/HAF samples was 

analyzed by X-ray diffraction (XRD) at room 

temperature using a PANalytical X’Pert ProMPD-

diffractometer (the Netherlands) operated at a  

voltage of 45 kV and current of 40 mA. It equipped 

with a Ni filter using CuKα (λ = 1.540 Å) radiation  

in the 2θ range from 10° to 90°. The surface 

morphology of the composites was studied by 

Scanning Electron Microscopy (SEM) (type: JSM-

IT200 SEM microscope). The electrical properties of 

the investigated samples were carried out in the 

temperature range from room temperature up to  

400 K. Prema 6048 Integrating Digital Multimeter 

and handmade constant current source were 

employed. 

 

3 Results and Discussion 
 

3.1 Structural analysis 

Figure 1 represents the XRD chart of samples H30, 

H40, H50, H80 and H100. All samples showed two 

broad peaks around 2θ = 20° and 45°, corresponding 

to interlayer spacings of 3.62 Å and 2.10 Å 

respectively (calculated from Bragg’s equation). The 

appearance of these two peaks were assumed to be 

due to reflections from the HAF carbon black (002) 

and (100) planes respectively26,27. 

The formation of the carbon black in the rubber 

was discussed by Biscoe & Warren28. The carbon 

black in the matrix is grown as small layers with the 

carbon atomic positions as graphite within the layers. 

This means that the carbon black is dispersed in the 

amorphous rubber as collective particles on the shape 

of aggregates or as agglomerates. Therefore, in our 

case, the presence of such aggregates may improve 

the formation of crystal phase and lead to convert the 

structure of the composites to partially crystalline.  

Moreover, inspection of Fig. 1 indicated that the 

peaks, generally, are shifted toward larger 2θ angle 

with the increase of the HAF carbon black 

concentration. This in accordance leads to an increase 

in the degree of crystallinity of the composites29. 

Fig. 1 also shows several small, sharp peaks at 2θ 

angles of approximately  31°, 33°, 36°, 38°, 44°, 56° 

and 64°, 77° and 82°. The presence of such peaks 

might be due to some residual, unreacted ZnO 

accelerator in the vulcanization process. This finding 

was recorded by many researchers in various rubber 

composite systems30. 

Figure 2 demonstrates the SEM photographs for 

samples H30, H40, H50, H80 and H100. Dispersion 

of the carbon black in the rubber matrix was 

 
 

Fig. 1 — XRD chart for the EPDM/HAF composites with HAF 

carbon black loading content 30, 40, 50, 80 and 100 phr 
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observed. The filler distribution varied by the carbon 

black content. In H30 a small number of aggregates 

was noticed while in sample H100 large agglomerates 

were recorded. Estimation of smallest aggregate 

diameters revealed that in sample H30, the diameters 

were ranged between 140 to 190 nm. If the average 

diameter of one particle (HAF carbon black) is 

approximately 30 nm, then, at least 5 or 6 particles are 

collected to form one small aggregate in the matrix. 

For sample H40, the diameter of the smallest 

aggregates varied from 165 to 230 nm indicating that 

more HAF particles were gathered together. The same 

trend was recorded for samples H50, H80 and H100. 

Moreover, large aggregates were established with 

diameters exceed 400 nm in samples H80 and H100. 
 

3.2 Electrical Properties 
 

3.2.1 Filler concentration dependence of conductivity 

Figure 3 depicts the electrical conductivity (𝜎)  of 

the EPDM/HAF composites versus HAF filler volume 

fraction (𝜙) at three different temperatures: room 

temperature (295 K), 313 K and 323 K. The same 

trend of the conductivity was noticed at the three 

chosen temperatures. The conductivity increased 

monotonically with the filler volume fraction 

indicating the noticeable dependence of 𝜎 on the HAF 

filler concentration. This behavior may be described 

using the percolation approach at constant 

temperature7.  

According to the percolation theory, the conductivity 

as a function of filler volume fraction is given by7: 

𝜎 = 𝜎𝑜 𝜙 − 𝜙𝑐 
𝑡     … (1) 

where 𝜎𝑜  and 𝜙𝑐  are the conductivity and filler 

volume fraction at percolation threshold, respectively, 

and 𝑡 is the conductivity exponent. The value of 𝜙𝑐  

can be calculated from Janzen model31: 

𝜙𝑐 =
1

1+4𝜌𝑐  𝐷𝐵𝑃
     … (2) 

where DBP is the Dibutyl-Phthalate absorption 

number of the carbon black filler and 𝜌𝑐  its  

density. Substituting 𝜌𝑐 = 1.32 g/cm3 and DBP =
102 cm3/100g for HAF carbon black, one can 

estimate the value of 𝜙𝑐  as 0.16 for the investigated 

EPDM/HAF composites.  

In order to examine the percolation behavior of the 

EPDM/HAF composites, ln 𝜎 versus ln 𝜙 − 𝜙𝑐  at 

295 K, 313 K and 323 K was plotted (Fig. 4). 

Inspection of the figure revealed that the relations 

were almost straight lines. This satisfied equation (1) 

and therefore, it can confirm the presence of the 

percolation in the EPDM/HAF samples at this 

temperature range. From the slope of the straight lines 

in Fig. 4, values of the conductivity exponent t were 

calculated as 3.27 ±  0.27, 3.62 ± 0.34 and 3.74 ±

 
 

Fig. 2 — SEM photographs of EPDM/HAF samples H30, H40, 

H50, H80 and H100 with carbon black contents 30, 40, 50, 80  

and 100 phr respectively. 

 

 
 
Fig. 3 — Electrical conductivity versus HAF carbon black volume 

fraction of EPDM/HAF composites at three temperatures 295 K, 

313 K and 323 K 
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0.07 at 295, 313 and 323 K respectively. A slight 

temperature dependence of the exponent t was 

observed. The obtained values of t matched well with 

those reported by many other authors32. Additionally, 

the conductivity 𝜎𝑜  was estimated from Fig. 4 as  

~ 2 × 10−7 Ω. 𝑐𝑚 −1. 
 

3.2.2 Temperature dependence of the conductivity 

The conduction mechanisms in EPDM/HAF 

composites can be described by discussing the 

behavior of the electrical resistivity 𝜌 (or conductivity 

σ) with the temperature 𝑇. Fig. 5 depicts the 

relationship between 𝜌 and 1/ 𝑇 for the EPDM/HAF 

composites at various HAF carbon black contents, in 

the temperature range from 295 K up to 400 K. The 

resistivity has no fixed trend for all samples. This 

means that the resistivity depends on both temperature 

range and on the carbon black content. Thus, the 

resistivity of the EPDM/HAF composites can be 

divided into three categories according to the filler 

content of the samples. The first category included the 

behavior of low concentration sample (sample H30). 

The second category represented the medium 

concentration samples (samples H40 and H50). The 

third class described the behavior of the high 

concentration sample (sample H80). 

(i) Low carbon black concentration range 

This range was represented by sample H30. The 

resistivity increased by lowering down the temperature 

in the whole specified temperature range (Fig. 5). This 

was a typical insulator-like behavior. As the filler 

concentration was low enough, the distance between 

the aggregates became very large so that the carriers 

cannot jump easily between them. Moreover, in 

insulator-like systems, one would expect that the 

probability of transition of charge carriers between the 

formed aggregates is controlled by the temperature T. 

This transition probability decreases by lowering the 

temperature. Therefore, the continuous increase in 𝜌 

with the decrease of T can be understood. The 

conduction mechanism in this case may be assumed to 

be due to a thermal activation of charge carriers 

between the carbon energy states in the same 

aggregate. The activation energy of the charge carriers 

is calculated from the slope of the straight portion of ln 

𝜌 – 1/T plot. Fig. 6 shows such a graph for sample 

H30. It is clear that no constant activation energy can 

be detected through the whole range of temperature. 

For this particular sample, a possible hopping process 

may be suggested. It is obvious from Fig. 6 that a 

nearest-neighbor-hopping process of constant 

activation energy can be excluded. Now if a variable 

range hopping (VRH) mechanism was dominant, one 

would plot ln 𝜌 versus  
1

𝑇
 

1/4
 according to Mott’s law33 

 
 
Fig. 4 — Log  σ versus log (∅ − ∅c) at three temperatures 295 K, 

313 K and 323 K for EPDM/HAF composites. 
 

 
 

Fig. 5 — The electrical resistivity versus 1/T of EPDM/HAF 

composites at various HAF carbon black concentrations: (a) 30 phr, 

(b) 40 phr, (c) 50 phr and (d) 80 phr. 
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Fig. 6 — ln ρ  versus 1/T of EPDM/HAF composites for sample H30. 

 

 
 
Fig. 7 — ln ρ  versus (1/T)1/4 of EPDM/HAF composites for 

sample H30. 

 

𝜌 = 𝜌𝑜𝑒𝑥𝑝   
𝑇𝑜

𝑇
 

1/4
     … (3) 

or  ln 𝜌 versus  
1

𝑇
 

1/2
 following Shklovskii and 

Efros law34 

𝜌 = 𝜌𝑜𝑒𝑥𝑝   
𝑇𝑜

𝑇
 

1/2
     … (4) 

where 𝑇𝑜  is a constant and the pre-exponential factor 

𝜌𝑜  is weakly temperature dependent. Figures 7 and 8 

show such plots for sample H30. Inspection of 

Figures 7 and 8 revealed that neither of these 

suggestions can be followed.  

 
 

Fig. 8 — ln ρ  versus (1/T)1/2 of EPDM/HAF composites for 

sample H30. 

 

 
 

Fig. 9 — plots of  ln ρ T1/2   versus  1/T 1/4 and  ln ρ/T  

versus  1/T 1/2 for sample H30 of EPDM/HAF composites. 

 

It was argued by Mansfield et al.35 & Abboudy  

et al.36 that one should consider the temperature 

dependence of the pre-exponential factor so that 

equation 3 takes the form; 

 
𝜌

𝑇1/2 = 𝜌𝑜
′  𝑒𝑥𝑝   

𝑇𝑜

𝑇
 

1/4
      … (5) 

and equation 4 becomes; 

 
𝜌

𝑇
 = 𝜌𝑜

′  𝑒𝑥𝑝   
𝑇𝑜

𝑇
 

1/2
    … (6) 

Thus, plots of  ln 𝜌 𝑇1/2   versus  1/𝑇 1/4 and  

ln 𝜌/𝑇  versus  1/𝑇 1/2 were given in Fig. 9 for a 

comparison.  
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It was not quite clear whether T1/4 law or T1/2 law 

was followed. Further measurements at much wider 

temperature range were advised. As a general note 

one may assume that the present composite is 

approximated as an effective homogeneously 

disordered solid, thus the VRH model may be applied. 

The T1/4 and T1/2 dependencies were observed 

previously in rubber filled with carbon black 

heterogeneous materials8,14. In this case, thermal 

fluctuations of the Fermi level of electron states in 

NGPs, induce inter-NGP tunneling through the 

separating polymer barrier14.  The FIT theory is used 

to interpret electronic transport in heterogeneous 

materials consisting of an insulating matrix and 

dispersed conducting inclusion8. It is necessary to 

point out that, the reduced form of the temperature 

dependence of the conductivity (T – ½-dependence) is 

predicted both by FIT and Shklovskii-Efros’ VRH. 

The physical concept is different; the VRH occurs in 

homogeneously disordered materials (such as 

amorphous semiconductors) by phonon-assisted-

tunneling of electrons between localized states. On 

the other hand, FIT occurs for inhomogeneously 

disordered systems as electron states extend over the 

volume of each conducting grain and tuned to 

neighboring grains due to thermal fluctuation of 

Fermi level8,14. 

(ii) Medium carbon black concentrations 

This range was represented by samples H40 and 

H50. The larger filler concentration the shorter 

distance between filler aggregates. Thus, the chance 

of carrier jumping between the aggregates became 

more probable. Overlapping of the carrier wave 

functions, then, can occur. The graphs of samples  

H40 and H50 showed an initial increase in 𝜌 followed 

by a gradual decrease with the continuous reduction 

of T. Then a possible semiconductor-like behavior can 

be suggested for these samples. Two distinct 

conduction mechanisms, then, were observed. The 

initial increase of 𝜌 with lowering down of T 

resembled an intrinsic behavior. The temperature 

dependence of 𝜌 in this range can be represented by37; 

𝜌 = 𝜌𝑜𝑒𝑥𝑝  
𝐸𝑎

𝑘𝑇
    … (7) 

where 𝑘 is the Boltzman constant and 𝐸𝑎  is the 

carriers activation energy. Fig. 10 represents a plot of 

ln 𝜌 versus 1/T for samples H40 and H50 in a 

temperature range from 400 K down to almost 320 K. 

The slope of the obtained straight lines gave the 

carriers activation energies. Estimated values of 𝐸𝑎  

were 0.212 eV and 0.138 eV for samples H40 and 

H50, respectively. A sample of higher carbon black 

concentration had a lower value of 𝐸𝑎  and this was 

expected. 

The second region of the (𝜌-1/T) graph for H40 

and H50 revealed a decrease in 𝜌 with the further 

reduction of T below about 320 K. This was probably 

due to carrier- phonon scattering process. One then 

suggested that the conduction mechanism may follow 

an equation of the type37;  

𝜌 ∝  𝑇𝑛     … (8) 

where n is a resistivity exponent. The relationship 

between ln 𝜌 and ln T, in the possible carrier-phonon 

scattering region, was plotted in Fig. 11 for samples 

 
 

Fig. 10 — ln ρ  versus 1/T for samples H40 and H50 of the 

EPDM/HAF composites. 
 

 
 

Fig. 11 — ln ρ  versus ln T for samples H40 and H50 of the 

EPDM/HAF composites. 
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H40 and H50. The slopes of the straight lines lead to 

values of n as 4.55 ± 0.14 and 4.01 ± 0.13 for H40 

and H50 respectively.  

(iii) High carbon black concentrations 

At high carbon black concentrations, which was 

represented by sample H80, the resistivity decreased 

continuously by lowering the temperature during the 

whole temperature range from 400 K down to 295 K. 

This may be ascribed as a metallic-like behavior.  

As noticed from SEM micrographs, at HAF content of 

80 phr, big aggregates were formed. This enhances 

the electrical conduction as the charge carriers can 

move easily between these aggregates and 

consequently leads to an increase in the electrical 

conductivity. The material, hence, behaves like a 

metal. In this case, the dominant mechanism might be 

described by the carrier-phonon scattering or/and 

carrier-carrier scattering processes37.  
 

4 Conclusions 

Samples of EPDM rubber loaded with HAF carbon 

black of 30, 40, 50, 80 and 100 phr were synthesized. 

The XRD data demonstrated the characteristic carbon 

black peaks corresponding to the (002) and (100) 

layers. SEM photographs evidenced the presence of 

carbon black aggregates inside the rubber. The 

existence of conductive carbon black filler in the 

rubber had a great effect on the electrical conductivity 

of the composites. At fixed temperature, a sudden 

increase of the conductivity was noticed above 

threshold filler content of volume fraction 0.16 vol %. 

The conductivity behavior with filler concentration 

was explained by the concepts of the percolation 

theory. The percolation exponent was found to  

vary slightly with temperature. The temperature 

dependence of the conductivity revealed that the 

conduction mechanisms were influenced by HAF 

carbon black concentrations. At low filler content (30 

phr), the conductivity may be of a variable range 

hopping nature.  Intermediate filling of carbon black 

(40 and 50 phr) resulted in a semiconductor-like 

behavior with two distinct conduction mechanisms. 

Higher filler contents (80 phr) might convert the 

composite to metallic-like material.  
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