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Abstract  

The vulcanization kinetics of Ethylene-propylene diene monomer (EPDM) rubber thermal insulation 

was studied by using rheometer under isothermal condition at different temperatures. The rheometry 

analysis was used to determine the cure kinetic parameters and predicting the optimum curing time of 

EPDM thermal insulation. The experimental results revealed that the curing curves of EPDM thermal 

insulation were marching and the optimum curing time decreased with the increasing of temperature. 

The kinetic parameters were determined from the autocatalytic model that showed a close fitting with 

the experimental results. It also indicated a suitability of autocatalytic model in characterizing the 

cure kinetics. The optimum curing time was predicted from autocatalytic model and the kinetic pa-

rameters were obtained by using the relationship between degree of conversion, cure temperature, and 

cure time. The predictions of cure time provided information on the actual curing characteristic of 

EPDM thermal insulation. The mechanical properties of EPDM thermal insulation with different vul-

canization temperatures showed the same hardness, tensile strength and modulus at 300%, except at 

temperature 70 oC, while the elongation at breaking point decreased with the increasing temperature of vul-

canization.  © 2015 BCREC UNDIP. All rights reserved 
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1. Introduction  

Ethylene-propylene diene monomer (EPDM) 

rubber has advantages properties, such as: low 

specific gravity, resistance to oxidation, ozoni-

sation and weathering effects. According to 

those properties, EPDM has emerged as a ma-

terial for manifold applications including insu-

lation for case-bonded solid rocket motor [1]. 

Prior to the production of thermal insulation 

from EPDM rubber, the rubber industry usu-

ally performs the curing characterization that 

will affect to the processing, physical, mechani-

cal and dynamic properties. 

Curing characteristic of rubber compound by 

using rheometer is used to show the vulcaniza-

tion reaction that revealed by torque-time 

curve. In addition, the torque-time curve can be 

used to determine the optimum curing time. 

However, rheometry testing uses isothermal 



 

and the thin rubber. Sometimes in the produc-

tion processes, the curing temperature is differ-

rent or not constant because it is affected by 

the thickness of rubber product. So, the reac-

tion condition in laboratory procedures is dif-

ferent with the production processes. There-

fore, the method to predict the optimum curing 

time by using rheometry data is important to 

be studied.  

Several methods to predict the optimum 

curing time of rubber compounds are available 

in the literature. Some of well-known methods 

are numerical methods by using finite element 

analysis [2], statistical method by using artifi-

cial neural network [3] and adaptive neuro-

fuzzy inference system [4] and empirical 

method or cure kinetic [5, 6]. Kinetic model has 

been studied by several authors to study the 

rubber cure reaction. Although this technique 

is empirical model that fail to acknowledge the 

underlying molecular mechanism [7], but this 

technique is more practical, because the chem-

istry of vulcanization is very complex and has 

not been understood in detail.  

Cure kinetics of rubber compound are mea-

sured by a variety of techniques. Some of these 

techniques are swelling methods, measuring 

tensile modulus, hardness, differential scan-

ning calorimetry (DSC), stress relaxation mea-

surements, chemical identifications which are 

often based on the determination of the rate of 

free sulfur disappearance, and measurements 

of different crosslink types [8]. The most popu-

lar method in the rubber industry is based on 

rheometry because of practical and simple uses. 

Study of process of cure of EPDM rubbers in 

moving die rheometer (MDR) was studied by 

Rosca and Vergnaud [9]. Three EPDM com-

pounds were used, containing 2, 9, and 19% 

peroxide and having different cure enthalpies. 

The results showed that it has a good correla-

tion between the results obtained from MDR 

and the values of the state of cure. The thick-

ness of the sample affected the process of cure.  

This paper studied the vulcanization kine-

tics to predict the curing time using empirical 

kinetic model by using rheometer and to com-

pare the mechanical properties of EPDM ther-

mal insulation with different vulcanization 

temperatures. 

 

2. Materials and Methods  

2.1. Materials  

An ethylene propylene diene rubber, EPDM 

(Buna 6470, ethylene content: 68 wt%, 5-

ethylidene-2-norbornene (ENB): 4.7 and visco-

sity mooney: 57 ML (1+4) 125° C was provided 

by Lanxess, Germany. Silica filler (Zeosil 175) 

was obtained from Rhodia, Korea. Other tech-

nical grade chemicals were obtained from local 

supplier and were used as such. 

 

2.2. Preparation EPDM Compound  

Rubber compound was prepared by two-roll 

mill with slow  speed of roll (24 rpm) and fric-

tion ratio (1.4) was maintained at temperature 

of 65±5 °C. The compounding ingredients 

(antioxidant, 2 phr; silica, 40 phr; carbon black, 

1 phr; paraffinic oil, 15 phr; diocthyl phthalate, 

5 phr; polyethylene glycol, 2 phr; high styrene 

resin, 10 phr; Al2O3, 5 phr; silane coupling 

agent, 1.5 phr; zinc oxide, 5 phr; stearic acid, 2 

phr; and accelerator: tetramethylthiuram disul-

fide (TMTD), 0.8 phr; 2-mercaptobenzothiazole 

(MBT), 1.5 phr; Rhenocure© T/PS, 4 phr and 

sulfur, 2 phr) were added to the EPDM after in-

corporation of the silica filler and oil. The accel-

erator and curing agent were added at the end 

of mixing. The rubber compound was matu-

rated for 24 hours before molded. 

 

2.3. Cure Characteristic  

Cure characteristic of EPDM compound was 

determined at four different temperatures, i.e. 

130, 140, 150, 160 °C using a moving die 

rheometer (MDR 2000) for 30 minutes accord-

ing to ISO 6502. Different cure kinetics pa-

rameters such as optimum cure time, cure rate 

index, degree of cross linking or conversion, 

and apparent activation energy were calculated 

from the torque-time curves. 

 

2.4. Mechanical Properties 

The EPDM compound was compression-

molded on electrically heated hydraulic press, 

at 150 °C and 9.8 MPa with the previously de-

termined the optimum cure time (t90) by MDR 

2000. The sample’s thickness of 2±0.2 mm 

sheets was molded. The mechanical testing 

such as: hardness, tensile strength, modulus 

300 and elongation at break of vulcanized rub-

ber, were carried out according to the ISO stan-

dards. Five specimens were measured and the 

median values were calculated. 

 

3. Results and Discussion 

3.1. Vulcanization Kinetics Study  

Curing characteristic of EPDM compound by 

using rheometer under isothermal condition 

gave data on torque versus time, which can be 

used to evaluate kinetic parameters such as op-

timum cure time, cure rate index, degree of 
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cross linking or conversion and activation en-

ergy. Figure 1 shows the vulcanization curves 

of EPDM thermal insulation at various tem-

peratures. Three regions of rubber cure can be 

seen in the vulcanizing curves for a typical ac-

celerated sulfur vulcanization process. In the 

first region, there is scorch time or induction 

period that provided a safe processing time. 

The second region is the curing reaction period, 

during which the cross linking network is 

formed and the stiffness of rubber are in-

creased. The third region is called over cure 

that may occur as reversion, equilibrium, or 

marching cure behaviors,  according to the com-

pound characteristics [3].  

The vulcanization curves in Figure 1 showed 

that on the third region, the characteristic of 

the EPDM thermal insulation compound at 

various temperatures were marching. It means 

that the stiffness of rubber increase with time. 

Table 1 shows that the optimum curing time 

(t90) and scorch time (ts2) decreased with in-

creasing the temperature of vulcanization. The 

increasing temperature vulcanization also af-

fect to increasing the cure rate index (CRI) of 

EPDM thermal insulation. The increasing of 

vulcanization temperature causes fast cure rate 

or decreasing optimum curing time [10]. The 

characteristic of vulcanization curves is march-

ing, hence, is difficult to obtain the modulus 

maximum. Modulus maximum (Mmax) and mini-

mum (Mmin) were obtained by the MDR 2000 

software. Delta torque (DM) of the EPDM ther-

mal insulation compound increased with in-

creasing the temperature of vulcanization, but 

with a relatively small degree. DM is related to 

crosslink density and stiffness [11]. 

The curing kinetics study is used to predict 

the optimum curing time using empirical ki-

netic model by using experimental results. The 

degree of conversion (α) in curing reaction is de-

fined as follows [5,8]: 

          (1)  

where, Mmin is the minimum torque value, Mt is 

the torque value at given time of curing, and 

Mmax is the maximum torque value. 

The isothermal vulcanization kinetics of the 

rubber compound are usually characterized by 

two model equations namely, nth-order and 

autocatalytic model equations [12]. Figure 2 

shows the curves of dα/dt versus time for 

EPDM thermal insulation at various tempera-

tures. The reaction rate at any temperature in-

creases initially with conversion and passes 

through a maximum and then decrease with 

time. The cure rate increased with increasing 

minmax

min

MM

MM t





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Figure 1. Vulcanizing curves of EPDM thermal insulation at various temperature  

Table 1. The curing characterization of EPDM 

thermal insulation compound 

Tempera-

ture, °C 

M  

(kg-cm) 

ts2 

(min) 

t90 

(min) 

CRI 

(min-1) 

130 3.54 8.45 22.03 7.36 

140 4.16 5.04 18.39 7.49 

150 4.93 3.10 15.06 8.36 

160 4.87 2.13 9.36 13.83 



 

the vulcanization temperature. The reaction 

rate of the system reaches a maximum at a 

time greater than zero. It indicates that the 

curing reaction of EPDM compound exhibit 

autocatalytic reaction. The autocatalytic equa-

tion predicts that the maximum reaction rate 

will occur at any point of time other than the 

beginning of the reaction. This is because the 

conversion rate is not only related to the unre-

acted materials, but also related to the reaction 

product [12]. The kinetic of autocatalytic reac-

tions can be described as follows [12,13]: 

        (2) 

where k is the rate constant and m and n are 

reaction orders of autocatalytic reaction as-

sumed to be independent of temperature. The 

value of k(T), m and n was calculated using 

nonlinear regression fit and listed in Table 2. 

The temperature dependence of the conversion 

rate is assumed to reside in the constant (k) 

 nmTk
dt

d



 1 )(
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through the Arrhenius equation: 

                                 (3) 

where, A is pre-exponential factor, Ea is activa-

tion energy, R is the gas constant, and T is re-

action temperature.  

Figure 3 shows that the plot of cure rate 

versus conversion. In this figure, it shows a 

comparison between the experimental curves 

(points) and the model curves (solid lines). The 

model curves show a close fitting with experi-

mental curves. The maximum value of cure 











RT

E
Ak aexp 

Figure 2. Rate of vulcanization versus time of 

the EPDM thermal insulation at various tem-

peratures. 

Tabel 2. Curing kinetic parameter of EPDM 

thermal insulation 

Curing 

tempera-

ture (°C) 

K M N 
Ea 

(kJ/mol) 

130 

140 

150 

160 

0.2202 

0.2943 

0.3852 

0.5855 

0.3058 

0.2662 

0.2458 

0.2261 

1.6485 

1.6632 

1.7009 

1.5788 

46.3661 

Figure 3. Vulcanization rate versus conversion 

of the EPDM thermal insulation at various tem-

peratures. 

Figure 4. Arrhenius plot of ln k versus 1/T for 

EPDM thermal insulation 
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rate appears between conversion 0.1 and 0.2. 

Figure 4 shows the Arrhenius plot of ln k 

versus 1/T for EPDM thermal insulation to de-

termine the activation energy of vulcanization 

(Ea). The activation energy was obtained from 

the slope of the straight line is given in Table 2. 

 

3.2. Cure time prediction of EPDM ther-

mal insulation 

Prediction of cure time of EPDM thermal in-

sulation based on rheometry data is very useful 

to know the relationship among cure reaction 

conversion, cure temperature, and cure time. 

The cure time prediction can be performed by 

integrating Equation (2) and k(T) substituted 

from Equation (3): 

                   (4) 

 

   






0 1

1
d

tk
t

nm

        (5) 

 

For the EPDM thermal insulation, the mean 

reaction orders for autocatalytic reaction were 

m = 0.26 and n = 1.65. The activation energy 

was 5577 kJ.mol-1, and the pre-exponential fac-

tor was 218600 min-1. Thus, the cure time of 

    














0

exp
1

1
d

RT

E

tk
t a

nm

Figure 5. Curing time of EPDM thermal insulation as a function of conversion 

Tabel 4. The mechanical properties of EPDM thermal insulation at various temperatures 

Temperature, °C 70 130 140 150 160 

Hardness (shore A) 65 ± 0.49 71 ± 0.63 72 ± 0.40 72 ± 0.40 72 ± 0.40 

Tensile strength (MPa) 6.60 ± 0.56 19.27 ± 1.13 18.82 ± 1.39 16.84 ± 1.67 18.68 ± 0.85 

Elongation at break (%) 1000 ± 8.00 750 ± 18.86 680 ± 12.47 610 ± 28.28 630 ± 4.71 

Modulus at 300% (MPa) 2.20 ± 0.30 4.38 ± 0.12 5.08 ± 0.04 4.97 ± 0.12 5.54 ± 0.08 

Table 3. The optimum cure time (t90) of EPDM 

thermal insulation 

Temperature, °C 130 140 150 160 

Eq. 7, min 28.97 20.72 15.06 11.11 

Model (Eq. 6), 

min 

28.24 20.21 14.69 10.84 

Experiment, 

min 

22.03 18.39 15.06 9.36 
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EPDM thermal insulation with neglecting 

small quantities can be described as: 

 

     (6) 

 

The Equation 6 was assumed that thermal 

insulation is a thin rubber product with the 

thickness 1-2 mm. So, the thickness of rubber 

was not affected to cure time [8]. The predicted 

results were shown in Figure 5 which provides 

information for the actual curing characteristic 

of EPDM thermal insulation.  

The optimum curing time (t90) of EPDM 

thermal insulation was determined by Equa-

tion 6 when the conversion is 90%. The other 

method to determine t90was determined by us-

ing Arrhenius equation [3,14]: 

 

                  (7) 

 

where tr is equivalent cure time at temperature 

Tr and Ea was obtained from autocatalytic 

model in Table 2. The results between auto-

catalytic model (Equation 6) and Arrhenius 

model (Equation 7) and experiment are listed 

in Table 3. The results show that the t90 of 

EPDM thermal insulation was obtained from 

model are almost similar with experiment re-

sults.  

 

3.3. Mechanical properties of EPDM ther-

mal insulation 

The mechanical properties of EPDM ther-

mal insulation, i.e. hardness, tensile strength, 

elongation at break, and modulus 300% at vari-

ous temperatures, were listed in Table 4. The 

mechanical properties at temperature 160 °C 

have excellent properties. These results were 

similar with another author that used silica as 

filler or EPDM thermal insulation for case-

bonded solid rocket motors, because silica par-

ticles have silanol groups on their surface. This 

typical structure gives hydrophobic nature to 

this class of silica and these silanol groups are 

reactive sites for surface treatment [15]. Com-

posite propellants generally  are cured between 

40 and 60 °C [16]. Meanwhile, LAPAN 

(Indonesia) used 70 °C in hydroxyl-terminated 

polybutadiene (HTPB) processing as the best 

curing temperature [17]. So, the temperature 

70 °C was chosen to compare the mechanical 

properties of EPDM thermal insulation with 

 


 





0 65.126.0

6

1

5570
exp105746.4

d

T
xt











TTR

E
tt

r

a
r

11
exp 

different temperatures. The optimum curing 

time at temperature 70 °C was obtained from 

the autocatalytic model (Equation 7). 

The hardness of rubber could be used to pre-

dict the optimum cure time in rubber industry, 

but this technique is based on trial and error. 

The hardness value in this study was used to 

confirm the optimum curing time. The hard-

ness of EPDM thermal insulation is almost 

similar at different temperatures. The hard-

ness at temperature 70 °C is smaller, but to a 

relatively small degree. It indicated that the 

optimum cure times from rheometry analysis 

were correct, because the hardness of rubber 

related to crosslink density [11]. The tensile 

strength and modulus at 300% of the EPDM 

thermal insulation were almost similar at dif-

ferent temperatures, except at temperature 70 

°C, while the elongation at breaking point de-

creased with increasing temperature of vul-

canization. The decrease in the values of elon-

gation at break with increasing vulcanization 

temperatures is the resulting of higher cross-

linking [18]. The small value of the tensile 

strength and Modulus 300% at temperature 70 

°C were caused of smaller cross-linking, al-

though the hardness values were comparable. 

 

4. Conclusions 

In this paper, the optimum curing time were 

predicted by using autocatalytic model. The 

cure kinetic parameters were obtained from the 

rheometry analysis. The curing characteristic 

of EPDM thermal insulation has a good agree-

ment with the model parameters determined 

from autocatalytic model equations and the 

suitability of this model in characterizing the 

cure kinetics. The activation energy was deter-

mined from the autocatalytic model is 46.3661 

kJ.mol-1. The predictions of optimum curing 

time provide information for the production of 

EPDM thermal insulation. The mechanical 

properties of EPDM thermal insulation were 

almost similar at different temperature, espe-

cially for hardness, except at temperature 70 

°C. 
 

 

Acknowledgement 

We acknowledge the Ministry of Research 

and Technology for the SINAS grant.  

 

 

 

 

 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 10 (2), 2015, 110 

Copyright © 2015, BCREC, ISSN 1978-2993 

References 

[1] Bhuvaneswari, C.M., Sureshkumar, M.S., 

Kakade, S.D., Gupta Manoj. (2006). Ethylene-

Propylene Diene Rubber as a Futuristic Elas-

tomer for Insulation of Solid Rocket Motors. 

Defence Science Journal, 56(30): 309-320. 

[2] Sae-oui, P., Thepsuwan, U. (2002). Prediction 

of Cure Level in Thick Rubber Cylinder using 

Finite Element Analysis. Science Asia, 28: 

385-391. 

[3] Karaagac, B., Inal, M., Deniz, V. (2009). Arti-

ficial Neural Network Approach for Predict-

ing Optimum Cure Time of Rubber Com-

pound. Materials and Design, 30: 1685-1690. 

[4] Karaagac, B., Inal, M., Deniz, V. (2012). Pre-

dicting Optimum Cure Time of Rubber by 

Means of ANFIS. Materials and Design, 35: 

833-838. 

[5] Leroy, E., Souid, A., Deterre, R. (2013). A 

Continuous Kinetic Model of Rubber Vulcani-

zation Predicting Induction and Reversion. 

Polymer Testing, 32(3): 575-582. 

[6] Leroy, E., Souid, A., Sarda, A., Deterre, R. 

(2013). A Knowledge Based Approach for 

Elastomer Cure Kinetic Parameters Estima-

tion. Polymer Testing, 32(1): 9-14. 

[7] Ghosh, P., Katare, S., Patkar, P., Caruthers, 

J.M., Venkatasubramanian, V. (2003). Sulfur 

Vulcanization of Natural Rubber for Ben-

zothiazole Accelerated Formulations: From 

Reaction Mechanisms to a Rotational Kinetic 

Model. Rubber Chemistry Technology, 76 (3): 

592-693. 

[8] Zaimova, D., Bayraktar, E., Dishovsky, N. 

(2011). State of Cure Evaluation by Different 

Experiment Methods in Thick Rubber Parts. 

Journal of Achievements in Materials and 

Manufacturing Engineering, 44(2): 161-167. 

[9] Rosca, I.D., Vergnaud, J.M. (2001). Study of 

Process of Cure of EPDM Rubbers in Moving 

Die Rheometer. Plastics, Rubber and Compos-

ites, 30 (6): 275-281. 

[10] Hasan, A., Rochmadi., Hary, S., Suharto, H. 

(2012). The Effect of Rubber Mixing Process 

on The Curing Characteristics of Natural 

Rubber. Makara Teknologi, 16 (2): 109-115.  

[11] Gonzalez, L., Rodriguez, A., Valentin, J.L., 

Marcos-Fernandez, A., Posadas, P. (2005). 

Conventional and Efficient Crosslinking of 

Natural Rubber. Kautsch. GummiKunstst, 58: 

638-643. 

[12] Choi, D., Kader, M, A., Cho, B.H., Huh, Y., 

Nah, C. (2005). Vulcanization Kinetics of Ni-

trile Rubber/Layered Clay Nanocomposites. 

Journal of Applied Polymer Science, 98: 1688-

1696. 

[13] Sui, G., Zhong, W.H., Yang, X.P., Yu, Y.H. 

(2008). Curing kinetics and Mechanical Be-

havior of Natural Rubber Reinforced with 

Pretreated Carbon Nanotubes. Materials Sci-

ence and Engineering A, 485: 524-531. 

[14] Franck, A., Hafner, K., Kern, W.F. (1962). 

The Activation Energy of Vulcanization. Rub-

ber Chemistry and Technology, 35(1): 76-91. 

[15] Bhuvaneswari, C.M., Kakade, S.D., Deuskar, 

V.D., Dange, A.B., Gupta, M. (2008). Filled 

Ethylene-Propylene Diene Terpolymer Elas-

tomer as Thermal Insulator for Case-Bonded 

Solid Rocket Motors. Defence Science Journal, 

58(1): 94-102. 

[16] NASA, (1971). Solid Propellant Processing 

Factors in Rocket Motor Design.Monograph 

NASA SP-8075 : 28 

[17] Sutrisno, S., Chawari, M, (1994). HTPB Pro-

pelllant Processing Based on Fuel/Curing 

Agent Ratio, LAPAN, XVIII No.69: 36-38. 

[18] Ahmed, K., Nizami, S.S., Raza, N.Z., Shirin, 

K. (2012). Cure Characteristics, Mechanical 

and Swelling Properties of Marble Sludge 

Filled EPDM Modified Chloroprene Rubber 

Blends. Advances in Material Physics and 

Chemistry, 2: 90-97. 

 


