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Abstract. Polymer rheological studies are important for improving processing conditions and 
developing processing equipment such as injection moulding machines, extruders, and dies for a 
variety of products. Rheological analyses of melts have useful viscosity data that can be used to 
enhance processing conditions. Melt viscosity as a function of shear rate or shear stress, as well as 
temperature, are becoming increasingly important. According to a previous analysis, the filler filling 
influences the compound's flow conduct. Compounds with lower filler content had lower elastic 
torque than those with higher filler content. The influence of a dual filler based on Carbon 
Black/Silica filled Epoxidised Natural Rubber (ENR) compound was analyzed in this research. The 
trial used a total of 80phr of filler material based on passenger tyre tread formulation. Melt mixing 
in a tangential form of internal mixer was used to make the compounds. Three various research 
instruments were used to assess the rheological and processability properties of the compounds: a 
Capillary Rheometer, a Mooney viscometer, and a Rubber Process Analyzer (RPA). To better 
represent the real production conditions in rubber manufacturing, a number of shear rates (from low 
to high) were tested. As compared to control and other blends, the ENR mix with a silica to carbon 
black ratio of 70:10 had the best flow activity and processability properties. 
 

Keywords: Epoxidized natural rubber, capillary rheometer, flow behavior, processability 

 
Introduction 

The rheological properties of a polymer melt are very important in processing but are complicated 
by a number of factors such as flow rate, pressure and temperature. All these factors can affect the 
rheological properties of polymer and rubber melts [1, 2]. The rheology of polymer melts is 
considered to be one of the most important factors in determining the properties of a polymer 
product especially for those which require good flow properties in polymer processing, fabrication 
and molding process. It is evident [2, 3] that the flows occurring are complex due to the design of 
the equipment, the material characteristics and the pressure and temperature conditions. 

The general advantages of silica as reinforcing filler over carbon black filler are reduced rolling 
resistance with at least equal wet traction while tear and wear should not be adversely affected. 
ENR-25 which is a polar rubber interacts strongly with silica (silanol group) hence therefore could 
eliminate or reduce the use of coupling agent. In contrast to carbon black, the surface of precipitated 
silica is highly polar and hydrophilic due to the presence of numerous silanol groups. The strong 
intermolecular hydrogen bonds between hydroxyl groups and relative high surface area, 
agglomeration and flocculation tend to occur during storage and vulcanization process. The 
processing becomes more crucial under the tropical climate with its high relative humidity and 
moisture prevalent. Under such ambient conditions, silica filler would easily pick up additional 
moisture which would have detrimental effects on processing and mixed compound properties. 

The addition of carbon black in rubber matrix as a reinforcement is to modify the mechanical 
properties of the finished product and to control the viscoelastic behavior of the compound 
properties. To date, scarce information can be obtained on filler blend particularly in ENR 
compound. In this work, study on the filler blend processability and rheological properties will be 
discussed. The rheological and the processability properties of the compounds were determined 
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using three different testing instruments namely Capillary Rheometer, Mooney viscometer and 
Rubber Process Analyzer (RPA). 

 

Materials and Methods 

Material. 
In this experiment, the ENR compounds were prepared in Banbury 1600 (Tangential Rotor) internal 
mixer. The formulation and materials used in this study are given in Table 1. The carbon black filler 
pphr was varied from 5 pphr to 20 pphr while the total fillers were fixed at 80phr. The effect of dual 
fillers (silica and carbon black) on the processability and rheological properties of ENR compound 
were also determined. 

TABLE 1: Formulation for ENR-25/Silica Compounds for PCR Tyre Tread 
 

Ingredients PCR (phr) 

Mix 1 Mix 2 Mix 3 Mix 4 

ENR-25 100 100 100 100 

Silica Zeosil 1165MP 75 70 65 60 

Black V1345 5 10 15 20 

Process oil (Nytex 4700) 20 20 20 20 

Zinc oxide 3 3 3 3 

Stearic acid 3 3 3 3 

Calcium stearate 2 2 2 2 

Antioxidant, 6PPD 1 1 1 1 

Antioxidant, TMQ 1 1 1 1 

Sulphur 1.8 1.8 1.8 1.8 

TBBS 0.6 0.6 0.6 0.6 

ZBOP 1.2 1.2 1.2 1.2 

TBzTD 0.6 0.6 0.6 0.6 

Silane Si69 1 1 1 1 

6PPD: N-1,3-dimethylbutyl-N’ phenyl-p-henylenediamine 
TBBS: N-tert-butylbenzothiozole-2-sulphenamide 
TMQ: 1,2-dihydro-2,2,4-trimethylquinoline 
TBzTD: Tetrabenzylthiuram disulfide 

 

Mixing. 
In this work, the mixing of the compound was carried out in three stages. The silica, carbon 

black and oil were pre-blended prior weighing into the different portions. The silica was kept in air- 
conditioned room in order to avoid moisture absorption. In the first stage mixing, 0.7 fill factor, 100 
rpm of rotor speed, with starting temperature of 50°C was employed. The dumping temperature was 
set at (150 to 160°C) with a maximum mixing time 7 minutes. Later the master batches were sheet 
out on warm two-roll mill with minimal passes. In the second stage, the mixing was done in within 
3 minutes with a rotor speed of 110 rpm at a temperature of 70°C. Finally, the mixing was 
completed in 2 minutes when the curatives agents were added in the mixer with a temperature and 
rotor speed of 40°C and 50 rpm. 
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Results and Discussion 

Mooney Viscosity. 
The Mooney viscosity of master batches and compounds of ENR/silica mixes for passenger car 

tyre treads with different loading level of carbon black V1345 (varies from 5 pphr to 20 pphr) are 
shown in Table 2. It was found that Mix 2 with 10 pphr carbon black gave the lowest masterbatch 
and compound Mooney viscosities as compared to other mixes. While, Mix 1 gave the highest 
Mooney viscosity result as compared to other mixes for both masterbatch and compound. Usually 
lower Mooney viscosity is indirect indication of good processability and flow properties due to 
lower elastic property of rubber mix. 

 
TABLE 2: Mooney viscosity of masterbatch and compound of ENR/Silica mixes 

 

Mooney Viscosity 
PCR 

Mix 1 Mix 2 Mix 3 Mix 4 

Masterbatch viscosity 58.8 51.4 52.3 52.8 

Compound viscosity 46.4 42 44.7 45.7 

 
Rubber process analyzer (RPA). 
In term of processability behaviour, tangent delta represented a ratio between viscous modulus 

(loss modulus) and elastic modulus (storage modulus). High tangent delta is indication of good 
permanent deformation and die swell properties during fabrication. The higher the tangent delta 
values the better the processability of the rubber and vice versa. The elastic torque is the rotational 
force needed to deform the rubber shape. Usually high values in elastic torque indicate poor 
processability of rubber and high energy is needed in its processing due to its high elastic property. 
The results of tangent delta and elastic torque are shown in Fig. 1 and 2 respectively. It was found 
that Mix 2 with 10 pphr of carbon black V1345 gave the highest tangent delta values compared to 
other mixes. As for elastic torque results as shown in Fig. 2, the curves trend obtained are in 
agreement with the tangent delta values which showed that Mix 2 has the lowest elastic torque 
curve as compared to other mixes with Mix 1 showed the highest elastic torque curve. These elastic 
torque results are in agreement with the results as obtained from Mooney viscometer which is 
showed Mix 2 has the lowest Mooney viscosities. 

 
 

Fig. 1: Tangent delta, δ of ENR/Silica Fig. 2: Elastic torque, S’ of ENR/Silica 
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Capillary rheometer (Rheograph 75). 
The viscosity test was conducted using the Capillary rheometer at different shear rates ranging 

from low to high shear rate to study the actual flow behavior of rubbers when the actual shear rate is 
increased. Viscosity is a measure of the resistance of a fluid (polymer) which is being deformed by 
shear stress. Low viscosity values indicate good processability and vice versa. Based on the 
viscosity curves results of ENR/silica masterbatches with carbon black filler as shown in Fig. 3, it 
can be observed that Mix 1 and 2 gave the lowest viscosity curve along the shear rates regimes 
tested as compared to other mixes. This shear viscosity results are in agreement with the viscosity 
results as obtained in Mooney viscometer which showed Mix 2 gave the lowest Mooney viscosity. 

Fig. 3: Viscosity curve of ENR 25/Silica masterbatches. 

Conclusions 

The flow and processability of ENR compounds with dual filler system (silica and carbon black) 
was found dependent of fillers loading ratio, where an optimum value of processability properties 
was found at 70:10 ratio silica to carbon black filler. 
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