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Abstract— Binary accelerator systems are widely used in 

rubber industry. They are popular because such systems can 

prevent pre-vulcanization, permit vulcanization at lower 

temperature in a shorter time and can also produce 

vulcanizate with better mechanical properties. Blending of 

two or more elastomers is a useful technique to improve 

certain properties which are not inherent in single 

elastomers. The blending of NR with SBR is of prime 

importance in automobile industry especially in the 

production of tyre. For the first time a novel derivative of 

thiourea viz. N-benzoyl-N’,N’-pyrrolidinylthiourea (BPTU) 

which is more nucleophilic than thiourea itself is used as an 

additional accelerator along with cyclohexylbenzthiazyl 

sulphenamide (CBS) in the vulcanization of NR/SBR blend 

having 50:50 proportion. The result shows an appreciable 

reduction in the cure time for the mixes containing BPTU as 

compared to reference mixes. The vulcanizate has superior 

mechanical properties when compared to those of a stock 

cured with a single accelerator CBS. These results are in 

agreement with the nucleophilic mechanism already 

suggested for the vulcanization of elastomers blend. This 

vulcanizate show better retention in tensile property after 

aging. The chemical characterization of the vulcanizate was 

done by swelling measurements.  An attempt is made to 

correlate variation of physical properties to chemical cross 

link formation in the various vulcanizate. Activation energy 

for cure rate is determined from Arrhenius plot. The kinetic 

study of the cure reaction of the compounds confirms that it 

follows first-order kinetics. The binary accelerator system 

containing BPTU and CBS (1:1) is observed to be the best 

candidate since it shows the highest hardness and resilience 

with lowest values for compression set and abrasion loss in 

comparison with reference mix. The tensile strength is also 

at par with reference mix. It has the lowest optimum cure 

time and highest cure rate index which makes the system 

more economical and viable 
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I. INTRODUCTION 

Natural rubber is a major cash crop of Kerala which controls 

the economy of the state. Rubber is a natural raw material 

for the second largest industry in the world viz. Automobile 

Industry. The properties and performance of a rubber 

product depends on many factors such as the chemical 

nature of rubber, the amount and kind of ingredients 

incorporated into the rubber compound, processing and 

vulcanizing conditions. Polymer blends have gained a lot of 

interest and it is a branch of macromolecular science. 

Blending of two or more elastomers is a useful technique to 

improve certain properties which are not inherent in a single 

elastomer. The varied uses of rubber products warrants a 

number of specific properties like thermal stability,  aging, 

elasticity, tensile strength, hardness, wear and tear    etc. The 

ability of polymer blends to satisfy the requirements of the 

final product is better than when one elastomer alone is 

used. The development of polymer blends is commercially 

more viable because it is less expensive than to design new 

materials and develop new facilities to produce them. 

Elastomers when blended in appropriate proportions show 

improved physical properties, easier processing, and better 

service life [1]. 

Natural rubber (NR) and styrene butadiene rubber 

(SBR) are the world’s leading general purpose rubbers. The 

physical properties of polymer blends are generally 

controlled by various factors like type of polymer, blend 

composition and the blend morphology. Blends of NR and 

SBR are utilized extensively in tire market particularly in 

truck tire applications. Though SBR has better abrasion 

resistance and weather-ability than NR, it is slightly less 

resilient than NR. NR and SBR are unsaturated 

hydrocarbons. But NR is crystalline while SBR is 

amorphous. NR gum vulcanizates give good tensile strength, 

on the other hand SBR gum vulcanisates are weak and so it 

is essential to use reinforcing fillers like silica or fine carbon 

black. No definite rules are there to design a compound of 

NR/SBR blend to achieve a set of vulcanizate properties. 

SBR requires less sulphur and more accelerator than NR due 

to the low unsaturation [2]. Blends of NR and SBR have 

been reported to exhibit improved oxidative stability 

compared to the pure components [3].  The thermal stability 

of NR/SBR blend is slightly higher than their 

homopolymers as the activation energy for the degradation 

of the blends is higher than their homopolymers [4]. The 

fatigue life and the strain energy vary linearly with blend 

composition in the compatible blend NR/SBR [5]. 

Vulcanization of rubber using binary accelerator 

system is known to give superior chemical and physical 

properties to the vulcanizate [6]. The chemical reaction in a 

binary accelerator system in rubber vulcanization varies 

with the system used. As the S-S, C-S-C, or S-N bonds in 

accelerators are generally inactive at low temperature 

because of the high thermal stability of S-S bonds. Philpott 

[7] has shown that sulphur containing nucleophile such as 

thiourea can enable accelerators like TMTD and CBS to 

carry out vulcanization at low temperatures. He suggested 

an ionic mechanism where the S-S bond in TMTD is 

cleaved by the nucleophile produced from thiourea. Binary 

accelerator combinations can give faster cure rates in rubber 

vulcanization systems [8]. This can be due to the formation 

of new chemical moieties, which can facilitate the curing 

process easier [9]. 

In this study we have  synthesized and 

characterized for the first time  a new derivative of thiourea 

viz. N-benzoyl-N’,N’-pyrrolidinylthiourea  and  studied its  

effect  along with CBS as a binary system for the 
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vulcanization of polymer blend comprising of NR/SBR in 

the ratio 1:1.  

II. METHODS AND MATERIALS 

Natural rubber (ISNR-5) used in this study was obtained 

from the Rubber Research Institute of India (Kottayam, 

Kerala State). Styrene-butadiene rubber (SBR-1502) 

procured from Popular Rubber Products (Angamaly, 

Kerala). Cyclohexylbenzthiazylsulphenamide (CBS) was 

supplied by Merchem Ltd., Kochi, Kerala.  The other 

commercial grade rubber additives (stearic acid, zinc oxide, 

and sulfur) were supplied from Associated Rubber 

Chemicals, Kochi. Benzoyl chloride, Benzene, 

Tetrabutylammoniumchloride(TBAB), pyrrolidine, 

potassium thiocyanate (for the preparation of BPTU) were 

of analytical grade obtained from E-Merk India Ltd. 

Precipitated silica from Minar Chemicals, Edayar. 

Preparation of N-benzoyl-N’,N’-

pyrrolidinylthiourea (BPTU) was carried out by stirring a 

solution of benzoyl chloride in benzene with aqueous 

solution of KCNS in presence of TBAB followed by 

addition of pyrrolidine in benzene to the organic layer, 

Scheme 1. The product obtained was characterized by 

melting point and spectroscopic techniques. 
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Fig. 1: Scheme 1 

The formulations of the mixes are given in Table 1. 

Vulcanization of NR/SBR in 50/50 is carried out using 

standard recipes and procedure. The compounds were 

prepared on a  two roll mixing mill as per ASTM D3184-89 

over a time period of 18 min. NR/SBR blend was made 

initially and then the other additives were added in the usual 

order. The cure characteristics of the mixes were determined 

at 140, 150 and 160°C using a Rubber Processing Analyzer 

(alpha technologies). The mixes were cured in an 

electrically heated hydraulic press at 150oC for the optimum 

cure time. Tensile properties and tear resistance were 

measured according to ASTM D 412 and ASTM D 624 

respectively using a Shimadzu Universal Testing Machine, 

model – AG-1 series at a cross head speed of 500mm/min.  

The ageing of the samples were done in a hot air oven at 

70oC for 24 hours according to ASTM D 572-99.  

The hardness (Shore A) of the compound was 

determined using Mitutoyo hardmatic hardness tester 

according to ASTM D 2240-03. Compression set at constant 

strain was measured according to ASTM D 395(1982 

method B).  Samples were compressed to constant strain 

(25%) and kept for 22 hours in an air oven at 70oC. The 

compression set in percentage was calculated as: 

Compression set (%) = (T0 -T1) x100/ (T0-TS) - [1] 

Where TO and T1 are the initial and the final 

thickness of the specimen, respectively and TS is the 

thickness of the spacer used. 

Rebound resilience of the samples were measured 

using a vertical rebound resilience tester as per ASTM D 

2632-88 and is expressed as percentage. The abrasion 

resistances of the samples were determined using a DIN 

Abrader (DIN 53,516). 

 The abrasion loss in cm3 /hr was calculated as 
Abrasion loss=(loss of weight/specific gravity)x60/2.2- [2] 
 Swelling studies were carried out by immersing a 

piece taken from the centre of a compression moulded 

rubber sample weighing about 0.3 gm in pure toluene at 

room temperature. The sample is periodically removed and 

weighed till the swelling reaches diffusion equilibrium [10]. 

At the end of this period the test piece was removed, 

weighed (swollen wt) and dried in vacuum to constant 

weight (desorbed wt). The chemical crosslink density 

(1/2Mc) was calculated using the Flory-Rehner 

equation[11]. This theory has been used to interpret network 

in vulcanized products using organic solvents. 

Ingredients S1 S2 S3 S4 O1 O2 

NR (g) 50 50 50 50 50 50 

SBR(g) 50 50 50 50 50 50 

ZnO (phr) 5.0 5.0 5.0 5.0 5.0 5.0 

Stearic acid (phr) 2.0 2.0 2.0 2.0 2.0 2.0 

Silica (phr) 30 30 30 30 30 30 

DEG(phr) 1.5 1.5 1.5 1.5 1.5 1.5 

SP(phr) 1.0 1.0 1.0 1.0 1.0 1.0 

Parraffin Oil(phr) 6.0 6.0 6.0 6.0 6.0 6.0 

CBS (phr) 1.0 1.0 1.0 1.0 1.5 2.0 

BPTU (phr) 0.25 0.5 0.75 1.0 0.0 0.0 

Sulphur (phr) 1.5 1.5 1.5 1.5 1.5 1.5 

Table 1: Formulation of NR/SBR Blend (50/50) Mixes 

          [3] 

Where, Mc = number-average molecular weight of 

the rubber chains between crosslinks, 
p

 = density of 

polymer, Vs= molar volume of solvent (for toluene Vs= 

106.2cm3/mol), Vr = molar volume of rubber, χ = interaction 

parameter[12] (χ(NR/SBR-Toluene) = 0.37). 

The term Vr was calculated by using the relation 

(Eq.4), 
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Where, W1 = weight of rubber, W2= weight of 

solvent, ρ1= density of rubber and ρ2= density of solvent. 

The volume fraction of rubber, Vr for filler system is    

converted to Vro (the value Vr would have had in the 

absence of filler) according to Cunneen and Russel [13] as   

Vro / Vr = ae -z + b. Here a & b constants characteristic of the 

system. For silica filled system, a =1.14 and b = -0.41 [14] 

and z is the weight fraction of the filler in the vulcanisate. 

Thermogravimetric analysis was carried out on the 

vulcanized samples using a Thermo Gravimetric Analyser 

Q-50, TA Instruments. The samples were subjected to a 

temperature change from room temperature to 6000C with a 

heating rate of 200C/minute in nitrogen atmosphere. The 

onset of degradation, the temperature at maximum 

degradation and residual weight in percentage were noted. 

The morphology examination of tensile fracture surface of 

the samples S2 and S4 were carried out in a scanning 

electron microscope TESCAN(VEGA 3 SBH). 

III. RESULT AND DISCUSSION 

A. Processing Characteristics 

The cure data obtained for the mixes cured at 150 0C are 

given in Table 2. The minimum torque in the rheograph 
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(Mn) can be taken as a measure of the viscosity of the 

masticated copolymer blend. The Mn value for S4 is highest 

among binary systems. The maximum torque (Mm) can be 

taken as the maximum viscosity of the rubber compound. It 

is directly related to the modulus of the compound and it is 

roughly a measure of the crosslink density of the sample. 

This value is found to increases with addition of the new 

accelerator BPTU from 0.25 phr to 1.0 phr. The cure 

activating nature of BPTU is evident from the processing 

characteristics of the vulcanisate. The addition of BPTU 

reduces the cure time (T90) to a larger extent.  

 To our excitement it is found that, on comparing S1 

and O1, 80% of new binary accelerator system can reduces 

the optimum cure time almost to 30%, Table2. On further 

increasing the concentration of BPTU to 1 phr the cure time 

reduced almost to 50%. This reduction in cure time is of 

immense use in increasing productivity and reducing the 

cost. The scorch time is reduced on addition of BPTU and it 

does not   adversely affect the scorch safety. 

The cure rate index (CRI) is a measure of speed 

with which the cure reaction is taking place, which is given 

by the expression CRI = 100/ (T90 - T10) where T90 and T10 

are the optimum cure time and scorch time respectively. The 

CRI value is found to enhance with increase in 

concentration of BPTU which also proves the cure 

activating nature of the new binary accelerator system. 

Among the binary systems S4 has the highest CRI value and 

is also higher than O1 and O2. 

The kinetic study of vulcanization by Fujimoto 

et.al.[15] showed that  cure activating nature of an 

accelerator  in vulcanization of natural rubber follow first 

order kinetics and he showed that when ln(Mm-Mt) plotted 

against t gives a straight line. Where Mm is the maximum 

torque, and  Mt is the torque at time t. When ln (Mm- Mt) is 

plotted against t, a straight line graph is obtained for S2 at 

different temperatures Fig. 1, which proves that the cure 

reaction of the compounds follow first-order kinetics. 

Similar straight line graphs are obtained for all other mixes. 

The cure reaction rate constant, k is obtained from the slope 

of the respective straight lines Table 3. It is also found that 

change of temperature does not affect the kinetic order of 

the vulcanization reaction. 

Cure 

Characteristi

cs 

S1 S2 S3 S4 O1 O2 

Scorch time 

t10(min) 
2.10 2.25 1.82 1.81 4.74 5.24 

Optimum 

cure time 

t90(min) 

7.27 6.87 6.15 5.39 
10.3

6 

10.8

3 

Torque Max. 

(dNm) 

3.02

3 

3.15

1 

3.26

6 

3.46

8 

3.92

6 

3.84

7 

Torque Min. 

(dNm) 

0.03

9 

0.07

8 

0.08

1 

0.09

1 

0.06

9 

0.10

8 

Table 2: Cure Characteristics of NR/SBR blend (50/50) 

mixes 

Regardless of the temperature and concentration of BPTU, 

all vulcanization reaction proceeds by first order kinetics. It 

is also observed that the value of k increases with 

temperature. Even though straight line is claimed for the 

plots theoretically, deviations are experimentally observed.  

Arrhenius equation is used to calculate the 

activation energy of the mixes, (T90)-1  = Ce -E/RT       [6]  

-(logT90) = log C - E/2.303RT    [7] 

 A plot of -(logT90) versus 1000/T gives a straight 

line for all the mixes Fig. 2. The activation Energy can be 

calculated from the slope of the line. The activation energies 

for the cure reactions are given in Table 3.  

 
Fig. 1: Plots of ln(Mm-Mt) Vs time for Mix S2 at different 

temperatures 

Lower the activation energy faster is the cure 

reaction initiation. Activation energy of the mix S3 is the 

lowest.  Thus the kinetic study of vulcanization by Fujimoto 

et.al., for NR is found to be true for NR/SBR blend also. 

B. Mechanical Property 

Mechanical properties like tear strength, resilience, 

compression set and abrasion loss of the vulcanizate does 

not show appreciable changes on varying the concentration 

of the accelerators as shown in Table 4. However there is an 

overall trend of increase in the values of resilience and 

hardness while the phenomenon is reversed in the case of 

tear strength, compression set and abrasion loss. Among the 

selected mixes, S4 shows the highest hardness and resilience 

with lowest values for compression set and abrasion loss 

which are advantages for a vulcanizate The crosslink 

density, a key factor which controls the mechanical 

properties of a vulcanizate is also the highest for S4, 

substantiating the above observed facts and making it the 

best candidate for consideration. 

 
Fig. 2: Arrhenius plots of the mixes showing effect of 

temperature on curing 

The tensile strength value is the highest for S1 and 

it diminishes as the concentration of BPTU increases up to 

0.75 phr, this may be due to the de-sulphuration during the 

vulcanization process leading to the cleavage of 

polysulphidic linkages and subsequent formation of mono 

and disulphidic linkages. The effects of the BPTU  

Mix No. S1 S2 S3 S4 O1 O2 

CRI 

(min-1) 

19.5

7 

21.6

4 

23.0

9 
27.93 

17.7

9 

17.8

9 
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K value 

at 1400C 

0.22

1 

0.22

4 

0.27

1 
0.208 

0.12

2 

0.15

3 

K value 

at 1500C 

0.29

1 

0.40

6 

0.32

4 
0.265 

0.32

5 

0.32

3 

K value 

at 1600C 

0.61

7 

0.85

0 

0.58

1 
0.383 

0.53

6 

0.42

2 

Energy 

of 

activatio

n  

(kJ/mol) 

93.2

5 

92.9

0 

89.6

1 

102.0

5 

93.8

4 

94.8

2 

Table 3: Cure kinetics parameters of NR/SBR blend (50/50) 

mixes 

Property S1 S2 S3 S4 O1 O2 

Tear 

strength 

(N/mm) 

31.4

4 

28.8

8 

32.0

2 

27.1

4 

32.5

3 

28.5

6 

Resilience ( 

%) 
41 50 49 51 49 50 

Hardness 

(Shore A) 
44 49 46 52 46 48 

Compressio

n set (%) 

29.8

5 

28.9

2 

35.0

9 

28.0

3 

34.8

1 

30.2

5 

Abrasion 

loss (cm3) 
8.45 7.07 8.25 4.80 8.16 7.13 

Crosslink 

density x106 

(gmol/mL) 

7.23 7.01 6.67 7.37 7.09 6.38 

Table 4: Properties of NR/SBR blend (50/50) – vulcanizate 

 
Fig. 3: Tensile strength before and after aging of NR/SBR  

blend vulcanizate 

concentration on the tensile properties are given in 

Fig. 3. It is observed that the tensile strength increased after 

aging for lower concentration of accelerators. This can be 

due to the additional crosslink occurs during the aging 

process. It is also observed that where 2 phr of accelerators 

are used, viz. S4 and O2, exhibiting reduced  

Mix 

300% Modulus (MPa) Elongation at break (%) 

Before 

aging 

After 

aging 

Before 

aging 

After 

aging 

S1 2.0522 3.1575 977 823 

S2 2.3148 3.0278 950 879 

S3 2.1456 2.7474 951 855 

S4 2.3736 3.4211 892 700 

O1 2.0456 3.1264 899 881 

O2 2.1406 2.2255 770 626 

Table 5: Tensile properties of NR/SBR blend (50/50) – 

vulcanizate 

Property S1 S2 S3 S4 O1 O2 

Onset of 

degradations

(0C) 

330.

18 

346.

61 

338.

61 

345.

81 

323.

60 

346.

12 

End set of 

degradation 

(0C) 

488.

86 

497.

90 

476.

33 

504.

00 

483.

78 

488.

98 

Temperature 

at 60% 

retained (0C) 

403.

66 

398.

63 

405.

36 

411.

56 

405.

36 

411.

83 

Temperature 

at maximum 

degradation 

(0C) 

453.

49 

463.

06 

452.

70 

463.

92 

452.

70 

470.

85 

Residue 

( %) 

19.7

6 

18.9

5 

20.4

3 

19.6

1 

20.4

8 

17.6

2 

Remaining 

at 300 0C 

(%) 

87.8

4 

86.7

8 

88.8

4 

88.1

7 

88.6

5 

89.0

7 

Table 6: Characteristics of Thermograms 

 
Fig. 4a: SEM 4.5 kx of S2 

tensile strength on aging as expected. The 300% 

modulus increases with increase in concentration of BPTU 

while elongation at break decreases and are given in Table 

5.  Here again S4 has the highest value for 300% modulus 

and lowest value for elongation at break making it chosen 

one.  

Thermal degradation studies reveal that there are 

no appreciable changes among the various vulcanizate under 

study as in Table 6. This indicates that there is no adverse 

effect in the thermal properties of the vulcanizate on using 

the binary accelerator system containing the new accelerator 

BPTU when compared to CBS alone. 

The scanning electron microscopy study was 

carried out to analyze the tensile fractured surface to 

understand the nature of the rubber matrix of S2 and S4 at 

4500x magnifications. Fig. 4a. shows a longer fractured path 

and smoother surface than 4b. The presence of curved 

shorter tear lines and roughness on tensile fractured surface 

of 4b indicated higher tensile strengths. Furthermore it is 

seen that there are more pull-outs and holes in 8b in 

agreement with the observed mechanical properties such as 

tensile strength, abrasion loss and hardness. More over it 

shows that NR, SBR and filler are uniformly spread out in 

the matrix with less agglomeration.  
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Fig. 4(b): SEM 4.5 kx of S4 

IV. CONCLUSION 

The use of BPTU as a secondary accelerator with CBS has 

been investigated giving emphasis to the processing 

characteristics, mechanical properties and swelling behavior. 

It is found that even 0.25 phr of BPTU with one phr of CBS 

can improve the production rate of vulcanizate without 

adversely affecting the scorch safety of the compound. This 

new secondary accelerator does not affect the kinetic order 

of the cure reaction and it follows first order kinetics even 

with changes in its concentration and temperature. In 

addition to this on thermal aging there is improvement of 

tensile strength at lower concentrations. Addition of BPTU 

improves the tear strength of the vulcanizate slightly. 

Among the binary accelerator systems, S4 carrying BPTU 

and CBS (1:1) is observed to be the best candidate since it 

shows the highest hardness and resilience, with lowest 

values for compression set and abrasion loss in comparison 

with reference mix O2. The tensile strength is also at par 

with reference mixes O1 and O2. The morphology study of 

the samples by SEM also attests the above observation. S4 

has the lowest optimum cure time and highest cure rate 

index which makes the system more economical and viable. 

These results are indicative of a nucleophilic reaction 

mechanism in the vulcanization reaction as BPTU is more 

nucleophilic than thiourea. 
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