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 Background: The introduction of silica filled Epoxidised Natural Rubber (ENR) as 
tyre tread compounds have significantly improved wet grip performance and reduce 

rolling resistance of tyre. Unfortunately, preliminary study has found that utilization of 
ENR in compounds gives an undesirable impact on cure reversion when subjected to 

vulcanize in longer time. The cure reversion behaviour of ENR also generates adverse 

effects on the final properties of rubber products. In tyre manufacturing, it requires 
longer vulcanization time due to high thickness and cure reversion resistance is very 

important. Objective: The objective of the study is to improve cure reversion resistance 

and physical properties of silica filled ENR compound for truck tyre treads by the 
addition of anti-reversion additives. Results: The cure reversion of silica filled ENR 

compound was significantly reduced from 15% and 17% to less than 1% by the 

addition of an AR 1 anti-reversion additive at 40 minutes and 60 minutes of 
vulcanization time respectively. Furthermore, the reversion behaviour of silica filled 

ENR was completely eliminated by the combination of the AR 1 and AR 2 anti-

reversion additives in the formulation at both curing times. The addition of the additives 
also improves modulus, heat build-up and rebound resilience properties and better than 

standard carbon black filled NR/BR of truck tyre treads. Conclusion: The combinations 

of AR 1 and AR 2 anti-reversion additives in silica filled ENR compounds significantly 
effective to eliminate cure reversion, enhance stiffness and rebound resilience beside 

reduce heat build-up of silica filled ENR compounds for truck tyre treads. 
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INTRODUCTION 

 

 Green tyre compound has the advantages of having low rolling resistance, improved wet grip and enhanced 

handling (Ita P. A., 2005). It is reported that a 3% decrease in rolling resistance is equivalent to 1% saving in 

fuel, and thus giving green tyre the economic benefit and consumer satisfaction. These green tyre properties can 

be achieved by utilizing silica as the main filler in the tyre tread compound. Michelin has introduced the first 

durable silica-filled tyre, also known as green tyres (John D., 1995). Previous studies have found that silica have 

poor interaction and dispersion in non-polar tyre rubbers compared to carbon black (WangM.-J., 2008). 

Generally, silica particles possess very strong particle–particle interactions. Silica is much more difficult to 

disperse than carbon black of equivalent particle size or BET surface area (Chanvoot et. al. 2000) Coupling 

agent is widely used to improve interaction between silica and rubber. Several studies reported the possibility of 

rubber compound filled with silica without the use of coupling agents such as silane. On the other hand, 

Epoxidised Natural Rubber (ENR), the modified form of natural rubber give better compatibility to silica, and 

higher reinforcement for silica compound compared to natural rubber (NR). The epoxy group of ENR can react 

with the silanol group of silica, where the use of coupling agents such as silane (Cataldo F., 2002 and George 

K.M. et. al., 2006) can be eliminated or greatly reduced. Eco-friendly tire has been developed by using at least 

97% by weight of tire based on non-petroleum raw materials including natural rubber or modified natural rubber 

and silica in the compound recipe (Naohiko K., 2007). However, previous study has found that using ENR 

incorporated with silica showed poor cure reversion resistance and abrasion resistance as compare to common 

conventional tyre formulation. These properties will influence the overall performance of tyre especially toward 

long curing time during production and wear resistance of tyre. Compare to passenger car tyre, truck tyres 

carries heavier load, subjected to long travelling distance and in some cases use for off road. With the 
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components thickness that thicker than normal passenger car tyre, it is require longer curing time during 

production and exposed to cure reversion.  As a part of green tyre technology development, this work will 

investigate and improve the cure characteristics and physical properties of silica filled ENR compounds for 

truck tyre tread prepared with addition of anti-reversion additives.  

 

MATERIALS AND METHODS 

 

 The effects of addition anti-reversion additives in silica filled ENR 25 truck tyre treads formulation are 

investigated in this study. The formulations and materials used are given in Table 1based oninternal truck tyre 

tread compounds formulation. For comparison purpose, standard carbon black filled NR/BR truck tyre treads 

compound was also introduced. Anti-reversion additive, AR 2 was added during the first stage of mixing 

whileAR 1 was added as a part of vulcanizing agents in the formulation together with sulphur and accelerators 

in final stage of mixing. Addition of AR 1 was added in the final stage avoiding pre-mature vulcanization or 

scorch occurs due to high mixing temperature. 

 
Table 1: Formulations for truck tyre tread compounds. 

Ingredients/Mix ENR 1 ENR 2 ENR 3 NR/BR 

ENR-25 100 100 100 0 

NR 0 0 0 70 

BR 0 0 0 30 

Silica 55 55 55 0 

Carbon black N220 0 0 0 53 

Carbon black N330 5 5 5 0 

Stearic acid 3 3 3 2.5 

Anti-oxidants 2 2 2 3.5 

Calcium stearate 2 2 2 0 

Zinc oxide 3 3 3 3.5 

Wax 1 1 1 1 

Silane Si69 1 1 1 0 

Sulfur 0.7 0.7 0.7 1.2 

Accelerators 1.75 1.75 1.75 1 

AR 1 0 1 1 0 

AR 2 0 0 0.5 0 

 

 There were three stages of mixing employed in this experiment. All stages of mixing were carried out using 

BR1600 tangential rotors 1.6 L internal mixer.  The mixing steps were shown in Table 2, while the mixing cycle 

in internal mixer is shown in Table 3. In this work, fillers and process oil were pre-blended prior mixing. The 

silica filler was kept in low humidity room to avoid moisture absorption. The fill factor and rotor speed of 

internal mixer were set at 70% and 110 rpm respectively. All of first stage mixing of masterbatch was sheeted 

out on warm two-roll mills with minimal passes. The second stage mixing or re-milling process was introduced 

to enhance the dispersion of filler especially silica in the rubber matrix. Finally, the sulphur and the curative 

agents were added in internal mixer within two minutes and dump below 100°C. 

 
Table 1: Summary of mixing steps. 

Mixing step Equipment 

1st stage mixing Internal mixer 

2nd stage mixing (re-milling) Internal mixer 

3rd stage mixing (finalizing) Internal Mixer 

 
Table 2: Mixing cycle of the mixing process.   

Mixing cycle 1st stage Process 

0 mins Rubber + Powders + Carbon Black 
¾mins 5/8 Silica 

11/
2mins 3/8 Silica 

21/
2mins Sweep 

31/
2mins Dump 

Mixing cycle 2nd  stage  

0 mins Masterbatch 

31/
2mins Dump 

Mixing cycle 3rd  stage  

0 mins Masterbatch + Powders 

2 mins or 100°C Dump 
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Mooney Viscosity Determination:  

 Mooney viscosity tests were carried out using the MV2000 Viscometer (small rotor and large rotor) at 

100ºC based on ISO 289-1 (2005).  The sample weights were in the range of 25-30g. The testing was conducted 

at every stage of mixing of the compound. 

 

Cure Characteristic:  

 About 5 grams of finalized compound was tested at 150°C for 60 minutes with oscillation amplitude of 0.5
o 

using a Monsanto MDR 2000 based on ISO 6502 (1999)standard. Cure reversion percentage (Datta R. N., 2007) 

was calculated based on the following Eq. 1. 

𝐶𝑢𝑟𝑒 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑎𝑡 𝑌  % =  
𝐶𝑢𝑟𝑒  𝑡𝑜𝑟𝑞𝑢𝑒  𝑎𝑡  𝑚𝑎𝑥𝑖𝑚𝑢𝑚  (𝑀𝐻) – 𝐶𝑢𝑟𝑒  𝑡𝑜𝑟𝑞𝑢𝑒  𝑎𝑡  𝑌

𝐶𝑢𝑟𝑒  𝑡𝑜𝑟𝑞𝑢𝑒  𝑎𝑡  𝑚𝑎𝑥𝑖𝑚𝑢𝑚   𝑀𝐻 −𝐶𝑢𝑟𝑒  𝑡𝑜𝑟𝑞𝑢𝑒  𝑎𝑡  𝑚𝑖𝑛𝑖𝑚𝑢𝑚  (𝑀𝐿)
× 100    (1) 

 Where Y are 40 and 60 minutes 

 

Vulcanization of Samples: 

 The compounds were vulcanised for the physical properties test pieces. In the experiment, the vulcanization 

times were set based on T95 value of rheometer vulcanization time. A 200 tonnes electrical heated press at 

150°C was used in this process.  

 

Physical Properties: 

 The physical properties test was conducted according to standard methods as tabulated in Table 4 

 
Table 4: Physical properties test. 

Test Equipment name Standard method 

Tensile strength Shimadzu AG-X Plus ISO 37 (2011) 

Heat build-up Goodrich Flexometer ISO 4666/3 (2009) 

Rebound resilience Dunlop Tripsometer ISO 4662 (2010) 

 

RESULTS AND DISCUSSION 

 

Mooney Viscosity:  

 The Mooney viscosity values of masterbatches of first stage, second stage and final compounds of silica 

filled ENR for truck tyre treads which mixed anti-reversion additives and standard carbon black filled NR/BR 

truck treads are shown inTable 5. It was found that viscosity for both masterbatches and compounds of silica 

filled ENR significantly higher than standard carbon black filled NR/BR truck tread compound.The viscosities 

value of silica filled ENR in first stage of mixing was unable to trace even by small rotor Mooney viscometer 

method.  After second stage of mixing, the viscosities value of silica filled ENR samples also almost untraceable 

and only viscosity of ENR 3 was able to detect. Besides that, the viscosity value of ENR 3 sample almost twice 

of the standard carbon black filled NR/BR truck treads compound viscosity in the second stage of mixing. The 

formation of silica aggregation in rubber matrix might result high viscosity value (Sabu T. et. al., 2012) of the 

masterbatches due to strong silica particle-particle interactions. After final stage of compounding, the viscosity 

of silica filled ENR compounds significantly reduced but the value were higher than viscosity value of carbon 

black filled NR/BR tread compound.  The viscosity value of all silica filled ENR compounds after final stage of 

mixing was traceable using large rotor Mooney viscometer. This might due finalizing process has enhanced 

fillers dispersion and reduced silica aggregation in the ENR final compounds. Furthermore, there was no 

significant different of viscosity value observed among the silica filled ENR compounds. The result was 

expected because anti-reversion additive are designed to function during and after vulcanization process of 

rubber and not to be reactive on unvulcanize rubber compounds. 

 
Table 5: Mooney viscosity of masterbatches and compounds of truck tyre treads. 

Compound ENR 1 ENR 2 ENR 3 NR/BR 

First Stage (MS 1+4) @100°C - - - 50 

Second Stage (MS1+4)@100°C - - 52 37 

Third Stage (ML 1+4)@100°C 68 69 66 58 

 

Cure characteristics: 
 Figure 1 presents the cure curves of truck tyre tread compounds tested at 150°C for 60 minutes by using 

rheometer. It can be observed that compound ENR 1 showed poorest reversion slope of cure curves when 

subjected to cure at longer times. The compound ENR 1 did not loaded with any anti-reversion additive and the 

cure reversion behaviour indicated that the compound has poor resistance toward prolong heating or specifically 

anaerobic heat ageing process. Cure reversion can be associated with breakdown mechanism of crosslink 

structure or breakdown of polymer chains itself. This behaviour is undesirable for long cure time of thick truck 

tyre tread during tyre manufacturing or retreading.It can be observed that reversion slope of cure curve for 
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compounds ENR 2 showed nearly plateau by the addition of AR 1. Only a small reversion was observed on the 

cure curve which indicated that the crosslink network chains or polymer chains are more resistance toward 

anaerobic heating at 150°C. For ENR 3, it clearly observed that cure curves was continuously marching to the 

end of cure time without any reversion slope. This behaviour indicate that there might be further crosslinking 

process has been occurred in the rubber matrix when exposed to anaerobic heating by the combination of AR 1 

and AR 2 additives in the formulation.Although there was no cure reversion curve, the marching of cure curves 

may unfavourable to control excessive hardness and modulus develop on rubber products during vulcanization. 

On the other side, standard carbon black NR/BR compound also suffered reversion on cure curves when 

vulcanized in longer time although it was not severe as ENR 1. Without any anti-reversion additives, the 

standard carbon black filled NR/BR compound was unable to protect its crosslink structures or polymer chains 

from breakdown. From the observation of cure curves, it can be summarized that the silica filled ENR cure 

curves can be stabilized by the addition of AR 1 anti-reversion additive and further improves by the combination 

of AR 2 in the formulations. 

 
 

Fig. 1: Rheometer cure curve of truck tyre treads at 150°C. 

 

 Table 6 showed cure torque value, cure time and scorch time by tested by rheometer on the compounds. It 

was found that ENR 3 compound showed lowest value of minimum torque while standard compound of NR/BR 

showed the highest maximum torque value. The minimum torque values usually relate with viscosity value and 

maximum torque associate with stiffness of the compounds after it complete vulcanized. On Δ torque value, it 

was found that addition of anti-reversion additives increase the value as indicated by ENR 2 and ENR 3 

rheometer data. The Δ torque value can be the parameter to demonstrate the degree of crosslink in rubber 

compounds (Li Z. H. et. al., 2008 and Gonza´lez L., et. al. 2005). The high Δ torque of compound ENR 2 and 

ENR 3 were resultant of addition of anti-reversion additives in the formulation. The AR 1 additive in ENR 2 

was able to react as crosslink agents during vulcanization thus might give some effect of rubber crosslink value. 

Furthermore, combination with AR 2 additive in the formulation generated more crosslink as indicated by cure 

curve marching thus gives additional Δ torque rise on ENR 3.  For rheometer scorch time, tS2, it was found that 

addition of anti-reversion additive have significant effect on the values.The anti-reversion additives prolong the 

scorch time of silica filled ENR compounds as compare to compound containing any. Additional scorch time 

provide extra processing safety especially for extrusion process. Similar effect was observed on optimum cure 

time, t95, and cure rate index where longer time were needed to vulcanize silica filled ENR 2 and ENR 3 

containing anti-reversion additives.This probably due to longer vulcanization time is needed for formation of 

additional crosslink networks by the anti-reversion additives molecules. Nevertheless, the optimum cure time 

and cure rate index of all silica filled ENR compounds with or without anti-reversion additive were still shorter 

than standard NR/BR compound. From the cure characteristics, it can be said that loading of both anti-reversion 

additives have significant effects on cure characteristics of silica filled ENR compounds.   

 
Table 6: Cure characteristics value of compounds. 

Properties ENR 1 ENR 2 ENR 3 NR/BR 

Min. torque (ML), dNm 2.08 1.95 1.86 2.56 

Max. torque (MH), dNm 10.97 12.84 14.40 15.66 

Δ torque (MH  - ML), dNm 8.89 10.89 12.54 13.1 

Rheometer scorch time (tS2), min 1.68 1.98 2.29 2.27 

Optimum cure time (t95), min 2.96 4.04 9.23 9.49 

Cure rate index 97.1 66.2 36.4 17.9 

 

 Figure 2 showed the cure reversion percentage of cure torque based on rheometer trace of compounds when 

subjected vulcanize up to 40 and 60 minutes. It was found that compounds of ENR 1 obtained higher cure 

reversion percentage while ENR 3 showed no cure reversion percentage at all. Cure reversion percentage of 
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ENR 1 reached more than 15% and 17% at respective cure times although low sulphur to accelerators ratio was 

employed in the formulation. Introduction of anti-reversion additive AR 1 significantly reduced cure reversion 

percentage of silica filled ENR where the cure reversion percentage only occurred less than 1% as shown by 

ENR 2 at both cure times. Addition of AR 1 provides strong crosslinks resistance toward heat as compared to 

normal sulphur crosslinks thus give better cure reversion resistance. Furthermore, an addition another anti-

reversion additive of AR 2 into the formulation completely eliminates cure reversion of ENR 3 as marching of 

cure curve was observed on Figure 1. The formation of other crosslink network by AR 2 after exposed of 

heating instead of crosslink network breakdown was assumed occurred in ENR.  It was believed that the 

breakage sulphur crosslink networks on rubber chains were substituted by AR 2 molecules crosslink during long 

vulcanization process. Standard carbon black filled NR/BR formulation also suffered cure reversion although 

the percentage was lower than ENR 1 formulation. From the analysis, it can be said that addition anti-reversion 

AR 1 additive help to minimize cure reversion and combination of AR 1 and AR 2 completely eliminate cure 

reversion of silica filled ENR compounds.  

 

 
 

Fig. 2: Cure reversion percentage of compounds at various curing times. 

 

Physical Properties: 

 Table 7 presents physical properties of vulcanizates loaded anti-reversion additives in the silica filled ENR 

compounds and standard compound of NR/BR truck tyre treads. It was found that tensile strength of silica filled 

ENRvulcanizates generally did not significantly effected but elongation at break, modulus, rebound resilience, 

heat build-up and abrasion resistance were affected by the loading of the anti-reversion additives. Modulus 

M100 and M300 of silica filled ENRvulcanizates generally increased while elongation at break was decreased 

either by an addition of anti-reversion AR1 alone or with combination of AR 2 additive which indication of 

vulcanizates stiffness. The result was expected as identified by rheometer Δ torque where crosslink density has 

been increased by the addition of both anti-reversion additives. 

 For heat build-up and resilience properties, it was found that addition AR 1 additives significantly decrease 

heat build-up while rebound resilience was increased as shown by vulcanizate of ENR 2. The incorporation of 

AR 2 additive into ENR compounds further more reducing heat build-up and increase rebound resilience at both 

24°C and 70°C as indicated by vulcanizate of ENR 3. Both dynamic properties indicated that the hysteresis of 

rubber vulcanizates has been reduced by the addition of anti-reversion additives. The improvements on these 

properties are indication of better tyre safety and low rolling resistance. These properties also influenced by the 

crosslink density as indicated by Δ rheometer torque value. On ISO abrasion resistance, it was found that 

abrasion resistance index (ARI) was increased by the addition of anti-reversion additives. Addition of AR 1 into 

the compound has showed increment on ARI as indicated by ENR 2 as compare to ENR 1 which without any 

anti-reversion additive in the formulation. Combination of AR1 and AR 2 further more increase the ARI as 

demonstrated by vulcanizates of ENR 3. However, the ARI of silica filled ENR was incomparable to the 

standard carbon black filled NR/BR vulcanizate.  This might due to high abrasion resistance properties which 

associated with polybutadiene rubber (Ruldoph D., 1972) and different level of reinforcement of carbon black as 

compared to silica even at same particle size (Brendan, 2005). From the result, it can be said that addition anti-

reversion additive has significant influence on physical properties and dynamic properties of vulcanizate. By the 

combination of AR 1 and AR 2 additives, the physical properties of silica filled ENR was greatly improved. 

 

Conclusion: 

 From the experiment, it can be summarized that the incorporation anti-reversion additives in silica filled 

ENR truck tyre treads generally improve the cure characteristics and physical properties of the compounds. It 

can be concluded that the anti-reversion AR 1 additive minimize the cure reversion and improves physical 

properties of silica filled ENR toward prolong vulcanization heating. The combinations of AR 1 and AR 2 anti-
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reversion additives in silica filled ENR compounds significantly effective to eliminate cure reversion, enhance 

stiffness and rebound resilience beside reduce heat build-up of silica filled ENR compounds for truck tyre 

treads.  

 
Table 7: Physical properties of vulcanizates. 

Properties 
Vulcanizates 

ENR 1 ENR 2 ENR 3 NR/BR 

Tensile Strength, MPa 22.6 24.3 23.1 23.7 

Elongation at Break, % 478 453 410 605 

M100, MPa 1.90 2.39 2.67 1.88 

M300, MPa 11.68 14.45 15.31 9.11 

Heat Build Up,°C 42.7 17.5 16.5 48.7 

Rebound resilience at 25°C 54.8 57.2 58.4 53.5 

Rebound resilience at 70°C 68.8 72.4 76.1 58.0 

ISO Abrasion Resistance Index 113 126 129 205 
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