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ABSTRACT 
In this study, passenger car radial (PCR) tire tread compounds based on styrene 

butadiene rubber (SBR) were prepared. Two types of SBR, i.e., solution SBR (SSBR) and 

emulsion SBR (ESBR), and two types of silica, i.e., highly dispersible silica (HDSi) and 

conventional precipitated silica (CSi), were compared. Influences of silanization temperature, 

silane coupling agent (TESPT) content, silica/carbon black (CB) hybrid ratio, filler and 

processing oil loadings, as well as sulfur vulcanization system and crosslink density on 

properties of PCR tire tread compounds were investigated. Results showed that although the 

increase in silanization temperature resulted in the improvement in vulcanizate properties such 

as modulus, heat build-up (HBU), dynamic set, as well as tire performance, e.g., wet grip 

(WG), fuel saving efficiency (FSE), and abrasion resistance, great care must be taken to avoid 

the scorch phenomenon during the mixing at high temperature. It was also found that TESPT 

content of 10 wt% of silica offers the balanced compound and vulcanizate properties, 

including tire performance. In silica/CB hybrid filler system, the increase of CB ratio not only 

deteriorated the HBU and dynamic set, but also impaired the WG and FSE. On the other hand, 

the abrasion resistance was improved with increasing CB ratio up to 60-80 wt%. As SSBR 

gave greater degrees of rubber-filler interaction, crosslink density and Tg due to its higher 

vinyl and bound styrene contents, SSBR provides significantly better WG and abrasion 

resistance than ESBR. Despite the fact that the simultaneous increases of total filler and oil 

loadings, in order to keep hardness of the vulcanizate constant, are capable of reducing the 

material cost, the vulcanizate properties, e.g., tensile strength (TS), elongation at break (EB), 

HBU, dynamic set, and tire performance, are sacrificed. As expected, the increased curative 

content not only accelerated the vulcanization process, but also enhanced the crosslink density 

of the vulcanizates. Although there was an improvement in tire performance, HBU, and 

dynamic set were found when the crosslink density increased, the TS, EB, including thermal 

ageing resistance were impaired. Results also revealed that conventional vulcanization (CV) 

system provides better HBU, dynamic set, WG and FSE than semi-efficient vulcanization 

(semi-EV) system, attributed mainly to the greater crosslink density of the CV system. 

However, the semi-EV system imparts superior thermal ageing resistance, compared to the CV 

system, possibly due to the higher proportion of mono- and di-sulfidic linkages. Surprisingly, 

silica type played a little role in WG, FSE, and degree of filler dispersion in this study despite 

the fact that HDSi is claimed to offer greater dispersability. Results suggest that the HDSi 

could be replaced by the CSi when a sufficiently long mixing time is used. Compared to 

commercial PCR tires, the best compound formulation developed in this study demonstrates 

better WG and FSE, suggesting the potential for further development into commercially viable 

products. 
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บทคดัยอ่ 
 ในงานวจิยันี K ไดท้าํการเตรียมยางคอมพาวดที์�จะนาํไปใชผ้ลิตเป็นดอกยางลอ้รถยนตน์งัสวนบุคคล� ่ จากยางสไตรีนบิวทาไดอีน 
โดยทาํการเปรียบเทียบระหวางยางสไตรีนบิวทาไดอีน่  2 ชนิด (ยางโซลูชนัสไตรีนบิวทาไดอี� น (SSBR) และยางอีมลัชนัสไตรีนบิวทาไดอีน�  
(ESBR)) และซิลิกา 2 ชนิด (ซิลิกาชนิดที�สามารถแตกตวัไดดี้ (HDSi) และซิลิกาชนิดทวัไป�  (CSi)) นอกจากนี ยงัไดท้าํการศึกษาผลของตวัแปรK
ตางๆ ที�่ อาจสงผลตอสมบติัของยางคอมพาวด์อีกดว้ย ซึ� งไดแ้ก อุณหภูมิในขนัตอนการทาํไซลาไน่ ่ ่ K เซชนั ปริมาณสารคูควบไซเลน � ่ (TESPT) 
สัดสวนสารตวัเติมผสมระหวางซิลิกาและเขมาดาํ่ ่ ่  ปริมาณสารตวัเติมและนาํมัK น รวมทงัระบบกาK รวลัคาไนซ์ดว้ยกามะถํ นัและระดบัความหนา  
แนนของการเชื�อมโยง่  จากการทดลองพบวา แมว้าการเพิมอุณหภูมิในขนัตอนการทาํไซลาไนเซชนัจะชวยปรับปรุ่ ่ ่� K � งสมบติับางประการของยาง  
วลัคาไนซ์ (เชน มอดูลสั ความร้อนสะสม่  การเสียรูปถาวรหลงัการกดอดัเชิงพลวตั) อีกทงัยงัชวยเพิมK ่ � สมรรถนะของดอกยางลอ้ (เชน สมบติัการยดึ่
เกาะบนถนนเปียก การประหยดัเชือเพลิงK  และความทนทานตอการสึกหรอ่ ) อยางไรกดี การใชอุ้ณหภูมิในขนัตอนการทาํ่ ็ K ไซลาไนเซชนัที�สูง�
เกนไปิ อาจกอใหเ้กด่ ิ ปัญหายางตาย (สกอร์ช) ในระหวางก่ ารผสมได ้ยงัพบอีกวา่การใช ้TESPT ในปริมาณร้อยละ 10 โดยนาํหนกัของซิลิกาK  สงผล่
ใหส้มบติัของยางคอมพาวดแ์ละยางวลัคาไนซ์ รวมถึงสมรรถนะของดอกยางลอ้อยใูนเกณฑที์�เหมาะสม ่ เมื�อพิจารณาผลของระบบสารตวัเติมผสม
ระหวางซิลิกาและเขมาดาํ ่ ่ พบวา่ การเพิมสัดสวนของเขมาดาํไมเพียงแตจะสงผลเสียตอความร้อนสะสมและการเสียรูป� ่ ่ ่ ่ ่ ่ ถาวรหลงัการกดอดัเชิง
พลวตั แตยงัทาํให้สมบติัการยดึเกาะบนถนนเปียกและการประหยดั่ เชือเพลิงK มีแนวโนม้แยลงอีกดว้ย ในทางตรงกนขา้มกลบัพบวาความทนทาน่ ั ่
ต่อการสึกหรอของยางมีแนวโนม้สูงขึนตามการK เพิมสดัสวนของเขมาดาํจนถึงร้อยละ � ่ ่ 60-80 โดยนาํหนกั จากการที�ยางK  SSBR มีปริมาณไวนิลและ
บาวดส์ไตรีนที�สูงกวา สงผล่ ่ ทาํใหย้างมีอนัตรกริยาิ กบัสารตวัเติม ความหนาแนนของการ่ เชื�อมโยง และอุณหภูมิการเปลี�ยนสถานะคลา้ยแกว้ที�สูง
กวา่ตามไปดว้ย จึงทาํใหย้าง SSBR มีสมบติัการยดึเกาะบนถนนเปียกและความทนทานตอการสึกหรอที�ดีกวาเมื�อเปรียบเทียบกบยาง่ ่ ั  ESBR แมว้า่
การเพิมปริมาณสารตวัเติมไปพร้อมๆกบ� ั การเพิม� ปริมาณนาํมนัK  (เพื�อที�จะรักษาความแขง็ของยางใหค้งที�) จะทาํใหต้น้ทุนวตัถุดิบลดลง แต่กสงผล็ ่
ทาํให้ยางมีสมบติับางประการที�แยลง ่ (เชน ความทนทานตอแรงดึง การยืดตวั ณ จุดขาด ความร้อนสะสม การเสียรูป่ ่ ถาวรหลงัการกดอดัเชิง
พลวตั) นอกจากนียงัสงผลเสียตอK ่ ่ สมรรถนะของดอกยางลอ้อีกดว้ย ผลการทดลองยงัแสดงใหเ้ห็นวา่การเพิมปริมาณสารที�ทาํใหย้าง� วลัคาไนซ์ไม่
เพียงแตจะ่ ชวย่ ทาํให้ยางเกดการวลัคาไนซ์ได้ิ เร็วขึน แตยงัเพิมความหนาแนนของการK ่ ่� เชื�อมโยงให้สูงขึนอีกดว้ย K ซึ� งชวยปรับปรุง่ สมรรถนะของ
ดอกยางลอ้ ความร้อนสะสม และการเสียรูปถาวรหลงัการกดอดัเชิงพลวตัของยางใหดี้ขึนK  อยางไรกดี การเพิมความหนาแนนของการ่ ็ ่� เชื�อมโยง
ดงักลาว่ กส็ ่งผลเสียตอความทนทานตอแรงดึง การยืดตวั ณ จุดขาด และความทนทานตอการ่ ่ ่ เสื�อมสภาพจากความร้อนของยาง เมื�อทาํการ
เปรียบเทียบระหวาง่ ระบบการวลัคาไนซ์แบบดงัเดิมK  (CV system) และระบบการวลัคาไนซ์แบบกงประสิทธิภาพ ึ� (semi-EV system) พบวาระบบ่
การวลัคาไนซ์แบบดงัเดิมK จะทาํใหไ้ดย้างที�มีคา่ ความร้อนสะสมและการเสียรูปถาวรหลงัการกดอดัเชิงพลวตัตํ�ากวา่ อีกทงัยงัK ทาํใหย้างสามารถยดึ
เกาะบนถนนเปียกและประหยดัเชือเพลิงได้K ดีกวา่ อีกดว้ย ซึ� งคาดวาเกดจาก่ ิ การที�ยางมีความหนาแนนของการเชื�อมโยง่ ที�สูงกว่านนัเอง�  ในทาง
ตรงกนขา้ม ั ระบบการวลัคาไนซ์แบบกงประสิทธิภาพึ� จะทาํให้ยางมีความทนทานตอการ่ เสื�อมสภาพจากความร้อนที�สูงกวา ่ ซึ� งคาดวานาจะเกด่ ่ ิ
จากการมีสดัสวนของ่ พนัธะเชื�อมโยงกามะถนัอะตอมเดี�ยว ํ (monosulfidic linkages) และกามะถนัอะตอมคู ํ ่ (disulfidic linkages) ที�สูงกวา่ เป็นที�นา่
ประหลาดใจที�ผลการทดลองบง่ ชีวาK ่ ชนิดของซิลิกาสงผลนอ้ยมากตอสมบติัการยดึเกาะบนถนนเปียก ่ ่ การประหยดัเชือเพลิงK  และระดบัการแตกตวั
ของสารตวัเติมในยางทงัๆ ที�มีการอา้งวาK ่  HDSi สามารถแตกตวัไดดี้กวาเมื�อเปรียบเทียบกบ่ ั  CSi ผลการทดลองเผยให้เห็นวาสามารถใช้่  CSi 
แทนที� HDSi ถา้ใชร้ะยะเวลาในการผสมที�นานเพียงพอ เมื�อทาํการเปรียบเทียบกบัดอกยางลอ้รถยนตน์งัสวนบุคคลที�จาํหนายเชิงพาณิชย์� ่ ่  พบวา่
สูตรดอกยางลอ้รถยนตน์งัสวนบุคคลที�ดีที�สุดในงานวจิยันี� ่ K จะใหส้มบติัการยดึเกาะบนถนนเปียกและการประหยดัเชือเพลิงK ที�ดีกวา แสดงใหเ้ห็นถึง่
ศกัยภาพที�จะนาํไปพฒันาตอย่ อดสาํหรับการจาํหนายเชิงพาณิชยต์อไป ่ ่  
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CHAPTER I 

INTRODUCTION 

 

 

 Nowadays, tires play an important role in the life of human beings because 

they are not only crucial assemblies of vehicles, but also used in large numbers on 

automobiles, trucks, as well as aircrafts. Moreover, as tires play a key role in 

transportation, they strongly affect the economic growth of the world [1]. 

 From 1
st
 November 2012, a standard label of vehicle tires was introduced 

throughout European Union (EU), namely EU tire labelling regulation, based on three 

criteria concerning the environmental and safety characteristics of a tire, i.e., rolling 

resistance (RR), wet skid resistance or wet grip (WG), and outside rolling noise [2]. 

This standard label can help users making a decision before purchasing tire by 

considering the standard label information [3]. To avoid loss of competitive ability, 

tire manufacturers and exporters in Thailand have to adopt such regulation. In the 

meantime, the factors influencing on three criteria should be clearly understood in 

order to apply the obtained knowledge for tire technology development. 

 Among the parts of tire, tread is one of the most important parts because it 

not only contacts the road surface and protects the inner casing from road hazards, but 

also responds to main tire performance, e.g., RR, WG, wear resistance [4]. Although 

RR has recently gained much attention from many tire technologists because the 

reduction of RR leads to a decrease in the energy consumption during driving [5], WG 

is also one of the most important properties for tire. It is widely known that driving on 

a wet surface could be very dangerous due to a greater chance for loss of car control 

and longer stopping distance [6, 7]. To improve safety, driving at sufficiently slow 

speed and proper selection of tire are recommended.  

 Although tread pattern of the tire is known to play an important role in RR 

[8] and WG [9], tire tread formulation is also a key factor governing these properties 

[10]. Therefore, this research aims to investigate the parameters affecting WG and RR 

of the vulcanizates used for passenger car radial (PCR) tire tread. The main target is to 
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gain the compound formulation providing a high WG while still maintaining a low RR 

and sufficiently good mechanical properties, especially abrasion resistance. To achieve 

the main target, the optimal silanization temperature must be determined to be 

employed in the subsequent experiments. Other factors affecting WG and RR, i.e., 

silane coupling agent content, styrene butadiene rubber (SBR) type, filler type (highly 

dispersible silica (HDSi) and conventional precipitated silica (CSi)), silica/carbon 

black (CB) hybrid filler ratio, oil and reinforcing filler loadings including sulfur 

vulcanization system will also be studied and discussed. 
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CHAPTER II 

OBJECTIVES 

 

 

 In this research, parameters affecting the properties of PCR tire tread 

compounds are studied. The main target of this work is to gain the compound 

formulation giving the optimum tire performance, i.e., low RR, high WG, and high 

abrasion resistance. The scopes of this work are composed of 5 main parts as follows: 

 

 

2.1 Effects of silanization temperature and silica type on properties of 

silica-filled solution styrene butadiene rubber (SSBR) 

 In this part, the relationships among silanization temperature and 

processability, viscoelastic properties, mechanical properties, as well as dynamic 

properties of silica-filled SSBR were investigated. Also, properties of the compounds 

filled with 2 types of silica, namely, highly dispersed silica (HDSi) and conventional 

precipitated silica (CSi), were compared. The suitable silanization temperature 

providing the balanced properties was drawn from this part. 

 

 

2.2 Effects of silane coupling agent content and silica type on 

properties of silica-filled SSBR 

 The present study aims to gain the optimum content of silane coupling 

agent (Bis[3-(triethoxysilyl)propyl] tetrasulfide (TESPT)) for each type of silica, i.e., 

HDSi and CSi. Influence of TESPT content on viscoelastic, mechanical, and dynamic 

properties was determined. The proper silanization temperature obtained from the 

previous part was employed in this part. The optimum TESPT content drawn from this 

part will be used in the subsequent sections of the study. 
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2.3 Effects of silica/CB hybrid filler and SBR type on properties of 

SBR  

 In this study, the ratio of silica/CB hybrid filler was varied and its 

influences on viscoelastic, mechanical, and dynamic properties were monitored. Two 

SSBR grades having comparable styrene content and Mooney viscosity, i.e., 

SSBR6450SL and SSBR3626 were used in this study. In addition to SSBR, another 

grade of emulsion styrene butadiene rubber (ESBR), namely ESBR1723, was 

employed and compared. The effect of silica type, i.e., HDSi and CSi, on properties of 

SBR compounds and vulcanizates was also studied. 

 

 

2.4 Effects of filler and oil loadings on properties of SBR 

 The objective of this part is to investigate the effect of filler loading on 

vulcanizate properties. Only SSBR and 60/40 CSi/CB hybrid filler were used in this 

study (the decision was made based on the results obtained from the previous section). 

In order to keep hardness of vulcanizates constant, a total filler content was altered 

simultaneously with rubber process oil content. The viscoelastic, mechanical and 

dynamic properties, as well as the estimated relative cost of the compounds were 

evaluated. The optimum filler and oil loadings giving the best tire performance will be 

employed in the subsequent section.  

 

 

2.5 Effects of sulfur vulcanization system and crosslink density on 

properties of SBR  

 This part focuses on two sulfur vulcanization systems, namely, 

conventional vulcanization (CV) system and semi-efficient vulcanization (semi-EV) 

system. The effect of crosslink density, by changing the amount of curatives (N-tert-

butyl-2-benzothiazole sulfenamide (TBBS), tetrabenzylthiuram disulfide (TBzTD) and 

sulfur), on viscoelastic, mechanical, and dynamic properties was studied. Finally, the 

best PCR tire tread compound formulation for this research was gained.  
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CHAPTER III 

LITERATURE REVIEW 

 

 

3.1 Tire technology 

 Tire, a continuous band covering the rim of a wheel [11], is a necessary 

part for vehicles because it not only protects the wheel’s rim and supports the load of 

vehicle, but also absorbs the shock from road imperfections providing a driving 

comfort. Tire was firstly invented by Robert W. Thomson [12], a Scottish engineer, in 

1845, and has been continuously developed until the present. Tires are now produced 

worldwide and used in numerous types of vehicles, particularly in passenger cars, light 

trucks and trucks as shown in Figure 3.1 [13]. 
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Figure 3.1 The use of various types of tire in 2000 [13] 
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 3.1.1 Type of tire 

 Currently, there are 4 criteria widely used to classify tire type [1, 14]: 

(i)  Classified by vehicles: passenger car tire, light truck tire, truck and 

bus tire, off the road tire, motorcycle tire, air craft tire, etc. 

(ii) Classified by structure: bias tire, radial tire, etc. 

(iii) Classified by target season: all season tire, winter tire, etc. 

(iv) Classified by application: regular tire, run flat tire, etc. 

 

 Figure 3.2 illustrates the construction of tire classified by structure, e.g., 

bias and radial tires. The main difference between bias and radial tire structure is the 

body ply cord characteristic. In the case of bias tire, the body ply cord is formed by 

laying ply cords diagonally from bead to bead at angle less than 90
o
 to the centerline 

of tread. Unlike bias tire, the body ply cord of radial tire is laid from bead to bead at 

angle 90
o
 with two or more belts diagonally laid on tread region [14, 15]. Since 

sidewall and tread of radial tire are not interdependent, all sidewall flex is not 

transmitted to the tread. This is the reason why radial tire offers greater footprint 

stability and high-speed performance, compared to bias tire [15, 16]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Structure of tire (a) bias tire and (b) radial tire [16] 
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 3.1.2 Basic construction of tire 

 Tire is one of the most complex mass products because it is made from 

various components. Several types of raw materials, e.g., elastomers, textiles, and 

wires, are usually used to produce tire. Generally, tire structure can be divided into 2 

parts, i.e., exterior and interior. A layer of rubber, e.g., bead, sidewall, shoulder, and 

tread, is classified into an exterior part of tire whereas a section of tire made from 

rubber reinforced by fibers or wires, i.e., carcass ply, belt ply, and bead wire, is 

normally categorized as an interior part [1]. A typical construction of PCR tire is 

depicted in Figure 3.3. The major parts and their functions are summarized as follows 

[1, 9, 17]: 

(i)  Tread: A filler-filled rubber vulcanizates. This part serves several 

functions such as to contact the road surface, to displace the water, to protect the inner 

casing from road hazards, and to respond to main tire performance, e.g., traction and 

fuel efficiency.  

(ii)  Cap ply: Layers of rubber-coated fabric enable tire to operate at 

high speed. 

(iii)  Belt ply: It is generally made from rubber-coated steel wire. It not 

only protects and restricts deformation of carcass, but also offers the rigidity to tread 

area, leading to improve handling properties and wear resistance.     

(iv)  Carcass ply: The main reinforcing layer of tire casing which is 

produced from rubber-coated steel wire or fabric. It maintains the shape of tire and 

also controls internal air pressure.   

(v)  Side wall: An outer layer of tire that protects the inner casing from 

damage. It is usually made from carbon black (CB)-filled natural rubber 

(NR)/butadiene rubber (BR) blends.  

(vi)  Inner liner: The layer which retains air inside the tire. Butyl rubber 

(IIR) or halogenated butyl rubber (XIIR) is generally used as the raw material for inner 

liner. 

(vii)  Bead wire: A ring of steel wire that locks the tire onto the rim or 

wheel.  
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Figure 3.3 Typical construction of PCR tire [17]  

 

 3.1.3 Tire performance 

 Generally, tire performance should concern driving safety, comfortable 

mobility, and environmental friendliness as shown in Figure 3.4. Due to green 

revolution, tire is currently required to provide not only good performance, but also 

low environmental impact. To obtain a good tire for green revolution, these 

requirements illustrated in Figure 3.4 should be strongly aware. 

      

 

 

Figure 3.4 The main tire requirements [1]  

 

 According to Figure 3.4, tire performance can be generally evaluated 

based on 4 important properties, i.e., treadwear and durability, traction, fuel efficiency, 

and outside rolling noise. Details of each property are demonstrated as follows:   
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  3.1.3.1 Treadwear and durability 

  Treadwear and durability are tire properties related to safety 

aspect and environmental perspective. In general, the degree of treadwear including 

the failure of tire casting, often called the carcass, are usually used as indicators for 

tire service life [4]. There are several factors affecting the tire service life, i.e., 

environment, road surface texture, driving habits, etc. To extend tire service life, 

several types of chemical ingredients, e.g. antioxidants, antiozonants, as well as 

reinforcing filler, are commonly added into tire compound [18]. By considering the 

preventive maintenance, keeping tires properly aligned and rotating tires every 6,000 

miles (9,700 km) driven are also good ways to improve tire service life [19].           

 

   3.1.3.2 Traction 

  In tire application, traction is conceptualized as the resistance 

between tire and road surfaces in reaction to torque being exerted by the wheel axle 

under engine power [20]. Generally, the safety during driving under various 

conditions, i.e., dry, wet, and ice/snow conditions, is directly proportional to tire 

traction. It is widely known that, compared to dry condition, an accident can occur 

more easily in wet or ice/snow condition. This is due mainly to the water film 

generated between tread and road surface, leading to the reduction of friction, and, 

thus, the loss of car control ability [21]. It is also believed that tire traction depends on 

both tread pattern and tread compound formulation [21, 22]. 

 

  3.1.3.3 Fuel efficiency 

  It is well known that the energy required to roll a tire along a 

road under a given vehicle load, namely RR [8, 23], is inversely related to the fuel 

efficiency of a vehicle. In general, the lower the RR, the better the fuel efficiency [24]. 

It has been reported that the reduction of RR for 10% can lead to the decrease in fuel 

consumption for approximately 2-3% [25, 26]. In addition, the replacement of CB by 

silica in tire tread compound is one of the efficiency methods to reduce the RR of tire 

[27]. 
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  3.1.3.4 Outside rolling noise 

  This property refers to noise generated by rolling a tire on road 

surface [28]. Generally, outside rolling noise is directly related to the level of sound 

pollution. For instance, the louder outside rolling noise indicates the greater level of 

sound pollution. The examples of parameters affecting the outside rolling noise such 

as vehicle speed [29], road surface texture [30], tire tread pattern [31], and tire 

damping ability [32].  

  

 3.1.4 Tire label 

 As previously mentioned, due to the great concern about the 

environmental and safety characteristics of a tire in Europe, the tire label offering the 

information on fuel efficiency, WG, and outside rolling noise is required (see Figure 

3.5). The detail of properties depicted on the EU tire label is described as follows:  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 EU tire label [33]  

 

  3.1.4.1 Fuel efficiency 

  This property is inversely related to RR of tire, i.e., the lower 

the RR, the better the fuel efficiency. In EU tire label, the fuel efficiency is rated from 

A to G on a color-coded scale. “A (green)” represents the highest fuel efficiency rating 

whereas “G (red)” indicates the lowest fuel efficiency rating [34]. The test is carried 
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out following UNECE Reg.117.02. The value obtained from the test is then corrected 

in accordance with the alignment procedure according to EU Reg.1235/2011 to obtain 

the labelling scale [35]. 

 

  3.1.4.2 Wet grip 

  Wet grip, sometimes called wet skid resistance (WSR), is 

typically defined as the tire’s braking ability on road in wet conditions which is 

classed from A to G. When full brakes are applied, the shortest and longest braking 

distances on wet roads are represented in rating “A” and “G”, respectively. However, 

rating “D” and “G” are not currently used for PCR tire [36]. For PCR tire, the test is 

performed as per EU Reg.228/2011. For light truck and truck & bus tires, the test is 

carried out following EU Reg.1235/2011 [35].  

 

  3.1.4.3 Outside rolling noise 

  This property is measured in decibel (dB). The level of outside 

rolling noise is graded in the number of black sound wave according to UNECE 

Reg.117.02 [35]. One black sound wave indicates the best noise performance (3dB or 

more below the EU limit). Two black sound waves represent the moderate noise 

performance (between the EU limit and 3dB below). Lastly, three black sound waves 

reveal the worst noise performance (above the EU limit) [36].  

 

 

3.2 Tire performance predictors 

 It is wildly known that tire testing, i.e., drum test, WSR test, etc., is not 

only relatively expensive, but also sometimes time-consuming. Therefore, many 

attempts have been made to predict tire performance in laboratory. Nowadays, the 

prediction of tire performance by evaluating the viscoelastic properties of tire is one of 

the efficient methods [37] because this method offers several advantages such as low 

cost, small-sized test specimen, ease in specimen preparation, including short test 

time. This topic therefore aims to describe the relationship between viscoelastic 

properties of rubber and tire performance focusing on RR and WG. 
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 3.2.1 Dynamic mechanical properties  

 Rubber is normally a viscoelastic material which is composed of two 

portions, i.e., elastic portion and viscous portion. When the rubber is deformed by an 

applied force, the elastic and viscous portions in rubber response inversely. The 

applied force (or energy) will be elastically stored in elastic portion. On contrary, in 

viscous portion, the applied force (or energy) will be dissipated and usually converted 

into heat or sound which is called hysteresis loss [38, 39].    

  

 

Figure 3.6 Sinusoidal strain and stress cycles [39]  

 

 The viscoelastic response of tire tread generally deals with cyclic 

deformation (see Figure 3.6). For sinusoidal strain, the relationship among strain (γ), 

maximum strain (γο), angular frequency (ω), and time (t) is described as follows         

[39, 40]:   

t
o

ωγγ sin=                                                          (1) 

Since rubber is a viscoelastic material, the stress (τ) will not be in phase with the 

strain, i.e., there will be a phase lag (δ) between stress and strain which is sometimes 
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called loss angle. The relationship between stress and maximum stress (τ0) can be 

represented as given below [39, 40]: 

)(sin δωττ += t
o                                                    (2) 

If the stress is considered in terms of vector, the complex stress (τ*) can be separated 

into two components, i.e., τ’ (in-phase with the displacement) and τ” (90
o
 out-of-phase 

with the displacement) [39, 41], as shown in Figure 3.7. 

 

 

Figure 3.7 Diagram of stress or shear modulus vector [39]  

 

 In shear mode, the relationship among complex modulus (G*), in-phase 

(or storage) modulus (G’), and out-of-phase (or loss) modulus (G”) is represented by 

[39]: 

"'* iGGG +=                                                       (3) 

2/122 )"'(* GGG +=                                                 (4) 

Also, G’ and G” in term of G* and δ can be written as follows: 

δcos*' GG =                                                      (5) 

δsin*" GG =                                                      (6) 

Finally, it can be shown that: 

'

"
tan

G

G
=δ                                                        (7) 

 In general, tanδ is usually used to indicate the magnitude of energy 

dissipation in rubber vulcanizates. The higher the tanδ value, the greater the magnitude 

of energy dissipation [42, 43]. 
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 3.2.2 Fuel efficiency 

 As previously mentioned, fuel consumption of a vehicle is directly related 

to RR of tire during driving. Therefore, the RR is usually used as an indicator for fuel 

efficiency of a vehicle. 

 When considering tire rotation during driving (see Figure 3.8), the tire 

rotates at low frequency, say ≈10
1
 Hz [1], while the temperature of tread could 

increase to 60-80°C due to the energy dissipation of rubber during the dynamic 

deformation. Since the tanδ is associated with the magnitude of energy dissipation, the 

tanδ value at 60°C is widely used to indicate RR and fuel efficiency of tire, as shown 

in Figure 3.9. In general, the lower tanδ value at 60°C indicates the lower RR and, 

thus, the greater fuel efficiency [5, 44, 45]. As the tire tread is normally subjected to 

high strain during driving, the fuel efficiency is closely related to the tanδ value at 

high strain, e.g., 5% [46], 6% [47], and 7.5% [48], where the transient filler-filler 

network is of great importance. At high strain, the filler-filler network, usually formed 

through physical interaction, e.g., van der Waals force (especially in the case of carbon 

black) and/or hydrogen bonds (especially in the case of silica), is greatly disrupted 

leading to the enhanced energy dissipation, and, thus, the increased tanδ value.    

 

 

Frequency ≈101 Hz 

 

Figure 3.8 Rolling frequency during a complete rotation of a wheel 
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Figure 3.9 Dependence of the tanδ on temperature focusing on RR. Adapted from [1]. 

 

 3.2.3 Wet grip 

 When full brakes are applied during driving on wet road, the tread will be 

subjected to periodical deformation at very high frequency (≈10
4 

– 10
5
 Hz) [1] due to 

the dynamic sliding contact on the asperity of the road surfaces, as illustrated in Figure 

3.10. Even though a measurement of viscoelastic properties of rubber at such high 

frequency is almost impossible in practice due to the limitations of the test equipment, 

with the application of time-temperature superposition theory (the Williams-Landel-

Ferry (WLF) equation), the viscoelastic properties at high frequency could be 

estimated by shifting the measured temperature towards lower temperature (see Figure 

3.11) [1]. In most cases, value of tanδ at 0°C is employed to represent WG efficiency 

of tires, i.e., the higher the tanδ value at 0°C, the greater the WG [5, 44, 45, 49]. Since 

the tire tread is normally subjected to low strain during braking/skidding where the 

frequency is relatively high, the tanδ value at 0°C at relatively low strain (0.1%) is 

usually used to predict the WG efficiency [45, 50]. 
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Frequency ≈ 104-105 Hz 

 

Figure 3.10 Skidding frequency of tread on wet condition 

 

 

 

 

Figure 3.11 Dependence of the tanδ on temperature and frequency focusing on WG. 

Adapted from [1]. 

 

 

3.3 Tire tread compounds      

 It is widely known that tread pattern is one of the main factors affecting 

RR [8] and WG [9]. However, tire tread formula also plays a crucial role in these 

properties. Moreover, tire tread formula directly concerns with the cost of tire, not 

only raw material cost, but also processing cost. Tire tread formulation is therefore 

very important for tire industry.  

 In general, tire tread formula consists of several ingredients playing a 

different role in tire properties. In this topic, details of main ingredients used for tire 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Polymer Science and Technology) / 17 

tread compound, i.e., SBR, silica, CB including silane coupling agents (SCAs), are 

therefore described. In addition, a briefly detail of sulfur curing system is given.   

  

 3.3.1 Tread compound formula 

 The examples of PCR tire tread compound formula designed for specific 

applications are tabulated in Table 3.1. It can be seen that blend of rubbers based on 

SBR as a main component, e.g. ESBR/NR, SSBR/BR, are usually used for PCR tread. 

Particulate reinforcing fillers such as CB and silica are also used. SCA is generally 

added when tread compound contains silica. In addition, sulfur curing system is 

widely applied for PCR tire tread compound. 
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  Table 3.1 Tire tread compound formulas [51-53]  

Content (phr) 
                                      Ingredients 

1* 2** 3** 

Natural rubber (NR) 50.0 - - 

Solution styrene butadiene rubber (SSBR) - 75.0 70.0 

Emulsion styrene butadiene rubber (ESBR) 50.0 - - 

Butadiene rubber (BR) - 25.0 30.0 

Zinc oxide (ZnO) 3.0 2.5 3.0 

Stearic acid 3.0 1.0 2.0 

Highly dispersible silica (HDSi) - 80.0 80.0 

Carbon black (CB) 45.0 - - 

Silane coupling agent (SCA) - 12.8 9.0 

Aromatic oil 9.0 32.5 36.0 

Antioxidant 1.0 2.0 1.5 

Antiozonant 2.0 - - 

Wax 1.0 1.5 1.0 

Diphenyl guanidine (DPG) 0.4 2.0 0.25 

Tetrabenzylthiuram disulfide (TBzTD) - - 0.5 

N-Cyclohexyl-2-benzothiazole sulfenamide (CBS) - 1.7 1.5 

2,2’-Dithiobis(benzothiazole) (MBTS) 0.8 - - 

Sulfur 1.6 1.4 2.2 

* Low rolling resistance PCR tire tread 

** Silica-based PCR tire tread 
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 3.3.2 Styrene butadiene rubber (SBR) 

 SBR is a synthetic rubber produced by copolymerization of styrene and 

butadiene monomers. The styrene content of SBR generally ranges from 23 to 40 wt% 

[54]. Two kinds of polymerization, i.e., emulsion polymerization and solution 

polymerization, are currently used for synthesis of SBR. As the polymerization 

condition affects the microstructure of butadiene unit, three possible configurations of 

butadiene unit in SBR, e.g., cis-, trans-, and vinyl-, are normally found [55, 56]. Figure 

3.12 depicts the chemical structure of typical SBR and possible configurations of 

butadiene unit. 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Chemical structure of typical SBR with three possible configurations of 

butadiene unit. Adapted from [56]. 

   

 An Emulsion SBR (ESBR) is a type of SBR which is polymerized via free 

radical mechanism in emulsion form. The system is generally composed of a 

surfactant, an initiator, a chain transfer agent including styrene and butadiene 

monomers dispersed in water [56, 57]. According to a mechanism of emulsion 

polymerization [56], the microstructure of ESBR is uncontrollable, leading to the 

broad molecular weight distribution (MWD) and long chain branch [54].    

 Unlike ESBR, solution SBR (SSBR) is a type of SBR synthesized via 

living anionic polymerization mechanism in solution form. Typically, the styrene and 

butadiene monomers are dissolved in hydrocarbon solvent together with an alkyl 

lithium which acts as an initiator. Since SSBR is produced through anionic 

trans-1,4 cis-1,4 vinyl-1,2 

butadiene unit styrene unit 
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polymerization, the MWD and butadiene configuration could be precisely controlled 

[58]. It has been reported that high vinyl SSBR is resulted when relatively low 

tetramethylethylenediamine (TMEDA)/Li ratio is used [59]. Compared to ESBR, 

SSBR generally provides narrower MWD and higher vinyl content. For vulcanizate 

properties, SSBR offers lower hysteresis and RR whereas still maintains wear and 

traction properties [56, 60]. However, the higher tensile strength is found when ESBR 

is used [60].       

 

 3.3.3 Filler 

  3.3.3.1 Carbon black (CB) 

  CB, a form of elemental carbon manufactured by the 

controlled vapor-phase pyrolysis and incomplete combustion of hydrocarbons, i.e., 

oils and gas [61-63], is used as the main reinforcing filler in tire industry for long 

decades because it can improve strength of several parts of tire such as tread and side 

wall. In general, primary particles of CB (diameter ≈ 10-90 nm) are not individually 

separated but, during the manufacturing process at high temperature, they are partially 

fused to form clusters of many primary particles, widely known as aggregates 

(diameter ≈ 100-300 nm), which play a key role in rubber reinforcement. These 

aggregates can later interact with each other through Van der Waals force during the 

quenching process to form agglomerates (diameter ≈ 10
4
-10

6
 nm), as illustrated in 

Figure 3.13(a) [62]. The aggregation of many spherical CB particles to form 

aggregates creates internal void of which its volume is used to define structure level of 

CB. If the number of aggregated particles is relatively high resulting in a more 

complex aggregate shape with greater void volume, this grade of CB will be classified 

as a high structure CB. On the contrary, if lower number of particles are densely 

aggregated (low void volume), this grade of CB will be classified as a low structure 

CB. Since these voids can be filled by rubber during the mixing process, structure of 

CB plays a very important role in many properties of CB-filled rubber.  

  Currently, CB can be classified into various grades depending 

on particle size, structure, and surface activity. According to the American Society for 

Testing and Materials (ASTM), a letter followed by a three-digit number, e.g., N330, 

S212, is normally used to represent the grade of CB. Letters N and S are used to define 
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normal and low vulcanization speeds, respectively. The first digit of three numbers 

indicates the average primary particle size of CB which is characterized by 

transmission electron microscopy (TEM) [63, 64], as shown in Figure 3.13(b). The last 

two digits are arbitrarily assigned by the CB manufacturers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Structure of CB (a) illustrated by drawing [62] and (b) taken by TEM, 

Adapted from [61]. 
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  In general, particle size and specific surface area, structure, and 

specific surface activity are the three basic parameters affecting reinforcement of CB 

[65]. The specific surface area of CB, usually measured by nitrogen adsorption (N2), 

iodine adsorption (I2) or cetyltrimethylammonium bromide (CTAB), is inversely 

related to its primary particle size. The greater the specific surface area, the smaller the 

primary particle size. Generally, CB having high specific surface area provides greater 

reinforcement than that having low specific surface area. Structure of CB, usually 

determined by dibutylphthalate absorption (DBP), also greatly affects reinforcement. 

Generally, the higher CB structure leads to the greater viscosity of the compounds as 

well as higher modulus, hardness, and abrasion resistance of the vulcanizates [66]. For 

specific surface activity, it is widely known that the surface activity of filler plays a 

crucial role in rubber reinforcement. The higher surface activity leads to the better 

rubber-filler interaction and, thus, the greater rubber reinforcement. In the case of CB-

filled rubber, it is believed that both physical adsorption of rubber molecules on CB 

surfaces and chemical interaction between rubber molecules and function groups on 

CB surfaces, e.g., carboxyls, phenols, quinone, lactol (see Figure 3.14), are responsible 

for the reinforcement [67]. 

  Focusing on tire tread, several grades of CB are used for 

specific purpose. For example, N121 is produced for tire tread having high stiffness 

and wear resistance, N220 is suitable for making a good tear and wear resistance tread, 

and N234 is manufactured for tire tread offering excellent wear resistance [68]. 
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Figure 3.14 (a) CB surfaces taken by scanning tunneling microscope (STM) and             

(b) functional groups on CB surfaces [69].  

 

  3.3.3.2 Silica 

  The main disadvantage of using CB in tire tread includes high 

RR, resulting in high energy consumption [70]. For this reason, after the introduction 

of “green tire technology” by Michelin in the early 1990s, silica plays more crucial 

role in tire industry because the partial replacement of CB by silica in PCR tread leads 

to a significantly reduction of RR without sacrificing WG and wear resistance [71]. 

  Silica can be generally divided into 2 main groups, i.e., natural 

(or crystalline) silica and synthetic (or amorphous) silica. For synthetic silica, fumed 

silica and precipitated silica are commonly used in rubber products [65]. Although 

fumed silica provides excellent degree of reinforcement due to its very small particle 

size, the mixing difficulty and high cost limit the use of fumed silica in tire industry. 

Precipitated silica, the major type of silica currently used in tire industry, is 
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manufactured by the controlled neutralization of alkali silicate, e.g., sodium silicate 

(water glass), by a mineral acid such as sulfuric acid and carbonic acid [72].  

 nSiO2.Na2O + H2SO4                          Na2SO4 + nSiO2.H2O 

The reaction temperature plays a key role in primary particle size [65] while both 

drying time and pH control types of precipitated silica, as shown in Table 3.2.  

 

Table 3.2 Dependence of pH and drying time on types of precipitated silica [73]  

Drying time pH Dispersibility Type of precipitated silica 

long high poor conventional 

long low medium semi highly dispersible 

short high good highly dispersible 

short optimized excellent highly dispersible 

 

 

  In general, the physical forms of precipitated silica are 

classified into three forms, i.e., powder, granule, and micro-pearl [74]. Powder form is 

an ordinary form obtained by a classical drying process whereas granule and micro-

pearl forms, a dust-free form, are produced by mechanical process after drying and 

washing at the end of precipitation process [75]. Figure 3.15(a) and 3.15(b) depict 

scanning electron microscope (SEM) micrographs of precipitated silica in powder and 

micro-pearl forms, respectively.     

   

Figure 3.15 SEM micrograph of precipitated silica (a) powder form (Tokusil) [76] and 

(b) micropearl form (Rhodia Z1165MP) [77]  

(a) (b) 
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  Like CB, primary particles of precipitated silica are not 

individually separated but they tend to form clusters and become aggregates. The 

aggregate structure of silica is formed via siloxane bonds which are very strong and 

cannot be broken by mechanical force during mixing. Since the surfaces of silica are 

densely covered by several kinds of polar silanol groups (see Figure 3.16), the silica 

aggregates can join together to form larger structure, called agglomerate, via hydrogen 

bonding or van der Waals force which can be destroyed by mechanical force                    

[72, 75, 78]. In addition, it should be noted that the cluster of precipitated silica is 

usually in string of pearls or other tri-dimensional complex structure [62]. Figure 3.17 

represents the structure and average size of typical precipitated silica.  

 

 

Figure 3.16 Several kinds of silanol group on silica surface [64]. 

 

 

Figure 3.17 Structure of precipitated typical silica and average size [74]. 

 

  In addition to the specific surface area and structure of 

precipitated silica, surface activity significantly affects the reinforcement of rubber 

vulcanizates. As previously mentioned, the surfaces of precipitated silica are densely 

covered by silanol groups, the compatibility between silica and low polarity rubbers, 

i.e., NR and SBR, is relatively low. Moreover, the polar silanol groups cause strong 
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filler-filler interaction through intermolecular hydrogen bond, resulting in poor filler 

dispersion and, thus, poor processability and degree of reinforcement as compared to 

CB [79]. In addition, since soluble zinc can be absorbed by silanol groups, both state 

of cure and cure rate of the silica-filled rubber compound are found to reduce [65, 80].  

  Focusing on tire technology, highly dispersible silica (HDSi) is 

currently put into commerce to replace the conventional silica (CSi) because it is 

claimed to offer better dispersion leading to the greater improvement in RR, wear, and 

other tire properties [4]. This is possibly explained from the fact that the HDSi 

provides higher shear force during the mixing process as a result of more branched 

structure and higher structure level as compared to CSi [75, 81, 82]. 

  There are several grades of precipitated silica commercially 

available for producing tire tread compounds. For instance, Tokusil 255, a 

conventional powder grade, is manufactured for tire tread providing high fuel saving 

efficiency (FSE), high abrasion resistance, including high skid resistance [76], and 

Zeosil 1165MP, a highly dispersible micro-pearl grade, is suitable for producing high 

performance tire tread focusing on high FSE [83].  

 

 3.3.4 Silane coupling agents (SCAs) 

 As described above, the polar silanol groups covering on silica surfaces 

cause the decline of properties of the vulcanizate filled with silica. However, this 

problem has practically been overcome since SCA was discovered. SCAs are defined 

as silicon-based compounds possessing inorganic and organic moieties in their 

structure [84]. A general chemical structure of SCA is X3SiRY, in which X is 

hydrolysable alkoxy group, R is alkyl group, and Y is organofunctional group, e.g., 

mercapto, amino and epoxy. In addition, SCAs are structurally divided into several 

groups, such as monofunctional, bifunctional, and non-sulfur bearing silane. Figure 

3.18 demonstrates the chemical structure of SCAs. 
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Figure 3.18 Chemical structure of SCAs (a) Octyltrimethylsilane (OTES); (b) bis-(3-

(triethoxysilyl)-propyl)-tetrasulfide (TESPT); (c) γ-Aminopropyl 

triethoxysilane (APTES) 

 

 TESPT, a bifunctional SCA possessing a triethoxysilyl and a polysulfidic 

moieties in molecule, is widely used for not only general purpose rubber products, but 

also engineering rubber products including tire. Since the basic rubbers used for tire 

manufacturing, especially NR and SBR, have low polarity, the compatibility with 

silica covered by the polar silanol groups is relatively poor. This leads to a negative 

effect on degree of reinforcement including tire performance, as mentioned earlier. 

The addition of TESPT, into silica-filled tire tread compound, has been reported to 

improve significantly both RR and WG as a result of the enhanced degree of silica 

dispersion and rubber-silica interaction [85]. 

  Brinke et al. proposed coupling reaction between silica and NR having 

TESPT as the bridge [86]. During mixing at sufficiently high temperature, two main 

chemical reactions occur, as shown in Figure 3.19. The primary reaction refers to the 

bonding of TESPT to the silica surface via the reaction between ethoxy groups of 

TESPT and silanol groups of silica, called silanization. Firstly, the ethoxy groups of 
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TESPT are hydrolyzed (+H2O/-C2H5OH) followed by the condensation reaction         

(-H2O) with the silanol groups of silica. Other ethoxy groups are then hydrolyzed and 

linked together through condensation reaction to form siloxane bonds. The secondary 

reaction involves the chemical reaction between polysulfidic moiety of TESPT and 

double bonds of NR to form sulfidic bond. From both primary and secondary 

reactions, the NR molecules can be bonded on silica surfaces through chemical 

linkage.  

    

 

 

Figure 3.19 Coupling reaction between silica and NR by TESPT [86]. 

 

 3.3.5 Sulfur curing system 

 As the major drawbacks of raw rubber are low strength, low elasticity, as 

well as high solubility in good solvent [38], the raw rubber needs to be vulcanized 

before being used in practice in order to overcome such drawbacks. Among curing 

systems used at present, sulfur curing system is widely used in tire technology because 
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it not only offers good mechanical and dynamic properties, but also eases the cure 

adjustment [87, 88]. In general, sulfur curing system consists of 3 groups of 

ingredients, i.e., sulfur, accelerator, and activator. Although unsaturated rubber can be 

vulcanized by sulfur without accelerator and activator, very long vulcanization time is 

required. The addition of activators and accelerators into the system leads to the 

profound reduction in vulcanization time and the significant enhancement in state-of-

cure and cure rate [89].  

 Sulfur used in rubber technology is typically divided into 2 types, i.e., 

rhombic (or soluble) sulfur and amorphous (or insoluble) sulfur. Rhombic sulfur, a 

crown-shaped S8 ring structure, is more preferable than amorphous sulfur due to its 

lower cost. However, when an excessive amount of rhombic sulfur is used, such sulfur 

can migrate to the surfaces of rubber compounds, leading to the bloom phenomenon, 

and, thus, the decline of tackiness [90]. This problem can be alleviated by the use of 

amorphous sulfur which is a highly polymeric form of sulfur. Although the bloom 

phenomenon is not found in this type of sulfur, great care must be taken to avoid the 

transformation of amorphous sulfur. It has been reported that amorphous sulfur can be 

transformed to rhombic sulfur at the temperature range from 100
o
-130

o
C [91]. In other 

words, the mixing temperature must be controlled with caution. 

 As the name implies, accelerator is an additive used to speed up the 

vulcanization rate. There are 9 main groups of accelerator usually employed in rubber 

industry, i.e., aldehyde amines (slow), guanidines (slow), thiazoles (medium), 

thiophosphates (ultra-fast), sulfenamides (fast-delayed action), thioureas (ultra-fast), 

thiurams (ultra-fast), dithiocarbamates (ultra-fast), and xanthates (ultra-fast) [92]. 

Figure 3.20 depicts the chemical structures of TBBS and TBzTD which are 

accelerators in sulfenamide and thiuram groups, respectively. Lastly, the combination 

of ZnO and fatty acid, e.g., stearic acid, is commonly used as effective activator for 

sulfur curing system [93]. 
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Figure 3.20 Examples of chemical structure of accelerators (a) TBBS, and (b) TBzTD 

 

 It has been widely accepted that properties of rubber vulcanizates strongly 

depend on the magnitude of crosslink density and type of linkage. In sulfur curing 

system, there are several types of sulfidic linkages typically formed during 

vulcanization process, as illustrated in Figure 3.21. The ratio of accelerator to sulfur 

greatly influences the types of sulfidic linkages in rubber vulcanizates. In general, 

three types of sulfur curing system, namely, conventional vulcanization (CV) system, 

efficient vulcanization (EV) system, and semi-efficient vulcanization (semi-EV) 

system, are classified based on the ratio of accelerator to sulfur [94, 95], as illustrated 

in Table 3.3. For the CV system, the ratio of accelerator to sulfur is relatively low and, 

thus, polysulfidic linkages (-S-Sx-S-; x≥1) are mainly formed providing the 

vulcanizate with good mechanical and dynamic properties. In the case of EV system, 

on the other hand, the vulcanizates are mainly crosslinked by monosulfidic linkages   

(-S-) and disulfidic linkages (-S-S-) as a result of a high accelerator/sulfur ratio. As the 

bond energy of C-S bond found in EV system is significantly higher than that of S-S 

bond mainly found in CV system, the EV system generally offers greater thermal 

ageing resistance but poorer mechanical and dynamic properties, compared to CV 

system. Finally, for the semi-EV system, the ratio of accelerator to sulfur is between 

that of CV and EV systems, leading to the balanced combination of poly-, di-, and 

monosulfidic linkages, and, thus, a compromise of properties obtained from CV and 

EV system is usually found [94]. 
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Figure 3.21 Several types of sulfidic linkages in rubber vulcanizate, Adapted from 

[89]: (a) polysulfidic linkages; (b) disulfidic linkages; (c) monosulfidic 

linkages; (d) cyclic sulfidic linkages; (e) sulfidic pendant groups 

 

Table 3.3 Accelerator/sulfur ratio (A/S ratio) used in sulfur curing system [88, 96]  

 CV system Semi-EV system EV system 

Accelerator (phr) 1.2-0.4 2.5-1.2 5.0-2.0 

Sulfur (phr) 2.0-3.5 1.0-1.7 0.4-0.8 

A/S ratio 0.1-0.6 0.7-2.5 2.5-12.0 

 

 

3.4 Rubber reinforcement      

 Fillers are usually added into rubber for several purposes such as cost 

reduction and reinforcement [38]. It is believed that the fillers added into rubber 

compounds play crucial roles in both static and dynamic behaviors. Figure 3.22 

represents 4 main factors affecting complex modulus and reinforcing efficiency of 

filled rubber at various strains. These factors can be generally classified into strain-

independent behavior, i.e., polymer network, hydrodynamic effects, as well as          

in-rubber structure, and strain-dependent behavior, i.e., filler-filler interaction [97].  
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Figure 3.22 Complex shear modulus of filled rubber as a function of dynamic shear 

strain [98]  

  

 3.4.1 Polymer network 

 There are two types of network generally formed in polymer, i.e., physical 

and chemical networks. The former is formed through chain entanglement whereas the 

latter, a major network in vulcanized rubber, is generated during the vulcanization 

process via chemical reaction. Although the chemical network contribution is strain-

independent behavior, it is directly proportional to modulus. Typically, the greater 

amount of polymer network leads to the higher modulus. The relationship among the 

modulus of rubber vulcanizates (G0), number of elastically active chains per unit 

volume (ν), Bolzmann’s constant (K), and absolute temperature (T) is shown as 

follows [99, 100]: 

KTG ν=0                                                               (8) 

 

 3.4.2 Hydrodynamic effects 

 This contribution is considered as strain independent behavior involving 

the addition of filler (rigid phase) into fluid (deformable phase). Fröhlich et al. [97] 

mentioned that this contribution deals with strain amplification effect. When the force 

is applied, the polymer matrix is deformable whereas the filler cannot be deformed due 

to its rigidity. This leads to the higher deformation of polymer matrix, compared to the 

external deformation.  
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 By considering the context of suspension, the viscosity of a viscous 

particle suspension (η) is related to the viscosity of unfilled fluids (η0) and the volume 

fraction of particles (φ), as following equation [101, 102]: 

)5.21(0 φηη +=                                                       (9) 

 However, this equation is suitable for low concentration of spherical 

particle system (non-interacting spherical filler). To apply for the modulus of filled 

rubber (G’) usually containing high concentration of spherical particles (interacting 

spherical filler), the quadratic term (φ2
) dealing with the interaction between particles 

is added into the above equation and, thus, the Einstein-Guth-Gold equation is 

developed, as follows [103]: 

)1.145.21('' 2

0 φφ ++= GG                                            (10) 

 Since the shape of the main reinforcing fillers, particularly CB, is not fully 

spherical but is composed of complex branched structure, the influence of particle 

shape on modulus is considered. As a result, the Einstein-Guth-Gold equation is 

modified by introducing a shape factor (f) which refers to the ratio of the longest to the 

shortest side of the filler particles, as shown in following equation [104, 105]:  

)62.167.01('' 22

0 φφ ffGG ++=                                       (11) 

 

 3.4.3 In-rubber structure 

 This contribution is believed to be the combined consequences of: (i) the 

rubber occluded in the voids of filler aggregates and (ii) the rubber physically or 

chemically adsorbed on the filler surfaces acting as the shell of filler [97]. As these 

rubbers, or the so-called bound rubber, are considered to be a part of immobilizing 

fillers and/or shielded form deformation, the in-rubber structure not only is one of 

strain-independent contributions, but also increases effective filler volume.  

 Several models of bound rubber are proposed by researchers, for example, 

shell rubber model, occluded rubber model, including glassy rubber shell model. The 

shell rubber model is proposed by considering the physical or chemical adsorption of 

rubber on filler surfaces to form the layer of shell rubber (see Figure 3.23(a)) [106]. 

The occluded rubber model is proposed based on the occlusion of rubber which is 

around filler aggregates and shell rubber, as illustrated in Figure 3.23(b) [106]. Lastly, 
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the glassy rubber shell model is proposed based on CB particles shelled by a double 

layer of a glass-state and a rubber-state layer (see Figure 3.23(c)) [107]. 

 

 

 

Figure 3.23 Bound rubber models: (a) shell rubber model; (b) occluded rubber model; 

(c) glassy rubber shell model [106, 107]  

 

 3.4.4 Filler-filler interaction 

 Among 4 main factors influencing the modulus of filled rubber, the filler-

filler interaction is only a contribution classified as strain-dependent behavior. It is 

found that, originally demonstrated by Payne [108], the modulus of filled rubber is 

noticeably decreased under small deformation, attributed mainly to the breakdown of 

filler network (see Figure 3.24) which is usually formed through physical interaction, 

e.g., van der Waals force and/or hydrogen bonds. It is widely accepted that the 

magnitude of filler-filler interaction, namely Payne effect, can be used to predict the 

degree of filler dispersion in filled rubber, i.e., the lower the Payne effect, the greater 

the filler dispersion [109, 110]. Compared to CB, silica generally provides greater 

magnitude of filler-filler interaction because its surfaces are densely covered by 

hydrophilic silanol groups [108, 111].  
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Figure 3.24 Payne effect model [78]  

 

 

3.5 Previous studies on tire tread compounds      

 Many attempts have been made to investigate the relationship between 

viscoelastic properties and several properties including parameters affecting the 

mechanical properties, dynamic properties as well as tire performance, i.e., abrasion 

resistance, WG, and RR, of the tire tread compounds. 

 Grosch et al. [112] studied the friction of gum acrylate-butadiene rubber 

(ABR) against a clean dry silicon carbide surfaces as a function of temperature and 

sliding velocity. Results exhibited that the friction coefficient of gum ABR obtained 

from master curve increased with increasing the sliding velocity to a maximum value 

and then decreased afterwards. To obtain the master curve, the friction coefficients 

over a logarithmic range of sliding velocities at various temperatures were measured. 

The master curve was then established by shifting the curves obtained at various 

temperatures to the curve at room temperature by a shift factor (log aT) calculated from 

the WLF equation (see Figure 3.25). It was also found that the relationship between 

viscoelastic properties and friction of the rubber arising from adhesion and 

deformation losses was found to be close. 
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Figure 3.25 Friction coefficient over a range of sliding velocities at various 

temperatures (left) and a master curve referred to room temperature 

(right) of gum ABR [112]  

 

 Several researchers investigated the correlation between tanδ value at low 

temperature obtained from dynamic mechanical thermal analyzer (DMTA) and 

WG/WSR of the vulcanizates determined using a British Pendulum Skid Tester 

(BPST). They found a good correlation of tanδ at low temperature to WG/WSR values 

[113-115].  

 Nowadays, it has been widely accepted that the tanδ at low temperature 

could be used as the indicator for WG of the vulcanizates. Benito et al. [116] predicted 

WG of the CB-filled ESBR vulcanizates used for tire tread compound by considering 

tanδ at -15°C. Many researchers investigated the effects of several factors, e.g., SBR 

type [44, 110], filler type [49], SCA type [45, 51], including temperature used for 

modifying silica surfaces with TESPT [50], on WG property of the tire tread 

compounds by focusing on tanδ at 0°C. In addition, the tanδ at the temperature range 

from (-10) to 10°C is used as the indicator for WG of NR/BR blends filled with 

CSi/CB hybrid filler in truck tire tread application [117].   

 Also, RR of the vulcanizates is usually predicted by considering dynamic 

mechanical properties. Lee et al. [110] related the RR of the HDSi/CB-filled SBR/BR 

vulcanizates based on tire tread compound by estimating the tanδ at 70°C. 

Zafarmehrabian et al. [117] estimated the RR of truck tire tread compound by 

considering the tanδ in the temperature range from 50 to 80°C. It should be noted that 
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the RR of vulcanizates used for tire tread application, i.e., CB-filled ESBR [116], CSi-

filled SSBR [44, 45], and HDSi-filled SSBR/BR [51], is usually predicted from the 

tanδ at 60°C.   

 Benito et al. [116] developed a coupling agent for CB-filled system. In this 

experiment, p-aminobenzenesulfonyl azide (Amine-BSA) was used as a coupling 

agent for CB-filled SBR. It has been found that, as Amine-BSA was added, not only 

the modulus at low strain, resilience, crosslink density, and Tg of the vulcanizates were 

increased, but tire performance, i.e., WG, RR, and abrasion resistance, was also 

improved. Explanation was given to the improvement in coupling behavior caused by 

azide moieties and amine groups of Amine-BSA reacting with rubber and carboxylic 

groups on CB surfaces, respectively (see Figure 3.26). 

 

 

Figure 3.26 Proposed coupling reaction between CB and SBR by Amine-BSA [116]  

 

 The effect of SCAs on properties of silica-filled tire tread compounds 

based on SSBR was studied by Ko et al. [45]. In this study, four types of new SCAs, 

i.e., 1-[3-(octanoylthio)propyl]-1,1,3,3,3-pentaethoxy-1,3-disilapropane (S1), bis[3-

(octanoylthio)-1-propyl]-diethoxysilane (S2), 5-(triethoxysilylpropylthia)-2 potassium-

1,3,4-thiadiazolate (S3), as well as 2,5-(triethoxysilylpropylthia)-1,3,4-thiadiazole 

(S4), and two types of commercial SCAs, i.e., TESPT and 3-octanoylthio-1-

propyltriethoxysilane (NXT), were compared. Figure 3.27 depicts chemical structure 

of SCAs used in this study. Results revealed that, among 6 types of SCAs, S3 and S4 
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gave the rubber compounds with shorter optimum cure time (tc90) whereas WG 

(correlated with tanδ at 0°C) and RR (correlated with tanδ at 60°C) were slightly 

inferior compared to other SCAs. The results also revealed that NXT, S1, and S2 

showed significant improvement of WG but with slight improvement in RR. 

Moreover, the greatest abrasion resistance together with moderate WG and RR could 

be found as TESPT was employed. 

 

 

 

Figure 3.27 Chemical structure of S1, S2, S3, S4, TESPT, and NTX [45]  

 

 Although TESPT is widely used in tire industry, the optimum dosage of 

TESPT is still inconclusive because the results from published works are not 

congruous. Khorasani [118] demonstrated that, by considering cure characteristics and 

mechanical properties, e.g., tensile properties and tear strength, the optimum TESPT 

content of NR/CSi (30 phr) system was found at approximately 12 wt% of silica 

incorporated  whereas 5 wt% of silica used was an appropriate value of TESPT for 

NR/CSi (50 phr) system. Qu et al. [119] showed that, for CSi-filled SSBR, the greatest 

degree of silica dispersion was found when 2.5 wt% of TESPT was added. Further 

increase in TESPT content led to not only a reappearance of silica agglomerates, but 

also a reduction of rubber-filler interaction which was indicated from bound rubber 

content (BRC). 

 A new type of SCA, namely VP Si 363, concerning about the 

environmental characteristics of a tire was developed by Klockmann et al [51]. The 
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comparison between VP Si 363 and TESPT was also studied. It was found that the 

silica-filled SSBR/BR containing 9 phr of Si VP 363 provided superior FSE 

(represented by tanδ at 60°C) to the silica-filled SSBR/BR containing 6.6 phr of 

TESPT. Moreover, the addition of 10 phr of Si VP 363 led to the lower volatile 

organic compound (VOC) emission, compared to the addition of 6.4 phr of TESPT. 

By considering the chemical structure of VP Si 363 (see Figure 3.28), its ethoxy group 

is capable of reacting with silanol groups on silica surfaces while its polymeric 

moieties possessing a polar part could attract and shield the silanol groups, resulting in 

silanization reaction with low VOC. In addition, a thiol moiety of VP Si 363 could 

react with double bond of rubber. This might be the reason why VP Si 363 is claimed 

as an eco-friendly SCA.  

  

 
 

Figure 3.28 Chemical structure of VP Si 363 

 

 The effect of various parameters on the properties of N234 CB-filled SBR 

based tire tread compound was studied by Atashi et al. [120]. They reported that the 

partial substitution of SBR with NR resulted in improvement of mechanical properties, 

i.e., resilience, tear resistance, crack growth, and abrasion resistance, of the rubber 

vulcanizates. However, hardness and tensile properties of the blends were not 

significantly changed. Similar observation was found when SBR is partially 

substituted by BR with the exception of increased crack growth rate. It was also found 

that negative effects on the abrasion and tear resistance were found when N234 was 

partially replaced by N330. The results also revealed that crack growth rate tended to 

increase with increasing level of sulfur and accelerator. 

 Zhao et al. [44] successfully synthesized the functionalized SSBR           

(F-SSBR) by adding alkoxy-silane groups at 2 chain ends of SSBR. The effect of 

chain end functionalization on properties of CSi-filled SSBR was investigated. It was 
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found that the F-SSBR offered greater mechanical properties, e.g., tensile strength and 

tear strength, heat build-up (HBU), including WG (represented by tanδ at 0°C) and 

FSE (represented by tanδ at 60°C) than SSBR, attributed to the greater rubber-filler 

interaction indicated by BRC and degree of filler dispersion as compared to SSBR. 

Results also revealed that the above properties were significantly improved when 

small amount of CSi was added into F-SSBR solution and chemically interacted with 

alkoxy-silane groups at chain ends of F-SSBR during the synthesis (CSi/F-SSBR). 

Figure 3.29 illustrates the synthesis process of SSBR, F-SSBR, and CSi/F-SSBR.    

 

 

 

Figure 3.29 Synthesis process of SSBR, F-SSBR, and CSi/F-SSBR [44]  

 

 Effect of filler type, i.e., CSi, CB, and nano-diamond powder, on WSR of 

SSBR/BR blends measured by BPST was studied by Wu et al [49]. TESPT was added 

only into the system containing CSi. Results showed that the CSi provided higher 

WSR than CB, possibly owing to the greater hardness of CSi. Generally, the higher 

hardness of filler led to the greater micro-hardness of the composite, resulting in the 

higher WSR [121]. Moreover, the WSR of the CSi- and CB-filled vulcanizates 

measured on ground glass is significantly higher than that of the CSi- and CB-filled 

vulcanizates measured on smooth glass. Results revealed that the WSR of the 

vulcanizates strongly depended on both filler type and surfaces characteristics. 

Interestingly, the partial replacement of CSi and CB by nano-diamond particles led to 
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the improvement in WSR, because of the increased micro-hardness of the composite. 

Influence of strain amplitude on tanδ at 0°C of CSi- and CB-filled SSBR/BR blends 

was also investigated using DMTA. At low strain (< 0.344% strain), the CSi gave 

higher tanδ at 0°C as compared to CB. However, the opposite result was found when 

the strain amplitude was further increased, i.e., CB imparted higher tanδ at 0°C than 

CSi. Explanation was proposed via the greater magnitude of energy dissipation of CB 

caused by the higher magnitude of filler-filler network. Results revealed that the test 

strain should be specified when WSR of the vulcanizates was predicted by tanδ at 0°C.  

 Zafarmehrabian et al. [117] investigated the effects of CSi/CB ratio on 

properties of NR/BR blends with the presence of TESPT based on truck tire tread 

compounds. They found that the increased CSi ratio resulted in not only the 

improvement in HBU and RR (represented by tanδ at temperature range of 50-80°C) 

of the vulcanizates, but also enhancement in fatigue life. The improved fatigue 

resistance could be attributed to the reduced modulus at low strain caused by the 

decreased crosslink density. Results also represented that tensile strength, modulus at 

300% strain (M300), including WG (represented by tanδ at temperature range of         

(-10) - (+10)°C of the vulcanizates tended to decrease with increasing silica ratio, 

possibly due to the dominant effect of the reduced crosslink density. 
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CHAPTER IV 

MATERIALS AND METHODS 

 

 

4.1 Materials 

All materials were used as-received. The materials used in the present 

study are summarized in Table 4.1. 

 

Table 4.1 List of materials used in the present study 

Materials Abbreviations Grades/Suppliers 

Solution styrene butadiene rubber: 

     TDAE oil content = 27.1%; 

     Bound styrene content = 34.6%; 

     Vinyl content = 40.1%; 

      ML(1+4 @100°C) = 54.5 

SSBR 6450SL /Kumho 

Petrochemical Co., Ltd., 

South Korea 

Solution styrene butadiene rubber: 

     TDAE oil content = 27.3%; 

     Bound styrene content = 36.0%; 

     Vinyl content = 26.0%; 

     ML(1+4 @100°C) = 52.0)  

SSBR 3626 /LG Chemical, South 

Korea 

Emulsion styrene butadiene rubber: 

     TDAE oil content = 26.4%; 

     Bound styrene content = 23.4%; 

     ML(1+4 @100°C) = 44.6) 

ESBR 1723 /Kumho Petrochemical 

Co., Ltd., South Korea 
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Table 4.1 List of materials used in the present study (continued) 

Materials Abbreviations Grades/Suppliers 

Zinc oxide ZnO White seal /Thai-

Lysaght Co., Ltd., 

Thailand 

Stearic acid - Kij Paiboon Chemical               

Ltd., Part., Thailand 

N-(1,3-dimethylbutyl)-N'-

phenyl-p-phenylenediamine 

6PPD Monflex Pte. Ltd., 

Singapore 

2,2,4-trimethyl-1,2-

dihydroquinoline, polymerized 

TMQ Monflex Pte. Ltd., 

Singapore 

Paraffin wax - Petch Thai Chemical 

Co., Ltd., Thailand 

Treated distillate aromatic 

extract oil 

TDAE oil PSP Specialties Co., 

Ltd., Thailand 

Highly dispersible silica:   

              BET surface area = 153 m
2
/g;  

pH = 6.5 

HDSi Zeosil 1165MP /Rhodia 

Silica Korea Co., Ltd., 

South Korea 

Conventional precipitated silica: 

     BET surface area = 166 m
2
/g; 

     pH = 6.9 

CSi Tokusil 255 /OSC Siam 

Silica Co., Ltd., 

Thailand 

Carbon black: 

     BET surface area = 126 m
2
/g 

CB N234 /Thai Carbon 

Black Public Co., Ltd., 

Thailand 

Bis[3-(triethoxysilyl)propyl] 

tetrasulfide  

TESPT Si-69, Innova (Tianjin) 

Chemical Co., Ltd., 

China 
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Table 4.1 List of materials used in the present study (continued) 

Materials Abbreviations Grades/Suppliers 

N-tert-butyl-2-benzothiazole 

sulfenamide 

TBBS Monflex Pte. Ltd., 

Singapore 

Tetrabenzylthiuram disulfide TBzTD Behn Meyer Chemicals 

(T) Co., Ltd., Thailand 

Sulfur S8 The Siam Chemical 

Public Co., Ltd., 

Thailand 

 

 

4.2 Equipment 

The equipment used in the present study is tabulated in Table 4.2. 

 

Table 4.2 List of equipment used in the present study 

Equipment Manufacturer or Supplier 

Internal mixer Brabender Plasticorder 350E, Germany 

Two-roll mill LabTech Model LRM150, Thailand 

Hydraulic hot press Wabash MPI Model G30-15-0X, USA 

Mooney viscometer TechPro ViscTECH+, USA 

Moving die rheometer TechPro MD+, USA 

Rubber process analyzer Alpha Technologies Model RPA2000, USA 

Gel permeation chromatography 

Instrument 

Waters 150-CV plus, USA 
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Table 4.2 List of equipment used in the present study (continued) 

Equipment Manufacturer or Supplier 

Hardness tester Wallace H17A, UK 

Universal testing machine Instron 3366 series, USA 

Akron abrasion tester Gotech Model GT-7012-A, Taiwan 

Flexometer BF Goodrich Model II, USA 

Dynamic mechanical thermal 

analyzer 

Gabo Qualimeter Model Eplexor 25N, 

Germany 

Ultra-microtome Leica EM FCS, Austria 

Transmission electron microscope Jeol JEM-2010, Japan 

Scanning electron microscope Hitachi 3400N, Japan 

Atomic force microscope Seiko SPA 400, Japan 

Aging oven Elastocon EB10, Sweden 

Analytical balance Kern ALJ 220-4, Germany 

Bandknife splitting machine Fortuna type AB 320 G, Germany 

 

 

4.3 Experimental 

 

 4.3.1 Compounding design 

  4.3.1.1 Effects of silanization temperature and silica type 

on properties of silica-filled SSBR compounds and vulcanizates 

  To study the effects of silanization temperature and silica type, 

two types of silica (HDSi and CSi) were selected and silica loading was kept constant 

at 80 phr (parts per hundred rubber). The compound formulation used in this part is 

shown in Table 4.3. 
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Table 4.3 The compound formulation used in the study of silanization temperature 

and silica type effects 

Ingredients Content (phr) 

SBR (SSBR6450SL) 137.5 

ZnO 3.0 

Stearic acid 2.0 

6PPD 1.5 

TMQ 1.0 

Paraffin wax 2.0 

TDAE oil 10.0 

HDSi or CSi 80.0 

TESPT (8 wt% of silica) 6.4 

TBBS 1.2 

TBzTD 0.2 

S8 2.2 

 

  4.3.1.2 Effects of TESPT content and silica type on 

properties of silica-filled SSBR compounds and vulcanizates 

  To study the effects of TESPT content and silica type, various 

TESPT contents were investigated: 0, 6, 8, 10 and 12 wt% of silica. Two types of 

silica (HDSi and CSi) were selected loading of at fixed of 80 phr. Table 4.4 represents 

the compound formulation used in this part. 
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 Table 4.4 The compound formulations used in the study of TESPT content and silica 

type  

Content (phr) 

Ingredients 

1 2 3 4 5 

SBR (SSBR6450SL) 137.5 137.5 137.5 137.5 137.5 

ZnO 3.0 3.0 3.0 3.0 3.0 

Stearic acid 2.0 2.0 2.0 2.0 2.0 

6PPD 1.5 1.5 1.5 1.5 1.5 

TMQ 1.0 1.0 1.0 1.0 1.0 

Paraffin wax 2.0 2.0 2.0 2.0 2.0 

TDAE oil 10.0 10.0 10.0 10.0 10.0 

HDSi or CSi 80.0 80.0 80.0 80.0 80.0 

TESPT  0.0 4.8 6.4 8.0 9.6 

TBBS 1.2 1.2 1.2 1.2 1.2 

TBzTD 0.2 0.2 0.2 0.2 0.2 

S8 2.2 2.2 2.2 2.2 2.2 

    

  4.3.1.3 Effects of silica/CB hybrid filler and SBR type on 

properties of SBR compounds and vulcanizates 

  To study the effects of silica/CB hybrid filler and SBR type, 

two grades of SSBR having comparable styrene content and Mooney viscosity, i.e., 

SSBR6450SL and SSBR3626, and one grade of ESBR, i.e., ESBR1723, were selected. 

Two grades of silica (HDSi and CSi) and one grade of CB (N234) were used. The total 

amount of hybrid filler was kept constant at 80 phr. The ratio of silica to CB was 

varied as follows: 100/0, 80/20, 60/40, 40/60, 20/80 and 0/100. In this part, the TESPT 

dosage was kept constant at 10 wt% of silica incorporated. Details of compound 

formulations used in this part are given in Table 4.5. 
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Table 4.5 The compound formulations used in the study of silica/CB hybrid filler and     

SBR type   

Content (phr) 

Ingredients 

100/0 80/20 60/40 40/60 20/80 0/100 

SBR (SSBR6450SL or SSBR3626 or 

ESBR1723) 
137.5 137.5 137.5 137.5 137.5 137.5 

ZnO 3.0 3.0 3.0 3.0 3.0 3.0 

Stearic acid 2.0 2.0 2.0 2.0 2.0 2.0 

6PPD 1.5 1.5 1.5 1.5 1.5 1.5 

TMQ 1.0 1.0 1.0 1.0 1.0 1.0 

Paraffin wax 2.0 2.0 2.0 2.0 2.0 2.0 

TDAE oil 10.0 10.0 10.0 10.0 10.0 10.0 

HDSi or CSi 80.0 64.0 48.0 32.0 16.0 0.0 

CB 0.0 16.0 32.0 48.0 64.0 80.0 

TESPT  8.0 6.4 4.8 3.2 1.6 0.0 

TBBS 1.2 1.2 1.2 1.2 1.2 1.2 

TBzTD 0.2 0.2 0.2 0.2 0.2 0.2 

S8 2.2 2.2 2.2 2.2 2.2 2.2 

  

  4.3.1.4 Effects of filler and oil loadings on properties of 

SSBR compounds and vulcanizates 

  To study the effects of filler and oil loadings, a total filler 

content was altered simultaneously with rubber process oil content in order to keep the 

hardness constant. According to the results from the previous part, SSBR6450SL was 

selected as a rubber matrix in this part. The ratio of CSi to CB was kept constant at 60 

to 40. The TESPT content was fixed at 10 wt% of CSi. Table 4.6 illustrates the 

compounding recipes and the estimated relative cost of the compounds used in this 

part. 
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Table 4.6 The compounding recipes and estimated relative cost of the compounds 

used in the study of filler and oil contents   

Content (phr) 

Ingredients 

F1 F2 F3 F4 

SBR (SSBR6450SL) 137.5 137.5 137.5 137.5 

ZnO 3.0 3.0 3.0 3.0 

Stearic acid 2.0 2.0 2.0 2.0 

6PPD 1.5 1.5 1.5 1.5 

TMQ 1.0 1.0 1.0 1.0 

Paraffin wax 2.0 2.0 2.0 2.0 

TDAE oil 0.0 10.0 20.0 30.0 

CSi 42.6 48.0 53.4 59.4 

CB 28.4 32.0 35.6 39.6 

TESPT  4.3 4.8 5.3 5.9 

TBBS 1.2 1.2 1.2 1.2 

TBzTD 0.2 0.2 0.2 0.2 

S8 2.2 2.2 2.2 2.2 

Estimated cost (%) 100.0 96.5 93.5 90.7 

  

  4.3.1.5 Effects of sulfur vulcanization system and crosslink 

density on properties of SSBR vulcanizates 

  To study the effects of sulfur vulcanization system and 

crosslink density, two sulfur vulcanization systems, i.e., CV system and semi-EV 

system were used. For each system, the relative amount of curatives (TBBS, TBzTD 

and sulfur) was varied from 100% to 140%. Similar to the experiment in section 

4.3.1.4, only SSBR6450SL was selected as a rubber matrix. The ratio of CSi to CB 

was kept constant at 60 to 40. It should be noted that the total filler content in this part 

was reduced to 70 phr without any additional TDAE oil. The TESPT content was also 

fixed at 10 wt% of CSi filled. Details of compound formulations are represented in 

Table 4.7.  
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Table 4.7 The compound formulations used in the study of sulfur vulcanization 

system and crosslink density   

Content (phr) 

CV semi-EV Ingredients 

100% 120% 140% 100% 120% 140% 

SBR (SSBR6450SL) 137.5 137.5 137.5 137.5 137.5 137.5 

ZnO 3.0 3.0 3.0 3.0 3.0 3.0 

Stearic acid 2.0 2.0 2.0 2.0 2.0 2.0 

6PPD 1.5 1.5 1.5 1.5 1.5 1.5 

TMQ 1.0 1.0 1.0 1.0 1.0 1.0 

Paraffin wax 2.0 2.0 2.0 2.0 2.0 2.0 

CSi 42.0 42.0 42.0 42.0 42.0 42.0 

CB 28.0 28.0 28.0 28.0 28.0 28.0 

TESPT  4.2 4.2 4.2 4.2 4.2 4.2 

TBBS 1.20 1.44 1.68 1.20 1.44 1.68 

TBzTD 0.20 0.24 0.28 0.20 0.24 0.28 

S8 2.20 2.64 3.08 1.20 1.44 1.68 

  

 4.3.2 Preparation of rubber compounds 

 Rubber compounds were prepared using a laboratory internal mixer 

equipped with a pair of cam blade rotors. Rotor speed and fill factor were kept 

constant at 40 revolutions per minute (rpm) and 0.75, respectively. Mixing was carried 

out in 3 steps. In the first step, all ingredients, except for curatives (TBBS, TBzTD and 

sulfur), were mixed with SBR for 10 minutes at the mixing temperature of 60°C to 

achieve satisfactory degree of filler dispersion. The compounds were then sheeted on 

two-roll mill and cooled down to room temperature. In the second step, the so-called 

silanization step, the compounds were re-mixed at high temperature for 6 minutes to 

promote the silanization reaction between TESPT and silica. In the first part of this 

study where the effect of silanization temperature was investigated, the silanization 

temperature was varied from 120
o
C to 160

o
C. However, for the subsequent 
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experimental parts, only the optimum silanization temperature, i.e., 140
o
C, was 

employed for the compound preparation. After the silanization reaction, the 

compounds were then sheeted and cooled down to room temperature. Finally, the 

silanized compounds were mixed with the curatives in the final step for 3 minutes at 

the mixing temperature of 60°C. After mixing, the compounds were sheeted and kept 

overnight at room temperature prior to being vulcanized and tested.  

  

 4.3.3 Measurement of rubber compound properties 

 

  4.3.3.1 Mooney viscosity  

  Mooney viscosity (ML1+4@100°C) of rubber compounds was 

determined in accordance with ISO 289-1 using a Mooney viscometer at 100°C. 

Approximately 20 g of rubber compound was used for each test. 

 

  4.3.3.2 Cure characteristics 

  Cure characteristics of rubber compounds, i.e., ts1, tc90 and 

cure rate index (CRI), were investigated by the use of a moving die rheometer (MDR) 

at 160°C following ISO 6502. CRI is calculated using the following equation: 

)190(

100

sc tt
CRI

−
=                                                      (12)        

   

  4.3.3.3 Rheological properties 

  Payne effect was determined using a rubber process analyzer 

(RPA2000) at frequency of 1.7 Hz and temperature of 100°C. The dynamic strain was 

varied from 0.56 to 100.02%. The difference between storage shear moduli (G’) at low 

strain (0.56%) and high strain (100.02%) is employed to predict the magnitude of 

Payne effect. 

 

  4.3.3.4 Bound rubber content (BRC) 

  Measurement of BRC was performed by extracting the 

unbound rubber with toluene. Approximately 0.5 g of rubber test piece was extracted 

by 100 ml of toluene for 168 hours at room temperature. After filtering with filter 
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paper, the insoluble part was dried for 2 days at ambient temperature and then placed 

in an oven at 70°C until a constant weight was gained. The total BRC was calculated 

by the following equation: 

100(%) x
R

FW
BRC d −=                                            (13) 

where Wd is the weight of dry gel; F  is the weight of filler in the test piece and R is the 

weight of rubber in the test piece. It is generally accepted that the BRC measured at 

room temperature is formed by both physical and chemical interactions [14]. As 

physically bound rubber could be destroyed at high temperature [122], the amount of 

chemically bound rubber could therefore be determined by the above procedure, 

except that, the extraction was performed at 85°C for 36 hours. 

 

  4.3.3.5 Molecular weight 

  Molecular weight of the rubber matrix was monitored by the 

use of gel permeation chromatography (GPC) technique. Approximately 5 mg of 

rubber compound was dissolved in 5 ml of tetrahydrofuran (THF) for 5 days. The 

solution of 100 µl was filtrated prior to being injected into the GPC instrument. The 

mobile phase and flow rate used in this experiment were THF and 1 mm/min, 

respectively. 

 

 4.3.4 Shaping and vulcanization of rubber compounds 

 Shaping and vulcanization of rubber compounds were carried out using a 

hydraulic hot press (via compression molding technique) at 160°C for a period of tc90 

as pre-determined from MDR, unless stated otherwise. 

 

 4.3.5 Determination of rubber vulcanizate properties 

 

  4.3.5.1 Crosslink density  

  Measurement of crosslink density was carried out by the use of 

an indirect method, namely, a swelling test with toluene employed as liquid medium. 

Three rubber test pieces with approximately 1×2×0.2 cm
3
 in dimensions were swollen 

in toluene for 5 days at room temperature. The test pieces were then taken out, blotted 
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with filter paper and weighed. Finally, the test pieces were dried at 70°C until a 

constant weight was gained before reweighing. The crosslink density was calculated 

based on the Flory-Rehner equation as follows [123]: 

)
2

(])1[ln( 23
1

21

2

2122

ν
ννχνν −=++−− nV                             (14) 

where ν2 is the volume fraction of polymer in the swollen test piece; χ1 is the polymer-

solvent interaction parameter (0.446 for SBR-toluene [124, 125]); V1 is the molar 

volume of the solvent (106.3 cm
3
/mol for toluene); n is the number of elastically 

active chains per unit volume; ν2 is the volume fraction of polymer in the swollen test 

piece which is calculated as follows: 
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where m0 is the weight of the test piece before swelling; m1 is the weight of the test 

piece after swelling; m2 is the weight of the test piece after drying; φ1 is the weight 

fraction of rubber in the vulcanized sheet; α is the weight loss fraction of the test piece 

after the swelling test; ρp and ρs are densities of rubber and solvent, respectively. 

 

  4.3.5.2 Hardness  

  Hardness was measured using a Wallace Shore A durometer as 

per ISO 7619-1. The test specimen with approximately 6 mm in thickness was used. 

At least 5 measurements were carried out for each sample, and the average value was 

reported.   

 

  4.3.5.3 Tensile properties 

  Tensile properties such as tensile strength, elongation at break, 

and modulus were determined using a universal testing machine following ISO 37 at a 

crosshead speed of 500 mm/min with the load cell of 1 kN. The dumb-bell shaped 

specimens (die type 1) were stamped-cut from the approximately 2 mm. thickness 

vulcanized sheets. The specimen thickness was measured by a micrometer, and at least 

five specimens were tested for each sample. 
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  4.3.5.4 Abrasion resistance 

  Measurement of abrasion resistance was performed by Akron 

abrasion tester according to BS 903: Part A9, Method B. The standard test specimens 

were vulcanized at 160°C for tc90+10 minutes by compression molding technique. 

Abrasion resistance of the samples was reported in terms of the volume loss per 1,000 

revolutions. 

 

  4.3.5.5 Heat build-up (HBU) and dynamic set 

  HBU was evaluated in terms of temperature rise as per ISO 

4666-3 using Goodrich flexometer. A cylinder-shaped specimen, with a diameter of 

17.8 mm and a height of 25 mm, was prepared at 160°C for tc90+15 minutes by 

compression molding technique. The test was carried out under the following 

conditions: chamber temperature = 100°C; frequency = 30 Hz; initial load = 245 N; 

dynamic displacement (full stroke) = 4.45 mm. The temperature rise was recorded at 

the specimen base after testing for 25 minutes.  

  After the HBU test, the specimens were taken from the test 

chamber and left at room temperature for 30 minutes before measuring their final 

heights. The dynamic set was calculated from the following equation: 

100(%) x
H

HH
setDynamic

o

fo −
=                                  (16) 

where Ho and Hf are the original and final heights of the specimen, respectively. 

 

  4.3.5.6 Dynamic mechanical properties 

  Dynamic mechanical properties of the test specimens 

(approximately 3.5×0.6×0.2 cm
3
 in dimensions) were evaluated in the tension mode 

by the use of a dynamic mechanical thermal analyzer (DMTA). For the temperature 

sweep test, the test conditions were as follows: static strain = 1%; dynamic strain = 

0.15%; frequency = 10 Hz and heating rate = 2°C/min. The temperature was scanned 

from -60 to 80°C. For the strain sweep test, the test conditions were as follows: static 

strain = 12% and frequency = 10 Hz. The dynamic strain was varied from 0.03 to 10% 

at two test temperatures of 0°C and 60°C.  
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  For preparation of commercial PCR tire test specimen, tread 

section was sliced using the bandknife splitting machine until the thickness of 

approximately 0.2 cm was gained. The specimens were then cut into 3.5×0.6×0.2 cm
3
 

in dimensions. 

 

  4.3.5.7 Thermal ageing properties 

  Investigation of thermal ageing resistance was carried out by 

ageing the specimens in an air-circulated oven at 100°C for 120 hours. The ratio of 

tensile properties after ageing to those before ageing, namely relative tensile 

properties, was used to represent the thermal ageing resistance of the rubber 

vulcanizates. 

 

  4.3.5.8 Degree of filler dispersion 

  The degree of filler dispersion was examined by TEM and 

SEM. For TEM, the images were taken on the ultra-thin sections of the specimens 

under an accelerating voltage of 200 kV. The ultra-thin sections were prepared under 

cryogenic condition at -70°C using an ultra-microtome. In the case of SEM, the SEM 

micrographs were taken under an accelerating voltage of 15 kV after the dried smooth 

surfaces were gold-coated to prevent charging on the surfaces. The smooth surfaces 

were prepared by glass knife under cryogenic condition at -70°C using an ultra-

microtome. 

 

 4.3.6 Experimental scheme 

 The experimental scheme of each part is summarized as follows: 
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  4.3.6.1 Effects of silanization temperature and silica type 

on properties of silica-filled SSBR compounds and vulcanizates 

 

 

 

Figure 4.1 Experimental scheme for the study of silanization temperature and silica 

type 
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  4.3.6.2 Effects of TESPT content and silica type on 

properties of silica-filled SSBR compounds and vulcanizates 

 

 

 

 

Figure 4.2 Experimental scheme for the study of TESPT content and silica type 
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  4.3.6.3 Effects of silica/CB hybrid filler and SBR type on 

properties of SBR compounds and vulcanizates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Experimental scheme for the study of silica/CB hybrid filler and SBR type 
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  4.3.6.4 Effects of filler and oil loadings on properties of 

SSBR compounds and vulcanizates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Experimental scheme for the study of filler and oil contents   
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  4.3.6.5 Effects of sulfur vulcanization system and crosslink 

density on properties of SSBR vulcanizates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Experimental scheme for the study of sulfur vulcanization system and 

crosslink density   
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CHAPTER V 

RESULTS AND DISCUSSION 

 

 

 Results and discussion can be divided into 5 main parts. In the first part, 

the compounds filled with HDSi and CSi were prepared under various silanization 

temperatures. The optimum silanization temperature was then employed in the second 

part in which the effect of TESPT content was determined. The proper TESPT content 

was used in the subsequent parts. The third part concerns the influences of SBR and 

silica types including silica/CB hybrid filler ratio on properties of SBR compounds 

and vulcanizates. Properties and raw material cost of the vulcanizates having similar 

hardness as controlled by simultaneously increasing filler and oil loadings were 

compared in the fourth part. Lastly, the final part is focused on effect of crosslink 

density on properties of the vulcanizates cured with CV and semi-EV systems.   

 

 

5.1 Effects of silanization temperature and silica type on properties of 

silica-filled SSBR compounds and vulcanizates 

 In this part, the silanization temperature was varied from 120°C to 160°C. 

The SSBR6450SL was selected as the rubber matrix. The silica loading and TESPT 

content were kept constant at 80 phr and 8 wt% of silica, respectively. Viscoelastic, 

mechanical, and dynamic mechanical properties as well as processability of SSBR 

filled with two types of silica, i.e., HDSi and CSi, were compared. 

  

 5.1.1 Mixing behavior in silanization step 

 During the silanization step, dump temperature and temperature rise were 

recorded, and results are depicted in Figure 5.1. With increasing silanization 

temperature, the dump temperature is found to increase whereas the temperature rise 

noticeably reduces up to 140°C and level off thereafter. The reduction in temperature 
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rise with increasing silanization temperature is thought to arise from the decreased 

shear heating. With increasing silanization temperature, the bulk viscosity is reduced, 

leading to the decrease in shear heating during the mixing process and, thus, the 

temperature rise. It has previously been reported that scorch phenomenon could occur 

in the diene rubber when mixed with polysulfide silane (i.e., TESPT) at sufficiently 

high temperature [126]. This is understandable because the TESPT could contribute 

some sulfurs capable of reacting with rubber molecules at high temperatures, leading 

to the occurrence of three dimensional rubber network, and, thus, the increased bulk 

viscosity. Since the temperature rise of the compounds tends to level off at high 

silanization temperature (≥140°C), the counter-balance between the reduced bulk 

viscosity as a result of the increased silanization temperature and the enhanced bulk 

viscosity caused by scorching phenomenon could be a reasonable explanation for this 

finding. The results also imply that silica type does not significantly influence the 

dump temperature and temperature rise of the compounds. 
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Figure 5.1 Dump temperature and temperature rise of the compounds during 

silanization step 

 
 To support the proposed statement that the scorch could take place at 

sufficiently high temperature even without the presence of curatives, further 

experiment was carried out. The rubber compounds (based on the formulation given in 

Table 4.3, except that no silica and curatives were added) were prepared. Mixing was 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Polymer Science and Technology) / 63 

carried out in the internal mixer for 10 minutes at the mixing temperature of 60°C. 

After sheeting and cooling, the compounds were then re-mixed for 6 minutes at 

various silanization temperatures, i.e., 120°C, 130°C, 140°C, 150°C, and 160°C. 

Afterwards, the gel content of each compound, after being placed in toluene for 168 h 

at room temperature, was measured. Obviously, the compounds prepared at low 

silanization temperatures are completely dissolved in toluene as shown in Figure 

5.2(a). However, at sufficiently high silanization temperature (160°C), rubber gel is 

clearly observed indicating the occurrence of scorch. Since it has been reported that 

SBR could form gel at high temperature possibly due to the presence of remaining 

stabilizers in the rubber during polymerization [127], additional experiment was 

carried out in order to ensure that the gel observed is the sole consequence from 

TESPT. The SSBR (without any ingredients) was mixed in an internal mixer at mixing 

temperature of 160°C for 6 minutes, and the investigation of gel content of the 

prepared SSBR was carried out. As expected, no gel is observed (see Figure 5.2(b)). 

The result clearly confirms that the gel found at high silanization temperature is 

resulted from crosslink induced by TESPT. 

 

 

 

  
 

 

 

 

 

 

 

 

Figure 5.2 Gel test results of compounds: (a) compounds mixed at various silanization 

temperatures and (b) SSBR mixed at 160°C  
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 5.1.2 Mooney viscosity and shear modulus at high strain of the rubber 

compounds 

 Mooney viscosity and storage modulus (G’) at high strain (100%) results 

of the compounds are illustrated in Figure 5.3. Apparently, Mooney viscosity slightly 

increases with increasing silanization temperature up to 140°C. Further increase in 

silanization temperature causes a sharp increase in Mooney viscosity. This is probably 

due to the increased magnitude of rubber-filler interaction as evidenced from the BRC 

results (see Figure 5.4) and the scorch phenomenon induced by TESPT which is more 

pronounced at high temperature as previously mentioned. 

 Such increase in compound viscosity at high silanization temperature is 

supported by the results of G’ at high strain (100%) as measured from RPA2000. The 

results reveal a slight change in G’ as long as the silanization temperature is lower 

than 140°C. Above 140°C, the G’ tends to increase rapidly with increasing silanization 

temperature. It is well known that the G’ of filled rubber compound at high strain 

depends on 3 main factors, i.e., polymer network, hydrodynamic effect, and in-rubber 

structure involving bound rubber [97]. Since all compounds possess similar 

formulation and the measurement of G’ was carried out at 100°C, the hydrodynamic 

effect and rubber network could be disregarded. However, as the rubber compounds 

contain TESPT molecules, from which sulfidic bonds could be cleaved, acting as 

sulfur donor, the initiation of crosslink in rubber phase could be expected as long as 

the mixing temperature is sufficiently high. The results suggest that the obvious 

increase in G’ at high silanization temperature (≥140°C) could be resulted from the 

combination of the enhanced rubber-filler interaction and scorch phenomenon. It is 

also found that the Mooney viscosity and the G’ at high strain of the compound filled 

with HDSi are considerably higher than those of the compound filled with CSi. The 

greater rubber-filler interaction and the higher structure level of HDSi are probably 

responsible for the results. 
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Figure 5.3 Mooney viscosity and storage modulus (G’) at high strain of the 

compounds 

 
 5.1.3 Bound rubber content (BRC) of the compounds 

 Figure 5.4 exhibits BRC of the compounds as a function of silanization 

temperature. Clearly, both total BRC and chemical BRC tend to increase with 

increasing silanization temperature. Results also reveal that physical BRC of the 

compounds is independent of silanization temperature. As the portion of physical BRC 

is greatly lower than that of chemical BRC, the results suggest that the increase in 

silanization temperature leads to the improvement in rubber-filler interaction via the 

coupling reaction having TESPT acting as the bridge (see Figure 5.5). It is also found 

that the superior total BRC and chemical BRC are found in HDSi compounds, 

implying that the HDSi provides stronger rubber-filler interaction as compared to CSi.  
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Figure 5.4 BRC of the compounds 

 

 

 

Figure 5.5 Coupling reaction between silica, TESPT, and SSBR 

 

 5.1.4 Payne effect of the compounds 

 It is widely known that, for filled compounds, the difference in storage 

moduli at low and high strains (∆G’), or the so-called Payne effect, can be used to 

predict the magnitude of transient filler network. The lower the Payne effect 

magnitude, the lower the transient filler network level. The effect of silanization 

temperature on Payne effect is given in Figure 5.6. Regardless of the silica type, the 

magnitude of Payne effect is found to decrease with increasing silanization 

temperature, implying the reduced magnitude of transient filler network. This is 
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explained by the enhancement in silanization reaction between ethoxysilyl groups of 

TESPT and silanol groups on silica surface with increasing silanization temperature, 

resulting in a decreased hydrophilicity of silica surface and, hence, the reduction in 

filler-filler interaction. At any given silanization temperature, the magnitude of Payne 

effect of HDSi and CSi-filled compounds is comparable, suggesting comparable level 

of transient filler network in those compounds. 
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Figure 5.6 Payne effect of the compounds 

 

 5.1.5 Degree of filler dispersion of the vulcanizates 

 Figure 5.7 depicts TEM micrographs of the vulcanizates at magnification 

of 20,000x. As expected, the increased silanization temperature leads to the 

improvement in degree of filler dispersion, revealing a good accordance with the 

Payne effect results. Also, the enhanced hydrophobicity of silica surface with 

increasing silanization temperature is applied for explaining the results. In addition, 

the improvement in rubber-filler interaction after silanization reaction could be another 

reasonable explanation for this finding. Surprisingly, degree of filler dispersion of the 

vulcanizates filled with HDSi is comparable with that of the vulcanizates filled with 

CSi, despite the fact that HDSi is claimed to offer a greater dispersability. Results 

reveal that silica type plays a very minor role in degree of filler dispersion, as long as a 

sufficiently long mixing time is employed. 
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Figure 5.7 TEM micrographs (x20,000) of the silica-filled vulcanizates at various 

silanization temperatures: (a) HDSi_120°C, (b) HDSi_140°C,         

                    (c) HDSi_160°C, (d) CSi_120°C, (e) CSi_140°C, and (f) CSi_160°C. 
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 5.1.6 Cure characteristics of the compounds 

 Figure 5.8 represents cure curves of the compounds at various silanization 

temperatures. Cure characteristics, i.e., ts1, tc90, and CRI, analyzed from Figure 5.8 

are summarized in Table 5.1. With increasing silanization temperature, both ts1 and 

tc90 tend to increase whereas CRI is decreased continuously, revealing the reduced 

cure efficiency.�Explanation is proposed based on a reduced amount of sulfur released 

from the TESPT during the curing process [125]. Referring to the chemical structure 

of TESPT, there are 4 sulfur atoms in its molecule which could be cleaved and 

participated during the curing process at sufficiently high temperature. Consequently, 

at high silanization temperature, some portion of sulfur atoms might deplete during the 

mixing process, giving rise to the decrease in sulfur atoms to be released during the 

curing process and thus the decrement in cure efficiency. As the two types of silica 

give comparable values of ts1, tc90, and CRI, it could be stated that silica type has little 

effect on cure characteristics of the compounds. 
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Figure 5.8 Cure curves of the compounds: (a) HDSi and (b) CSi 
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Table 5.1 Cure characteristics of the compounds 

Silanization 

temperature  

(°C) 

Silica 

type 

ts1 

(min) 

tc90  

(min) 

CRI 

(min-1) 

120 

HDSi 

0.85±0.04 15.45±0.16 6.80±0.03 

130 0.86±0.02 16.55±0.06 6.37±0.01 

140 1.11±0.04 17.56±0.05 6.08±0.00 

150 1.43±0.09 19.40±0.06 5.56±0.01 

160 2.46±0.01 20.88±0.08 5.43±0.02 

120 

CSi 

0.54±0.04 15.02±0.12 6.91±0.04 

130 0.82±0.03 16.63±0.45 6.33±0.17 

140 1.00±0.04 18.26±0.28 5.79±0.08 

150 1.26±0.05 19.32±0.49 5.54±0.14 

160 2.03±0.06 21.60±0.59 5.11±0.14 

 
 

 5.1.7 Crosslink density of the vulcanizates 

 Crosslink density of the vulcanizates, measured from the swelling 

technique, as a function of silanization temperature is shown in Figure 5.9. It is found 

that silanization temperature does not significantly affect the crosslink density up to 

the silanization temperature of 140°C. At higher silanization temperatures, however, 

the crosslink density of the vulcanizates tends to increase with increasing silanization 

temperatures, due to the stronger rubber-filler interaction. It has been reported that the 

tightly bound rubber could restrict the rubber molecules from swelling and, thus, could 

behave as crosslink points in rubber vulcanizates [128]. Results also show that the 

crosslink density of vulcanizates filled with HDSi is greater than that of vulcanizates 

filled with CSi, owing again to the higher magnitude of rubber-filler interaction of 

HDSi [128]. 
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Figure 5.9 Crosslink density of the vulcanizates as measured from the swelling 

technique 

 
 

 5.1.8 Mechanical properties of the vulcanizates 

 Table 5.2 presents mechanical properties, i.e., hardness, modulus at 10% 

strain (M10), tensile strength (TS), and abrasion volume loss, of the vulcanizates. 

Results show that hardness of the vulcanizates decreases continuously with increasing 

silanization temperature, despite the enhancements in crosslink density (at silanization 

temperature 140°C) and rubber-filler interaction. Results suggest that the reductions 

in both transient filler network level and molecular weight of rubber matrix (see Table 

5.3), as evaluated by a GPC technique, appear to govern the hardness of vulcanizates. 

Generally, molecular weight of rubber molecules could affect the properties of 

vulcanizates. In this case, the mixing was carried out under high temperature which 

could lead to degradation and/or chain scission of rubber molecules via thermo-

oxidative breakdown, resulting in a reduction of mechanical properties. Obviously, 

GPC results illustrated in Table 5.3 reveal that the increased silanization temperature 

leads to the decrease in molecular weight of rubber in the compounds, implying the 

significantly high thermal degradation of rubber matrix at high silanization 

temperature. As expected, the higher hardness is observed in HDSi-filled vulcanizates 

which could be explained by the combined effects of greater crosslink density and 

rubber-filler interaction. 
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 Since modulus at low strain of the vulcanizates is found to closely relate to 

hardness (to be discussed later), the effects of silanization temperature and silica type 

on M10 follow the same trend as the hardness, i.e., the M10 tends to decrease with 

increasing silanization temperature and HDSi offers higher M10 than CSi. The same 

explanation is applied.  

 
 Table 5.2 Mechanical properties of the vulcanizates 

Silanization 

temperature  

(°C) 

Silica 

type 

Hardness 

(Shore A) 

M10 

(MPa) 

TS 

(MPa) 

Volume loss 

(mm3) 

120 

HDSi 

69.3±0.6 0.671±0.004 19.8±0.2 39.2±0.5 

130 67.1±0.2 0.625±0.027 20.3±0.7 38.4±1.8 

140 66.1±0.4 0.607±0.004 20.2±1.0 35.5±0.8 

150 63.9±0.4 0.588±0.013 19.8±0.6 32.2±0.7 

160 63.0±0.5 0.559±0.007 19.8±0.7 30.5±0.8 

120 

CSi 

67.4±0.7 0.642±0.009 20.4±1.7 30.5±0.8 

130 66.1±0.4 0.587±0.007 19.7±1.9 29.9±1.0 

140 64.7±0.6 0.571±0.019 19.0±1.0 28.8±0.7 

150 63.4±0.2 0.562±0.017 19.1±0.8 25.7±0.5 

160 61.3±0.3 0.555±0.010 20.6±1.4 25.4±0.8 
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Table 5.3 Molecular weight as determined from GPC of rubber matrix in the   

compounds 

Silanization 

temperature  

(°C) 

Silica 

type 

Mn 

(Daltons) 

Mw 

(Daltons) 

Mp 

(Daltons) 

120 

HDSi 

440,709 713,072 855,512 

130 405,666 691,584 846,044 

140 347,774 630,732 799,340 

150 341,641 616,347 758,408 

160 325,272 541,949 667,836 

120 

CSi 

447,183 708,343 859,915 

130 411,515 710,093 870,939 

140 356,733 670,704 840,166 

150 354,700 640,499 804,040 

160 361,976 635,933 756,510 

 

  Surprisingly, silanization temperature does not significantly influence TS 

of the vulcanizates, despite the fact that the increased rubber-filler interaction and 

degree of filler dispersion are found with increasing silanization temperature. 

Probably, the counter-balance between the increased rubber-filler interaction and 

degree of filler dispersion (giving the positive effect on TS) and the reduced molecular 

weight of rubber matrix caused by thermal degradation (giving the negative effect on 

TS) could be responsible for this finding. It is also found that TS of the vulcanizates is 

independent of silica type, which could be mainly explained by the dominant effect of 

the comparable degree of filler dispersion. 

 Results of abrasion resistance of the vulcanizates represented in terms of 

volume loss are shown in Table 5.2. As predicted, the volume loss tends to decrease 

with increasing silanization temperature. The improvement in abrasion resistance is 

due to the dominant effect of enhancement in rubber-filler interaction and degree of 

filler dispersion. At any given silanization temperature, the CSi gives better abrasion 

resistance as compared to HDSi. The greater specific surface area of CSi together with 
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the lower magnitude of thermal degradation of rubber matrix of CSi-filled compounds 

might be the possible explanations.  

 

 5.1.9 HBU and dynamic set of the vulcanizates 

 Table 5.4 shows the silanization temperature-dependent dynamic 

properties of the vulcanizates in terms of HBU and dynamic set. The HBU decreases 

slightly with increasing silanization temperature due to the combined consequences of: 

(i) the improved crosslink density; (ii) the enhanced rubber-filler interaction and (iii) 

the decreased transient filler network. Also, similarity in result trends is found in 

dynamic set of the vulcanizates, i.e., the dynamic set is reduced with increasing 

silanization temperature, implying the improved elasticity of the vulcanizates when 

silanization temperature is increased. The similar explanation could be applied. It is 

also found that silica type plays little role in HBU and dynamic set of the vulcanizates 

despite the fact that HDSi gives greater magnitude of rubber-filler interaction and 

crosslink density. The insignificant difference in degree of filler dispersion between 

HDSi- and CSi-filled vulcanizates might be the dominant factor controlling the HBU 

and dynamic set in this work. 
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 Table 5.4 HBU and dynamic set of the vulcanizates 

Silanization 

temperature  

(°C) 

Silica  

type 

HBU 

(°C) 

Dynamic set  

(%) 

120 

HDSi 

13.5±0.5 4.64±0.34 

130 13.0±0.0 4.50±0.14 

140 13.0±0.0 4.30±0.09 

150 13.0±0.0 4.37±0.18 

160 12.5±0.7 3.76±0.06 

120 

CSi 

13.0±0.0 4.39±0.50 

130 13.0±0.0 4.44±0.12 

140 13.0±0.0 4.18±0.37 

150 12.5±0.7 4.00±0.11 

160 12.0±0.0 3.68±0.12 

 

 5.1.10 Dynamic mechanical properties of the vulcanizates 

 Figure 5.10 illustrates loss factor (tan) as a function of test temperature of 

the vulcanizates prepared at various silanization temperatures. Values of Tg, tanmax 

and tan area analyzed from Figure 5.10 are tabulated in Table 5.5. In general, the 

temperature at tanmax is used to indicate the Tg of polymer [129]. The results 

demonstrate that, regardless of the silica characteristics, the Tg of the vulcanizates is 

found to shift towards the higher temperature with increasing silanization temperature. 

This is owing to the enhanced restriction of molecular motion of the rubber molecules 

as a result of the improved rubber-filler interaction caused by the increased 

silanization temperature. Obviously, the tanmax value and tan area tend to increase 

with increasing silanization temperature. Results indicate that the amount of rubber 

chains participating in the glass transition is enhanced when the silanization 

temperature is increased, because of the improvement in degree of filler dispersion. It 

is also found that Tg and tanmax value of the vulcanizates filled with HDSi are 

comparable with those of the vulcanizates filled with CSi. However, the slightly lower 
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tan area is observed in HDSi-filled vulcanizates, possibly due to its higher structure 

and, hence, trapped (immobilized) rubber. 
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Figure 5.10 Effect of silanization temperature on loss factor () as a function of test 

temperature of the vulcanizates: (a) HDSi and (b) CSi 

 

  

 

 

 

 

 

(b) 

0.0

0.2

0.4

0.6

0.8

1.0

-60 -40 -20 0 20 40 60 80
Temperature (oC)

ta
n 


CSi_120C
CSi_130C
CSi_140C
CSi_150C
CSi_160C

(a) 

0.0

0.2

0.4

0.6

0.8

1.0

-60 -40 -20 0 20 40 60 80

Temperature (oC)

ta
n 


HDSi_120C
HDSi_130C
HDSi_140C
HDSi_150C
HDSi_160C

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Polymer Science and Technology) / 77 

Table 5.5 Tg, tanmax and tan area of the vulcanizates 

Silanization 

temperature  

(°C) 

Silica 

type 

Tg  

(°C) 

tanmax tan area  

(°C) 

120 

HDSi 

-14.0 0.787 15.36 

130 -13.5 0.803 15.71 

140 -12.9 0.828 16.35 

150 -12.8 0.842 16.77 

160 -12.2 0.862 17.35 

120 

CSi 

-13.7 0.787 15.95 

130 -13.3 0.802 16.06 

140 -12.8 0.828 16.55 

150 -12.6 0.840 17.42 

160 -12.1 0.864 17.38 

 

 As previously mentioned, WG and RR (as an indication of FSE) of 

vulcanizates are closely related to the tan value at 0°C and 60°C, respectively. In 

many cases, the higher tan value at 0°C at 0.1% strain is referred to the better WG 

[44, 50]. Also, the lower tan value at 60°C at high strain, e.g., 5% [46] and 6% [47], 

is correlated to the lower RR and, thus, the higher FSE. It must be noted that, in this 

work, the tan value at 0°C at 0.1% strain and the tan value at 60°C at 5% strain are 

used as indication of WG and FSE, respectively. 

 Figure 5.11 depicts the tan of vulcanizates as a function of dynamic strain 

from 0.03-10% at 0°C. Results show that the tan value tends to increase with 

increasing dynamic strain up to 3% strain. Further increase in dynamic strain leads to 

the rapidly decreases of tan. The increased level of transient filler network 

destruction could be the reasonable explanation for the initial increase of tan whereas 

the disappearance of transient filler network is applied for the explanation of the 

decreased tan at high strains. At 0.1% strain, the tan value at 0°C is found to 

increase with increasing silanization temperatures implying the improved WG. This is 
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due to the shift of Tg towards higher temperature mainly as a result of the enhancement 

in rubber-filler interaction when the silanization temperature is increased. It is 

expected that, in tire technology, rubbers having higher Tg are prone to offer superior 

WG, explained from the fact that WG is directly related to the amount of energy 

dissipation which is high at transition zone [130]. Surprisingly, silica type imparts no 

profound effect on WG of the vulcanizates. Again, the comparable Tg of HDSi- and 

CSi-filled vulcanizates is applied to explain the results.  
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Figure 5.11 Loss factor (tan) at 0°C as a function of dynamic strain of the 

vulcanizates 

 

 Tan of the vulcanizates as a function of dynamic strain at 60°C is 

displayed in Figure 5.12. Results show that the tan value is not significantly changed 

up to approximately 0.2% strain and, then increases afterwards. Explanation for the 

increased tan value is given by the combined effects of the destruction of transient 

filler network and the increase in molecular slippage on filler surfaces with increasing 

dynamic strain. At 5% strain, RR of the vulcanizates as indicated from tan at 60°C 

decreases continuously with increasing silanization temperature, suggesting the 

improved FSE. This is evident from the reduced magnitude of transient filler network 

together with the improved level of rubber-filler interaction. The former leads to the 

reduced destruction of transient filler network while the latter causes the decreased 

slippage of rubber molecules on filler surface under being strained, and, thus, the 
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lowered energy dissipation is resulted. Similar to WG, the tan values at 60°C at 5% 

strain of the vulcanizates filled with HDSi and CSi are comparable. Results imply that 

the FSE is little affected by the silica type. In other words, the insignificant difference 

in degree of filler dispersion found in systems filled with HDSi and CSi might play 

dominant role on FSE in this work. 
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Figure 5.12 Loss factor (tan) at 60°C as a function of dynamic strain of the 

vulcanizates 

 

 Figure 5.13 discloses normalized graphs of processability (evaluated from 

Mooney viscosity) and tire performance at various silanization temperatures (reference 

line (100%): HDSi-filled system prepared at silanization temperature of 140°C). 

Although the silanization temperature of 160°C leads to the best tire performance, i.e., 

WG (indicated by tanδ at 0°C), FSE (indicated by tanδ at 60°C) and abrasion 

resistance, the worst processability caused by the scorch problem is found. It could be 

therefore summarized that the silanization temperature of 140°C seems to offer the 

best balanced tire performance and processability. Consequently, this silanization 

temperature is selected for the experiment in the subsequent sections.   
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Figure 5.13 Influence of silanization temperature on processability and tire 

performance represented in terms of the normalized graph: (a) HDSi 

and (b) CSi  

* at dynamic strain of 5.0% 

** at dynamic strain of 0.1% 

* at dynamic strain of 5.0% 

** at dynamic strain of 0.1% 

(a) 

(b) 
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5.2 Effects of TESPT content and silica type on properties of silica-

filled SSBR compounds and vulcanizates 

 In this study, various properties, i.e., processability, viscoelastic, 

mechanical, and dynamic mechanical properties, of the HDSi- and CSi-filled 

compounds and vulcanizates treated (6, 8, 10 and 12 wt% of silica) and untreated by 

TESPT were compared. The proper silanization temperature (140°C) obtained from 

the previous part was employed in this part of study.  

 

 5.2.1 Mixing energy and Mooney viscosity of the compounds 

 Table 5.6 illustrates the total mixing energy and Mooney viscosity of the 

compounds. Without TESPT, the compound demonstrates the highest mixing energy 

as expected. With the presence of TESPT, however, mixing energy is found to 

decrease with increasing TESPT content, possibly due to the reduced compound 

viscosity during the mixing process. In general, the silanization reaction between 

ethoxy groups of TESPT and silanol groups on silica surface could occur at 

sufficiently high temperature (≥130°C) [126, 131], leading to the improved degree of 

filler dispersion, resulting in the decreased effective filler volume fraction and, thus, 

the reduced compound viscosity. Moreover, at high TESPT contents, the plasticization 

effect as a result of excessive TESPT could be another reasonable explanation for the 

reduced compound viscosity [132]. At any given TESPT content, HDSi gives slightly 

greater mixing energy and Mooney viscosity than CSi. The superior magnitude of 

rubber-filler interaction indicated by BRC (see Figure 5.14) and the higher structure 

level of HDSi could be used to explain the results. 
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�Table 5.6 Total mixing energy and Mooney viscosity of the compounds 

TESPT  

content  

(wt% of silica) 

Silica  

type 

Total  

mixing energy 

(kN.m) 

Mooney  

viscosity 

(MU) 

0 

HDSi 

755.0 139.4±2.0 

6 622.9 71.8±0.6 

8 591.3 68.9±0.3 

10 573.8 66.7±0.1 

12 560.7 63.9±0.7 

0 

CSi 

737.1 135.9±1.3 

6 611.6 69.9±0.8 

8 580.7 66.1±0.8 

10 566.8 63.2±0.3 

12 544.1 60.4±0.8 

 

 5.2.2 Bound rubber content (BRC) of the compounds 

 BRC of the compounds as a function of TESPT content is illustrated in 

Figure 5.14. Results show that TESPT content has little effect on physical BRC but 

plays an importance role in chemical BRC. Obviously, the addition of 6 wt% of 

TESPT leads to the significant increase in total BRC and chemical BRC. In other 

words, TESPT can promote the interaction between SSBR and silica. Surprisingly, the 

total BRC and chemical BRC are found to decrease with increasing TESPT content 

from 6 to 12 wt%, revealing the decline of rubber-filler interaction when an excess of 

TESPT content is used. Similar observation has also previously been reported by Qu, 

et al. [119]. It was proposed that, at high TESPT contents, TESPT could form 

chemical bonds with rubber during the mixing process. Hence, a diffusion of TESPT 

intentionally to react with the silanol groups on silica surface was restricted causing 

the decrease in BRC. Another explanation is given by Pickering, et al. [133], they 

found that the reaction between TESPT and -OH groups on iron sand particles 

decreased as TESPT content was beyond the optimum level (i.e., 6 wt% of the iron 

sand particles). It was explained that, at high TESPT contents, the polymeric siloxane 
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formed via the self-condensation of hydrolyzed TESPT led to the restriction of 

coupling reaction between TESPT and -OH groups on iron sand surfaces. In the 

present work, it is also found that the compound filled with HDSi possesses higher 

total BRC and chemical BRC than the compound filled with CSi, suggesting the 

stronger rubber-filler interaction of the HDSi-filled compound. 
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Figure 5.14 BRC results of the compounds 

 

 5.2.3 Cure characteristics of the compounds 

 Figure 5.15 represents cure curves of the compounds at various TESPT 

contents. Values of CRI analyzed from Figure 5.15 are shown in Figure 5.16.�Clearly, 

the measured torque of the compounds is found to shift downward with the TESPT 

treatment. Possible explanation is mainly given by the increased amount of mobilized 

rubber caused by the improved degree of filler dispersion after the TESPT treatment 

(see Figure 5.18), leading to the decreased effective filler volume fraction and, hence, 

the torque of cure curves. 

 It is also found that, compared with the untreated system, the TESPT-

treated system shows lower magnitude of marching, attributed probably to the 

decreased degree of filler flocculation by TESPT treatment. It is widely known that 

viscosity of the rubber compound filled with silica generally increases with storage 

time. This phenomenon is resulted from the reformation of transient filler network 
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facilitated by low rubber viscosity and high temperature [134]. TESPT treatment can 

lead to the reduction in hydrophilicity of silica surface, giving the decreased level of 

filler flocculation and, hence, the marching phenomenon. 

 Results also show that the CRI of the compounds is improved by TESPT 

treatment. Moreover, the CRI tends to increase with increasing TESPT content from 6 

wt% to 12 wt%. The enhanced cure efficiency resulted from the decreased level of 

accelerator adsorption by silanol groups after the TESPT treatment could be applied 

for explaining this result. It is well known that the hydrophilicity of silanol groups can 

interact with the basic accelerators, causing the reduced cure efficiency in sulfur 

vulcanization system [135]. Since the TESPT possesses 4 sulfur atoms in its molecule 

which could be cleaved and participated in sulfur vulcanization at sufficiently high 

temperature, the increased sulfur atoms in the bulk brought about by the increased 

TESPT content could be another reasonable explanation for this finding. Results also 

show that silica type plays a little role in cure characteristics of the compounds.  
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Figure 5.15 Cure curves of the compounds: (a) HDSi and (b) CSi 
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Figure 5.16 Cure rate index (CRI) of the compounds 
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 5.2.4 Payne effect of the compounds 

 Figure 5.17 depicts Payne effect of the compounds at various TESPT 

contents. Obviously, the magnitude of Payne effect (ΔG’) is significantly reduced 

when 6 wt% of TESPT is added. Results suggest that the addition of TESPT can 

significantly reduce the magnitude of transient filler network. This is explained by the 

reduced hydrophilicity of silica surface after silanization reaction which is induced by 

TESPT. Additionally, the increase of TESPT content beyond 6 wt% gives no profound 

effect on magnitude of Payne effect, implying the comparable magnitude of transient 

filler network. At any given TESPT content, Payne effect magnitude of HDSi and 

CSi-filled vulcanizates is found to be comparable, particularly in the presence of 

TESPT. Results suggest that silica type plays little role on magnitude of transient filler 

network.    
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Figure 5.17 Payne effect results of the compounds 

 

 5.2.5 Degree of filler dispersion of the vulcanizates 

 TEM micrographs of the vulcanizates at magnification of 20,000x are 

represented in Figure 5.18. As expected, TESPT treatment gives a significant 

improvement in degree of filler dispersion, simply explained by the reduced 

hydrophilicity of silica surface together with the enhanced magnitude of rubber-filler 

interaction as evidenced from BRC results. It is also observed that the variation of 

TESPT content from 8 wt% to 12 wt% does not affect the degree of filler dispersion. 

Similar to the previous part, the degree of filler dispersion is independent of silica 

type. The same explanation could be applied. 
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Figure 5.18 TEM micrographs (x20,000) of the silica-filled vulcanizates as a function 

of TESPT contents: (a) HDSi_without TESPT; (b) HDSi_8 wt%; 

 (c) HDSi_12 wt%; (d) CSi_without TESPT; (e) CSi_8 wt%; 

 (f) CSi_12 wt% 
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 5.2.6 Crosslink density of the vulcanizates 

 Figure 5.19 exhibits the influence of TESPT content on crosslink density 

of the vulcanizates as measured from the swelling test. Apparently, the lowest 

crosslink density is found in the vulcanizates without TESPT treatment. This is 

because of the adsorption of basic accelerators by silanol groups densely covered on 

silica surface, leading to the negative effect on cure efficiency. Obviously, crosslink 

density increases with increasing TESPT content, possibly caused by the combined 

effects of: (i) the reduction in curative adsorption and (ii) the increase in sulfur atoms 

in the bulk. As mentioned earlier, TESPT possesses 4 sulfur atoms in its molecule 

which could be cleaved and participated in sulfur vulcanization at sufficiently high 

temperature. This explains why the enhanced crosslink density is observed when the 

TESPT content is increased. As previously mentioned, the magnitude of crosslink 

density as measured by swelling test can be enhanced when the tightly bound rubber 

behaving as crosslink points are increased. Referring to BRC results, HDSi imparts 

stronger rubber-filler interaction as compared to CSi. This could be the reason why the 

greater magnitude of crosslink density is found in the vulcanizates filled with HDSi. 
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Figure 5.19 Crosslink density of the vulcanizates as measured from the swelling test 
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 5.2.7 Mechanical properties of the vulcanizates 

 Generally, strain could affect the modulus of vulcanizates, especially in the 

materials having relatively high transient filler network such as silica-filled rubber. 

Modulus of the vulcanizates at various % strains as a function of TESPT content is 

disclosed in Figure 5.20. It is widely known that modulus at relatively low strain is 

mainly governed by the magnitude of transient filler network. As the vulcanizates 

without TESPT treatment possess the greatest magnitude of transient filler network, as 

compared with the TESPT-treated vulcanizates, the highest modulus at low strain 

(M10) is observed in the vulcanizates without TESPT treatment. It could be found that 

M10 tends to increase gradually with increasing TESPT content. This might be 

attributed to the increase of crosslink density with increasing TESPT content [119].     

At high strains, i.e., 100% and 300% where the transient filler network is fully 

destroyed, modulus of the vulcanizates depend mainly on hydrodynamic effect, 

crosslink density and rubber-filler interaction. In this work, filler loading is kept 

constant at 80 phr and, thus, hydrodynamic effect is comparable for all vulcanizates. 

Consequently, modulus at high strain of the vulcanizates will mainly be controlled by 

crosslink density and rubber-filler interaction. Without TESPT treatment, the 

vulcanizate possesses the lowest crosslink density (see Figure 5.19) and rubber-filler 

interaction (see Figure 5.14). Both M100 and M300 of this vulcanizates are therefore 

the lowest. With increasing TESPT content from 6 wt% to 12 wt%, although rubber-

filler interaction tends to gradually decrease as evidenced from the BRC results, both 

M100 and M300 appear to increase continuously which is in good accordance with the 

results of crosslink density. The results imply that modulus at high strain of the 

vulcanizates is mainly governed by crosslink density. Evidently, the superior modulus 

is found in the HDSi-filled vulcanizates, especially in the presence of TESPT. The 

higher crosslink density and the greater rubber-filler interaction as compared to the 

CSi-filled vulcanizates are used to explain the results. 
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Figure 5.20 Modulus of the vulcanizates at 10% strain, 100% strain and 300% strain 

  

 Hardness of the vulcanizates is tabulated in Table 5.7. Apparently, the 

alteration in hardness with TESPT content follows the same trend as the change in 

M10, i.e., the hardness of vulcanizates decrease when 6 wt% of TESPT is added and 

then tends to increase gradually with increasing TESPT content. The results imply that 

hardness of the vulcanizates is closely related to the modulus at relatively low strain 

where transient filler network is still of great importance. Also, HDSi demonstrates the 

greater hardness than CSi. Similar explanation could be applied. 

 Results in Table 5.7 show that TS of the vulcanizates increases slightly in 

the presence of 6 wt% of TESPT, which could be explained by the combination of 

enhanced rubber-filler interaction, degree of filler dispersion and crosslink density. 

However, the increase in TESPT content from 6 to 12 wt% gives no profound effect 

on TS. Although crosslink density of the vulcanizates is enhanced with increasing 

TESPT content from 6 wt% to 12 wt%, this effect on TS could be cancelled out by the 

decreased rubber-filler interaction, causing no considerable change in TS. In addition, 

the insignificant change in degree of filler dispersion could be another reasonable 

explanation for this finding. Results also reveal that silica type does not significantly 

affect TS. The comparable degree of filler dispersion in both HDSi- and CSi-filled 

vulcanizates could be the possible explanation.  

 As expected, TESPT treatment leads to the decrease in abrasion volume 

loss of the vulcanizates (see also Table 5.7), meaning the improvement in abrasion 

resistance. The explanation is given by the enhancement in degree of filler dispersion, 
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rubber-filler interaction including crosslink density. It is also found that the abrasion 

resistance is improved with increasing TESPT content up to 8 wt%. Higher dosage of 

TESPT has little effect on the abrasion resistance, attributed to the counter-balancing 

effect of the increased crosslink density and the reduced rubber-filler interaction. 

Surprisingly, HDSi gives lower abrasion resistance, compared to CSi. The lower 

specific surface area of HDSi could probably be responsible for this finding. 

 

Table 5.7 Mechanical properties of the vulcanizates 

TESPT content  

(wt% of silica) 

Silica type Hardness 

(Shore A) 

TS 

(MPa) 

Volume loss 

(mm3) 

0 

HDSi 

72.8±0.4 18.1±0.7 72.9±1.7 

6 64.1±0.5 19.7±1.5 32.2±2.2 

8 65.9±0.4 19.4±0.7 28.5±1.3 

10 66.9±0.5 20.1±0.4 28.6±1.1 

12 67.9±0.7 19.3±0.5 27.6±1.3 

0 

CSi 

72.9±0.7 17.7±0.2 66.8±1.3 

6 63.4±1.0 19.4±0.7 26.2±0.8 

8 65.0±0.5 18.9±1.0 24.3±0.5 

10 66.0±0.5 19.6±1.2 24.8±0.5 

12 66.4±0.2 18.5±1.1 25.1±1.0 

 

 5.2.8 HBU and dynamic set of the vulcanizates  

 Table 5.8 represents HBU and dynamic set of the vulcanizates. Clearly, the 

vulcanizates without TESPT treatment obviously shows high HBU. The addition of 

TESPT brings about the reduction in HBU, attributed to the improvement in 

magnitude of rubber-filler interaction, crosslink density and filler dispersion. It is also 

observed that the HBU decreases slightly with increasing TESPT content up to 10 

wt% and then tends to level off, suggesting that 10 wt% of TESPT is sufficient for a 

purpose of HBU reduction in this experiment. It can also be found that the CSi 

demonstrates slightly lower HBU than HDSi. This could be explained by the dominant 

effect of the lower transient filler network of CSi.  
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 Similar to the HBU, dynamic set of the vulcanizates is decreased 

noticeably by surface treatment of silica with TESPT, revealing the considerable 

improvement in elastic response under dynamic deformation. Similar explanation 

could be applied. It is also observed that the elastic response is gradually improved 

with increasing TESPT content from 6 to 12 wt%, possibly due to the dominant effect 

of the increased crosslink density. At any given TESPT content, dynamic set of the 

vulcanizates filled with HDSi and CSi is comparable. The dominant effect of the 

insignificant difference in magnitude of transient filler network could be applied for 

explaining the results. 

 

 Table 5.8 HBU and dynamic set of the vulcanizates 

TESPT content  

(wt% of silica) 

Silica  

type 

HBU 

(°C) 

Dynamic set  

(%) 

0 

HDSi 

25.8±0.3 16.85±0.68 

6 14.0±0.0 3.99±0.50 

8 14.0±0.0 4.02±0.03 

10 13.0±0.0 3.78±0.08 

12 13.0±0.0 3.63±0.13 

0 

CSi 

25.3±0.6 17.29±0.14 

6 13.0±0.0 4.42±0.14 

8 13.0±0.0 4.06±0.14 

10 12.0±0.0 3.72±0.17 

12 12.0±0.0 3.68±0.23 
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 5.2.9 Dynamic mechanical properties of the vulcanizates 

 Loss factor (tan) as a function of test temperature of vulcanizates at 

various TESPT contents is illustrated in Figure 5.21. Values of Tg, tanmax and tan 

area analyzed from Figure 5.21 are summarized in Table 5.9. Regardless of the silica 

type, TESPT treatment reveals significant increase in Tg of the vulcanizates, arising 

from the improved rubber-filler interaction and crosslink density and thus the 

enhanced restriction of molecular motion of rubber molecules. Results also show that 

the increase of TESPT content from 6 to 12 wt% has little effect on Tg, attributed 

mainly to the counter-balancing effect of the reduced rubber-filler interaction and the 

increased crosslink density. Also, the vulcanizates treated by TESPT demonstrate 

obviously greater tanmax values and tan area than the vulcanizates without TESPT 

treatment. An explanation is given by the notable improvement in degree of filler 

dispersion after TESPT treatment, leading to the greater amount of rubber chains 

participating in the glass transition (or the reduced portion of immobilized rubber). It 

is also observed that the tanmax and tan area values are not significantly changed 

with increasing TESPT content from 6 to 10 wt%, possibly due to the same degree of 

filler dispersion. However, further increase in TESPT content from 10 to 12 wt% leads 

to the slight decrease in both tanmax and tan area values, suggesting the reduced 

number of rubber chains participating in the glass transition. Results also show that 

silica type has little effects on Tg, tanmax, and tan area of the vulcanizates. 
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Figure 5.21 Effect of TESPT content on loss factor () as a function of test 

temperature of the vulcanizates: (a) HDSi and (b) CSi 
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Table 5.9 Tg, tanmax and tan area of the vulcanizates 

TESPT content  

(wt% of silica) 

Silica type Tg  

(°C) 

tanmax tan area  

(°C) 

0 

HDSi 

-15.8 0.737 12.89 

6 -13.3 0.874 16.36 

8 -13.3 0.876 16.36 

10 -13.2 0.862 16.47 

12 -13.0 0.840 15.75 

0 

CSi 

-16.1 0.757 13.58 

6 -13.4 0.871 16.41 

8 -13.1 0.861 16.47 

10 -13.1 0.874 16.58 

12 -12.9 0.850 15.83 

 

 Dependence of tanat 0°C on dynamic strain range of 0.03-10% of the 

vulcanizates is illustrated in Figure 5.22. Since the tanat 0°C at 0.1% strain of the 

vulcanizates treated by TESPT is noticeably higher than that of the vulcanizates 

without TESPT treatment, it could be said that TESPT treatment leads to the 

significant improvement in WG. This is attributed to the higher Tg of the vulcanizates 

treated by TESPT. Results also show that WG of the vulcanizates is little influenced 

by the TESPT content ranging from 6 to 12 wt%. However, a thorough look at the 

results reveal that the best WG is obtained when approximately 8 to 10 wt% of TESPT 

content is used. Unexpectedly, silica type provides little effect on WG of the 

vulcanizates. The insignificant difference in Tg could be used to explain this result. 
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Figure 5.22 Loss factor (tan) at 0°C as a function of dynamic strain of the 

vulcanizates 

 

 Figure 5.23 represents the tan of vulcanizates as a function of dynamic 

strain from 0.03-10% at 60°C. Results show that the vulcanizates without TESPT 

treatment impart the lowest tanvalue at low strains (<2%), which could be explained 

by the effect of a strong transient filler network which still exists at low strain giving 

rise to the high elastic response. At higher applied strain (≥2%) where the disruption 

of transient filler network begins, however, the tanvalues of the vulcanizates without 

TESPT treatment sharply rise due to their strong magnitude of transient filler network 

and become higher than those of the vulcanizates treated by TESPT. Results reveal 

that the applied test strain plays an important role in the prediction of FSE (via 

tanvalue at 60°C), especially in the system containing relatively high transient filler 

network such as SSBR/silica nanocomposites without SCAs treatment. At 5% strain, 

TESPT treatment expectedly leads to the significantly reduced tanvalue at 60°C, 

indicating the decreased RR and, thus, the improved FSE. Results also show that the 

FSE tends to improve with increasing TESPT content from 6 to 10 wt%, possibly due 

to the dominant effect of the enhanced crosslink density. However, further increase of 

TESPT content beyond 10 wt% results in the negative effect on the FSE which could 

be owing to the more pronounced effect of reduced rubber-filler interaction. Results 

also suggest that the best FSE is achieved at 10 wt% of TESPT content for both HDSi-

filled and CSi-filled systems. 
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Figure 5.23 Loss factor (tan) at 60°C as a function of dynamic strain of the 

vulcanizates 

 

 The “magic triangle” of tire performance, including WG (indicated by tanδ 

at 0°C), FSE (indicated by tanδ at 60°C), and abrasion resistance, in terms of the 

normalized graph is depicted in Figure 5.24 (reference line (100%): HDSi-filled 

system treated with 8 wt% of TESPT). Obviously, the tire performance of the 

vulcanizates without TESPT treatment is not satisfactory. However, the significant 

improvement in tire performance can be achieved by TESPT treatment. As the best 

balance of tire performance is found in the vulcanizates treated with 10 wt% of 

TESPT, this TESPT content will be employed in the subsequent sections. 
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Figure 5.24 Effect of TESPT content on tire performance represented in terms of the 

normalized graph: (a) HDSi and (b) CSi 
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  ** at dynamic strain of 0.1% 

  * at dynamic strain of 5.0% 
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  ** at dynamic strain of 0.1% 
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5.3 Effects of silica/CB hybrid filler and SBR type on properties of 

SBR compounds and vulcanizates 

 According to the results gained from the previous parts, the silanization 

temperature of 140°C and TESPT content of 10 wt% of silica were selected in this 

study. Properties of SBR (SSBR6450SL, SSBR3626, and ESBR1723) filled with 

silica (HDSi or CSi)/CB hybrid filler at various ratios (100/0, 80/20, 60/40, 40/60, 

20/80 and 0/100) are investigated.  

 

 5.3.1 Mooney viscosity of the compounds 

 Mooney viscosity of the compounds is represented in Figure 5.25. Results 

show that Mooney viscosity is found to increase with increasing CB ratio. This is 

possibly due to the increase in effective filler volume fraction which arises from the 

decreased portion of mobilized rubber caused by the increased amount of rubber 

trapped in CB aggregates. It is widely known that the CB agglomerates are generally 

in an acini form (grape-like structure) [136] whereas silica clusters are typically in a 

string of pearl [62]. When filler is well dispersed in rubber matrix, the grape-like 

structure of CB could consume greater amount of rubber than silica leading to the 

greater effective filler volume fraction. The explanation is supported by the significant 

reduction of tan area with increasing CB ratio (to be subsequently discussed in details 

in section 5.3.9). It is widely known that tan area depends mainly on 2 main factors, 

i.e., the amount of mobilized rubber that can participate in transition and crosslink 

density. With increasing CB ratio, crosslink density of the rubber tends to decrease 

(see also the results in section 5.3.6) which shall in theory lead to the increased tan 

area. However, in practice, the tan area is found to decrease noticeably with 

increasing CB ratio. Such decrease is a solid evidence of the reduction of the 

mobilized rubber content and, thus, the increased effective filler volume fraction. At a 

given filler ratio, it is also observed that SSBR3626 imparts higher Mooney viscosity 

than SSBR6450SL. Possible explanation is given by the slightly better dispersion of 

filler in SSBR6450SL leading to the greater portion of mobilized rubber and, thus, 

lower effective filler volume fraction. Apparently, the greater Mooney viscosity is 

observed in SSBR compounds as compared to ESBR compounds, attributed mainly to 
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the combination of the higher native Mooney viscosity of raw rubber and the stronger 

rubber-filler interaction of SSBR. Results also show that Mooney viscosity of the 

compound filled with HDSi is higher than that of the compound filled with CSi, 

especially in SSBR compounds. The stronger rubber-filler interaction together with 

the higher structure of HDSi is applied for explaining the results.  

 

45

55

65

75

85

0 20 40 60 80 100
CB ratio (wt%)

M
L

(1
+

4)
@

10
0O

C

HDSi_SSBR4650SL CSi_SSBR6450SL

HDSi_SSBR3626 CSi_SSBR3626

HDSi_ESBR1723 CSi_ESBR1723

 
Figure 5.25 Mooney viscosity of the compounds 

 

 5.3.2 Bound rubber content (BRC) of the compounds 

 Figure 5.26 exhibits the relationship between BRC and CB ratio in hybrid 

filler. Clearly, the SSBR compounds reinforced by silica possess greater total BRC 

and chemical BRC than those reinforced by CB. Moreover, both total BRC and 

chemical BRC tend to decrease continuously with increasing CB ratio, indicating that 

the increased CB portion leads to the negative effect on rubber-filler interaction. The 

greater specific surface area of silica together with the high coupling efficiency of 

TESPT could be the reasonable explanation for this finding. Conversely, total BRC 

and chemical BRC of the ESBR compounds increases consecutively with increasing 

CB ratio, meaning that the improved rubber-filler interaction is gained when CB ratio 

is increased. It could also be observed that BRC of silica-filled ESBR is very low, 

compared with that of silica-filled SSBR, implying that the coupling efficiency of 

TESPT in ESBR is relatively low as compared to SSBR. It can also be seen that, at 

any given CB ratio, SSBR6450SL gives higher total BRC and chemical BRC than 

SSBR3626 and SSBR provides greater total BRC and chemical BRC than ESBR, 
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particularly in the silica-filled compounds. Since SSBR6450SL possesses significantly 

higher vinyl content as compared to SSBR3626, the results imply that the vinyl 

content in SBR considerably affects the rubber-silica interaction, especially in the 

system containing TESPT, i.e., the higher the vinyl content in SBR, the greater the 

rubber-silica interaction. This might be due to the higher reactivity of vinyl 

configuration in butadiene unit, compared to other configurations [137]. It is also 

found that both total BRC and chemical BRC of the compound filled with HDSi are 

greater than those of the compound filled with CSi, particularly in ESBR. Results 

indicate that HDSi provides stronger rubber-filler interaction than CSi having similar 

specific surface area.  
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Figure 5.26 BRC of rubber compounds: (a) total BRC and (b) chemical BRC 
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  5.3.3 Payne effect of the compounds 

 Payne effect of the compounds is depicted in Figure 5.27. Obviously, the 

magnitude of Payne effect (ΔG’) is continuously increased with increasing CB ratio, 

implying the enhanced magnitude of transient filler network. This is because of the 

reduced portion of mobilized rubber as a result of the increased amount of rubber 

trapped in CB aggregates, leading to the increased probability of transient filler 

network formation. Since the magnitude of Payne effect of SSBR6450SL is not 

significantly different with that of SSBR3626 and the magnitude of Payne effect of 

SSBR is higher than that of ESBR, results suggest that both SSBR6450SL and 

SSBR3626 offer comparable magnitude of transient filler network while SSBR 

provides greater level of transient filler network than ESBR. Results also reveal that 

the magnitude of transient filler network of HDSi- and CSi- filled compounds is 

comparable.  
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Figure 5.27 Payne effect of the compounds 
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 5.3.4 Cure characteristics of the compounds 

 Figure 5.28 illustrates cure curves of the compounds. Cure characteristics, 

i.e., ts1 and tc90, analyzed from Figure 5.28 are represented in Figure 5.29. 

Apparently, both ts1 and tc90 of SSBR compounds are found to increase with 

increasing CB ratio up to approximately 60 wt% and then tends to decrease 

afterwards. Since the TESPT content is directly proportional to silica ratio, the 

increased CB ratio leads to the decreased TESPT content and, thus, the sulfur atoms 

released from the TESPT. As both ts1 and tc90 of the SBR vulcanizates are shorten 

when sulfur content is increased, this might the reason why the increased ts1 and tc90 

of SSBR compounds is observed when CB ratio is increased up to 60 wt%. When CB 

ratio is further increased, contrary trend is observed, i.e., both ts1 and tc90 tend to 

decrease with increasing CB ratio which might arise from the reduction of mobilized 

rubber leading to the increase in curative concentration in rubber matrix. Unlike 

SSBR, both ts1 and tc90 of ESBR compounds decrease continuously with increasing 

CB ratio, attributed mainly to the enhanced curative concentration caused by the 

decreased portion of mobilized rubber. Results also reveal that both ts1 and tc90 of 

SSBR compounds are shorter than those of ESBR compounds at high silica ratio    

(>60 wt% of silica), probably due to the stronger interaction between silica and SSBR 

(higher BRC) leading to the reduction of mobilized rubber and, thus, the increased 

curative concentration. However, as both ESBR and SSBR show comparable level of 

interaction with CB, the values of ts1 and tc90 of ESBR and SSBR compounds are 

insignificantly different when CB ratio is higher than 60 wt%. As the HDSi and CSi 

impart insignificant difference in cure curves and, hence, both ts1 and tc90, it could be 

stated that silica type plays little role in cure characteristics of the compounds. 
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Figure 5.28 Cure curves of the compounds having various CB ratios:  

                    (a) HDSi_SSBR6450SL (b) HDSi_SSBR3626 (c) HDSi_ESBR1723  

                    (d) CSi_SSBR6450SL (e) CSi_SSBR3626 and (f) CSi_ESBR1723 
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Figure 5.29 Values of ts1 and tc90 of the compounds as a function of CB ratio:  

                     (a) ts1 and (b) tc90   

 

 5.3.5 Degree of filler dispersion of the vulcanizates 

 It is well known that, in the case of rubber filled with hybrid filler, the 

properties of filled rubber strongly depend on both dispersion and distribution of each 

filler in the rubber matrix. In this study, the dispersion and the distribution of silica 

and/or CB in SBR matrix are primarily investigated by various types of microscopy 

techniques, i.e., TEM, AFM, and SEM-EDS. Since all above techniques cannot 

effectively distinguish the morphologies of silica and CB in rubber matrix (see 

Appendix A), only the overall degree of filler dispersion as investigated by SEM will 

be represented and discussed in this section.   
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 Figure 5.30-5.32 displays SEM micrographs of the vulcanizates. 

Evidently, a high level of filler dispersion is observed in all vulcanizates, implying that 

the factors studied in this experiment, i.e., silica/CB ratio, SBR type, and silica type, 

play a minor role in degree of filler dispersion. Perhaps, the relatively long mixing 

time used in this experiment may override the effect of hybrid filler ratio including 

SBR and silica types. However, a thorough look at the results reveals that 

SSBR6450SL gives slightly better filler dispersion than SSBR3626 and ESBR1723 

which is attributed to its highest initial Mooney viscosity providing the greatest shear 

field during the mixing process. 

   

 5.3.6 Crosslink density of the vulcanizates 

 Crosslink density of the vulcanizates, measured from the swelling 

technique, as a function of CB ratio in the hybrid filler is illustrated in Figure 5.33. 

Obviously, the crosslink density decreases consecutively with increasing CB ratio, 

possibly due to the reduced level of rubber-filler interaction [128] and/or the decreased 

number of sulfur atom released from TESPT. At any given CB ratio, SSBR6450SL 

gives higher crosslink density than SSBR3626 and ESBR1723, respectively. This is 

particularly pronounced in the vulcanizate filled with silica. The combined effects of 

the greater rubber-filler interaction and the higher reactivity towards chemical reaction 

of the vinyl configuration could be used to explain the result. Compared to the CSi-

filled SSBR vulcanizates, the HDSi-filled SSBR vulcanizates possess higher crosslink 

density which could possibly owing to the greater rubber-filler interaction as 

previously mentioned. Surprisingly, silica type gives no profound effect on crosslink 

density of the ESBR vulcanizates. 
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Figure 5.30 SEM micrographs (x10,000) of the filled SSBR6450SL vulcanizates at 

various CB ratios: (a) HDSi_CB 0 wt% (b) HDSi_CB 20 wt%                        

(c) HDSi_CB 40 wt% (d) HDSi_CB 60 wt% (e) HDSi_CB 80 wt%                   

(f) CSi_CB 0 wt% (g) CSi_CB 20 wt% (h) CSi_CB 40 wt%                        

(i) CSi_CB 60 wt% (j) CSi_CB 80 wt% and (k) CB 100 wt% 
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Figure 5.31 SEM micrographs (x10,000) of the filled SSBR3626 vulcanizates at 

various CB ratios: (a) HDSi_CB 0 wt% (b) HDSi_CB 20 wt%                        

(c) HDSi_CB 40 wt% (d) HDSi_CB 60 wt% (e) HDSi_CB 80 wt%                   

(f) CSi_CB 0 wt% (g) CSi_CB 20 wt% (h) CSi_CB 40 wt%                       

(i) CSi_CB 60 wt% (j) CSi_CB 80 wt% and (k) CB 100 wt% 
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Figure 5.32 SEM micrographs (x10,000) of the filled ESBR1723 vulcanizates at 

various CB ratios: (a) HDSi_CB 0 wt% (b) HDSi_CB 20 wt%                        

(c) HDSi_CB 40 wt% (d) HDSi_CB 60 wt% (e) HDSi_CB 80 wt%                   

(f) CSi_CB 0 wt% (g) CSi_CB 20 wt% (h) CSi_CB 40 wt%                        

(i) CSi_CB 60 wt% (j) CSi_CB 80 wt% and (k) CB 100 wt% 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

(j) 

(k) 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Puchong Thaptong  Results and Discussion / 110 

7.0E-05

9.0E-05

1.1E-04

1.3E-04

1.5E-04

0 20 40 60 80 100
CB ratio (wt%)

C
ro

ss
lin

k 
de

ns
ity

 (
m

ol
/c

m
3 )_

_

HDSi_SSBR6450SL CSi_SSBR6450SL

HDSi_SSBR3626 CSi_SSBR3626

HDSi_ESBR1723 CSi_ESBR1723

 
Figure 5.33 Crosslink density of the vulcanizates as measured from the swelling 

technique 

 

 5.3.7 Mechanical properties of the vulcanizates 

 Figure 5.34 represents hardness of the vulcanizates as a function of CB 

ratio in hybrid filler. For SSBR, the hardness of the vulcanizates decreases 

continuously with increasing CB ratio up to 60 wt%, attributed probably to the 

combination of: (i) the reduced crosslink density; (ii) the decreased level of rubber-

filler interaction and (iii) the lower specific surface area of CB as compared to that of 

silica. At higher CB ratios, however, the increased CB ratio gives no considerable 

change in hardness of the vulcanizates which could be explained by the counter-

balance between the decreased level of rubber-filler interaction together with crosslink 

density and the reduced portion of mobilized rubber. However, for ESBR, hardness of 

the vulcanizates is little influenced by the increase of CB ratio up to 60 wt%, possibly 

due to the counter-balance between the enhanced level of rubber-filler interaction and 

the decreased crosslink density. However, the hardness of ESBR vulcanizates tends to 

increase with increasing CB ratio beyond 60 wt%, due mainly to the combined effects 

of the increased rubber-filler interaction and the reduced portion of mobilized rubber. 

Surprisingly, regardless of the CB ratio and silica type, SSBR3626 provides slightly 

greater hardness than SSBR6450SL despite its lower level of rubber-filler interaction 

and crosslink density.�The slightly poorer filler dispersion could be used to explain the 

results. As compared to SSBR, ESBR shows lower hardness because of its lower 

magnitude of rubber-filler interaction and crosslink density. As HDSi provides greater 
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crosslink density and level of rubber-filler interaction than CSi, the hardness of HDSi-

filled SSBR vulcanizate is significantly higher than that of CSi-filled SSBR 

vulcanizate. However, due to the comparable crosslink density and degree of filler 

dispersion, silica type demonstrates little effect on hardness of the ESBR vulcanizates. 
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Figure 5.34 Hardness of the vulcanizates 

 

 Abrasion resistance represented in terms of volume loss of the vulcanizates 

is exhibited in Figure 5.35. For SSBR vulcanizates, volume loss is decreased with 

increasing CB ratio up to 80 wt%. The improvement in abrasion resistance is possibly 

because of the reduced mobilized rubber and the decreased friction coefficient of the 

vulcanizates when CB ratio is increased. It has been reported that the friction 

coefficient of the SSBR/BR filled with CB is lower than that of the SSBR/BR filled 

with CSi in the presence of TESPT [138]. In addition, the reduced sharpness of the 

abrasive wheel during the test might be another reasonable explanation for this 

finding. It is observed that the abraded debris becomes softer and stickier with 

increasing CB ratio, leading to the increased amount of abraded debris adhered on 

abrasive wheel and, thus, the reduced power of abrasion. The proposed statement is 

supported by Mokhtari, et al. [138]. They observed that the abraded debris of CB-

filled SSBR/BR was sticky and prone to attach to the granite ball whereas the abraded 

debris of CSi-filled SSBR/BR is a dusty-like form. However, the volume loss 

increases again when CB is solely added, which could be explained by the dominant 

effects of the reduced crosslink density and the decreased level of rubber-filler 
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interaction. Similar to the case of SSBR, abrasion resistance of ESBR vulcanizates 

improves noticeably with increasing CB ratio up to 60 wt%. The same explanation is 

applied. Further increase in CB ratio, however, results in no considerable change in 

abrasion resistance. The counter-balance between the reduced crosslink density and 

the increased level of rubber-filler interaction could be used to explain this 

observation. Result also reveals that, compared to SSBR3626, SSBR6450SL gives 

higher abrasion resistance, possibly owing to the greater magnitude of rubber-filler 

interaction, better filler dispersion and higher crosslink density. Clearly, the abrasion 

resistance of the SSBR vulcanizates is superior to that of ESBR vulcanizates, 

particularly at low CB ratio. Again, the higher rubber-filler interaction and crosslink 

density of SSBR is applied for explaining the results. Moreover, the greater hardness 

of SSBR could also be taken into consideration, especially at high CB ratio, because it 

is well known that hard rubber usually offers greater abrasion resistance than soft 

rubber. In ESBR vulcanizates, the HDSi provides better abrasion resistance than the 

CSi, explained by the greater level of rubber-filler interaction. On the other hand, in 

SSBR vulcanizates, CSi gives superior abrasion resistance to HDSi, despite the fact 

that HDSi imparts greater magnitude of rubber-filler interaction, crosslink density and 

hardness as compared to CSi. The slightly higher specific surface area of CSi is 

believed to be responsible for this finding. In general, the filler possessing higher 

specific surface area usually provides better reinforcement including abrasion 

resistance due to its greater contact area with rubber [67].     
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Figure 5.35 Volume loss of the vulcanizates 
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 5.3.8 HBU and dynamic set of the vulcanizates  

 Figure 5.36 illustrates the relationships between CB ratio in hybrid filler 

and HBU and dynamic set of the vulcanizates. Regardless of SBR and silica type, both 

HBU and dynamic set tend to increase with increasing CB ratio. The results imply that 

the energy dissipation is enhanced whereas the elasticity of vulcanizates is impaired 

with increasing CB ratio. The negative effect on HBU and dynamic set could be 

attributed to the reduced level of rubber-filler interaction, the enhanced magnitude of 

transient filler network and/or the decreased crosslink density. It is also found that, in 

this experiment, silica type gives no profound effect on HBU and dynamic set. 

Compared to SSBR, ESBR demonstrates higher HBU and dynamic set because it 

possesses lower level of rubber-filler interaction and crosslink density.  
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Figure 5.36 HBU and dynamic set of the vulcanizates 
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 5.3.9 Dynamic mechanical properties of the vulcanizates 

 Figure 5.37 and 5.38 show the relationship between loss factor (tan) and 

test temperature of the vulcanizates having various CB ratios. Values of Tg, tanmax 

and tan area analyzed from Figure 5.37 and 5.38 are summarized in Table 5.10. 

Regardless of SBR and silica type, Tg of the vulcanizates is found to shift towards the 

left with increasing CB ratio. This is understandable because, in this work, the 

increased CB ratio leads to the reduced level of rubber-filler interaction and/or the 

decreased crosslink density, resulting in the reduced restriction of rubber molecular 

motion and, hence, Tg of the vulcanizates. It is also observed that values of tanmax and 

tan area decrease consecutively with increasing CB ratio, despite the reduced 

crosslink density, suggesting the reduced amount of rubber chains participating in the 

glass transition (or the reduced portion of mobilized rubber). This is explained by the 

increased amount of trapped (immobilized) rubber in CB aggregates resulted from its 

grape-like structure as previously discussed. At any given CB ratio, SSBR3626 

provides higher Tg than SSBR6450SL despite its lower magnitude of rubber-filler 

interaction and crosslink density. Moreover, according to the chemical structure, 

SSBR3626 having lower vinyl content than SSBR6450SL should in theory exhibit 

lower Tg. Explanation is not known at present because there is no availability of 

detailed information concerning the difference in molecular structure (degree of 

branching) of the 2 rubbers. However, the slightly higher bound styrene content of 

SSBR3626 might be one of the reasons for its higher Tg. Obviously, ESBR shows 

noticeably lower Tg than SSBR, attributed mainly to the significantly lower vinyl 

content and bound styrene content of ESBR. In addition, the lower level of rubber-

filler interaction and crosslink density, particularly at low CB ratio, might be another 

reasonable explanation. Although silica type has little effect on Tg of the vulcanizates, 

it demonstrates some influences on tanmax and tan area, i.e., CSi gives slightly 

higher tanmax and tan area as compared to HDSi, possibly due to its lower structure 

and, hence, trapped rubber. 
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Figure 5.37 Loss factor (tan) as a function of test temperature of the vulcanizates 

having various CB ratios: (a) HDSi_SSBR6450SL (b) HDSi_SSBR3626 

(c) HDSi_ESBR1723 (d) CSi_SSBR6450SL (e) CSi_SSBR3626 and            

(f) CSi_ESBR1723 
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Figure 5.38 Loss factor (tan) as a function of test temperature of the vulcanizates:      

(a) CB 0 wt% (b) CB 20 wt% (c) CB 40 wt% (d) CB 60 wt%  

                     (e) CB 80 wt% and (f) CB 100 wt% 
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      Table 5.10 Tg, tanmax and tan area of the vulcanizates 

SBR  

type 

CB ratio  

(wt%) 

Silica 

type 

Tg  

(°C) 

tanmax tan area  

(°C) 
S

S
B

R
64

50
S

L
 

0 

HDSi 

-12.8 0.808 15.59 
20 -13.2 0.819 15.41 
40 -13.5 0.806 15.16 
60 -13.9 0.792 14.31 
80 -14.3 0.774 13.86 
100 -14.9 0.735 12.78 
0 

CSi 

-12.8 0.845 16.18 
20 -13.1 0.834 16.06 
40 -13.8 0.824 15.41 
60 -13.8 0.814 15.08 
80 -14.5 0.786 14.07 
100 -14.9 0.735 12.78 

S
S

B
R

36
26

 

0 

HDSi 

-10.2 0.781 15.27 
20 -10.6 0.770 14.87 
40 -10.9 0.760 14.61 
60 -10.9 0.729 13.48 
80 -11.1 0.710 13.38 
100 -12.7 0.680 12.35 
0 

CSi 

-10.5 0.784 15.37 
20 -10.7 0.779 15.59 
40 -10.7 0.776 15.07 
60 -10.8 0.752 14.28 
80 -10.9 0.725 13.67 
100 -12.7 0.680 12.35 

E
S

B
R

17
23

 

0 

HDSi 

-30.6 0.835 15.48 
20 -30.8 0.812 14.98 
40 -30.7 0.794 14.56 
60 -31.5 0.773 14.32 
80 -32.2 0.710 12.71 
100 -32.8 0.661 11.57 
0 

CSi 

-29.9 0.845 16.14 
20 -30.7 0.820 15.47 
40 -30.8 0.783 14.68 
60 -31.0 0.762 13.67 
80 -31.9 0.718 12.85 
100 -32.8 0.661 11.57 
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 Tan at 0°C of the vulcanizates as a function of dynamic strain from 0.03 

to 10% is depicted in Figure 5.39 and 5.40. Regardless of SBR and silica type, at 

relatively low strains (<1% for SSBR and <0.3% for ESBR), the tan value at 0°C 

decreases continuously with increasing CB ratio whereas the opposite trend result is 

observed at high strains, i.e., the tan value at 0°C is found to increase with increasing 

CB proportion. At low strains where the transient filler network is not disrupted, the 

increase in CB ratio leads to the reduction of crosslink density and, thus, the shift of Tg 

towards lower temperature. Value of tan at 0°C (at the peak shoulder) therefore tends 

to decrease with increasing CB ratio. However, at relatively high strains where the 

destruction of transient filler network becomes more pronounced, value of tan  will 

be strongly dependent on the magnitude of transient filler network because it is widely 

known that the breaking and reforming of the transient filler network are the main 

source of energy dissipation during the dynamic deformation [139]. As evidenced 

from the Payne effect results shown in Figure 5.27, CB network is much stronger than 

silica network. This explains why the increase of CB ratio would result in the increase 

of tan value at 0°C (or the decrease of rubber elasticity). Alternatively, one could say 

that, at relatively high strains, the destruction of transient filler network shows a 

greater effect on tan at 0C than the Tg shift. Clearly, at 0.1% strain, the tan values at 

0°C tend to decrease with increasing CB ratio particularly in SSBR, indicating the 

decreased WG. The reduced Tg with increasing CB ratio could be applied for 

explaining this result. The results also show that SSBR3626 gives the highest tan 

value at 0°C at 0.1% strain, possibly due to its highest Tg, and followed by 

SSBR6450SL and ESBR1723, respectively. It could be therefore stated that 

SSBR3626 provides better WG than SSBR6450SL and ESBR17232. Again, WG of 

the vulcanizates is independent of silica type, attributed probably to the comparable Tg 

of HDSi- and CSi-filled vulcanizates.    
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Figure 5.39 Loss factor (tan) as a function of dynamic strain at 0°C of the 

vulcanizates having various CB ratios: (a) HDSi_SSBR6450SL                       

(b) HDSi_SSBR3626 (c) HDSi_ESBR1723 (d) CSi_SSBR6450SL                    

(e) CSi_SSBR3626 and (f) CSi_ESBR1723 
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Figure 5.40 Loss factor (tan) as a function of dynamic strain at 0°C of the 

vulcanizates: (a) CB 0 wt% (b) CB 20 wt% (c) CB 40 wt% (d) CB 60 

wt% (e) CB 80 wt% and (f) CB 100 wt% 

 

 

 

 

 

Silica100/CB0

0.0

0.3

0.6

0.9

1.2

0.01 0.1 1 10
Strain (%)

ta
n 


HDSi_SSBR6450SL CSi_SSBR6450SL

HDSi_SSBR3626 CSi_SSBR3626

HDSi_ESBR1723 CSi_ESBR1723

Silica80/CB20

0.0

0.3

0.6

0.9

1.2

0.01 0.1 1 10
Strain (%)

ta
n 


HDSi_SSBR6450SL CSi_SSBR6450SL

HDSi_SSBR3626 CSi_SSBR3626

HDSi_ESBR1723 CSi_ESBR1723

Silica60/CB40

0.0

0.3

0.6

0.9

1.2

0.01 0.1 1 10
Strain (%)

ta
n 


HDSi_SSBR6450SL CSi_SSBR6450SL

HDSi_SSBR3626 CSi_SSBR3626

HDSi_ESBR1723 CSi_ESBR1723

Silica40/CB60

0.0

0.3

0.6

0.9

1.2

0.01 0.1 1 10
Strain (%)

ta
n 


HDSi_SSBR6450SL CSi_SSBR6450SL

HDSi_SSBR3626 CSi_SSBR3626

HDSi_ESBR1723 CSi_ESBR1723

Silica20/CB80

0.0

0.3

0.6

0.9

1.2

0.01 0.1 1 10
Strain (%)

ta
n 


HDSi_SSBR6450SL CSi_SSBR6450SL

HDSi_SSBR3626 CSi_SSBR3626

HDSi_ESBR1723 CSi_ESBR1723

Silica0/CB100

0.0

0.3

0.6

0.9

1.2

0.01 0.1 1 10
Strain (%)

ta
n 


SSBR6450SL

SSBR3626

ESBR1723

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Polymer Science and Technology) / 121 

 Figure 5.41 and 5.42 represent the dependence of tan at 60°C on dynamic 

strain from 0.03 to 10% of the vulcanizates. Obviously, the tan value at 60°C tends to 

increase continuously with increasing CB ratio, probably due to the increased 

magnitude of transient filler network and the reduced crosslink density. At 5% strain, 

tan at 60°C tends to increase consecutively with increasing CB ratio, revealing the 

increased RR of the vulcanizates and, hence, the impaired FSE. Regardless of CB ratio 

and silica type, the tan values at 60°C at 5% strain of the SSBR6450SL are slightly 

lower than those of the SSBR3626, indicating the better FSE of SSBR6450SL. This is 

due to the combined consequences of: (i) the better filler dispersion; (ii) the greater 

level of rubber-filler interaction and (iii) the higher crosslink density. Surprisingly, 

both SSBR and ESBR vulcanizates show comparable FSE, despite the fact that ESBR 

has noticeably lower rubber-filler interaction and crosslink density than SSBR. 

Explanation is given by the lower magnitude of Payne effect in association with lower 

Tg value of ESBR which counterbalance the effects of rubber-filler interaction and 

crosslink density. Results also show that silica type demonstrates little role on the 

value of tanδ at 60°C (or FSE) since both silica types give comparable magnitude of 

transient filler network. 

 Normalized graphs of tire performance, i.e., abrasion resistance, WG 

(indicated by tanδ at 0°C), and FSE (indicated by tanδ at 60°C), at various CB ratio are 

illustrated in Figure 5.43 (reference line (100%): 60/40 CSi/CB-filled SSBR6450SL). 

Clearly, the balanced tire performance of 3 types of SBR, i.e., SSBR6450SL, 

SSBR3626, and ESBR1723, is found in 40 wt% of CB ratio. Focusing on 40 wt% of 

CB ratio (see Figure 5.44), it is found that ESBR shows the lowest tire performance 

(comparable FSE with poorest WG and abrasion resistance). For SSBR, although 

SSBR6450SL provides lower WG than SSBR3626, it imparts slightly better abrasion 

resistance and FSE. Thus, SSBR6450SL imparts better overall tire performance than 

SSBR3626. When the effect of silica type on tire performance of SSBR6450SL is 

concerned, CSi offers superior abrasion resistance to HDSi. It could be therefore 

summarized that the 60/40 CSi/CB-filled SSBR6450SL seems to give the best 

balanced tire performance. Consequently, this formula will be employed in the 

subsequent sections. 
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Figure 5.41 Loss factor (tan) as a function of dynamic strain at 60°C of the 

vulcanizates having various CB ratios (a) HDSi_SSBR6450SL                       

(b) HDSi_SSBR3626 (c) HDSi_ESBR1723 (d) CSi_SSBR6450SL                    

(e) CSi_SSBR3626 and (f) CSi_ESBR1723 
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Figure 5.42 Loss factor (tan) as a function of dynamic strain at 60°C of the 

vulcanizates: (a) CB 0 wt% (b) CB 20 wt% (c) CB 40 wt% (d) CB 60 

wt% (e) CB 80 wt% and (f) CB 100 wt% 
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Figure 5.43 Normalized graphs of tire performance at various CB ratios:                       

(a) HDSi_SSBR6450SL (b) HDSi_SSBR3626 (c) HDSi_ESBR1723               

(d) CSi_SSBR6450SL (e) CSi_SSBR3626 and (f) CSi_ESBR1723 
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Figure 5.44 Normalized graphs of tire performance at 40 wt% of CB ratio                          

 

 

5.4 Effects of filler and oil loadings on properties of SSBR compounds 

and vulcanizates 

 In this section, the relationship between the estimated relative cost of the 

compounds and properties of the compounds and the vulcanizates having similar 

hardness is elucidated. A total filler loading was altered simultaneously with rubber 

process oil loading in order to keep hardness of the vulcanizates constant. According 

the balanced properties found in the previous parts, the 60/40 CSi/CB-filled 

SSBR6450SL-based formula is used in this study. The silanization temperature and 

the TESPT content are kept constant at 140°C and 10 wt% of CSi, respectively. 

 

 5.4.1 Mooney viscosity of the compounds 

 Figure 5.45 illustrates Mooney viscosity of the compounds. As filler 

particles can restrict the flowability of rubber chains, the increased filler loading 

generally leads to the increase in compound viscosity, widely known as “dilution 

effect”. On the other hand, the reduced compound viscosity is usually found with 

increasing oil loading as a result of “plasticization effect”. Since the compound 

viscosities decrease continuously from F1 to F4, it could be said that the plasticization 

effect might play a dominant role in controlling the compound viscosity. 

* at dynamic strain of 5.0% 

** at dynamic strain of 0.1% 
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Figure 5.45 Mooney viscosity of the compounds 

 

 5.4.2 Payne effect of the compounds 

 Magnitude of Payne effect of the compounds is represented in Figure 5.46.  

As the lowered Payne magnitude (lowered G’) implies the reduced level of transient 

filler network, the results show that the magnitude of transient filler network increases 

continuously from F1 to F4. The reasonable explanation is given by the combination 

of increased filler loading resulting in the increased probability of transient filler 

network formation and the decreased shear force during the mixing process caused by 

the reduced compound viscosity as previously discussed.  � 
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Figure 5.46 Payne effect of rubber compounds prepared  
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 5.4.3 Cure characteristics of the compounds 

 Figure 5.47 shows the influence of filler and oil loadings on cure curves 

and CRI of the compounds. Clearly, CRI of the compounds is put in the following 

order; F1 > F2 > F3 > F4, revealing the decreased cure efficiency with increasing filler 

and oil loadings. This could arise from the depletion of some active chemicals for 

vulcanization into the oil phase giving rise to the decrease in concentration of such 

chemicals. 
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Figure 5.47 Cure curves and CRI of the compounds 

 

 5.4.4 Crosslink density of the vulcanizates 

 Crosslink density of the vulcanizates represented in terms of the number of 

elastically active chains per unit volume is depicted in Figure 5.48. Obviously, F1 

provides the greatest degree of crosslink density, followed by F2, F3 and F4. The 

results reveal that the increased loadings of filler and rubber process oil lead to a 

detrimental effect on degree of crosslink density. Again, the reduced curative 

concentration caused by the depletion of some active chemicals into oil phase could be 

used to explain this result. 
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Figure 5.48 Crosslink density of the vulcanizates 

 

 5.4.5 Degree of filler dispersion of the vulcanizates 

 Figure 5.49 presents the SEM micrographs of the vulcanizates. Evidently, 

the degree of filler dispersion is impaired with increasing filler and oil loadings, i.e., 

F1 shows the highest degree of filler dispersion, whilst F4 shows the lowest degree of 

filler dispersion. With increasing filler and oil loadings, viscosity of the rubber 

compounds is decreased due to the dominant plasticization effect, as shown in Figure 

5.45, leading to the reduced shear force during the mixing process and, thus, the 

reduced degree of filler dispersion.  
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Figure 5.49 SEM micrographs (x5,000) of the vulcanizates:  

                    (a) F1, (b) F2, (c) F3, and (d) F4 

 

 5.4.6 Mechanical properties of the vulcanizates 

 Hardness of the vulcanizates is exhibited in Figure 5.50. Clearly, all 

vulcanizates show similar hardness level (62 Sh A). In other words, the effect of 

lowered crosslink density by increased filler and oil loadings is counterbalanced by the 

increased level of transient filler network. 

 Table 5.11 summarizes tensile properties of the vulcanizates. Similar to 

hardness result, modulus at 10% strain (M10) of all vulcanizates is not significantly 

different. The results support that hardness is directly proportional to the modulus at 

low strain. Similar explanation could therefore be applied. However, the moduli at 

100% strain (M100) and 300% strain (M300) tend to decrease with increasing filler 

and oil loadings, i.e., F1 > F2 > F3 > F4. The dominant effects of the reduced 

crosslink density and plasticization from the increased oil loading might be 

responsible. It is also found that the increased loadings of filler and oil give 

detrimental effect on TS of the vulcanizates, e.g., F1 and F4 show the highest and 
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lowest TS, respectively. The decline of TS is attributed mainly to the combined 

consequences of: (i) the reduction in crosslink density (ii) the deterioration in degree 

of filler dispersion and (iii) the increase in plasticization effect. In addition, it is widely 

known that TS increases with increasing reinforcing filler loading up to a certain point 

and decreases thereafter. When filler loading exceeds an optimal point, the amount of 

rubber is not sufficient to accommodate filler, leading to the reduction in TS. 

Generally, the increase in filler loading causes the reduction in elongation at break 

(EB) due to the dilution of rubber matrix whereas the increase in oil loading causes 

contrary results due to the plasticization effect and the reduced crosslink density. Since 

the EB is not significantly changed when filler and oil loadings are increased in this 

study, results suggest that a counter-balance between effects of increased filler and oil 

loadings could be responsible for this observation. 
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Figure 5.50 Hardness of the vulcanizates 

 

Table 5.11 Tensile properties of the vulcanizates 

Sample M10 

(%) 

M100 

(%) 

M300 

(%) 

TS 

(MPa) 

EB 

(%) 

F1 0.545±0.010 3.05±0.08 13.4±0.3 20.8±0.9 456±9 

F2 0.543±0.004 2.77±0.08 12.2±0.2 19.5±0.5 455±7 

F3 0.538±0.010 2.78±0.05 11.9±0.1 19.1±0.9 467±13 

F4 0.557±0.022 2.61±0.06 11.2±0.1 17.7±0.1 453±3 
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 Abrasion resistance of the vulcanizates represented in terms of volume loss 

is illustrated in Figure 5.51. Results show that the volume loss is increased from F1 to 

F4. The combination of the decreased crosslink density and the reduced degree of 

filler dispersion is applied for explaining the impaired abrasion resistance with 

increasing filler and oil loadings. 
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Figure 5.51 Abrasion loss of the vulcanizates 

 

 5.4.7 HBU and dynamic set of the vulcanizates 

 Figure 5.52 reveals the results of HBU and dynamic set of the 

vulcanizates. The increases in filler and oil loadings lead to the impaired dynamic 

properties, i.e., HBU and dynamic set of the vulcanizates tend to increase from F1 to 

F4. The results imply that the increases of filler and oil loadings give not only 

enhanced energy dissipation but also deteriorated elasticity of vulcanizates, possibly 

due to the decreased rubber portion (dilution effect), the reduced crosslink density and 

the decreased degree of filler dispersion as well as the increased level of transient filler 

network.  
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Figure 5.52 HBU and dynamic set of the vulcanizates 

 

 5.4.8 Dynamic mechanical properties of the vulcanizates  

 Figure 5.53 exhibits tan as a function of test temperature. Tg, tanmax and 

tan area analyzed from Figure 5.53 are shown in Table 5.12. As previously 

mentioned, the temperature at tanmax is related to the Tg of polymer. Therefore, Figure 

5.53 demonstrates the decrease in Tg of the vulcanizates from F1 to F4. In this case, 

the reduction in crosslink density and the increase in magnitude of plasticization effect 

are responsible for the findings. Obviously, F1 provides the greatest tanmax value and 

tan area, followed by F2, F3 and F4. Results suggest that the increased filler and oil 

loadings lead to the decreased rubber chains participating in the glass transition, 

mainly owing to the decreased rubber portion which arises from the dilution effect. In 

addition, the reduction of rubber released from filler agglomerates as a result of the 

impaired degree of filler dispersion could be one of the reasons for this observation. 
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Figure 5.53 Tan as a function of test temperature of the vulcanizates�
�

Table 5.12 Tg, tanmax and tan area of the vulcanizates 

Sample 

 

Tg  

(°C) 

tanmax tan area  

(°C) 

F1 -12.1 0.923 17.28 

F2 -13.2 0.893 16.77 

F3 -14.1 0.844 15.68 

F4 -15.1 0.793 14.22 

 

 Tan at 0°C of the vulcanizates as a function of dynamic strain from 0.03-

10% is depicted in Figure 5.54. The results show that, at low strains (<2%), the tan 

value at 0°C is found to increase from F4 to F1. This is simply due to the fact that, at 

low strains where filler network disruption is not significant, the increased filler and 

oil loadings lead to shift of Tg towards lower temperature due to the dominant 

plasticization effect. However, the opposite trend is observed at higher strains            

(2-10%), i.e., F1 < F2 < F3 < F4. Explanation is given by the dominant effects of the 

hysteretic transient filler network destruction in association with the reduced crosslink 

density and filler dispersion. Since the tan value at 0°C at 0.1% strain is decreased 

from F1 to F4, the results reveal that the increases of filler and oil loadings would lead 

to a negative effect on WG. 
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Figure 5.54 Tan at 0°C as a function of dynamic strain of the vulcanizates�

 

 Figure 5.55 represents tan at 60°C of the vulcanizates as a function of 

dynamic strain from 0.03-10%. Regardless of the strain, the tan value at 60°C could 

be put in the following order; F1 < F2 < F3 < F4. As the RR is directly related to the 

tan value at 60°C at relatively high strains (5%), it could be summarized that the 

increased RR (reduced FSE) is resulted with the increases of filler and oil loadings. 

This is thought to arise from the combination of: (i) the dilution effect; (ii) the 

decreased crosslink density; (iii) the increased magnitude of transient filler network 

and (iv) the reduced degree of filler dispersion. These effects cause the increased 

energy dissipation during the cyclic deformation. 
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Figure 5.55 Tan at 60°C as a function of dynamic strain of the vulcanizates�
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 Normalized graph of the vulcanizates is exhibited in Figure 5.56 (reference 

line (100%): F1). Interestingly, although the increases in filler and oil loadings offer 

lowered compound cost, in the meantime, the tire performance, i.e., WG, FSE and 

abrasion resistance, is sacrificed. The results reveal that the art of balancing tire 

performance and cost is greatly important. Focusing on tire performance, the filler and 

oil loadings used in F1 give the best tire performance. Hence, the compound 

formulation based on F1 will be employed in the final section.  
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Figure 5.56 Normalized graph of raw material cost saving and tire performance at 

similar hardness of the vulcanizates  

 

 

5.5 Effects of sulfur vulcanization system and crosslink density on 

properties of SSBR vulcanizates 

 In this part, the compounds based on F1 formula are prepared under 

silanization temperature of 140°C. The influences of sulfur vulcanization systems, i.e., 

CV system and semi-EV system, and crosslink density as a result of the alteration in 

relative amount of curatives (accelerators and sulfur), i.e., 100%, 120% and 140%, on 

compounds and vulcanizates properties are investigated. 

  ** at dynamic strain of 0.1% 

  * at dynamic strain of 5.0% 
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 5.5.1 Mooney viscosity of the compounds 

 Figure 5.57 illustrates the Mooney viscosity of the rubber compounds. 

Obviously, the relative amount of curatives does not significantly influence the 

viscosity of the compounds. Also, the compound viscosity is independent of 

vulcanization system. Results suggest that, in this experiment, the amount of curatives 

and vulcanization system play little role in processability of the compounds. 
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Figure 5.57 Mooney viscosity of the compounds 

 

 5.5.2 Cure characteristics of the compounds 

 Cure curves and cure characteristics, i.e., ts1, tc90, and CRI, of the rubber 

compounds are represented in Figure 5.58. As expected, both ts1 and tc90 decrease 

with increasing relative amount of curatives whereas CRI tends to increase. It is also 

found that, in this work, CV system provides shorter both ts1 and tc90 and higher CRI 

than semi-EV system. Results reveal that the vulcanization process can proceed more 

rapidly when the sulfur content [125] and/or the sulfur/accelerator ratio increase. 
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Figure 5.58 Cure curves and cure characteristics of the compounds 

 

 5.5.3 Crosslink density of the vulcanizates 

 Figure 5.59 depicts the crosslink density of the vulcanizates measured by 

the swelling technique. Clearly, the magnitude of crosslink density is found to increase 

with increasing relative amount of curatives, regardless of the vulcanization system. 

This is easily understandable because increasing of sulfur and accelerators would not 

only accelerate vulcanization rate, but also provide more crosslink points. At any 

given amount of curatives, CV system gives higher crosslink than semi-EV system. 

This is attributed to the greater sulfur content of the CV system (both CV and semi-EV 

systems possess the same content of accelerators). 
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Figure 5.59 Crosslink density of the vulcanizates 

 

 5.5.4 Mechanical properties of the vulcanizates 

 The effects of relative amount of curatives and sulfur vulcanization system 

on hardness of the vulcanizates are illustrated in Figure 5.60. Regardless of the 

vulcanization system, the increase in hardness is found with increasing relative amount 

of curatives, attributed mainly to the enhancement in magnitude of crosslink density. 

Results also reveal that CV system gives greater hardness than semi-EV system. The 

higher magnitude of crosslink density of CV system, compared to semi-EV system, 

could be used to explain this result. 
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Figure 5.60 Hardness of the vulcanizates 
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 Figure 5.61 displays the M10 and M300 of the vulcanizates. Referred to 

the results in previous part, modulus at low strain, i.e., M10, is directly proportional to 

the hardness. The effect of relative amount of curatives on M10 therefore follows the 

same trend as the change in hardness, i.e., the M10 increases with increasing relative 

amount of curatives. The same explanation could be applied. Also, as the modulus at 

high strain is governed mainly by crosslink density, the enhanced M300 is obtained 

when the relative amount of curatives is increased. As expected, at any given relative 

amount of curatives, the greater modulus is found in CV system. The higher 

magnitude of crosslink density could be the reasonable explanation for this finding.  
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Figure 5.61 Moduli of the vulcanizates 

 

 Values of TS and EB of the vulcanizates as a function of relative amount 

of curatives are shown in Figure 5.62. Apparently, the increase in relative amount of 

curatives leads to the negative effect on TS. This is thought to arise from the fact that 

the magnitude of crosslink density might be higher than the optimum level and, thus, 

the brittle behavior of the vulcanizates is resulted [140]. Unexpectedly, CV system 

demonstrates slightly lower TS than semi-EV system despite the fact that CV system 

generally provides greater amount of polysulfidic linkages. It has been reported that 

TS of vulcanizates tends to increase with increasing amount of polysulfidic linkages, 

attributed to crosslink exchange under stress [141]. Compared to C-S bond usually 

found in efficient vulcanization (EV) system and semi-EV system, bond energy of S-S 

bond is lower, leading to better ability to break and reform, resulting in higher TS 
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[142]. However, in this case, the brittle behavior as a result of too high magnitude of 

crosslink density might override the crosslink structure effect. This is the reason why 

the lower TS is observed in CV system. As expected, increasing relative amount of 

curatives results in a decrease of EB. It is also found that EB of the vulcanizate in CV 

system is significantly lower than that of the vulcanizate in semi-EV system. The 

greater magnitude of crosslink density is applied for explaining the results. 
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Figure 5.62 TS and EB of the vulcanizates 

 

 Figure 5.63 depicts abrasion resistance of the vulcanizates represented in 

terms of volume loss. Clearly, volume loss is reduced with increasing relative amount 

of curatives. The improved abrasion resistance arises from the enhanced magnitude of 

crosslink density. Since the lower volume loss is observed in semi-EV system, it could 

be said that, in this study, semi-EV system gives slightly better abrasion resistance 

than CV system. This is possibly due to the greater strength of the vulcanizates 

together with the lowered sharpness of the abrasive wheel during the test as a result of 

the greater amount of abraded debris stuck on abrasive wheel. 
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Figure 5.63 Abrasion loss of the vulcanizates 

 

 5.5.5 HBU and dynamic set of the vulcanizates 

 HBU and dynamic set of the vulcanizates are illustrated in Figure 5.64. As 

expected, increasing relative amount of curatives results in the reductions of HBU and 

dynamic set, revealing the positive effect on dynamic properties of the vulcanizates. 

The increase in magnitude of crosslink density is believed to be the main cause of this 

finding. Due to the greater amount of polysulfidic linkages which is relatively long and 

flexible [143], the lower HBU and dynamic set are found in CV system. The greater 

magnitude of crosslink density of the CV system also contributes to this observation.   
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Figure 5.64 HBU and dynamic set of the vulcanizates 
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 5.5.6 Dynamic mechanical properties of the vulcanizates  

 Figure 5.65 discloses the effects of relative amount of curatives and 

vulcanization system on loss factor (tan). Tg of the vulcanizates analyzed from Figure 

5.65 is represented in Table 5.13. Results show that Tg is found to increase with 

increasing relative amount of curatives, regardless of vulcanization system. This is 

because of the enhanced magnitude of crosslink density, leading to the increase in 

restriction of the molecular motion and, thus, Tg of the vulcanizates [144]. Obviously, 

Tg of the vulcanizate in CV system is significantly higher than that of the vulcanizate 

in semi-EV system, mainly owing to its greater crosslink density.  
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Figure 5.65 Tan as a function of test temperature of the vulcanizates:  

(a) CV system and (b) semi-EV system 
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Table 5.13 Tg of the vulcanizates�

Relative amount of curatives 

(%) 

Tg (°C) 

CV Semi-EV 

100 -11.9 -14.7 

120 -10.8 -13.8 

140 -9.8 -12.8 

 

 Figure 5.66 represents tan of the vulcanizates at 0°C as a function of 

dynamic strain from 0.03-10%. Results reveal that increasing relative amount of 

curatives leads to an improvement in WG, as indicated from the increased tan values 

at 0°C at 0.1% strain. This is explained by the shift of Tg towards higher temperature 

with increasing amount of curatives. It is also found that, at any given relative amount 

of curatives, CV system demonstrates better WG than semi-EV system. Again, the 

higher Tg, compared to semi-EV system, could be applied for explaining such finding. 

 The tan values at 60°C at 5% strain, as shown in Figure 5.67, decrease 

considerably with increasing amount of curatives, meaning the reduced RR of the 

vulcanizates. This is thought to arise from the enhanced magnitude of crosslink 

density when the amount of curatives is increased. Obviously, the lower tan values at 

60°C at 5% strain are found in the CV system, indicating the lower RR (better FSE). 

This could be attributed to the greater magnitude of crosslink density, compared to the 

semi-EV system.  
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Figure 5.66 Tan at 0°C as a function of dynamic strain of the vulcanizates 
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Figure 5.67 Tan at 60°C as a function of dynamic strain of the vulcanizates 

 

 5.5.7 Thermal ageing resistance of the vulcanizates  

 Dependence of thermal ageing resistance of the vulcanizates, represented 

in terms of the relative tensile properties after aging at 100°C for 120 hours, on 

relative amount of curatives and vulcanization system is shown in Figure 5.68. It is 

found that, in all cases, both relative TS and relative EB are lower than 1 whereas the 

relative M10 is greater than 1. Results indicate that both TS and EB of the vulcanizates 

are impaired after thermal ageing. Since modulus at low strain, i.e., M10, is directly 

proportional to the hardness, the increase in hardness of the vulcanizates could be 

found after thermal ageing. Obviously, the increasing relative amount of curatives 
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leads to the increase in relative M10. The results reveal that the enhancement of post-

curing magnitude is obtained with increasing relative amount of curatives. Results also 

elucidates that CV system offers greater relative M10 than semi-EV system, indicating 

that post-curing is more prone to take place in CV system. Clearly, both relative TS 

and relative EB tend to decrease with increasing relative amount of curatives, 

revealing the adverse effect on thermal ageing resistance. This might be owing to the 

enhanced magnitude of post-curing when the amount of curatives is increased, leading 

to the reduction of both relative TS and relative EB. As expected, the vulcanizates in 

semi-EV system have higher relative TS and relative EB, compared to those in CV 

system, suggesting the better thermal ageing resistance. It is well known that bond 

energy of C-S bond usually found in semi-EV system is significantly higher than that 

of S-S bond generally found in CV system. This could be the reason why semi-EV 

system provides better thermal ageing resistance than CV system. In addition, the 

lower magnitude of post-curing found in semi-EV system might be one of the 

reasonable explanations for this finding. 
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Figure 5.68 Thermal ageing resistance of the vulcanizates 
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 5.5.8 Curative bloom  

 Figure 5.69 represents influence of relative amount of curatives and 

vulcanization system on curative bloom after keeping compounds and vulcanizates for 

14 days at room temperature. Clearly, no curative bloom is observed on the specimen 

surfaces of all compounds and vulcanizates. The results reveal that, in this experiment, 

the relative amount of curatives and vulcanization system�do not significantly affect 

the curative bloom of the compounds and vulcanizates. 

 

 

 

Figure 5.69 Photographs demonstrating effects of relative amount of curatives and 

vulcanization system on curative bloom: (a) compounds and                 

(b) vulcanizates 
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Figure 5.70 depicts thermal ageing resistance (evaluated from relative TS) 

and tire performance, i.e., WG, FSE and abrasion resistance, of the vulcanizates in 

terms of normalized graph (reference line (100%): CV system with relative amount of 

curatives of 140%). Although the amount of curatives of 140% in CV system provides 

the worst thermal ageing resistance, it gives the excellent tire performance. Focusing 

on tire performance, the best PCR tire tread formulation for this research can be 

therefore summarized in Table 5.14.  
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Figure 5.70 Normalized graph of thermal ageing resistance and tire performance at 

various relative amounts of curatives and vulcanization system  
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Table 5.14 The best PCR tire tread compound formulation for this research 

Ingredients Content (phr) 

SBR (SSBR6450SL) 137.5 

ZnO 3.0 

Stearic acid 2.0 

6PPD 1.5 

TMQ 1.0 

Paraffin wax 2.0 

CSi 42.0 

CB 28.0 

TESPT (10 wt% of silica) 4.2 

TBBS 1.68 

TBzTD 0.28 

S8 3.08 

 

 5.5.9 Comparison of WG and FSE between the developed PCR tire 

tread compound and commercial PCR tire treads 

 Due to the limitation of specimen preparation of the commercial PCR tires 

(Michelin (Energy XM2), Bridgestone (Ecopia EP100), Goodyear (Assurance Fuel 

Max), Vee rubber (Zilent), and Deestone (NAKARA R301), only dynamic mechanical 

properties, i.e., tan at 0°C and 60°C respectively related to WG and RR, were tested 

and compared.  

 The tanvalues at 0°C and 60°C of the vulcanizates as a function of 

dynamic strain from 0.03-10% are shown in Figure 5.71 and 5.72, respectively. The 

WG and FSE, respectively related to the tanvalue at 0°C at 0.1% strain and the 

tanvalue at 60°C at 5% strain, analyzed from Figure 5.71 and 5.72 are summarized 

in Figure 5.73. Obviously, the developed PCR tire compound formulation offers better 

WG and FSE as compared to all commercial PCR tires. Results reveal that the 

developed PCR tire compound formulation obtained in this research has a potential for 

further development into commercially viable products. 
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Figure 5.71 Tan at 0°C as a function of dynamic strain of the vulcanizates 
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Figure 5.72 Tan at 60°C as a function of dynamic strain of the vulcanizates 
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Figure 5.73 WG and FSE of the developed PCR compound formulation and 

commercial PCR tire treads 

  * at dynamic strain of 5.0% 
** at dynamic strain of 0.1% 
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CHAPTER VI 

CONCLUSIONS 

 

 

 In this work, various parameters (i.e., silanization temperature, TESPT 

content, silica/CB hybrid filler ratio, SBR and silica types, filler and oil loadings, 

including sulfur vulcanization system and crosslink density) influencing properties of 

SBR-based compounds used for PCR tire tread application were studied. The goal of 

this work is to gain the compound formulation offering the best balanced tire 

performance, i.e., WG, FSE, and abrasion resistance. The following conclusions can 

be drawn:  

  

 

6.1 Effects of silanization temperature and silica type on properties of 

silica-filled SSBR compounds and vulcanizates  

 1. Although the improvement in compound and vulcanizate properties, 

e.g., rubber-filler interaction, degree of filler dispersion, and tire performances, is 

found with increasing silanization temperature, great care must be taken to avoid the 

undesirable scorch problem during the mixing at high temperature.   

 2. The increased silanization temperature leads to the improved rubber-

filler interaction via the coupling reaction as indicated from the enhanced chemical 

BRC.  

 3. Focusing on tire performance, silica type (HDSi and CSi) gives no 

profound effect on WG and FSE, possibly due to: (i) the insignificant difference in Tg 

of the HDSi-filled and CSi-filled vulcanizates and (ii) the comparable degree of filler 

dispersion caused by the relatively long mixing time. However, silica type plays an 

important role in abrasion resistance, i.e., CSi provides better abrasion resistance than 

HDSi.  
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 4. The balanced tire performance and processability are observed at the 

silanization temperature of 140°C. 

 

 

6.2 Effects of TESPT content and silica type on properties of silica-

filled SSBR compounds and vulcanizates  

 1. The addition of TESPT results in the positive effect on processability, 

mechanical properties (e.g., TS and hardness), dynamic properties (i.e., HBU and 

dynamic set), and tire performance. Explanation is given by the combined effects of 

enhanced rubber-filler interaction, improved degree of filler dispersion and increased 

crosslink density. 

 2. With increasing TESPT content from 6 wt% to 12 wt%, some properties 

are continuously improved, i.e., processability, CRI, crosslink density, hardness, and 

dynamic set. Surprisingly, such increase of TESPT content has very little effect on TS. 

However, tire performance is optimized at 10 wt% of TESPT content.  

 3. Focusing on tire performance, WG and FSE are little affected by the 

silica type employed in this study, as long as the sufficiently long mixing time during 

the compound preparation is used. 

 

 

6.3 Effects of silica/CB hybrid filler and SBR type on properties of 

SBR compounds and vulcanizates  

 1. Despite the fact that the increased CB ratio in hybrid filler leads to the 

impaired WG, FSE, and dynamic mechanical properties, i.e., HBU and dynamic set, 

the best abrasion resistance is found at CB ratio of 60-80 wt%. Results reveal that the 

silica/CB ratio of 60/40 provides a good balance of tire performance.   

 2. Compared to ESBR, the two grades of SSBR give greater WG, better 

abrasion resistance, lower HBU and dynamic set with comparable FSE. Due to the 

higher vinyl content, SSBR6450SL provides higher crosslink density and rubber-filler 

interaction than SSBR3626, resulting in better FSE and abrasion resistance. 
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SSBR3626, however, imparts superior WG than SSBR6450SL, probably due to its 

higher Tg.  

 3. In this experiment, silica type has little effect on cure characteristics, 

degree of filler dispersion, HBU and dynamic set, WG, as well as FSE. 

 4. Degree of filler dispersion is independent of silica/CB hybrid ratio, SBR 

type, and silica type, as long as a sufficiently long mixing time is employed. 

  5. The best balance of tire performance is found in the 60/40 CSi/CB-filled 

SSBR6450SL. 

 

 

6.4 Effects of filler and oil loadings on properties of SSBR compounds 

and vulcanizates  

 1. Although the economic benefit could be obtained by the increases of 

both filler and oil loadings, such increases lead to not only the deterioration of the 

vulcanizate properties such as TS, EB, M100, HBU and dynamic set, but also the 

impaired tire performance. Explanation is given by the declined degree of filler 

dispersion and crosslink density. The results suggest that the art of property-and-cost 

balancing is greatly important. 

 2. Taken as a whole, the F1 formula containing the lowest filler and oil 

loading is selected to employ in the final section because it provides the best 

mechanical properties, dynamic mechanical properties as well as tire performance.  

 

 

6.5 Effects of sulfur vulcanization system and crosslink density on 

properties of SSBR vulcanizates 

 1. Compared to the semi-EV system, the CV system imparts negative 

effects on TS, EB, as well as thermal ageing resistance. However, it offers positive 

effects on WG, FSE, hardness, modulus, HBU and dynamic set, attributed mainly to 

the greater magnitude of crosslink density. 
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 2. In this study, the increased curative content results in the improvements 

of both cure efficiency (CRI) and crosslink density without significant effect on 

Mooney viscosity and curative bloom.   

 3. Although the increased curative content causes negative effects on TS, 

EB and thermal ageing resistance, it gives beneficial effects on both tire performance 

and mechanical and dynamic properties of the vulcanizates, i.e., hardness, M10, 

M300, HBU and dynamic set.    

 4. In this study, the CV system with relative amount of curatives of 140% 

seems to give the excellent tire performance. The best PCR tire tread formula for this 

research is therefore summarized as follows:  

 

Table 6.1 The best PCR tire tread formulation developed in this research 

Ingredients Content (phr) 

SBR (SSBR6450SL) 137.5 

ZnO 3.0 

Stearic acid 2.0 

6PPD 1.5 

TMQ 1.0 

Paraffin wax 2.0 

CSi 42.0 

CB 28.0 

TESPT (10 wt% of silica) 4.2 

TBBS 1.68 

TBzTD 0.28 

S8 3.08 

 

 5. The best PCR tire tread developed in this study provides better WG and 

FSE than the commercial PCR tire treads, suggesting the great potential for further 

development into commercially viable products. 
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APPENDIX A 

INVESTIGATION OF MORPHOLOGY OF SILICA/CB  

HYBRID FILLER IN RUBBER VULCANIZATES 

 

 

 In this study, the morphology of silica and CB in the rubber vulcanizates 

filled with silica/CB hybrid filler was investigated using 3 techniques, i.e., AFM, 

TEM, and SEM-EDS. 

 

A1 Atomic force microscopy (AFM) 

 Figure A1 demonstrates the AFM micrographs of (60/40) CSi/CB-filled 

SSBR6450SL vulcanizates at 3 magnification levels investigated in the tapping mode. 

Although the difference between SBR phase (yellow area) and fillers phase (red area) 

can be discriminated by this technique, the particles or aggregates of CSi and CB 

cannot be distinguished. Results suggest that the use of AFM in tapping mode may not 

be suitable for discrimination between silica and CB filled in rubber vulcanizates.  
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Figure A1 AFM micrographs of the (60/40) CSi/CB-filled SSBR6450SL vulcanizates 

at 3 magnifications: (a) low magnification; (b) medium magnification and 

(c) high magnification 

 

A2 Transmission electron microscopy (TEM) 

 Since the electron densities of CB and silica are different (5.42x10
23

 cm
-3

 

and 5.87x10
23

 cm
-3

, respectively [145]), it is possible to distinguish the morphology of 

silica and CB in rubber vulcanizates filled with silica/CB hybrid filler by the use of 

TEM. Figure A2 represents the TEM micrographs of (60/40) CSi/CB-filled 

SSBR6450SL vulcanizates at 2 magnification levels. Evidently, some filler particles 

show a little darker than others, suggesting the greater electron density. In addition, the 

overlap along the depth direction of filler particles might be another reason for this 

(a) (b) 

(c) 
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finding. For these reasons, it could be said that the morphology of CSi and CB in the 

vulcanizates cannot be clearly distinguished by conventional TEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2 TEM micrographs of the (60/40) CSi/CB-filled SSBR6450SL vulcanizates 

at 2 magnifications: (a) low magnification and (b) high magnification 
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A3 Scanning electron microscopy equipped with energy dispersive            

x-ray spectroscopy (SEM-EDS) 

 As this technique can provide chemical information of materials by 

identifying the particular elements and their relative proportions at specific area, the 

morphology of silica and CB in the SSBR6450SL vulcanizates filled with CSi/CB 

hybrid filler was also investigated using this technique. Figure A3 depicts SEM 

micrographs and its elemental mapping, i.e., zinc, silicon, and carbon, at the same area 

of (20/80) CSi/CB-filled SSBR6450SL vulcanizates. Although the ratio of silica in the 

vulcanizates is ca. 20 wt%, the high amount of silicon element is found. Results 

suggest that silicon detected by SEM-EDS might be the combination of the silicon 

which is on the surface and the silicon embedded under the surface, revealing that the 

morphology of CSi and CB in the vulcanizates cannot be effectively distinguished by 

this technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3 SEM micrograph and its elemental mapping of the (20/80) CSi/CB-filled 

SSBR6450SL vulcanizates: (a) SEM micrograph (b) Carbon mapping (c) Zinc 

mapping and (d) Silicon mapping 
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APPENDIX B 

CURE CHARACTERISTICS OF THE RUBBER COMPOUNDS  

 

 

Table B1 Cure characteristics of the compounds prepared at various silanization 

temperatures: (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 1.75 0.02 3.01 0.02 3.12 0.02 3.27 0.02 3.13

0.34 3.10 0.14 2.52 0.34 2.87 0.34 2.44 0.34 2.49

0.66 3.60 0.26 2.66 0.66 3.29 0.66 2.85 0.66 2.73

0.82 3.76 0.58 3.21 0.98 3.58 0.98 3.12 0.98 2.93

0.98 3.91 0.90 3.58 1.30 3.78 1.30 3.32 1.30 3.08

1.30 4.12 1.22 3.83 1.62 3.93 1.62 3.46 1.62 3.20

1.62 4.28 1.54 4.01 1.94 4.04 1.94 3.56 1.94 3.29

1.94 4.43 1.86 4.16 2.26 4.14 2.26 3.65 2.26 3.37

2.26 4.59 2.18 4.29 2.58 4.27 2.58 3.77 2.42 3.42

2.58 4.81 2.50 4.45 2.90 4.41 2.90 3.86 2.58 3.45

2.90 5.05 2.82 4.64 3.22 4.59 3.22 3.99 2.90 3.53

3.22 5.36 3.14 4.88 3.54 4.81 3.54 4.14 3.22 3.63

3.54 5.69 3.46 5.17 3.86 5.08 3.86 4.32 3.54 3.73

3.86 6.08 3.78 5.49 4.18 5.40 4.18 4.54 3.86 3.87

4.18 6.53 4.10 5.86 4.50 5.74 4.50 4.75 4.18 4.02

4.50 7.02 4.42 6.28 4.82 6.14 4.82 5.03 4.50 4.18

4.82 7.59 4.74 6.74 5.14 6.55 5.14 5.39 4.82 4.41

4.90 7.77 5.06 7.26 5.46 7.02 5.46 5.74 4.86 4.43

4.98 7.90 5.22 7.54 5.78 7.51 5.78 6.13 4.90 4.46

5.30 8.54 5.38 7.82 6.10 8.01 6.10 6.53 5.22 4.71

5.62 9.21 5.70 8.43 6.42 8.54 6.42 6.98 5.54 5.00

5.94 9.86 6.02 9.03 6.74 9.07 6.70 7.36 5.86 5.31

6.27 10.50 6.34 9.64 7.06 9.59 6.98 7.75 6.18 5.65

6.59 11.10 6.66 10.23 7.38 10.09 7.30 8.20 6.50 6.01

6.91 11.67 6.98 10.79 7.70 10.59 7.62 8.63 6.82 6.40

7.23 12.19 7.30 11.34 8.02 11.06 7.94 9.06 7.14 6.79

7.55 12.69 7.62 11.83 8.34 11.49 8.26 9.48 7.46 7.17

7.87 13.14 7.94 12.29 8.66 11.92 8.58 9.90 7.66 7.42

8.19 13.59 8.26 12.72 8.98 12.30 8.90 10.28 7.86 7.67

HDSi_140
o
C HDSi_150

o
C HDSi_160

o
CHDSi_120

o
C HDSi_130

o
C
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Table B1 Cure characteristics of the compounds prepared at various silanization 

temperatures (cont.): (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

8.51 13.97 8.58 13.12 9.30 12.66 9.22 10.64 8.18 8.06

8.83 14.36 8.90 13.51 9.62 13.00 9.54 10.96 8.50 8.43

9.15 14.70 9.22 13.86 9.94 13.32 9.86 11.28 8.82 8.80

9.47 15.02 9.54 14.17 10.26 13.61 10.18 11.59 9.14 9.14

9.79 15.33 9.86 14.46 10.58 13.86 10.50 11.87 9.46 9.47

10.11 15.61 10.18 14.75 10.90 14.14 10.82 12.13 9.78 9.78

10.43 15.86 10.50 14.99 11.22 14.38 11.14 12.37 10.10 10.07

10.75 16.12 10.82 15.25 11.54 14.60 11.46 12.61 10.42 10.34

11.07 16.34 11.14 15.46 11.86 14.81 11.78 12.82 10.74 10.60

11.39 16.54 11.46 15.68 12.18 15.03 12.10 13.02 11.06 10.85

11.71 16.75 11.78 15.86 12.50 15.21 12.42 13.21 11.38 11.07

12.03 16.93 12.10 16.05 12.82 15.38 12.74 13.41 11.70 11.29

12.35 17.11 12.42 16.22 13.14 15.54 13.06 13.57 12.02 11.51

12.67 17.27 12.74 16.38 13.46 15.69 13.38 13.76 12.34 11.70

12.99 17.43 13.06 16.51 13.78 15.84 13.70 13.89 12.66 11.88

13.31 17.57 13.38 16.64 14.10 15.99 14.02 14.04 12.98 12.05

13.63 17.71 13.70 16.75 14.42 16.11 14.33 14.17 13.30 12.23

13.95 17.84 14.02 16.90 14.74 16.22 14.65 14.28 13.62 12.38

14.27 17.96 14.34 17.01 15.06 16.33 14.97 14.42 13.94 12.53

14.59 18.06 14.66 17.12 15.38 16.46 15.29 14.54 14.26 12.68

14.91 18.17 14.98 17.21 15.70 16.57 15.61 14.65 14.58 12.81

15.23 18.27 15.30 17.32 16.02 16.66 15.93 14.76 14.90 12.93

15.55 18.36 15.62 17.40 16.34 16.75 16.25 14.86 15.22 13.05

15.87 18.47 15.94 17.46 16.66 16.84 16.57 14.93 15.54 13.17

16.19 18.54 16.26 17.54 16.98 16.93 16.89 15.03 15.86 13.27

16.51 18.61 16.58 17.63 17.30 17.00 17.21 15.13 16.18 13.38

16.83 18.70 16.90 17.70 17.62 17.09 17.53 15.22 16.50 13.47

17.15 18.77 17.22 17.75 17.94 17.14 17.85 15.29 16.82 13.57

17.47 18.83 17.54 17.82 18.26 17.21 18.17 15.35 17.14 13.66

17.79 18.89 17.86 17.88 18.58 17.28 18.49 15.42 17.46 13.74

18.11 18.95 18.18 17.93 18.90 17.33 18.81 15.50 17.78 13.82

18.43 19.02 18.50 17.99 19.22 17.39 19.13 15.57 18.10 13.89

18.75 19.08 18.82 18.04 19.54 17.44 19.45 15.62 18.42 13.97

19.07 19.13 19.14 18.09 19.86 17.49 19.77 15.69 18.74 14.04

19.39 19.17 19.46 18.15 20.18 17.55 20.09 15.73 19.06 14.10

HDSi_120
o
C HDSi_130

o
C HDSi_140

o
C HDSi_150

o
C HDSi_160

o
C
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Table B1 Cure characteristics of the compounds prepared at various silanization 

temperatures (cont.): (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

19.71 19.19 19.78 18.17 20.50 17.58 20.41 15.78 19.38 14.17

20.03 19.27 20.10 18.22 20.82 17.62 20.73 15.84 19.70 14.23

20.36 19.30 20.42 18.26 21.14 17.66 21.05 15.89 20.02 14.29

20.68 19.36 20.74 18.28 21.46 17.69 21.37 15.93 20.34 14.35

21.00 19.42 21.06 18.32 21.78 17.74 21.69 15.96 20.66 14.40

21.32 19.41 21.38 18.36 22.10 17.76 22.01 16.01 20.98 14.45

21.64 19.46 21.70 18.38 22.42 17.80 22.33 16.06 21.30 14.49

21.96 19.49 22.02 18.42 22.74 17.85 22.65 16.09 21.62 14.54

22.28 19.52 22.34 18.47 23.06 17.86 22.97 16.12 21.94 14.58

22.60 19.56 22.66 18.49 23.38 17.90 23.29 16.17 22.26 14.63

22.92 19.58 22.98 18.53 23.70 17.93 23.61 16.20 22.58 14.67

23.24 19.61 23.30 18.54 24.02 17.96 23.93 16.25 22.90 14.71

23.56 19.65 23.62 18.56 24.34 17.98 24.25 16.25 23.22 14.74

23.88 19.67 23.94 18.56 24.66 18.01 24.57 16.28 23.54 14.78

24.20 19.68 24.26 18.59 24.98 18.02 24.89 16.31 23.86 14.81

24.52 19.70 24.58 18.62 25.30 18.04 25.21 16.35 24.18 14.85

24.84 19.74 24.90 18.65 25.62 18.06 25.53 16.36 24.50 14.88

25.16 19.75 25.22 18.68 25.94 18.09 25.85 16.40 24.82 14.90

25.48 19.80 25.54 18.69 26.26 18.11 26.17 16.42 25.14 14.94

25.80 19.79 25.86 18.71 26.58 18.12 26.49 16.44 25.46 14.97

26.12 19.82 26.18 18.73 26.90 18.13 26.81 16.45 25.78 15.00

26.44 19.84 26.50 18.73 27.22 18.16 27.13 16.48 26.10 15.01

26.75 19.85 26.82 18.76 27.54 18.18 27.45 16.49 26.42 15.06

27.07 19.88 27.14 18.76 27.86 18.20 27.77 16.51 26.74 15.08

27.39 19.90 27.46 18.78 28.18 18.21 28.09 16.54 27.06 15.10

27.71 19.91 27.78 18.76 28.50 18.23 28.41 16.56 27.38 15.12

28.03 19.93 28.10 18.80 28.82 18.25 28.73 16.58 27.70 15.14

28.35 19.95 28.42 18.82 29.14 18.25 29.05 16.59 28.02 15.16

28.67 19.96 28.74 18.84 29.46 18.28 29.37 16.60 28.34 15.19

28.99 19.96 29.06 18.86 29.78 18.29 29.69 16.63 28.66 15.21

29.31 19.97 29.38 18.87 30.10 18.29 30.01 16.64 28.98 15.23

29.63 19.97 29.70 18.86 30.42 18.31 30.33 16.65 29.31 15.22

29.95 19.98 30.02 18.89 30.74 18.31 30.65 16.66 29.63 15.26

30.27 20.02 30.34 18.89 31.05 18.33 30.97 16.68 29.95 15.28

30.59 20.03 30.66 18.90 31.37 18.34 31.29 16.69 30.27 15.29

HDSi_130
o
C HDSi_140

o
C HDSi_150

o
C HDSi_160

o
CHDSi_120

o
C
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Table B1 Cure characteristics of the compounds prepared at various silanization 

temperatures (cont.): (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

30.91 20.03 30.98 18.91 31.69 18.36 31.61 16.71 30.59 15.30

31.23 20.03 31.30 18.92 32.01 18.35 31.93 16.72 30.91 15.32

31.55 20.05 31.62 18.94 32.33 18.37 32.25 16.73 31.23 15.34

31.87 20.07 31.94 18.94 32.65 18.37 32.57 16.74 31.55 15.35

32.19 20.07 32.26 18.95 32.97 18.39 32.89 16.75 31.87 15.36

32.51 20.09 32.58 18.96 33.29 18.39 33.21 16.75 32.19 15.38

32.83 20.12 32.90 18.97 33.61 18.41 33.53 16.77 32.51 15.39

33.15 20.12 33.22 18.98 33.93 18.42 33.85 16.78 32.83 15.41

33.47 20.12 33.54 18.98 34.25 18.43 34.17 16.80 33.15 15.41

33.79 20.12 33.86 18.99 34.57 18.43 34.49 16.80 33.47 15.43

34.11 20.14 34.18 19.00 34.89 18.45 34.81 16.81 33.79 15.42

34.43 20.15 34.50 19.00 35.21 18.45 35.13 16.82 34.11 15.45

34.75 20.16 34.82 19.02 35.53 18.46 35.45 16.84 34.43 15.45

35.07 20.17 35.14 19.04 35.85 18.44 35.77 16.83 34.75 15.47

35.39 20.18 35.46 19.05 36.17 18.47 36.09 16.85 35.07 15.48

35.71 20.17 35.78 19.06 36.49 18.47 36.41 16.85 35.39 15.48

36.03 20.20 36.10 19.05 36.81 18.48 36.73 16.86 35.71 15.49

36.35 20.20 36.42 19.06 37.13 18.49 37.05 16.86 36.03 15.51

36.67 20.21 36.74 19.08 37.45 18.48 37.37 16.88 36.35 15.51

36.99 20.21 37.06 19.07 37.77 18.48 37.69 16.88 36.67 15.53

37.31 20.21 37.38 19.06 38.09 18.51 38.01 16.89 36.99 15.53

37.63 20.21 37.70 19.10 38.41 18.52 38.32 16.90 37.31 15.55

37.95 20.24 38.02 19.09 38.73 18.51 38.64 16.90 37.63 15.57

38.27 20.23 38.34 19.09 39.05 18.52 38.96 16.91 37.95 15.57

38.59 20.24 38.66 19.11 39.37 18.54 39.28 16.91 38.27 15.57

38.91 20.25 38.98 19.13 39.69 18.53 39.60 16.92 38.59 15.59

39.23 20.27 39.30 19.12 40.01 18.54 39.92 16.94 38.91 15.59

39.55 20.28 39.62 19.12 40.33 18.55 40.24 16.94 39.23 15.60

39.87 20.28 39.94 19.14 40.65 18.54 40.56 16.93 39.55 15.61

40.19 20.28 40.26 19.14 40.97 18.56 40.88 16.94 39.87 15.62

40.51 20.29 40.58 19.14 41.29 18.56 41.20 16.95 40.19 15.63

40.83 20.28 40.90 19.16 41.61 18.56 41.52 16.95 40.51 15.62

41.15 20.30 41.22 19.14 41.93 18.57 41.84 16.96 40.83 15.64

41.47 20.30 41.53 19.13 42.25 18.58 42.16 16.97 41.15 15.64

41.79 20.29 41.85 19.15 42.57 18.58 42.48 16.97 41.47 15.64

HDSi_160
o
CHDSi_120

o
C HDSi_130

o
C HDSi_140

o
C HDSi_150

o
C
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Table B1 Cure characteristics of the compounds prepared at various silanization 

temperatures (cont.): (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

42.11 20.31 42.17 19.16 42.89 18.57 42.80 16.98 41.79 15.65

42.43 20.32 42.49 19.17 43.21 18.57 43.12 16.99 42.11 15.64

42.75 20.31 42.81 19.17 43.53 18.57 43.44 17.00 42.43 15.66

43.07 20.33 43.13 19.19 43.85 18.57 43.76 16.98 42.75 15.67

43.39 20.31 43.45 19.19 44.17 18.59 44.08 17.00 43.07 15.67

43.71 20.32 43.77 19.20 44.49 18.59 44.40 17.00 43.39 15.68

44.03 20.32 44.09 19.21 44.81 18.58 44.72 17.00 43.71 15.69

44.35 20.34 44.41 19.22 45.13 18.59 45.04 17.02 44.03 15.69

44.67 20.34 44.74 19.21 45.45 18.62 45.36 17.02 44.35 15.69

44.99 20.34 45.06 19.21 45.77 18.62 45.68 17.03 44.67 15.70

45.31 20.33 45.38 19.21 46.09 18.63 46.00 17.03 44.99 15.70

45.63 20.35 45.69 19.22 46.41 18.62 46.32 17.05 45.32 15.72

45.95 20.35 46.01 19.21 46.73 18.62 46.64 17.05 45.64 15.72

46.27 20.36 46.33 19.22 47.05 18.63 46.96 17.04 45.96 15.72

46.59 20.36 46.65 19.24 47.37 18.64 47.28 17.05 46.28 15.72

46.91 20.36 46.97 19.23 47.69 18.63 47.60 17.05 46.60 15.73

47.23 20.37 47.29 19.23 48.01 18.63 47.92 17.03 46.92 15.74

47.55 20.37 47.61 19.25 48.33 18.62 48.24 17.04 47.24 15.74

47.91 20.36 47.93 19.25 48.65 18.64 48.56 17.04 47.56 15.74

48.23 20.37 48.25 19.26 48.97 18.64 48.88 17.05 47.88 15.74

48.55 20.38 48.57 19.25 49.29 18.63 49.20 17.06 48.20 15.74

48.87 20.38 48.89 19.25 49.61 18.64 49.52 17.06 48.52 15.75

49.19 20.38 49.21 19.27 49.99 18.65 49.84 17.06 48.84 15.74

49.52 20.39 49.54 19.28 50.00 17.07 49.16 15.77

49.84 20.38 49.86 19.27 49.48 15.76

50.00 20.39 50.00 19.28 49.80 15.77

50.00 15.77

HDSi_120
o
C HDSi_130

o
C HDSi_140

o
C HDSi_150

o
C HDSi_160

o
C
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Table B2 Cure characteristics of the compounds prepared at various silanization 

temperatures: (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 2.49 0.02 2.78 0.02 2.67 0.02 2.68 0.02 1.63

0.10 2.47 0.34 2.66 0.14 2.14 0.22 2.10 0.06 2.52

0.18 2.61 0.66 3.15 0.26 2.24 0.42 2.30 0.10 2.31

0.50 3.38 0.98 3.48 0.58 2.71 0.74 2.67 0.22 2.15

0.82 3.79 1.30 3.71 0.90 3.08 1.06 2.93 0.34 2.21

1.14 4.05 1.62 3.87 0.98 3.15 1.30 3.11 0.66 2.46

1.46 4.22 1.94 3.99 1.06 3.22 1.54 3.23 0.98 2.71

1.78 4.36 2.26 4.10 1.38 3.42 1.86 3.36 1.30 2.90

2.02 4.47 2.58 4.22 1.70 3.57 2.18 3.46 1.62 3.03

2.26 4.57 2.90 4.36 2.02 3.69 2.50 3.55 1.94 3.14

2.58 4.74 3.23 4.53 2.34 3.79 2.82 3.65 1.98 3.15

2.90 4.96 3.55 4.74 2.66 3.89 3.14 3.75 2.02 3.15

3.22 5.23 3.87 5.01 2.98 4.01 3.46 3.87 2.34 3.24

3.54 5.54 4.19 5.29 3.30 4.12 3.78 3.99 2.66 3.32

3.86 5.93 4.52 5.63 3.62 4.31 4.10 4.14 2.98 3.40

4.18 6.34 4.84 5.99 3.94 4.50 4.42 4.33 3.30 3.49

4.50 6.84 5.18 6.40 4.26 4.72 4.74 4.55 3.62 3.56

4.82 7.37 5.50 6.85 4.58 5.01 5.06 4.79 3.94 3.67

5.14 7.98 5.82 7.35 4.90 5.31 5.38 5.09 4.26 3.79

5.46 8.64 6.14 7.87 5.22 5.64 5.70 5.40 4.58 3.92

5.78 9.32 6.46 8.41 5.54 6.00 6.02 5.76 4.90 4.07

6.10 10.02 6.78 8.98 5.86 6.41 6.34 6.15 5.02 4.15

6.42 10.69 7.10 9.52 6.18 6.86 6.66 6.56 5.14 4.20

6.74 11.34 7.42 10.06 6.38 7.14 6.98 6.98 5.46 4.42

7.06 11.92 7.74 10.57 6.58 7.46 7.30 7.43 5.78 4.67

7.38 12.50 8.06 11.05 6.90 7.96 7.62 7.90 6.10 4.94

7.70 13.01 8.38 11.51 7.22 8.35 7.94 8.33 6.42 5.23

8.02 13.49 8.70 11.92 7.54 8.92 8.26 8.79 6.74 5.56

8.34 13.94 9.02 12.32 7.86 9.39 8.58 9.22 7.06 5.90

8.66 14.33 9.34 12.67 8.18 9.87 8.90 9.64 7.38 6.29

8.98 14.70 9.66 13.00 8.50 10.33 9.22 10.03 7.70 6.67

9.30 15.05 9.98 13.31 8.82 10.73 9.54 10.42 8.02 7.07

9.62 15.35 10.30 13.59 9.14 11.10 9.86 10.77 8.10 7.18

9.94 15.65 10.62 13.86 9.46 11.46 10.18 11.10 8.18 7.28

10.26 15.92 10.94 14.11 9.78 11.80 10.50 11.41 8.50 7.68

CSi_120
o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C CSi_160

o
C
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Table B2 Cure characteristics of the compounds prepared at various silanization 

temperatures (cont.): (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

10.58 16.17 11.26 14.32 10.10 12.12 10.82 11.70 8.82 8.07

10.90 16.40 11.58 14.55 10.42 12.43 11.14 11.97 9.14 8.47

11.22 16.60 11.90 14.75 10.74 12.72 11.46 12.24 9.47 8.85

11.54 16.81 12.22 14.92 11.06 12.98 11.78 12.47 9.79 9.19

11.86 16.98 12.54 15.11 11.38 13.22 12.09 12.67 10.11 9.53

12.18 17.15 12.86 15.27 11.70 13.45 12.41 12.91 10.43 9.86

12.50 17.31 13.18 15.42 12.02 13.67 12.73 13.12 10.75 10.16

12.82 17.48 13.50 15.56 12.34 13.85 13.05 13.31 11.07 10.43

13.14 17.58 13.82 15.69 12.66 14.04 13.37 13.48 11.39 10.69

13.46 17.71 14.14 15.80 12.98 14.22 13.69 13.64 11.71 10.94

13.78 17.84 14.46 15.93 13.30 14.38 14.01 13.81 12.03 11.18

14.10 17.97 14.78 16.03 13.62 14.53 14.33 13.96 12.35 11.40

14.42 18.04 15.10 16.13 13.94 14.69 14.65 14.09 12.67 11.61

14.74 18.14 15.42 16.23 14.27 14.81 14.97 14.24 12.99 11.80

15.06 18.23 15.74 16.31 14.59 14.94 15.29 14.35 13.31 11.99

15.38 18.30 16.06 16.39 14.91 15.06 15.61 14.46 13.63 12.17

15.70 18.38 16.38 16.48 15.23 15.14 15.93 14.58 13.95 12.33

16.02 18.47 16.70 16.56 15.55 15.24 16.25 14.69 14.27 12.48

16.34 18.54 17.02 16.63 15.87 15.36 16.57 14.79 14.59 12.63

16.66 18.62 17.34 16.69 16.19 15.46 16.89 14.87 14.91 12.76

16.98 18.68 17.66 16.75 16.51 15.55 17.23 14.99 15.23 12.90

17.30 18.75 17.98 16.81 16.83 15.63 17.55 15.06 15.55 13.03

17.62 18.79 18.30 16.87 17.15 15.71 17.87 15.14 15.87 13.13

17.94 18.83 18.62 16.92 17.47 15.78 18.19 15.22 16.19 13.24

18.26 18.88 18.94 16.97 17.79 15.85 18.51 15.29 16.51 13.36

18.58 18.95 19.26 17.01 18.11 15.92 18.83 15.36 16.83 13.44

18.90 18.99 19.58 17.07 18.43 15.98 19.15 15.41 17.15 13.54

19.22 19.02 19.90 17.10 18.75 16.03 19.47 15.48 17.47 13.64

19.54 19.07 20.22 17.15 19.07 16.08 19.79 15.55 17.79 13.72

19.86 19.10 20.54 17.20 19.39 16.14 20.11 15.60 18.11 13.80

20.18 19.13 20.86 17.23 19.71 16.20 20.43 15.66 18.43 13.88

20.50 19.17 21.18 17.27 20.03 16.24 20.75 15.70 18.75 13.94

20.82 19.19 21.50 17.31 20.35 16.27 21.07 15.75 19.07 14.02

21.14 19.23 21.82 17.34 20.67 16.31 21.39 15.80 19.39 14.09

21.46 19.26 22.14 17.37 20.99 16.36 21.71 15.84 19.71 14.14

CSi_160
o
CCSi_120

o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C
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Table B2 Cure characteristics of the compounds prepared at various silanization 

temperatures (cont.): (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

21.78 19.30 22.46 17.38 21.31 16.40 22.03 15.87 20.03 14.22

22.10 19.31 22.78 17.41 21.63 16.45 22.35 15.93 20.35 14.26

22.42 19.34 23.10 17.45 21.95 16.48 22.67 15.98 20.67 14.32

22.74 19.36 23.42 17.47 22.27 16.53 22.99 16.01 20.99 14.37

23.06 19.39 23.74 17.50 22.59 16.54 23.31 16.02 21.31 14.42

23.38 19.39 24.06 17.52 22.91 16.60 23.63 16.07 21.63 14.47

23.70 19.44 24.38 17.53 23.23 16.61 23.95 16.10 21.95 14.52

24.02 19.46 24.70 17.55 23.55 16.65 24.27 16.13 22.27 14.56

24.34 19.47 25.02 17.58 23.87 16.67 24.59 16.17 22.59 14.61

24.66 19.48 25.34 17.60 24.19 16.69 24.91 16.21 22.91 14.64

24.98 19.51 25.66 17.62 24.51 16.72 25.23 16.23 23.23 14.68

25.30 19.52 25.98 17.64 24.83 16.72 25.55 16.26 23.55 14.72

25.62 19.54 26.30 17.64 25.15 16.77 25.87 16.27 23.87 14.76

25.94 19.54 26.62 17.65 25.47 16.80 26.19 16.30 24.19 14.79

26.26 19.58 26.94 17.69 25.79 16.82 26.51 16.32 24.51 14.83

26.58 19.58 27.26 17.70 26.11 16.83 26.83 16.34 24.83 14.85

26.90 19.61 27.58 17.71 26.43 16.87 27.15 16.37 25.15 14.88

27.22 19.60 27.90 17.73 26.75 16.88 27.47 16.40 25.47 14.92

27.54 19.62 28.22 17.74 27.07 16.89 27.79 16.42 25.79 14.95

27.86 19.65 28.54 17.75 27.39 16.91 28.11 16.45 26.11 14.97

28.18 19.64 28.86 17.75 27.71 16.93 28.43 16.45 26.43 15.00

28.50 19.65 29.18 17.78 28.03 16.95 28.75 16.48 26.75 15.02

28.82 19.66 29.50 17.80 28.35 16.96 29.07 16.50 27.07 15.04

29.14 19.68 29.82 17.81 28.67 16.97 29.39 16.51 27.39 15.08

29.46 19.72 30.14 17.81 28.99 16.98 29.71 16.52 27.71 15.11

29.78 19.69 30.46 17.83 29.31 17.01 30.03 16.56 28.03 15.12

30.10 19.71 30.78 17.85 29.63 17.03 30.35 16.56 28.35 15.15

30.42 19.73 31.10 17.84 29.95 17.03 30.67 16.56 28.67 15.17

30.74 19.73 31.42 17.86 30.28 17.06 30.99 16.59 28.99 15.18

31.06 19.74 31.74 17.86 30.60 17.07 31.31 16.60 29.31 15.21

31.38 19.75 32.06 17.87 30.92 17.08 31.63 16.62 29.63 15.23

31.70 19.75 32.38 17.89 31.24 17.09 31.95 16.62 29.95 15.24

32.02 19.78 32.70 17.91 31.56 17.11 32.27 16.64 30.27 15.25

32.34 19.79 33.02 17.92 31.88 17.12 32.59 16.65 30.59 15.29

32.66 19.78 33.34 17.93 32.20 17.11 32.91 16.66 30.91 15.31

CSi_120
o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C CSi_160

o
C
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Table B2 Cure characteristics of the compounds prepared at various silanization 

temperatures (cont.): (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

32.98 19.80 33.66 17.93 32.52 17.13 33.23 16.68 31.23 15.32

33.30 19.80 33.98 17.95 32.84 17.12 33.55 16.69 31.55 15.32

33.62 19.80 34.30 17.94 33.16 17.15 33.87 16.70 31.87 15.35

33.94 19.80 34.62 17.97 33.48 17.14 34.19 16.72 32.19 15.37

34.26 19.81 34.94 17.96 33.80 17.16 34.51 16.71 32.51 15.37

34.58 19.81 35.26 17.97 34.12 17.17 34.83 16.73 32.85 15.39

34.90 19.81 35.58 17.98 34.44 17.18 35.15 16.75 33.17 15.41

35.22 19.82 35.90 18.01 34.76 17.21 35.47 16.74 33.49 15.42

35.54 19.82 36.22 17.99 35.08 17.21 35.79 16.76 33.81 15.42

35.86 19.83 36.55 18.00 35.40 17.23 36.11 16.76 34.13 15.44

36.18 19.83 36.87 18.01 35.72 17.22 36.43 16.77 34.45 15.44

36.50 19.85 37.19 18.01 36.04 17.24 36.75 16.79 34.77 15.46

36.82 19.83 37.51 18.02 36.36 17.22 37.07 16.77 35.09 15.48

37.14 19.86 37.83 18.04 36.68 17.22 37.38 16.80 35.41 15.47

37.46 19.86 38.15 18.03 37.00 17.24 37.70 16.79 35.73 15.49

37.78 19.86 38.47 18.05 37.32 17.24 38.02 16.83 36.05 15.51

38.10 19.88 38.79 18.06 37.64 17.26 38.34 16.83 36.37 15.53

38.42 19.88 39.11 18.07 37.96 17.28 38.66 16.82 36.69 15.54

38.74 19.88 39.43 18.07 38.28 17.28 38.98 16.84 37.01 15.56

39.06 19.88 39.75 18.07 38.60 17.28 39.30 16.84 37.33 15.51

39.38 19.88 40.07 18.07 38.92 17.30 39.62 16.85 37.65 15.60

39.70 19.88 40.39 18.07 39.24 17.31 39.94 16.86 37.97 15.57

40.02 19.89 40.71 18.08 39.56 17.31 40.26 16.85 38.29 15.56

40.34 19.88 41.03 18.09 39.88 17.31 40.58 16.86 38.61 15.57

40.66 19.89 41.35 18.11 40.20 17.29 40.90 16.87 38.93 15.57

40.98 19.89 41.67 18.10 40.52 17.31 41.22 16.87 39.25 15.59

41.30 19.92 41.99 18.11 40.84 17.33 41.54 16.88 39.57 15.60

41.62 19.92 42.31 18.10 41.16 17.34 41.86 16.88 39.89 15.60

41.94 19.93 42.63 18.11 41.48 17.35 42.18 16.90 40.21 15.64

42.26 19.94 42.95 18.11 41.80 17.33 42.50 16.90 40.53 15.63

42.58 19.92 43.27 18.12 42.12 17.35 42.82 16.90 40.85 15.61

42.90 19.94 43.59 18.12 42.44 17.33 43.14 16.91 41.17 15.62

43.22 19.92 43.91 18.13 42.76 17.37 43.46 16.91 41.49 15.64

43.54 19.94 44.23 18.12 43.08 17.35 43.78 16.91 41.81 15.65

43.86 19.95 44.55 18.12 43.40 17.36 44.10 16.93 42.13 15.65

CSi_160
o
CCSi_120

o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C
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Table B2 Cure characteristics of the compounds prepared at various silanization 

temperatures (cont.): (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.18 19.95 44.87 18.13 43.72 17.38 44.42 16.93 42.45 15.66

44.50 19.94 45.19 18.13 44.04 17.38 44.74 16.93 42.77 15.66

44.82 19.94 45.51 18.12 44.36 17.36 45.06 16.93 43.09 15.67

45.14 19.94 45.83 18.14 44.68 17.37 45.38 16.95 43.41 15.67

45.46 19.94 46.15 18.15 45.00 17.38 45.70 16.95 43.73 15.68

45.78 19.96 46.47 18.16 45.32 17.38 46.02 16.97 44.05 15.68

46.10 19.95 46.79 18.16 45.64 17.40 46.34 16.99 44.37 15.69

46.42 19.96 47.11 18.16 45.96 17.38 46.66 16.98 44.69 15.70

46.74 19.95 47.43 18.17 46.28 17.39 46.98 16.98 45.01 15.70

47.06 19.95 47.75 18.17 46.60 17.39 47.30 16.98 45.33 15.70

47.38 19.95 48.07 18.18 46.92 17.41 47.62 16.99 45.65 15.71

47.70 19.97 48.39 18.16 47.24 17.40 47.94 16.99 45.97 15.72

48.02 19.97 48.71 18.17 47.56 17.40 48.26 16.97 46.29 15.72

48.34 19.97 49.03 18.17 47.88 17.42 48.58 16.98 46.61 15.72

48.66 19.97 49.35 18.18 48.20 17.41 48.90 17.00 46.93 15.73

48.98 19.96 49.67 18.18 48.52 17.42 49.22 17.01 47.25 15.74

49.30 19.98 49.99 18.20 48.84 17.42 49.54 17.01 47.57 15.73

49.62 19.96 49.16 17.42 49.86 17.01 47.93 15.74

49.98 19.98 49.48 17.41 50.00 17.01 48.25 15.75

49.80 17.43 48.57 15.74

49.98 17.45 48.89 15.75

49.21 15.76

49.53 15.76

49.85 15.76

49.99 15.77

CSi_120
o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C CSi_160

o
C
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Table B3 Cure characteristics of the compounds treated by various TESPT contents: 

(a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 1.99 0.02 1.37 0.02 2.83 0.02 2.71 0.02 2.95

0.66 12.22 0.34 2.95 0.34 2.65 0.22 2.33 0.26 2.24

1.30 12.38 0.66 3.43 0.66 3.04 0.42 2.49 0.53 2.48

1.58 12.42 0.98 3.73 0.98 3.32 0.74 2.85 0.85 2.84

1.70 12.37 1.30 3.96 1.22 3.48 1.06 3.14 1.17 3.12

2.18 12.40 1.62 4.10 1.46 3.60 1.34 3.33 1.37 3.24

2.82 12.54 1.94 4.21 1.78 3.71 1.62 3.47 1.57 3.35

3.46 12.69 2.26 4.31 2.10 3.82 1.94 3.60 1.89 3.48

4.10 12.91 2.58 4.43 2.42 3.93 2.26 3.72 2.21 3.62

4.74 13.19 2.90 4.56 2.74 4.04 2.58 3.85 2.53 3.74

5.38 13.57 3.22 4.71 3.06 4.20 2.91 4.00 2.85 3.89

6.02 14.05 3.54 4.94 3.38 4.39 3.23 4.19 3.17 4.07

6.66 14.56 3.86 5.19 3.50 4.48 3.55 4.41 3.41 4.24

7.30 15.19 4.18 5.43 3.62 4.57 3.87 4.70 3.65 4.44

7.94 15.77 4.50 5.71 3.94 4.82 4.19 5.02 3.97 4.75

8.58 16.35 4.82 6.01 4.26 5.12 4.51 5.39 4.29 5.10

9.22 16.93 5.14 6.38 4.58 5.45 4.83 5.78 4.61 5.50

9.70 17.38 5.46 6.74 4.90 5.81 5.15 6.23 4.93 5.94

10.18 17.83 5.78 7.14 5.22 6.21 5.47 6.71 5.25 6.46

10.82 18.34 6.10 7.56 5.54 6.65 5.79 7.22 5.57 7.00

11.46 18.90 6.42 8.05 5.86 7.12 6.11 7.76 5.89 7.58

12.11 19.33 6.62 8.33 6.10 7.49 6.43 8.31 6.21 8.18

12.75 19.80 6.82 8.63 6.34 7.86 6.75 8.86 6.53 8.78

13.39 20.23 7.14 9.08 6.66 8.38 7.07 9.39 6.85 9.35

14.03 20.64 7.46 9.58 6.98 8.87 7.39 9.92 7.17 9.90

14.67 20.98 7.78 10.08 7.30 9.36 7.71 10.41 7.49 10.39

15.31 21.36 8.10 10.47 7.62 9.83 8.03 10.86 7.81 10.87

15.95 21.66 8.42 10.86 7.94 10.27 8.35 11.29 8.13 11.32

16.59 21.95 8.74 11.22 8.28 10.73 8.67 11.69 8.45 11.73

17.23 22.28 9.06 11.60 8.60 11.14 8.99 12.06 8.77 12.11

17.87 22.56 9.38 11.92 8.92 11.52 9.31 12.41 9.09 12.46

18.51 22.82 9.70 12.26 9.24 11.86 9.63 12.73 9.41 12.79

19.15 23.04 10.02 12.54 9.56 12.18 9.95 13.03 9.73 13.11

19.79 23.29 10.34 12.76 9.88 12.49 10.27 13.31 10.05 13.41

20.43 23.50 10.65 13.03 10.20 12.77 10.59 13.57 10.37 13.69

HDSi_12wt%HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt%
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Table B3 Cure characteristics of the compounds treated by various TESPT contents 

(cont.): (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

21.07 23.78 10.97 13.24 10.52 13.02 10.91 13.81 10.69 13.95

21.71 23.94 11.29 13.45 10.84 13.27 11.23 14.06 11.01 14.19

22.35 24.12 11.61 13.66 11.16 13.51 11.55 14.28 11.34 14.42

22.99 24.29 11.93 13.83 11.48 13.73 11.87 14.48 11.66 14.62

23.63 24.49 12.25 14.02 11.80 13.93 12.19 14.68 11.98 14.83

24.27 24.65 12.57 14.19 12.12 14.11 12.51 14.85 12.30 15.01

24.91 24.82 12.89 14.33 12.44 14.29 12.83 15.03 12.62 15.18

25.55 24.98 13.21 14.45 12.76 14.46 13.16 15.20 12.94 15.34

26.19 25.05 13.53 14.60 13.08 14.62 13.48 15.34 13.26 15.48

26.83 25.30 13.85 14.72 13.40 14.76 13.80 15.48 13.58 15.64

27.47 25.43 14.17 14.86 13.72 14.89 14.12 15.61 13.90 15.77

28.11 25.50 14.49 14.95 14.04 15.03 14.44 15.74 14.22 15.88

28.75 25.63 14.81 15.05 14.36 15.17 14.76 15.86 14.54 16.02

29.39 25.79 15.13 15.15 14.68 15.28 15.08 15.97 14.86 16.13

30.03 25.86 15.45 15.25 15.00 15.39 15.40 16.08 15.18 16.23

30.67 25.97 15.77 15.33 15.32 15.48 15.72 16.18 15.50 16.33

31.31 26.06 16.09 15.41 15.64 15.58 16.04 16.27 15.82 16.42

31.95 26.24 16.41 15.49 15.96 15.68 16.36 16.36 16.14 16.51

32.59 26.35 16.73 15.58 16.28 15.77 16.68 16.44 16.46 16.62

33.23 26.39 17.05 15.65 16.60 15.85 17.00 16.53 16.78 16.69

33.87 26.55 17.37 15.72 16.92 15.92 17.32 16.60 17.10 16.78

34.51 26.60 17.69 15.77 17.24 16.01 17.64 16.66 17.42 16.84

35.15 26.71 18.01 15.84 17.56 16.08 17.98 16.74 17.74 16.92

35.79 26.79 18.33 15.88 17.88 16.12 18.30 16.82 18.06 16.99

36.43 26.87 18.65 15.95 18.20 16.20 18.62 16.86 18.38 17.05

37.07 27.00 18.97 15.98 18.52 16.25 18.94 16.93 18.70 17.10

37.71 27.12 19.29 16.03 18.84 16.30 19.26 16.98 19.02 17.17

38.35 27.14 19.61 16.07 19.16 16.37 19.58 17.03 19.34 17.23

38.99 27.29 19.93 16.11 19.48 16.43 19.90 17.09 19.66 17.29

39.63 27.36 20.25 16.16 19.80 16.47 20.22 17.13 19.98 17.34

40.27 27.45 20.57 16.19 20.12 16.51 20.54 17.17 20.30 17.39

40.92 27.58 20.89 16.23 20.44 16.57 20.86 17.23 20.62 17.44

41.56 27.55 21.21 16.28 20.76 16.59 21.18 17.27 20.94 17.48

42.20 27.69 21.53 16.32 21.08 16.64 21.50 17.30 21.26 17.52

42.84 27.75 21.85 16.34 21.40 16.67 21.82 17.34 21.58 17.57

HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt% HDSi_12wt%
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Table B3 Cure characteristics of the compounds treated by various TESPT contents 

(cont.): (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

43.48 27.89 22.17 16.36 21.72 16.71 22.15 17.38 21.90 17.62

44.12 27.99 22.49 16.41 22.04 16.75 22.47 17.42 22.22 17.65

44.76 28.05 22.81 16.45 22.36 16.78 22.79 17.45 22.54 17.70

45.40 28.13 23.13 16.44 22.68 16.83 23.11 17.48 22.86 17.72

46.04 28.19 23.45 16.50 23.00 16.84 23.43 17.51 23.18 17.77

46.68 28.29 23.77 16.53 23.32 16.89 23.75 17.54 23.50 17.81

47.32 28.29 24.09 16.57 23.64 16.90 24.07 17.57 23.82 17.82

47.96 28.35 24.41 16.59 23.96 16.93 24.39 17.59 24.14 17.87

48.60 28.45 24.73 16.61 24.28 16.94 24.71 17.61 24.46 17.90

49.24 28.56 25.05 16.62 24.60 16.97 25.03 17.66 24.78 17.93

49.88 28.69 25.37 16.64 24.92 17.00 25.35 17.69 25.10 17.95

50.52 28.67 25.69 16.66 25.24 17.02 25.67 17.69 25.42 17.99

51.15 28.71 26.01 16.68 25.56 17.04 25.99 17.72 25.74 18.01

51.78 28.84 26.33 16.70 25.88 17.05 26.31 17.74 26.06 18.04

52.43 28.85 26.65 16.70 26.20 17.09 26.63 17.76 26.38 18.07

53.07 28.91 26.97 16.71 26.52 17.09 26.95 17.78 26.70 18.10

53.72 28.98 27.29 16.73 26.84 17.13 27.27 17.80 27.04 18.12

54.35 29.11 27.61 16.76 27.16 17.12 27.59 17.83 27.36 18.14

54.98 29.10 27.93 16.78 27.48 17.13 27.91 17.85 27.68 18.16

55.63 29.16 28.25 16.79 27.80 17.18 28.23 17.87 28.00 18.19

56.27 29.27 28.57 16.82 28.12 17.18 28.55 17.90 28.32 18.22

56.92 29.38 28.89 16.82 28.44 17.20 28.87 17.89 28.64 18.25

57.55 29.38 29.21 16.84 28.76 17.21 29.19 17.94 28.96 18.25

58.18 29.39 29.53 16.84 29.08 17.23 29.51 17.94 29.28 18.28

58.83 29.45 29.85 16.86 29.40 17.24 29.83 17.94 29.60 18.29

59.47 29.54 30.17 16.88 29.72 17.26 30.15 17.96 29.92 18.31

60.12 29.54 30.49 16.88 30.04 17.25 30.47 17.95 30.24 18.33

60.75 29.60 30.81 16.90 30.36 17.26 30.79 17.99 30.56 18.36

61.38 29.68 31.13 16.90 30.68 17.29 31.11 18.02 30.88 18.36

62.03 29.84 31.45 16.92 31.01 17.31 31.43 18.02 31.20 18.38

62.67 29.79 31.77 16.92 31.33 17.31 31.75 18.04 31.52 18.40

63.32 29.90 32.08 16.94 31.65 17.32 32.07 18.06 31.84 18.42

63.95 29.83 32.40 16.94 31.97 17.33 32.39 18.07 32.16 18.44

64.58 29.94 32.72 16.95 32.29 17.33 32.71 18.09 32.48 18.45

65.23 30.03 33.04 16.96 32.61 17.33 33.03 18.08 32.80 18.47

HDSi_12wt%HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt%
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Table B3 Cure characteristics of the compounds treated by various TESPT contents 

(cont.): (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

65.87 30.03 33.36 16.97 32.93 17.35 33.35 18.10 33.12 18.49

66.52 30.04 33.68 16.98 33.25 17.35 33.67 18.09 33.44 18.50

67.15 30.20 34.00 17.00 33.57 17.37 33.99 18.13 33.76 18.51

67.78 30.25 34.32 17.02 33.89 17.38 34.31 18.12 34.08 18.53

68.43 30.28 34.64 17.01 34.21 17.40 34.63 18.14 34.40 18.54

69.07 30.30 34.96 17.01 34.53 17.41 34.95 18.14 34.72 18.54

69.70 30.33 35.28 17.00 34.85 17.42 35.27 18.15 35.04 18.57

70.35 30.43 35.60 17.03 35.17 17.43 35.59 18.17 35.36 18.58

70.98 30.49 35.92 17.02 35.49 17.42 35.91 18.17 35.68 18.57

71.63 30.62 36.24 17.06 35.81 17.43 36.23 18.18 36.00 18.58

72.27 30.60 36.56 17.06 36.13 17.44 36.55 18.19 36.32 18.61

72.90 30.58 36.88 17.08 36.45 17.45 36.87 18.20 36.64 18.62

73.55 30.67 37.20 17.07 36.77 17.47 37.19 18.21 36.96 18.64

74.18 30.70 37.52 17.06 37.09 17.45 37.51 18.21 37.28 18.65

74.83 30.89 37.84 17.09 37.41 17.47 37.83 18.22 37.60 18.66

75.47 30.85 38.16 17.08 37.73 17.49 38.15 18.23 37.92 18.67

76.10 30.88 38.48 17.09 38.05 17.48 38.47 18.25 38.24 18.67

76.75 30.90 38.80 17.10 38.37 17.49 38.79 18.26 38.56 18.69

77.38 30.94 39.12 17.10 38.69 17.48 39.11 18.27 38.87 18.70

78.03 30.97 39.44 17.12 39.01 17.49 39.43 18.27 39.19 18.72

78.67 31.05 39.76 17.11 39.33 17.51 39.75 18.28 39.51 18.73

79.30 31.11 40.08 17.12 39.65 17.50 40.07 18.28 39.83 18.73

79.98 31.12 40.40 17.12 39.97 17.52 40.39 18.28 40.15 18.74

40.72 17.15 40.29 17.53 40.71 18.29 40.47 18.77

41.04 17.14 40.61 17.53 41.03 18.29 40.79 18.78

41.36 17.14 40.93 17.54 41.35 18.30 41.11 18.76

41.68 17.16 41.25 17.55 41.67 18.30 41.43 18.78

42.00 17.17 41.57 17.53 41.99 18.33 41.75 18.79

42.32 17.16 41.89 17.54 42.31 18.35 42.07 18.81

42.64 17.17 42.21 17.55 42.63 18.33 42.39 18.80

42.96 17.17 42.53 17.56 42.95 18.33 42.71 18.83

43.28 17.19 42.85 17.57 43.27 18.33 43.03 18.83

43.60 17.18 43.17 17.56 43.59 18.35 43.35 18.84

43.92 17.19 43.49 17.58 43.91 18.35 43.67 18.85

44.24 17.19 43.81 17.56 44.23 18.35 43.99 18.85

HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt% HDSi_12wt%
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Table B3 Cure characteristics of the compounds treated by various TESPT contents 

(cont.): (a) HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.55 17.21 44.13 17.57 44.55 18.35 44.31 18.87

44.87 17.20 44.45 17.58 44.87 18.39 44.63 18.89

45.19 17.20 44.77 17.59 45.19 18.37 44.95 18.88

45.51 17.21 45.09 17.59 45.51 18.37 45.27 18.88

45.83 17.21 45.41 17.61 45.83 18.39 45.59 18.90

46.15 17.22 45.73 17.60 46.15 18.38 45.91 18.91

46.47 17.21 46.05 17.60 46.47 18.39 46.23 18.91

46.79 17.23 46.38 17.61 46.79 18.40 46.55 18.91

47.11 17.23 46.70 17.62 47.11 18.43 46.87 18.93

47.43 17.23 47.02 17.61 47.43 18.40 47.19 18.95

47.75 17.24 47.34 17.62 47.75 18.42 47.51 18.94

48.07 17.24 47.66 17.63 48.08 18.42 47.83 18.95

48.39 17.23 47.98 17.63 48.40 18.42 48.15 18.96

48.71 17.25 48.30 17.63 48.72 18.43 48.47 18.97

49.03 17.26 48.62 17.63 49.04 18.44 48.79 18.99

49.35 17.28 48.94 17.63 49.36 18.43 49.11 18.99

49.67 17.27 49.26 17.64 49.68 18.43 49.43 19.02

49.99 17.27 49.58 17.63 50.00 18.44 49.75 19.01

49.90 17.64 49.99 19.01

50.00 17.65

HDSi_12wt%HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt%
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Table B4 Cure characteristics of the compounds treated by various TESPT contents: 

(b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 4.54 0.02 2.72 0.02 2.52 0.02 2.41 0.02 2.53

0.66 12.23 0.34 2.80 0.34 2.41 0.34 2.19 0.34 2.04

1.30 12.39 0.66 3.32 0.66 2.81 0.66 2.60 0.66 2.44

1.62 12.44 0.98 3.64 0.98 3.10 0.98 2.92 0.98 2.77

1.94 12.41 1.30 3.88 1.30 3.30 1.18 3.09 1.22 2.97

2.06 12.37 1.62 4.04 1.62 3.47 1.38 3.20 1.46 3.11

2.18 12.40 1.94 4.14 1.94 3.60 1.70 3.37 1.78 3.28

2.82 12.50 2.26 4.25 2.26 3.71 2.02 3.49 2.10 3.40

3.46 12.61 2.58 4.34 2.58 3.80 2.34 3.63 2.42 3.49

4.10 12.86 2.90 4.44 2.90 3.94 2.66 3.74 2.74 3.61

4.74 13.12 3.22 4.57 3.22 4.09 2.98 3.87 3.06 3.79

5.38 13.48 3.54 4.71 3.50 4.26 3.30 4.02 3.38 3.95

6.02 13.93 3.86 4.90 3.78 4.45 3.62 4.21 3.42 3.97

6.66 14.45 4.18 5.12 4.10 4.69 3.94 4.45 3.46 3.98

7.30 15.01 4.50 5.36 4.42 4.98 4.26 4.72 3.78 4.22

7.94 15.56 4.82 5.62 4.74 5.30 4.58 5.05 4.10 4.49

8.58 16.15 5.14 5.90 5.06 5.65 4.90 5.40 4.42 4.84

9.22 16.69 5.46 6.22 5.38 6.03 5.22 5.82 4.74 5.17

9.86 17.26 5.78 6.56 5.70 6.46 5.54 6.26 5.06 5.60

10.02 17.39 6.10 6.93 6.02 6.93 5.86 6.75 5.38 6.10

10.18 17.52 6.42 7.32 6.34 7.42 6.06 7.09 5.70 6.63

10.82 18.02 6.50 7.45 6.66 7.92 6.26 7.44 6.02 7.22

11.46 18.44 6.58 7.53 6.98 8.43 6.58 8.02 6.34 7.87

12.10 18.98 6.90 7.97 7.30 8.95 6.90 8.60 6.66 8.49

12.74 19.31 7.22 8.41 7.62 9.43 7.22 9.18 6.98 9.05

13.38 19.72 7.54 8.83 7.94 9.89 7.54 9.71 7.30 9.62

14.02 20.14 7.86 9.27 8.26 10.35 7.86 10.25 7.62 10.15

14.66 20.50 8.18 9.68 8.58 10.77 8.18 10.73 7.94 10.71

15.30 20.78 8.50 10.08 8.90 11.16 8.50 11.18 8.26 11.14

15.94 21.08 8.82 10.47 9.22 11.54 8.82 11.61 8.58 11.59

16.58 21.34 9.14 10.85 9.54 11.88 9.14 12.02 8.90 11.99

17.22 21.60 9.46 11.21 9.86 12.19 9.46 12.40 9.22 12.36

17.86 21.86 9.78 11.55 10.18 12.51 9.78 12.73 9.54 12.71

18.50 22.11 10.10 11.86 10.50 12.79 10.10 13.05 9.86 13.04

19.14 22.35 10.42 12.16 10.82 13.05 10.41 13.37 10.18 13.33

CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt% CSi_12wt%
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Table B4 Cure characteristics of the compounds treated by various TESPT contents 

(cont.): (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

19.78 22.56 10.74 12.44 11.14 13.31 10.73 13.64 10.50 13.60

20.42 22.73 11.06 12.71 11.46 13.54 11.05 13.90 10.82 13.86

21.06 22.90 11.38 12.96 11.78 13.75 11.37 14.14 11.14 14.10

21.70 23.12 11.70 13.21 12.10 13.97 11.70 14.38 11.46 14.34

22.34 23.23 12.02 13.43 12.42 14.14 12.02 14.57 11.78 14.55

22.98 23.41 12.34 13.62 12.74 14.35 12.34 14.76 12.10 14.75

23.62 23.57 12.66 13.82 13.06 14.52 12.66 14.94 12.42 14.94

24.27 23.73 12.98 14.02 13.38 14.67 12.98 15.12 12.74 15.12

24.91 23.85 13.30 14.19 13.70 14.83 13.29 15.27 13.06 15.28

25.55 24.04 13.62 14.36 14.02 14.97 13.61 15.42 13.38 15.44

26.19 24.12 13.94 14.51 14.34 15.09 13.93 15.57 13.70 15.58

26.83 24.32 14.26 14.66 14.66 15.22 14.25 15.70 14.02 15.71

27.47 24.34 14.58 14.79 14.98 15.34 14.57 15.82 14.34 15.84

28.11 24.47 14.90 14.93 15.30 15.45 14.89 15.94 14.66 15.96

28.75 24.59 15.22 15.06 15.62 15.56 15.21 16.05 14.98 16.09

29.39 24.65 15.54 15.18 15.94 15.66 15.53 16.16 15.30 16.19

30.03 24.75 15.86 15.28 16.26 15.74 15.85 16.26 15.62 16.29

30.67 24.84 16.18 15.40 16.58 15.84 16.17 16.35 15.94 16.39

31.31 24.95 16.50 15.52 16.90 15.91 16.49 16.43 16.26 16.47

31.95 25.09 16.82 15.61 17.22 15.97 16.81 16.52 16.58 16.56

32.59 25.17 17.14 15.70 17.54 16.07 17.13 16.59 16.90 16.64

33.23 25.29 17.46 15.78 17.86 16.13 17.45 16.68 17.22 16.71

33.87 25.38 17.78 15.86 18.18 16.19 17.77 16.75 17.54 16.78

34.51 25.49 18.10 15.95 18.50 16.27 18.09 16.81 17.86 16.85

35.15 25.46 18.42 16.04 18.82 16.31 18.41 16.86 18.18 16.92

35.79 25.56 18.74 16.10 19.14 16.38 18.73 16.92 18.50 16.99

36.43 25.62 19.06 16.16 19.46 16.44 19.05 17.00 18.82 17.05

37.07 25.70 19.38 16.22 19.77 16.50 19.37 17.03 19.14 17.11

37.71 25.77 19.70 16.30 20.09 16.55 19.69 17.09 19.46 17.16

38.35 25.86 20.02 16.37 20.41 16.59 20.01 17.14 19.78 17.21

38.99 25.94 20.34 16.39 20.73 16.64 20.33 17.18 20.10 17.27

39.63 25.97 20.66 16.46 21.05 16.68 20.65 17.22 20.42 17.32

40.27 26.11 20.98 16.52 21.37 16.72 20.97 17.27 20.74 17.37

40.91 26.09 21.30 16.56 21.69 16.77 21.29 17.33 21.06 17.42

41.55 26.22 21.62 16.60 22.01 16.80 21.61 17.36 21.38 17.45

CSi_12wt%CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt%
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Table B4 Cure characteristics of the compounds treated by various TESPT contents 

(cont.): (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

42.19 26.31 21.94 16.64 22.33 16.84 21.93 17.38 21.70 17.48

42.83 26.30 22.26 16.70 22.65 16.88 22.25 17.43 22.02 17.54

43.47 26.38 22.58 16.71 22.97 16.90 22.57 17.45 22.34 17.59

44.11 26.43 22.90 16.74 23.29 16.93 22.89 17.49 22.66 17.62

44.75 26.52 23.22 16.79 23.61 16.95 23.21 17.52 22.98 17.65

45.39 26.56 23.54 16.82 23.93 16.99 23.53 17.56 23.30 17.70

46.03 26.67 23.86 16.87 24.25 17.01 23.85 17.58 23.62 17.72

46.67 26.73 24.18 16.88 24.57 17.04 24.17 17.59 23.94 17.76

47.31 26.80 24.50 16.94 24.89 17.06 24.49 17.62 24.26 17.79

47.95 26.87 24.83 16.96 25.21 17.09 24.81 17.65 24.58 17.82

48.59 26.87 25.15 16.99 25.53 17.12 25.13 17.67 24.90 17.84

49.23 26.97 25.47 17.00 25.85 17.14 25.45 17.71 25.22 17.87

49.87 27.00 25.79 17.03 26.17 17.16 25.77 17.72 25.54 17.90

50.50 27.04 26.11 17.05 26.49 17.18 26.09 17.76 25.86 17.95

51.15 27.12 26.43 17.09 26.81 17.20 26.41 17.76 26.18 17.98

51.78 27.12 26.75 17.11 27.13 17.21 26.73 17.78 26.50 17.98

52.42 27.18 27.07 17.13 27.45 17.24 27.05 17.81 26.82 18.01

53.07 27.28 27.39 17.16 27.77 17.25 27.37 17.84 27.14 18.05

53.70 27.30 27.71 17.17 28.09 17.27 27.69 17.85 27.46 18.06

54.35 27.32 28.03 17.20 28.41 17.28 28.01 17.85 27.78 18.09

54.98 27.35 28.35 17.21 28.73 17.30 28.33 17.89 28.10 18.11

55.62 27.48 28.67 17.23 29.05 17.31 28.65 17.90 28.42 18.14

56.27 27.49 28.99 17.25 29.37 17.34 28.97 17.92 28.74 18.16

56.90 27.51 29.31 17.29 29.69 17.35 29.29 17.93 29.06 18.18

57.55 27.61 29.63 17.29 30.01 17.35 29.60 17.94 29.38 18.21

58.18 27.64 29.95 17.32 30.33 17.38 29.92 17.97 29.70 18.22

58.82 27.67 30.27 17.32 30.65 17.39 30.24 17.99 30.02 18.24

59.47 27.66 30.59 17.35 30.97 17.39 30.56 18.01 30.34 18.26

60.10 27.75 30.91 17.37 31.29 17.41 30.88 18.01 30.66 18.28

60.75 27.78 31.23 17.38 31.61 17.41 31.20 18.02 30.98 18.28

61.38 27.80 31.55 17.39 31.93 17.42 31.52 18.04 31.30 18.30

62.02 27.87 31.87 17.41 32.25 17.44 31.84 18.05 31.62 18.33

62.67 27.91 32.19 17.41 32.57 17.46 32.16 18.07 31.94 18.35

63.30 27.94 32.51 17.43 32.89 17.46 32.48 18.08 32.26 18.37

63.95 28.02 32.83 17.45 33.21 17.48 32.80 18.10 32.58 18.39

CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt% CSi_12wt%
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Table B4 Cure characteristics of the compounds treated by various TESPT contents 

(cont.): (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

64.58 28.05 33.15 17.47 33.53 17.48 33.12 18.09 32.90 18.39

65.22 28.11 33.47 17.47 33.85 17.49 33.44 18.11 33.22 18.40

65.87 28.16 33.79 17.48 34.17 17.51 33.76 18.12 33.54 18.43

66.50 28.19 34.11 17.50 34.49 17.52 34.08 18.15 33.86 18.43

67.15 28.25 34.43 17.50 34.81 17.52 34.40 18.14 34.18 18.45

67.78 28.26 34.75 17.52 35.13 17.54 34.72 18.15 34.50 18.48

68.42 28.35 35.07 17.54 35.45 17.53 35.04 18.17 34.82 18.49

69.07 28.33 35.39 17.54 35.77 17.54 35.36 18.18 35.14 18.49

69.70 28.41 35.71 17.55 36.09 17.56 35.68 18.18 35.46 18.50

70.35 28.41 36.03 17.56 36.41 17.55 36.00 18.19 35.78 18.53

70.98 28.51 36.37 17.56 36.73 17.57 36.32 18.21 36.10 18.54

71.62 28.55 36.69 17.57 37.05 17.56 36.64 18.21 36.41 18.54

72.27 28.60 37.01 17.58 37.37 17.59 36.96 18.21 36.73 18.58

72.90 28.60 37.33 17.60 37.69 17.58 37.28 18.21 37.05 18.58

73.55 28.61 37.65 17.62 38.01 17.60 37.60 18.24 37.37 18.58

74.18 28.65 37.97 17.62 38.33 17.60 37.92 18.25 37.69 18.59

74.82 28.67 38.29 17.63 38.65 17.59 38.25 18.26 38.01 18.61

75.47 28.79 38.61 17.63 38.97 17.62 38.57 18.25 38.33 18.61

76.10 28.78 38.93 17.64 39.29 17.62 38.89 18.26 38.65 18.63

76.75 28.83 39.25 17.65 39.61 17.62 39.20 18.27 38.97 18.65

77.38 28.85 39.57 17.65 39.93 17.63 39.52 18.26 39.29 18.66

78.02 28.89 39.89 17.66 40.25 17.64 39.84 18.29 39.61 18.67

78.67 29.00 40.21 17.67 40.57 17.63 40.16 18.31 39.93 18.68

79.30 29.00 40.53 17.69 40.89 17.65 40.49 18.30 40.25 18.69

79.98 29.05 40.85 17.69 41.21 17.64 40.81 18.32 40.57 18.69

41.17 17.69 41.53 17.66 41.13 18.30 40.89 18.71

41.49 17.69 41.85 17.66 41.45 18.32 41.21 18.72

41.80 17.71 42.17 17.66 41.77 18.32 41.53 18.72

42.12 17.72 42.49 17.67 42.09 18.33 41.85 18.73

42.44 17.70 42.81 17.67 42.41 18.34 42.17 18.74

42.76 17.70 43.13 17.66 42.73 18.35 42.49 18.76

43.08 17.73 43.45 17.69 43.05 18.35 42.81 18.76

43.40 17.73 43.77 17.68 43.37 18.35 43.13 18.77

43.72 17.74 44.09 17.68 43.69 18.35 43.45 18.76

44.04 17.74 44.41 17.69 44.01 18.38 43.77 18.78

CSi_12wt%CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt%
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Table B4 Cure characteristics of the compounds treated by various TESPT contents 

(cont.): (b) CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.36 17.74 44.73 17.70 44.33 18.37 44.09 18.81

44.68 17.76 45.05 17.70 44.65 18.37 44.41 18.80

45.00 17.77 45.37 17.72 44.97 18.38 44.73 18.80

45.32 17.77 45.69 17.71 45.29 18.39 45.05 18.82

45.64 17.77 46.01 17.71 45.61 18.39 45.37 18.83

45.96 17.78 46.33 17.72 45.93 18.39 45.69 18.83

46.28 17.78 46.65 17.73 46.25 18.40 46.01 18.84

46.60 17.78 46.97 17.73 46.57 18.38 46.33 18.85

46.92 17.79 47.29 17.73 46.89 18.42 46.65 18.85

47.24 17.81 47.61 17.73 47.21 18.41 46.97 18.87

47.56 17.81 47.93 17.72 47.53 18.42 47.29 18.88

47.88 17.83 48.25 17.74 47.85 18.43 47.61 18.89

48.20 17.82 48.57 17.75 48.17 18.43 47.93 18.87

48.52 17.82 48.89 17.75 48.49 18.44 48.25 18.88

48.84 17.83 49.21 17.75 48.81 18.44 48.57 18.90

49.16 17.82 49.53 17.74 49.13 18.45 48.89 18.90

49.48 17.83 49.85 17.75 49.45 18.45 49.21 18.92

49.80 17.83 49.99 17.76 49.77 18.45 49.53 18.92

49.98 17.83 49.99 18.45 49.85 18.93

49.99 18.94

CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt% CSi_12wt%
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Table B5 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios: (a) SSBR6450SL_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 2.68 0.02 3.25 0.02 2.76 0.02 2.46 0.02 3.89 0.02 3.57

0.22 2.47 0.34 2.48 0.34 2.35 0.34 2.46 0.34 2.57 0.34 2.74

0.42 2.67 0.66 2.66 0.66 2.41 0.50 2.45 0.66 2.54 0.62 2.70

0.74 3.03 0.98 2.85 0.98 2.53 0.66 2.48 0.98 2.57 0.90 2.74

1.06 3.29 1.30 3.00 1.30 2.63 0.98 2.55 1.30 2.62 1.22 2.76

1.34 3.47 1.62 3.10 1.62 2.72 1.30 2.61 1.64 2.66 1.54 2.78

1.62 3.61 1.94 3.20 1.94 2.78 1.62 2.69 1.96 2.68 1.86 2.83

1.94 3.75 2.26 3.28 2.26 2.85 1.94 2.72 2.28 2.73 2.18 2.87

2.26 3.89 2.58 3.38 2.58 2.92 2.26 2.76 2.60 2.77 2.50 2.92

2.58 4.03 2.70 3.44 2.90 3.02 2.58 2.82 2.92 2.83 2.82 3.00

2.90 4.20 2.82 3.48 3.22 3.12 2.90 2.88 3.24 2.90 3.14 3.10

3.22 4.43 3.14 3.62 3.54 3.27 3.22 2.94 3.56 3.01 3.46 3.27

3.26 4.47 3.46 3.79 3.86 3.44 3.54 3.05 3.88 3.15 3.78 3.54

3.30 4.50 3.78 4.03 4.18 3.67 3.86 3.18 4.20 3.33 4.10 3.98

3.62 4.79 4.10 4.31 4.50 3.94 4.18 3.34 4.52 3.58 4.42 4.71

3.94 5.11 4.42 4.63 4.82 4.24 4.50 3.55 4.85 3.92 4.74 5.69

4.26 5.47 4.74 4.97 5.14 4.59 4.82 3.82 5.17 4.33 5.06 6.67

4.58 5.89 5.06 5.37 5.46 4.97 5.14 4.14 5.33 4.57 5.38 7.50

4.90 6.35 5.38 5.77 5.78 5.37 5.42 4.45 5.49 4.81 5.46 7.70

5.22 6.84 5.70 6.25 6.10 5.79 5.70 4.78 5.81 5.34 5.54 7.89

5.54 7.39 6.02 6.73 6.42 6.21 6.02 5.18 6.13 5.85 5.86 8.56

5.58 7.47 6.34 7.23 6.74 6.67 6.34 5.60 6.45 6.39 6.18 9.12

5.62 7.54 6.66 7.69 7.06 7.12 6.66 6.02 6.77 6.92 6.50 9.64

5.94 8.12 6.98 8.22 7.22 7.34 6.98 6.46 7.09 7.42 6.82 10.05

6.26 8.71 7.30 8.71 7.38 7.56 7.30 6.90 7.17 7.53 7.14 10.42

6.58 9.29 7.62 9.14 7.70 7.96 7.62 7.30 7.25 7.65 7.46 10.74

6.90 9.86 7.94 9.59 8.02 8.35 7.94 7.69 7.57 8.08 7.78 11.02

7.22 10.40 8.26 9.98 8.34 8.72 8.26 8.06 7.89 8.46 8.10 11.27

7.54 10.88 8.58 10.39 8.66 9.08 8.58 8.41 8.21 8.82 8.42 11.47

7.86 11.37 8.90 10.70 8.98 9.39 8.90 8.73 8.53 9.13 8.74 11.64

8.18 11.82 9.22 11.05 9.30 9.71 9.22 9.03 8.85 9.44 9.06 11.81

8.50 12.22 9.54 11.35 9.62 10.01 9.54 9.31 9.17 9.68 9.38 11.95

8.82 12.60 9.86 11.64 9.94 10.28 9.86 9.56 9.49 9.92 9.70 12.09

9.14 12.98 10.18 11.90 10.26 10.52 10.18 9.80 9.81 10.14 10.02 12.21

9.46 13.31 10.50 12.15 10.58 10.76 10.50 10.03 10.13 10.36 10.34 12.31

HDSi20/CB80 Silica0/CB100HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60

SSBR6450SL
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Table B5 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (a) SSBR6450SL_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

9.78 13.62 10.82 12.39 10.90 10.97 10.82 10.24 10.45 10.56 10.66 12.40

10.10 13.91 11.14 12.61 11.22 11.19 11.14 10.42 10.77 10.72 10.98 12.48

10.42 14.20 11.46 12.81 11.54 11.39 11.46 10.61 11.09 10.88 11.30 12.57

10.74 14.44 11.78 12.99 11.86 11.58 11.78 10.77 11.41 11.02 11.62 12.63

11.06 14.68 12.10 13.19 12.18 11.74 12.10 10.93 11.73 11.15 11.94 12.68

11.38 14.92 12.43 13.36 12.50 11.91 12.42 11.07 12.05 11.27 12.25 12.75

11.70 15.13 12.75 13.53 12.82 12.06 12.74 11.20 12.37 11.38 12.57 12.79

12.02 15.32 13.07 13.68 13.14 12.21 13.06 11.34 12.69 11.48 12.89 12.82

12.34 15.52 13.39 13.82 13.46 12.34 13.38 11.46 13.01 11.56 13.21 12.87

12.66 15.69 13.71 13.95 13.78 12.46 13.70 11.59 13.33 11.65 13.53 12.89

12.98 15.86 14.03 14.07 14.10 12.57 14.02 11.67 13.65 11.75 13.85 12.93

13.30 16.02 14.35 14.20 14.42 12.69 14.34 11.78 13.97 11.83 14.17 12.96

13.62 16.17 14.67 14.29 14.74 12.79 14.66 11.87 14.29 11.90 14.49 12.99

13.94 16.30 14.99 14.40 15.06 12.90 14.98 11.95 14.61 11.96 14.81 13.01

14.26 16.43 15.30 14.51 15.38 12.99 15.30 12.05 14.93 12.03 15.13 13.05

14.58 16.54 15.62 14.59 15.70 13.09 15.62 12.11 15.25 12.09 15.45 13.06

14.90 16.67 15.94 14.69 16.02 13.17 15.94 12.19 15.57 12.15 15.77 13.06

15.22 16.76 16.26 14.77 16.34 13.25 16.26 12.25 15.89 12.19 16.09 13.08

15.54 16.89 16.58 14.84 16.66 13.32 16.58 12.33 16.21 12.25 16.41 13.10

15.86 16.98 16.90 14.93 16.98 13.39 16.90 12.39 16.53 12.29 16.73 13.10

16.18 17.08 17.22 14.99 17.30 13.47 17.21 12.44 16.85 12.33 17.05 13.11

16.50 17.16 17.54 15.06 17.62 13.53 17.53 12.50 17.17 12.36 17.37 13.11

16.82 17.23 17.86 15.11 17.94 13.59 17.85 12.54 17.49 12.40 17.69 13.11

17.14 17.32 18.18 15.17 18.26 13.64 18.17 12.60 17.81 12.45 18.01 13.14

17.46 17.40 18.50 15.24 18.58 13.71 18.49 12.65 18.13 12.48 18.33 13.14

17.78 17.46 18.82 15.29 18.90 13.76 18.81 12.67 18.45 12.52 18.65 13.15

18.10 17.53 19.14 15.34 19.22 13.81 19.13 12.72 18.78 12.54 18.97 13.15

18.42 17.60 19.46 15.40 19.54 13.84 19.45 12.77 19.10 12.57 19.29 13.13

18.74 17.66 19.78 15.45 19.86 13.89 19.77 12.81 19.42 12.61 19.61 13.14

19.06 17.73 20.10 15.49 20.18 13.93 20.09 12.84 19.74 12.62 19.93 13.14

19.38 17.78 20.42 15.54 20.50 13.97 20.41 12.88 20.06 12.64 20.25 13.13

19.70 17.83 20.74 15.58 20.82 14.01 20.73 12.91 20.38 12.68 20.57 13.14

20.02 17.89 21.06 15.62 21.14 14.05 21.05 12.95 20.70 12.71 20.89 13.13

20.34 17.93 21.38 15.65 21.46 14.09 21.37 12.99 21.02 12.72 21.21 13.14

20.66 17.99 21.70 15.68 21.78 14.13 21.69 13.00 21.34 12.74 21.53 13.15

SSBR6450SL

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B5 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (a) SSBR6450SL_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

20.98 18.04 22.02 15.72 22.10 14.15 22.01 13.03 21.66 12.74 21.85 13.15

21.30 18.08 22.34 15.76 22.42 14.20 22.33 13.06 21.98 12.76 22.17 13.14

21.62 18.12 22.66 15.78 22.74 14.23 22.65 13.09 22.30 12.78 22.49 13.16

21.94 18.18 22.98 15.82 23.06 14.25 22.97 13.11 22.62 12.80 22.81 13.16

22.26 18.19 23.30 15.84 23.38 14.28 23.29 13.14 22.94 12.82 23.13 13.15

22.58 18.24 23.62 15.88 23.70 14.31 23.61 13.17 23.26 12.84 23.45 13.13

22.90 18.25 23.94 15.90 24.02 14.33 23.93 13.18 23.58 12.84 23.77 13.14

23.22 18.28 24.26 15.93 24.34 14.37 24.25 13.22 23.90 12.85 24.09 13.14

23.54 18.32 24.58 15.94 24.66 14.38 24.57 13.21 24.23 12.86 24.41 13.12

23.86 18.37 24.90 15.97 24.97 14.40 24.89 13.25 24.55 12.88 24.74 13.14

24.20 18.38 25.22 15.99 25.29 14.42 25.21 13.25 24.87 12.89 25.06 13.12

24.52 18.41 25.54 16.02 25.61 14.45 25.53 13.28 25.19 12.90 25.38 13.13

24.84 18.43 25.86 16.03 25.93 14.49 25.84 13.30 25.51 12.90 25.70 13.13

25.16 18.48 26.18 16.07 26.25 14.50 26.16 13.33 25.83 12.92 26.02 13.12

25.48 18.48 26.50 16.09 26.57 14.51 26.48 13.33 26.15 12.92 26.34 13.11

25.80 18.50 26.82 16.11 26.89 14.53 26.80 13.35 26.47 12.91 26.66 13.11

26.12 18.54 27.14 16.12 27.21 14.54 27.12 13.37 26.79 12.94 26.98 13.12

26.44 18.57 27.46 16.14 27.53 14.55 27.44 13.37 27.11 12.95 27.30 13.12

26.76 18.58 27.78 16.15 27.85 14.58 27.76 13.38 27.43 12.96 27.62 13.12

27.08 18.60 28.10 16.16 28.17 14.58 28.08 13.41 27.75 12.95 27.94 13.12

27.40 18.62 28.42 16.19 28.49 14.60 28.40 13.40 28.07 12.96 28.26 13.10

27.72 18.64 28.74 16.21 28.81 14.62 28.72 13.42 28.39 12.96 28.58 13.11

28.04 18.66 29.06 16.22 29.13 14.64 29.04 13.44 28.71 12.97 28.90 13.11

28.36 18.69 29.38 16.23 29.45 14.66 29.36 13.45 29.03 12.97 29.22 13.11

28.68 18.70 29.70 16.25 29.77 14.66 29.68 13.46 29.35 12.98 29.54 13.11

29.00 18.72 30.02 16.27 30.09 14.68 30.00 13.47 29.67 12.99 29.86 13.10

29.32 18.74 30.34 16.28 30.41 14.69 30.32 13.49 29.99 13.00 30.18 13.09

29.64 18.75 30.66 16.30 30.73 14.70 30.64 13.50 30.31 13.02 30.50 13.10

29.96 18.76 30.98 16.31 31.05 14.73 30.96 13.51 30.63 13.01 30.82 13.10

30.28 18.78 31.30 16.32 31.37 14.73 31.28 13.53 30.95 13.01 31.14 13.08

30.60 18.79 31.62 16.32 31.69 14.74 31.60 13.52 31.27 13.03 31.46 13.08

30.92 18.80 31.94 16.34 32.01 14.75 31.92 13.54 31.59 13.04 31.78 13.08

31.24 18.82 32.26 16.34 32.33 14.78 32.24 13.54 31.91 13.04 32.10 13.08

31.56 18.83 32.58 16.36 32.65 14.77 32.56 13.55 32.23 13.05 32.42 13.07

31.88 18.85 32.90 16.36 32.97 14.79 32.88 13.55 32.55 13.07 32.74 13.06

SSBR6450SL

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B5 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (a) SSBR6450SL_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

32.20 18.86 33.24 16.39 33.29 14.79 33.20 13.56 32.87 13.06 33.06 13.06

32.52 18.87 33.56 16.39 33.61 14.80 33.52 13.57 33.19 13.06 33.38 13.06

32.84 18.87 33.88 16.40 33.93 14.81 33.84 13.58 33.51 13.07 33.70 13.06

33.16 18.89 34.20 16.41 34.25 14.82 34.16 13.59 33.83 13.07 34.02 13.06

33.48 18.91 34.52 16.44 34.57 14.83 34.48 13.59 34.15 13.06 34.34 13.06

33.80 18.92 34.84 16.44 34.89 14.85 34.80 13.61 34.47 13.07 34.66 13.06

34.12 18.93 35.16 16.43 35.21 14.85 35.12 13.61 34.79 13.07 34.98 13.05

34.44 18.94 35.48 16.46 35.53 14.85 35.44 13.62 35.11 13.10 35.30 13.06

34.76 18.96 35.80 16.46 35.85 14.87 35.76 13.63 35.43 13.11 35.62 13.04

35.08 18.96 36.12 16.46 36.17 14.87 36.08 13.64 35.75 13.11 35.94 13.05

35.40 18.97 36.44 16.48 36.49 14.89 36.40 13.64 36.07 13.12 36.26 13.04

35.72 18.98 36.76 16.49 36.81 14.90 36.72 13.66 36.39 13.11 36.58 13.05

36.04 18.99 37.08 16.49 37.13 14.90 37.04 13.66 36.71 13.12 36.90 13.03

36.36 19.00 37.40 16.49 37.45 14.90 37.36 13.67 37.03 13.12 37.22 13.03

36.68 19.00 37.72 16.50 37.77 14.91 37.68 13.68 37.35 13.13 37.54 13.03

37.00 18.99 38.04 16.51 38.09 14.92 38.00 13.68 37.67 13.13 37.86 13.02

37.32 19.00 38.36 16.52 38.41 14.92 38.32 13.68 37.99 13.14 38.18 13.01

37.64 19.01 38.68 16.52 38.73 14.94 38.64 13.69 38.31 13.16 38.50 13.01

37.96 19.03 39.00 16.53 39.05 14.94 38.96 13.69 38.63 13.15 38.82 13.02

38.28 19.03 39.32 16.55 39.37 14.96 39.28 13.69 38.95 13.14 39.14 13.02

38.60 19.04 39.64 16.55 39.69 14.96 39.60 13.68 39.27 13.14 39.46 13.02

38.92 19.05 39.96 16.56 40.01 14.96 39.92 13.71 39.59 13.15 39.78 13.02

39.24 19.06 40.28 16.56 40.33 14.97 40.24 13.70 39.91 13.16 40.10 13.01

39.56 19.07 40.60 16.57 40.65 14.98 40.56 13.71 40.23 13.16 40.42 13.01

39.88 19.07 40.92 16.57 40.97 14.97 40.88 13.72 40.55 13.16 40.74 13.01

40.20 19.09 41.24 16.59 41.29 14.99 41.20 13.74 40.87 13.16 41.06 13.00

40.52 19.09 41.56 16.59 41.61 14.98 41.52 13.75 41.19 13.17 41.38 13.00

40.84 19.08 41.88 16.59 41.93 15.00 41.84 13.74 41.51 13.17 41.70 13.01

41.16 19.09 42.20 16.59 42.25 15.01 42.16 13.75 41.83 13.17 42.02 13.02

41.48 19.10 42.52 16.61 42.57 15.00 42.48 13.75 42.15 13.17 42.34 13.02

41.80 19.10 42.84 16.62 42.91 15.02 42.80 13.75 42.47 13.17 42.66 13.02

42.12 19.09 43.16 16.62 43.23 15.01 43.12 13.75 42.79 13.19 42.98 13.01

42.44 19.11 43.48 16.63 43.55 15.01 43.44 13.76 43.11 13.19 43.30 13.01

42.76 19.12 43.80 16.63 43.87 15.01 43.76 13.77 43.43 13.19 43.62 13.01

43.08 19.12 44.12 16.63 44.19 15.02 44.08 13.77 43.75 13.20 43.94 12.99

SSBR6450SL

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B5 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (a) SSBR6450SL_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

43.40 19.14 44.44 16.64 44.51 15.04 44.40 13.77 44.07 13.19 44.26 13.00

43.72 19.13 44.76 16.64 44.83 15.05 44.72 13.78 44.39 13.20 44.58 13.00

44.04 19.15 45.08 16.65 45.15 15.06 45.04 13.79 44.71 13.21 44.90 13.01

44.36 19.15 45.40 16.64 45.47 15.06 45.36 13.80 45.03 13.20 45.22 13.01

44.68 19.14 45.72 16.65 45.79 15.07 45.68 13.81 45.35 13.21 45.54 13.00

45.00 19.16 46.04 16.65 46.11 15.07 46.00 13.80 45.67 13.20 45.86 12.98

45.32 19.15 46.36 16.67 46.43 15.07 46.32 13.80 45.99 13.20 46.18 12.96

45.64 19.17 46.68 16.67 46.75 15.06 46.64 13.81 46.31 13.21 46.50 12.96

45.96 19.16 47.00 16.69 47.07 15.07 46.96 13.81 46.63 13.22 46.82 12.97

46.28 19.17 47.32 16.68 47.39 15.09 47.28 13.82 46.95 13.22 47.14 12.99

46.60 19.20 47.64 16.67 47.71 15.08 47.60 13.82 47.27 13.22 47.46 12.98

46.92 19.18 47.96 16.69 48.03 15.09 47.92 13.84 47.59 13.23 47.78 12.98

47.24 19.19 48.28 16.69 48.34 15.09 48.24 13.84 47.91 13.23 48.10 13.00

47.56 19.19 48.60 16.69 48.66 15.09 48.56 13.84 48.23 13.23 48.42 12.98

47.88 19.19 48.92 16.69 48.98 15.10 48.88 13.85 48.55 13.24 48.74 12.97

48.20 19.20 49.24 16.71 49.30 15.10 49.20 13.85 48.87 13.24 49.06 12.98

48.52 19.21 49.56 16.72 49.62 15.12 49.52 13.86 49.19 13.24 49.38 12.97

48.84 19.21 49.88 16.72 49.98 15.12 49.84 13.85 49.51 13.24 49.70 12.97

49.16 19.21 50.00 16.71 50.00 13.86 49.83 13.25 49.98 12.97

49.48 19.21 49.99 13.26

49.80 19.23

50.00 19.23

SSBR6450SL

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B6 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios: (b) SSBR6450SL_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 2.43 0.02 1.23 0.02 3.13 0.02 2.09 0.02 3.19 0.02 3.57

0.34 2.23 0.34 2.21 0.34 2.24 0.34 2.32 0.34 2.55 0.34 2.74

0.66 2.60 0.66 2.43 0.66 2.32 0.66 2.34 0.66 2.55 0.62 2.70

0.98 2.93 0.98 2.64 0.98 2.43 0.98 2.42 0.98 2.58 0.90 2.74

1.30 3.18 1.30 2.80 1.30 2.54 1.30 2.49 1.30 2.63 1.22 2.76

1.62 3.35 1.62 2.94 1.62 2.61 1.62 2.54 1.62 2.66 1.54 2.78

1.94 3.49 1.94 3.03 1.94 2.68 1.94 2.59 1.94 2.70 1.86 2.83

2.26 3.60 2.26 3.13 2.26 2.74 2.26 2.63 2.26 2.74 2.18 2.87

2.58 3.72 2.42 3.18 2.58 2.81 2.58 2.69 2.58 2.79 2.50 2.92

2.90 3.87 2.58 3.22 2.90 2.88 2.90 2.76 2.90 2.84 2.82 3.00

3.22 4.01 2.90 3.34 3.22 2.98 3.22 2.81 3.22 2.91 3.14 3.10

3.54 4.20 3.22 3.48 3.54 3.11 3.54 2.90 3.54 3.01 3.46 3.27

3.86 4.43 3.54 3.67 3.82 3.24 3.86 3.04 3.86 3.12 3.78 3.54

4.18 4.70 3.86 3.90 4.10 3.40 4.18 3.18 4.18 3.30 4.10 3.98

4.52 5.01 4.18 4.17 4.42 3.63 4.38 3.31 4.50 3.52 4.42 4.71

4.84 5.38 4.50 4.48 4.74 3.92 4.58 3.45 4.54 3.55 4.74 5.69

5.16 5.77 4.82 4.84 5.06 4.24 4.90 3.72 4.58 3.59 5.06 6.67

5.48 6.21 5.14 5.25 5.38 4.60 5.22 4.04 4.90 3.90 5.38 7.50

5.80 6.69 5.46 5.69 5.70 5.00 5.54 4.40 5.22 4.30 5.46 7.70

6.12 7.23 5.78 6.17 6.02 5.40 5.86 4.79 5.54 4.77 5.54 7.89

6.44 7.75 6.10 6.69 6.34 5.82 6.18 5.16 5.86 5.26 5.86 8.56

6.76 8.32 6.42 7.20 6.66 6.27 6.50 5.60 6.18 5.77 6.18 9.12

7.08 8.90 6.74 7.72 6.98 6.71 6.82 6.00 6.50 6.29 6.50 9.64

7.40 9.46 7.06 8.24 7.30 7.16 7.14 6.44 6.82 6.79 6.82 10.05

7.72 9.99 7.38 8.73 7.38 7.26 7.46 6.84 7.14 7.27 7.14 10.42

8.04 10.50 7.70 9.19 7.46 7.37 7.78 7.24 7.46 7.72 7.46 10.74

8.36 10.97 8.02 9.63 7.78 7.79 8.10 7.61 7.78 8.11 7.78 11.02

8.68 11.42 8.34 10.05 8.10 8.18 8.42 7.95 8.09 8.47 8.10 11.27

9.00 11.84 8.66 10.43 8.42 8.56 8.74 8.28 8.41 8.80 8.42 11.47

9.32 12.23 8.98 10.79 8.74 8.90 9.06 8.59 8.73 9.11 8.74 11.64

9.64 12.59 9.30 11.15 9.06 9.23 9.38 8.86 9.05 9.37 9.06 11.81

9.96 12.94 9.62 11.45 9.38 9.54 9.70 9.12 9.37 9.63 9.38 11.95

10.28 13.24 9.94 11.75 9.70 9.81 10.02 9.37 9.69 9.86 9.70 12.09

10.60 13.53 10.26 12.04 10.02 10.07 10.34 9.60 10.01 10.06 10.02 12.21

10.92 13.82 10.58 12.27 10.34 10.32 10.66 9.81 10.33 10.24 10.34 12.31

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B6 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (b) SSBR6450SL_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

11.24 14.07 10.90 12.52 10.66 10.55 10.98 9.99 10.65 10.41 10.66 12.40

11.56 14.31 11.22 12.75 10.98 10.77 11.30 10.18 10.97 10.59 10.98 12.48

11.88 14.54 11.54 12.95 11.30 10.96 11.62 10.36 11.29 10.73 11.30 12.57

12.20 14.74 11.86 13.15 11.62 11.17 11.94 10.50 11.61 10.87 11.62 12.63

12.52 14.94 12.18 13.32 11.94 11.33 12.26 10.66 11.93 10.99 11.94 12.68

12.84 15.14 12.50 13.49 12.26 11.52 12.58 10.81 12.25 11.11 12.25 12.75

13.16 15.31 12.82 13.65 12.58 11.67 12.90 10.93 12.57 11.22 12.57 12.79

13.48 15.48 13.14 13.79 12.90 11.80 13.22 11.05 12.89 11.30 12.89 12.82

13.80 15.64 13.46 13.93 13.22 11.94 13.54 11.16 13.21 11.41 13.21 12.87

14.12 15.77 13.80 14.08 13.54 12.08 13.86 11.27 13.53 11.49 13.53 12.89

14.44 15.91 14.12 14.22 13.86 12.20 14.18 11.38 13.85 11.58 13.85 12.93

14.76 16.04 14.44 14.31 14.18 12.31 14.50 11.46 14.17 11.65 14.17 12.96

15.08 16.16 14.76 14.41 14.50 12.41 14.82 11.55 14.49 11.70 14.49 12.99

15.40 16.28 15.08 14.52 14.82 12.52 15.14 11.63 14.81 11.78 14.81 13.01

15.72 16.38 15.40 14.62 15.14 12.61 15.46 11.72 15.13 11.83 15.13 13.05

16.04 16.49 15.72 14.70 15.46 12.70 15.78 11.79 15.47 11.91 15.45 13.06

16.36 16.60 16.04 14.80 15.78 12.79 16.10 11.86 15.79 11.96 15.77 13.06

16.68 16.69 16.36 14.87 16.10 12.87 16.41 11.92 16.11 12.01 16.09 13.08

17.00 16.77 16.68 14.97 16.42 12.97 16.73 12.00 16.43 12.06 16.41 13.10

17.31 16.85 17.00 15.01 16.74 13.03 17.05 12.05 16.75 12.10 16.73 13.10

17.63 16.93 17.32 15.09 17.06 13.08 17.37 12.11 17.07 12.14 17.05 13.11

17.95 17.00 17.64 15.15 17.38 13.14 17.69 12.17 17.39 12.18 17.37 13.11

18.27 17.08 17.96 15.21 17.70 13.21 18.01 12.19 17.71 12.22 17.69 13.11

18.59 17.13 18.28 15.25 18.02 13.27 18.33 12.26 18.03 12.26 18.01 13.14

18.91 17.20 18.59 15.32 18.34 13.32 18.65 12.28 18.35 12.29 18.33 13.14

19.23 17.26 18.91 15.37 18.66 13.37 18.97 12.34 18.66 12.33 18.65 13.15

19.55 17.33 19.23 15.42 18.98 13.42 19.29 12.37 18.98 12.35 18.97 13.15

19.87 17.38 19.55 15.45 19.30 13.48 19.61 12.42 19.30 12.38 19.29 13.13

20.19 17.43 19.87 15.50 19.62 13.51 19.93 12.45 19.62 12.40 19.61 13.14

20.51 17.48 20.19 15.53 19.94 13.56 20.25 12.49 19.94 12.42 19.93 13.14

20.83 17.53 20.51 15.58 20.26 13.60 20.57 12.52 20.26 12.45 20.25 13.13

21.15 17.57 20.83 15.61 20.58 13.64 20.89 12.55 20.58 12.48 20.57 13.14

21.47 17.61 21.15 15.64 20.90 13.67 21.21 12.58 20.90 12.51 20.89 13.13

21.79 17.64 21.47 15.69 21.22 13.71 21.53 12.62 21.22 12.52 21.21 13.14

22.11 17.69 21.79 15.73 21.54 13.75 21.85 12.65 21.54 12.55 21.53 13.15

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B6 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (b) SSBR6450SL_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

22.43 17.73 22.11 15.77 21.86 13.77 22.17 12.67 21.86 12.57 21.85 13.15

22.75 17.76 22.43 15.80 22.18 13.81 22.49 12.69 22.18 12.57 22.17 13.14

23.07 17.79 22.75 15.82 22.50 13.84 22.81 12.72 22.50 12.60 22.49 13.16

23.39 17.82 23.07 15.83 22.82 13.87 23.13 12.73 22.82 12.61 22.81 13.16

23.71 17.86 23.39 15.87 23.14 13.88 23.45 12.76 23.14 12.63 23.13 13.15

24.03 17.90 23.71 15.89 23.46 13.92 23.77 12.77 23.46 12.64 23.45 13.13

24.35 17.93 24.03 15.92 23.78 13.94 24.09 12.81 23.78 12.67 23.77 13.14

24.67 17.95 24.35 15.93 24.10 13.96 24.41 12.83 24.10 12.68 24.09 13.14

24.99 17.96 24.67 15.97 24.42 13.99 24.73 12.85 24.42 12.70 24.41 13.12

25.31 18.00 24.99 15.99 24.74 14.03 25.05 12.87 24.74 12.71 24.74 13.14

25.63 18.03 25.31 16.00 25.06 14.04 25.37 12.87 25.06 12.71 25.06 13.12

25.95 18.06 25.63 16.03 25.38 14.06 25.69 12.88 25.38 12.72 25.38 13.13

26.27 18.07 25.95 16.04 25.70 14.08 26.01 12.90 25.70 12.73 25.70 13.13

26.59 18.09 26.27 16.07 26.02 14.09 26.33 12.91 26.02 12.73 26.02 13.12

26.91 18.11 26.59 16.07 26.33 14.11 26.65 12.93 26.34 12.74 26.34 13.11

27.23 18.14 26.91 16.10 26.65 14.13 26.97 12.95 26.66 12.76 26.66 13.11

27.55 18.16 27.23 16.11 26.97 14.17 27.29 12.96 26.98 12.77 26.98 13.12

27.87 18.17 27.55 16.14 27.29 14.17 27.61 12.97 27.30 12.79 27.30 13.12

28.19 18.20 27.87 16.14 27.61 14.20 27.93 12.98 27.62 12.78 27.62 13.12

28.51 18.22 28.19 16.16 27.93 14.21 28.25 12.99 27.94 12.80 27.94 13.12

28.83 18.23 28.51 16.17 28.25 14.22 28.57 13.00 28.26 12.81 28.26 13.10

29.15 18.25 28.83 16.18 28.57 14.23 28.89 13.02 28.58 12.81 28.58 13.11

29.47 18.27 29.15 16.21 28.89 14.26 29.21 13.03 28.90 12.83 28.90 13.11

29.79 18.27 29.47 16.22 29.21 14.27 29.53 13.04 29.22 12.83 29.22 13.11

30.11 18.29 29.79 16.23 29.53 14.28 29.85 13.05 29.54 12.84 29.54 13.11

30.43 18.32 30.11 16.24 29.85 14.29 30.17 13.07 29.86 12.85 29.86 13.10

30.75 18.33 30.43 16.24 30.17 14.32 30.49 13.09 30.18 12.86 30.18 13.09

31.07 18.34 30.75 16.26 30.49 14.31 30.81 13.11 30.50 12.86 30.50 13.10

31.39 18.36 31.07 16.27 30.81 14.33 31.13 13.10 30.82 12.86 30.82 13.10

31.71 18.37 31.39 16.30 31.13 14.35 31.45 13.11 31.14 12.89 31.14 13.08

32.03 18.37 31.71 16.30 31.45 14.35 31.77 13.11 31.46 12.90 31.46 13.08

32.35 18.39 32.03 16.30 31.77 14.36 32.09 13.12 31.78 12.89 31.78 13.08

32.67 18.40 32.35 16.32 32.09 14.37 32.41 13.14 32.10 12.89 32.10 13.08

32.99 18.41 32.67 16.33 32.41 14.39 32.72 13.15 32.42 12.90 32.42 13.07

33.31 18.42 32.99 16.34 32.73 14.40 33.04 13.15 32.74 12.90 32.74 13.06

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B6 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (b) SSBR6450SL_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

33.63 18.45 33.31 16.35 33.05 14.41 33.38 13.16 33.06 12.91 33.06 13.06

33.95 18.46 33.63 16.35 33.37 14.41 33.70 13.18 33.38 12.92 33.38 13.06

34.27 18.46 33.95 16.36 33.69 14.43 34.02 13.18 33.70 12.94 33.70 13.06

34.59 18.47 34.27 16.37 34.01 14.44 34.34 13.18 34.02 12.92 34.02 13.06

34.91 18.47 34.59 16.38 34.33 14.44 34.66 13.21 34.34 12.93 34.34 13.06

35.23 18.48 34.91 16.39 34.65 14.47 34.98 13.19 34.66 12.94 34.66 13.06

35.55 18.50 35.23 16.40 34.97 14.46 35.30 13.21 34.98 12.95 34.98 13.05

35.87 18.53 35.55 16.40 35.29 14.47 35.62 13.21 35.30 12.96 35.30 13.06

36.19 18.51 35.87 16.44 35.61 14.46 35.94 13.23 35.62 12.97 35.62 13.04

36.51 18.52 36.19 16.43 35.93 14.48 36.26 13.23 35.94 12.97 35.94 13.05

36.83 18.52 36.51 16.43 36.25 14.48 36.58 13.23 36.26 12.99 36.26 13.04

37.15 18.53 36.83 16.44 36.57 14.49 36.90 13.23 36.58 12.99 36.58 13.05

37.47 18.54 37.15 16.44 36.89 14.49 37.22 13.24 36.90 12.97 36.90 13.03

37.79 18.55 37.47 16.45 37.21 14.51 37.54 13.26 37.22 12.99 37.22 13.03

38.11 18.57 37.79 16.46 37.53 14.52 37.86 13.25 37.54 12.98 37.54 13.03

38.43 18.57 38.11 16.47 37.85 14.53 38.18 13.26 37.86 12.99 37.86 13.02

38.75 18.57 38.43 16.48 38.17 14.53 38.50 13.27 38.18 13.00 38.18 13.01

39.07 18.59 38.75 16.49 38.49 14.53 38.82 13.27 38.49 13.00 38.50 13.01

39.39 18.59 39.07 16.48 38.81 14.56 39.14 13.28 38.81 13.00 38.82 13.02

39.71 18.59 39.39 16.49 39.13 14.56 39.46 13.28 39.13 13.00 39.14 13.02

40.03 18.58 39.71 16.52 39.45 14.56 39.78 13.29 39.45 13.01 39.46 13.02

40.35 18.61 40.03 16.52 39.77 14.57 40.10 13.30 39.77 13.01 39.78 13.02

40.67 18.62 40.35 16.52 40.09 14.57 40.42 13.31 40.09 13.02 40.10 13.01

40.99 18.64 40.67 16.52 40.41 14.58 40.74 13.32 40.41 13.02 40.42 13.01

41.31 18.64 40.99 16.53 40.73 14.60 41.06 13.31 40.73 13.05 40.74 13.01

41.63 18.63 41.31 16.54 41.05 14.61 41.38 13.32 41.05 13.06 41.06 13.00

41.95 18.64 41.63 16.55 41.37 14.60 41.70 13.33 41.37 13.05 41.38 13.00

42.27 18.65 41.95 16.54 41.69 14.60 42.02 13.32 41.69 13.05 41.70 13.01

42.59 18.66 42.27 16.55 42.01 14.62 42.34 13.33 42.01 13.05 42.02 13.02

42.91 18.67 42.59 16.57 42.33 14.63 42.66 13.34 42.33 13.06 42.34 13.02

43.23 18.67 42.91 16.56 42.65 14.62 42.98 13.34 42.65 13.06 42.66 13.02

43.55 18.67 43.23 16.57 42.97 14.62 43.30 13.34 42.97 13.08 42.98 13.01

43.87 18.67 43.55 16.58 43.29 14.62 43.62 13.36 43.29 13.08 43.30 13.01

44.19 18.69 43.87 16.58 43.61 14.64 43.94 13.36 43.61 13.07 43.62 13.01

44.51 18.68 44.19 16.59 43.93 14.62 44.25 13.36 43.93 13.07 43.94 12.99

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B6 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (b) SSBR6450SL_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.83 18.68 44.51 16.59 44.25 14.65 44.57 13.36 44.25 13.08 44.26 13.00

45.15 18.69 44.83 16.59 44.57 14.65 44.89 13.38 44.57 13.09 44.58 13.00

45.47 18.70 45.15 16.60 44.89 14.65 45.21 13.38 44.89 13.09 44.90 13.01

45.79 18.71 45.47 16.60 45.21 14.67 45.53 13.38 45.21 13.08 45.22 13.01

46.11 18.71 45.79 16.61 45.53 14.66 45.85 13.38 45.53 13.09 45.54 13.00

46.43 18.70 46.11 16.60 45.85 14.68 46.17 13.40 45.85 13.09 45.86 12.98

46.75 18.72 46.43 16.61 46.17 14.68 46.49 13.39 46.17 13.10 46.18 12.96

47.07 18.71 46.75 16.62 46.49 14.68 46.81 13.39 46.49 13.10 46.50 12.96

47.39 18.72 47.07 16.63 46.81 14.69 47.13 13.40 46.81 13.10 46.82 12.97

47.71 18.73 47.39 16.62 47.13 14.68 47.45 13.41 47.13 13.10 47.14 12.99

48.03 18.73 47.71 16.62 47.45 14.70 47.77 13.41 47.45 13.10 47.46 12.98

48.35 18.74 48.03 16.64 47.77 14.70 48.09 13.42 47.77 13.12 47.78 12.98

48.67 18.72 48.35 16.64 48.09 14.70 48.41 13.42 48.09 13.11 48.10 13.00

48.99 18.74 48.67 16.65 48.41 14.70 48.73 13.43 48.41 13.11 48.42 12.98

49.31 18.76 48.99 16.66 48.73 14.72 49.05 13.42 48.73 13.12 48.74 12.97

49.63 18.75 49.31 16.65 49.05 14.73 49.37 13.43 49.05 13.14 49.06 12.98

49.99 18.76 49.63 16.66 49.37 14.72 49.69 13.44 49.37 13.13 49.38 12.97

49.99 16.65 49.69 14.72 49.99 13.45 49.69 13.14 49.70 12.97

49.99 14.72 49.99 13.13 49.98 12.97

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B7 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios: (c) SSBR3626_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 1.86 0.02 1.53 0.02 3.07 0.02 0.88 0.02 3.69 0.02 1.59

0.34 2.32 0.34 2.17 0.34 2.16 0.34 2.31 0.34 2.56 0.34 2.61

0.66 2.59 0.66 2.29 0.50 2.14 0.66 2.27 0.66 2.49 0.62 2.55

0.98 2.84 0.98 2.46 0.66 2.18 0.70 2.26 0.98 2.52 0.90 2.59

1.30 3.05 1.30 2.62 0.98 2.28 0.74 2.28 1.30 2.56 1.22 2.64

1.62 3.22 1.62 2.74 1.30 2.40 1.06 2.34 1.62 2.62 1.54 2.68

1.78 3.29 1.94 2.84 1.62 2.48 1.38 2.41 1.94 2.68 1.86 2.75

1.94 3.37 2.26 2.95 1.94 2.57 1.70 2.48 2.26 2.72 2.18 2.79

2.26 3.52 2.58 3.10 2.26 2.66 2.02 2.54 2.58 2.79 2.50 2.88

2.58 3.69 2.74 3.19 2.58 2.75 2.34 2.60 2.90 2.89 2.82 2.98

2.90 3.91 2.90 3.27 2.90 2.86 2.66 2.68 3.22 3.00 3.14 3.13

3.22 4.19 3.22 3.50 3.22 3.03 2.98 2.78 3.54 3.16 3.46 3.36

3.34 4.30 3.54 3.77 3.54 3.24 3.30 2.92 3.86 3.39 3.78 3.77

3.46 4.43 3.86 4.10 3.86 3.53 3.62 3.10 4.18 3.72 4.10 4.45

3.78 4.80 4.18 4.50 4.18 3.86 3.82 3.26 4.50 4.15 4.14 4.55

4.10 5.22 4.50 4.88 4.42 4.15 4.02 3.44 4.82 4.65 4.18 4.68

4.42 5.68 4.82 5.46 4.66 4.46 4.34 3.77 5.14 5.19 4.50 5.65

4.74 6.21 5.14 6.01 4.98 4.91 4.66 4.14 5.46 5.77 4.82 6.64

5.06 6.79 5.46 6.57 5.30 5.39 4.74 4.26 5.78 6.33 5.14 7.52

5.38 7.42 5.78 7.18 5.62 5.90 4.82 4.35 6.10 6.91 5.46 8.27

5.70 8.07 6.10 7.76 5.94 6.42 5.14 4.79 6.42 7.44 5.78 8.93

6.02 8.73 6.42 8.33 6.26 6.93 5.46 5.25 6.74 7.95 6.10 9.49

6.34 9.35 6.74 8.87 6.58 7.43 5.78 5.72 7.06 8.41 6.42 9.97

6.66 9.96 7.06 9.37 6.90 7.92 6.10 6.22 7.38 8.82 6.74 10.39

6.99 10.50 7.38 9.84 7.22 8.37 6.42 6.71 7.70 9.20 7.06 10.73

7.31 11.03 7.70 10.28 7.54 8.79 6.74 7.20 8.02 9.55 7.38 11.04

7.63 11.52 8.02 10.67 7.86 9.18 7.06 7.64 8.34 9.87 7.70 11.34

7.95 11.98 8.34 11.04 8.18 9.54 7.38 8.08 8.66 10.15 8.02 11.57

8.27 12.39 8.66 11.39 8.50 9.87 7.70 8.49 8.98 10.42 8.34 11.78

8.59 12.78 8.98 11.72 8.82 10.18 8.02 8.86 9.30 10.65 8.66 11.97

8.91 13.15 9.30 12.01 9.14 10.47 8.34 9.19 9.62 10.87 8.98 12.13

9.23 13.49 9.62 12.30 9.46 10.75 8.66 9.51 9.94 11.07 9.30 12.27

9.55 13.82 9.94 12.55 9.78 11.00 8.98 9.81 10.26 11.26 9.63 12.40

9.87 14.11 10.26 12.81 10.10 11.22 9.30 10.05 10.58 11.42 9.95 12.52

10.19 14.38 10.58 13.03 10.42 11.43 9.62 10.30 10.90 11.56 10.27 12.63

SSBR3626

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B7 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (c) SSBR3626_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

10.51 14.66 10.90 13.23 10.74 11.65 9.94 10.55 11.22 11.70 10.59 12.71

10.83 14.90 11.22 13.43 11.06 11.84 10.26 10.78 11.54 11.83 10.91 12.80

11.15 15.15 11.54 13.62 11.38 12.03 10.58 10.98 11.86 11.95 11.23 12.88

11.47 15.37 11.86 13.80 11.70 12.20 10.90 11.18 12.18 12.08 11.55 12.94

11.79 15.57 12.18 13.95 12.02 12.36 11.22 11.34 12.50 12.19 11.87 13.00

12.11 15.76 12.50 14.11 12.34 12.50 11.54 11.51 12.82 12.29 12.19 13.07

12.43 15.94 12.82 14.26 12.66 12.64 11.86 11.66 13.14 12.37 12.51 13.11

12.75 16.09 13.14 14.38 12.98 12.78 12.18 11.80 13.46 12.45 12.83 13.15

13.07 16.24 13.46 14.51 13.30 12.90 12.50 11.94 13.78 12.53 13.15 13.16

13.39 16.43 13.78 14.64 13.62 13.01 12.82 12.07 14.10 12.60 13.47 13.21

13.71 16.53 14.10 14.74 13.94 13.10 13.14 12.19 14.42 12.68 13.79 13.25

14.03 16.70 14.42 14.85 14.26 13.20 13.46 12.32 14.74 12.75 14.11 13.29

14.35 16.84 14.74 14.95 14.58 13.30 13.78 12.41 15.06 12.81 14.43 13.33

14.67 16.92 15.06 15.06 14.90 13.39 14.10 12.49 15.38 12.88 14.75 13.35

14.99 17.05 15.38 15.14 15.22 13.48 14.42 12.58 15.70 12.93 15.07 13.38

15.31 17.15 15.70 15.21 15.54 13.55 14.74 12.65 16.02 12.97 15.39 13.39

15.63 17.26 16.02 15.29 15.86 13.63 15.06 12.75 16.34 13.02 15.71 13.41

15.95 17.35 16.34 15.37 16.18 13.70 15.38 12.83 16.66 13.06 16.03 13.43

16.27 17.46 16.66 15.44 16.50 13.78 15.70 12.90 16.98 13.11 16.35 13.43

16.59 17.54 16.98 15.50 16.82 13.83 16.02 12.98 17.30 13.15 16.67 13.46

16.91 17.61 17.30 15.58 17.14 13.90 16.34 13.03 17.62 13.19 16.99 13.47

17.23 17.70 17.62 15.63 17.46 13.94 16.66 13.07 17.94 13.23 17.31 13.47

17.55 17.77 17.94 15.68 17.78 14.00 16.98 13.11 18.26 13.25 17.63 13.47

17.87 17.84 18.26 15.73 18.10 14.05 17.30 13.18 18.58 13.29 17.95 13.49

18.19 17.91 18.58 15.79 18.42 14.09 17.62 13.24 18.90 13.32 18.27 13.50

18.51 17.98 18.90 15.84 18.74 14.15 17.94 13.29 19.22 13.36 18.59 13.49

18.83 18.01 19.22 15.88 19.06 14.18 18.26 13.34 19.54 13.38 18.91 13.51

19.15 18.10 19.54 15.93 19.38 14.23 18.58 13.38 19.86 13.41 19.23 13.52

19.47 18.16 19.86 15.98 19.70 14.27 18.90 13.42 20.18 13.44 19.55 13.52

19.79 18.22 20.18 16.02 20.02 14.31 19.22 13.47 20.50 13.45 19.87 13.52

20.11 18.27 20.50 16.06 20.34 14.35 19.54 13.51 20.82 13.47 20.19 13.52

20.43 18.29 20.82 16.11 20.66 14.38 19.86 13.52 21.14 13.48 20.51 13.52

20.74 18.35 21.14 16.14 20.98 14.41 20.18 13.57 21.46 13.50 20.83 13.51

21.06 18.40 21.46 16.17 21.30 14.45 20.50 13.61 21.78 13.53 21.15 13.54

21.38 18.45 21.78 16.22 21.62 14.47 20.82 13.65 22.10 13.56 21.47 13.55

SSBR3626

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B7 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (c) SSBR3626_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

21.70 18.51 22.10 16.25 21.94 14.51 21.14 13.67 22.42 13.58 21.79 13.55

22.02 18.55 22.42 16.28 22.26 14.54 21.46 13.71 22.74 13.59 22.11 13.54

22.34 18.58 22.74 16.32 22.58 14.57 21.78 13.71 23.06 13.61 22.43 13.54

22.66 18.63 23.06 16.34 22.90 14.59 22.10 13.79 23.38 13.63 22.75 13.54

22.98 18.66 23.38 16.36 23.22 14.62 22.42 13.77 23.70 13.64 23.07 13.54

23.30 18.70 23.70 16.38 23.54 14.65 22.74 13.81 24.02 13.66 23.39 13.55

23.62 18.74 24.02 16.40 23.86 14.66 23.06 13.82 24.34 13.68 23.71 13.54

23.94 18.78 24.34 16.45 24.18 14.68 23.38 13.85 24.66 13.70 24.03 13.55

24.26 18.80 24.66 16.47 24.49 14.70 23.70 13.87 24.98 13.71 24.35 13.54

24.58 18.82 24.98 16.47 24.81 14.73 24.02 13.90 25.30 13.71 24.67 13.54

24.90 18.84 25.30 16.52 25.13 14.75 24.34 13.93 25.62 13.73 24.99 13.55

25.22 18.88 25.62 16.52 25.45 14.77 24.66 13.93 25.94 13.74 25.31 13.55

25.54 18.92 25.94 16.56 25.77 14.77 24.98 13.97 26.26 13.75 25.63 13.54

25.86 18.94 26.26 16.58 26.09 14.81 25.30 13.98 26.58 13.75 25.95 13.56

26.18 18.97 26.58 16.61 26.41 14.83 25.62 14.00 26.90 13.77 26.27 13.55

26.50 18.98 26.90 16.64 26.73 14.85 25.94 14.00 27.22 13.78 26.59 13.55

26.82 19.02 27.22 16.64 27.05 14.87 26.26 14.02 27.54 13.78 26.91 13.55

27.14 19.04 27.54 16.66 27.37 14.87 26.58 14.03 27.86 13.79 27.23 13.55

27.46 19.07 27.86 16.67 27.69 14.90 26.90 14.06 28.18 13.80 27.55 13.54

27.78 19.08 28.18 16.70 28.01 14.89 27.22 14.06 28.50 13.82 27.86 13.55

28.10 19.10 28.50 16.72 28.33 14.91 27.54 14.10 28.82 13.82 28.18 13.54

28.42 19.14 28.82 16.72 28.65 14.94 27.86 14.11 29.14 13.84 28.50 13.55

28.74 19.14 29.14 16.73 28.97 14.95 28.18 14.11 29.46 13.86 28.82 13.56

29.06 19.16 29.46 16.76 29.29 14.98 28.50 14.14 29.78 13.86 29.14 13.54

29.38 19.18 29.78 16.77 29.61 14.98 28.81 14.15 30.10 13.87 29.46 13.53

29.70 19.19 30.10 16.78 29.93 15.00 29.13 14.16 30.42 13.86 29.78 13.55

30.02 19.22 30.42 16.82 30.25 15.00 29.45 14.16 30.74 13.88 30.10 13.55

30.34 19.26 30.74 16.82 30.57 15.02 29.77 14.17 31.06 13.89 30.42 13.53

30.66 19.25 31.06 16.82 30.89 15.03 30.09 14.20 31.38 13.90 30.74 13.54

30.98 19.26 31.38 16.84 31.21 15.04 30.41 14.21 31.70 13.90 31.06 13.56

31.30 19.28 31.70 16.85 31.53 15.06 30.73 14.21 32.02 13.92 31.38 13.56

31.62 19.30 32.02 16.87 31.85 15.07 31.05 14.22 32.34 13.92 31.70 13.55

31.94 19.32 32.34 16.89 32.17 15.07 31.37 14.23 32.66 13.91 32.02 13.55

32.26 19.33 32.66 16.90 32.49 15.08 31.69 14.23 32.98 13.94 32.34 13.54

32.58 19.35 32.98 16.90 32.81 15.09 32.01 14.26 33.30 13.93 32.66 13.54

HDSi20/CB80 Silica0/CB100HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60

SSBR3626
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Table B7 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (c) SSBR3626_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

32.90 19.36 33.30 16.93 33.13 15.09 32.33 14.27 33.62 13.93 32.98 13.54

33.22 19.39 33.62 16.93 33.45 15.10 32.65 14.28 33.94 13.94 33.30 13.54

33.54 19.38 33.94 16.94 33.77 15.12 32.97 14.29 34.26 13.95 33.62 13.53

33.86 19.41 34.26 16.96 34.09 15.12 33.29 14.29 34.58 13.96 33.94 13.56

34.18 19.41 34.57 16.98 34.41 15.13 33.61 14.32 34.90 13.97 34.26 13.54

34.50 19.43 34.90 17.00 34.73 15.14 33.93 14.31 35.22 13.96 34.58 13.53

34.82 19.44 35.22 17.00 35.05 15.14 34.25 14.33 35.54 13.98 34.90 13.54

35.14 19.45 35.53 17.01 35.37 15.16 34.57 14.33 35.86 13.99 35.22 13.52

35.46 19.45 35.85 17.02 35.69 15.17 34.89 14.34 36.18 13.99 35.54 13.53

35.78 19.47 36.17 17.02 36.01 15.17 35.21 14.34 36.50 13.98 35.86 13.54

36.10 19.48 36.49 17.04 36.33 15.17 35.53 14.34 36.82 13.99 36.18 13.53

36.42 19.49 36.81 17.04 36.65 15.20 35.85 14.36 37.14 13.99 36.50 13.55

36.74 19.49 37.13 17.05 36.97 15.21 36.17 14.36 37.47 14.00 36.82 13.54

37.06 19.51 37.45 17.07 37.29 15.22 36.49 14.36 37.79 14.01 37.14 13.54

37.38 19.50 37.77 17.07 37.61 15.23 36.81 14.38 38.11 14.01 37.46 13.50

37.70 19.53 38.09 17.09 37.93 15.22 37.13 14.39 38.43 14.02 37.78 13.53

38.02 19.54 38.41 17.10 38.25 15.23 37.45 14.39 38.75 14.02 38.10 13.53

38.34 19.55 38.73 17.09 38.57 15.24 37.77 14.41 39.07 14.03 38.42 13.54

38.66 19.56 39.05 17.10 38.89 15.24 38.09 14.39 39.39 14.03 38.74 13.54

38.98 19.56 39.37 17.12 39.21 15.25 38.41 14.42 39.71 14.03 39.06 13.53

39.30 19.57 39.69 17.12 39.54 15.26 38.73 14.42 40.03 14.04 39.38 13.52

39.62 19.58 40.01 17.12 39.86 15.26 39.05 14.44 40.35 14.05 39.70 13.52

39.94 19.59 40.33 17.14 40.18 15.25 39.37 14.41 40.67 14.04 40.02 13.52

40.26 19.61 40.65 17.16 40.50 15.28 39.69 14.44 40.99 14.06 40.34 13.50

40.58 19.60 40.97 17.15 40.82 15.28 40.01 14.44 41.31 14.07 40.66 13.52

40.90 19.61 41.29 17.17 41.14 15.29 40.33 14.44 41.63 14.07 40.98 13.51

41.22 19.62 41.61 17.17 41.46 15.31 40.65 14.44 41.95 14.06 41.30 13.53

41.54 19.62 41.93 17.18 41.78 15.31 40.97 14.45 42.27 14.06 41.62 13.53

41.86 19.64 42.25 17.19 42.10 15.31 41.29 14.44 42.59 14.07 41.94 13.55

42.18 19.64 42.58 17.21 42.42 15.30 41.61 14.46 42.91 14.07 42.26 13.53

42.50 19.65 42.90 17.20 42.74 15.32 41.92 14.48 43.23 14.08 42.58 13.53

42.82 19.65 43.22 17.22 43.06 15.33 42.24 14.50 43.55 14.09 42.90 13.53

43.14 19.67 43.54 17.23 43.38 15.33 42.56 14.49 43.87 14.10 43.22 13.52

43.46 19.68 43.86 17.23 43.70 15.32 42.88 14.50 44.19 14.10 43.54 13.52

43.78 19.65 44.18 17.24 44.02 15.33 43.20 14.50 44.51 14.09 43.85 13.52

SSBR3626

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B7 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (c) SSBR3626_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.10 19.67 44.50 17.23 44.34 15.33 43.52 14.50 44.83 14.09 44.17 13.51

44.42 19.68 44.82 17.24 44.66 15.34 43.84 14.49 45.15 14.09 44.49 13.50

44.74 19.69 45.14 17.28 44.98 15.33 44.16 14.50 45.47 14.12 44.81 13.50

45.06 19.70 45.46 17.26 45.34 15.34 44.48 14.50 45.79 14.11 45.13 13.51

45.38 19.68 45.78 17.25 45.66 15.35 44.80 14.52 46.11 14.12 45.45 13.49

45.70 19.68 46.10 17.25 45.98 15.37 45.12 14.52 46.43 14.12 45.77 13.52

46.02 19.69 46.42 17.25 46.30 15.36 45.44 14.53 46.75 14.13 46.09 13.53

46.34 19.71 46.74 17.26 46.62 15.36 45.76 14.55 47.07 14.11 46.41 13.52

46.66 19.71 47.06 17.29 46.94 15.38 46.08 14.52 47.39 14.12 46.73 13.50

46.98 19.72 47.38 17.30 47.26 15.40 46.40 14.53 47.71 14.12 47.05 13.48

47.30 19.73 47.70 17.29 47.58 15.40 46.72 14.52 48.03 14.14 47.37 13.52

47.62 19.74 48.02 17.32 47.90 15.39 47.04 14.53 48.35 14.14 47.69 13.51

47.94 19.75 48.34 17.30 48.22 15.39 47.36 14.55 48.67 14.14 48.01 13.50

48.26 19.75 48.66 17.31 48.53 15.41 47.68 14.56 48.99 14.15 48.33 13.52

48.58 19.75 48.98 17.34 48.85 15.42 48.00 14.56 49.31 14.15 48.65 13.53

48.90 19.75 49.30 17.33 49.17 15.41 48.32 14.57 49.64 14.15 48.97 13.51

49.22 19.77 49.62 17.33 49.49 15.41 48.64 14.56 50.00 14.18 49.29 13.50

49.54 19.75 50.00 17.32 49.81 15.42 48.96 14.56 49.61 13.52

49.86 19.77 49.99 15.44 49.28 14.57 49.99 13.51

50.00 19.75 49.60 14.59

49.91 14.58

49.99 14.57

SSBR3626

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B8 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios: (d) SSBR3626_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 2.48 0.02 2.29 0.02 2.31 0.02 3.21 0.02 3.41 0.02 1.59

0.34 2.03 0.34 2.04 0.34 2.05 0.34 2.24 0.34 2.47 0.34 2.61

0.66 2.31 0.38 2.04 0.66 2.08 0.66 2.21 0.66 2.40 0.62 2.55

0.98 2.56 0.42 2.05 0.98 2.19 0.98 2.27 0.74 2.39 0.90 2.59

1.30 2.78 0.74 2.23 1.30 2.30 1.30 2.35 0.82 2.40 1.22 2.64

1.62 2.93 1.06 2.42 1.62 2.40 1.62 2.42 1.14 2.46 1.54 2.68

1.94 3.07 1.38 2.56 1.94 2.49 1.94 2.48 1.46 2.51 1.86 2.75

2.26 3.19 1.70 2.70 2.26 2.57 2.26 2.53 1.78 2.57 2.18 2.79

2.58 3.32 2.02 2.79 2.58 2.67 2.58 2.62 2.10 2.62 2.50 2.88

2.90 3.50 2.34 2.91 2.90 2.80 2.90 2.70 2.42 2.67 2.82 2.98

3.22 3.71 2.66 3.03 3.22 2.95 3.22 2.83 2.74 2.76 3.14 3.13

3.54 3.95 2.98 3.20 3.54 3.19 3.54 2.99 3.06 2.86 3.46 3.36

3.86 4.26 3.30 3.41 3.86 3.46 3.86 3.21 3.38 2.99 3.78 3.77

4.18 4.64 3.62 3.67 4.18 3.80 4.18 3.51 3.70 3.19 4.10 4.45

4.50 5.06 3.94 3.99 4.50 4.19 4.50 3.85 3.94 3.39 4.14 4.55

4.82 5.54 3.98 4.05 4.82 4.63 4.78 4.19 4.18 3.63 4.18 4.68

5.14 6.08 4.02 4.09 5.14 5.10 5.06 4.56 4.50 4.03 4.50 5.65

5.46 6.69 4.34 4.48 5.46 5.61 5.38 4.99 4.74 4.39 4.82 6.64

5.62 7.01 4.66 4.95 5.78 6.14 5.70 5.45 4.98 4.79 5.14 7.52

5.78 7.34 4.98 5.46 6.10 6.67 6.02 5.93 5.30 5.33 5.46 8.27

6.10 8.03 5.30 6.02 6.42 7.21 6.34 6.40 5.62 5.89 5.78 8.93

6.42 8.71 5.62 6.62 6.74 7.72 6.66 6.88 5.94 6.44 6.10 9.49

6.74 9.36 5.94 7.24 7.06 8.20 6.98 7.33 6.26 6.99 6.42 9.97

7.06 9.98 6.26 7.86 7.38 8.65 7.30 7.76 6.50 7.39 6.74 10.39

7.38 10.53 6.58 8.45 7.70 9.05 7.62 8.17 6.74 7.76 7.06 10.73

7.70 11.05 6.90 9.01 8.02 9.44 7.94 8.54 7.06 8.20 7.38 11.04

8.02 11.55 7.22 9.52 8.34 9.79 8.26 8.88 7.38 8.62 7.70 11.34

8.34 11.99 7.54 10.01 8.66 10.11 8.58 9.19 7.70 8.99 8.02 11.57

8.66 12.41 7.86 10.46 8.98 10.41 8.90 9.50 8.02 9.31 8.34 11.78

8.98 12.80 8.18 10.86 9.30 10.70 9.22 9.76 8.34 9.62 8.66 11.97

9.30 13.15 8.50 11.24 9.62 10.97 9.54 10.03 8.66 9.88 8.98 12.13

9.62 13.47 8.82 11.59 9.94 11.21 9.86 10.25 8.98 10.15 9.30 12.27

9.94 13.78 9.14 11.90 10.26 11.45 10.18 10.48 9.30 10.37 9.63 12.40

10.26 14.06 9.46 12.22 10.58 11.64 10.50 10.67 9.62 10.58 9.95 12.52

10.58 14.32 9.78 12.49 10.90 11.83 10.82 10.88 9.94 10.77 10.27 12.63

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B8 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (d) SSBR3626_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

10.90 14.56 10.10 12.73 11.22 12.03 11.14 11.05 10.26 10.94 10.59 12.71

11.22 14.79 10.42 12.98 11.54 12.19 11.46 11.23 10.58 11.12 10.91 12.80

11.54 15.00 10.74 13.20 11.86 12.35 11.78 11.39 10.90 11.27 11.23 12.88

11.86 15.22 11.06 13.41 12.18 12.49 12.10 11.53 11.22 11.40 11.55 12.94

12.18 15.41 11.38 13.61 12.50 12.64 12.42 11.66 11.54 11.52 11.87 13.00

12.50 15.58 11.70 13.79 12.82 12.77 12.74 11.80 11.86 11.64 12.19 13.07

12.82 15.75 12.02 13.95 13.14 12.91 13.06 11.92 12.18 11.76 12.51 13.11

13.14 15.90 12.34 14.10 13.46 13.00 13.38 12.02 12.50 11.87 12.83 13.15

13.46 16.03 12.66 14.27 13.78 13.10 13.70 12.14 12.82 11.95 13.15 13.16

13.78 16.18 12.98 14.41 14.10 13.22 14.02 12.24 13.14 12.04 13.47 13.21

14.10 16.31 13.30 14.54 14.42 13.31 14.34 12.32 13.46 12.13 13.79 13.25

14.42 16.44 13.62 14.66 14.74 13.39 14.65 12.41 13.78 12.20 14.11 13.29

14.74 16.54 13.94 14.78 15.06 13.48 14.97 12.48 14.10 12.25 14.43 13.33

15.06 16.65 14.26 14.89 15.38 13.57 15.29 12.57 14.42 12.33 14.75 13.35

15.38 16.74 14.58 15.01 15.70 13.63 15.61 12.64 14.74 12.40 15.07 13.38

15.70 16.86 14.90 15.09 16.02 13.70 15.93 12.71 15.06 12.45 15.39 13.39

16.02 16.96 15.22 15.16 16.34 13.77 16.25 12.77 15.38 12.50 15.71 13.41

16.34 17.04 15.54 15.25 16.66 13.83 16.57 12.84 15.70 12.55 16.03 13.43

16.67 17.12 15.86 15.34 16.98 13.88 16.89 12.90 16.02 12.61 16.35 13.43

16.99 17.19 16.18 15.40 17.30 13.94 17.21 12.96 16.34 12.65 16.67 13.46

17.31 17.28 16.50 15.49 17.62 13.99 17.53 13.02 16.66 12.69 16.99 13.47

17.63 17.33 16.82 15.54 17.94 14.03 17.85 13.06 16.98 12.73 17.31 13.47

17.95 17.41 17.14 15.60 18.26 14.09 18.17 13.09 17.30 12.76 17.63 13.47

18.27 17.45 17.46 15.66 18.58 14.13 18.49 13.14 17.62 12.80 17.95 13.49

18.59 17.51 17.78 15.72 18.89 14.18 18.81 13.18 17.94 12.84 18.27 13.50

18.91 17.59 18.10 15.78 19.21 14.22 19.13 13.22 18.26 12.89 18.59 13.49

19.23 17.64 18.42 15.84 19.53 14.26 19.45 13.26 18.58 12.91 18.91 13.51

19.55 17.68 18.74 15.89 19.85 14.30 19.77 13.31 18.90 12.93 19.23 13.52

19.87 17.73 19.06 15.92 20.17 14.33 20.09 13.33 19.22 12.95 19.55 13.52

20.19 17.78 19.38 15.98 20.49 14.37 20.41 13.37 19.54 12.96 19.87 13.52

20.51 17.82 19.70 16.03 20.81 14.40 20.73 13.40 19.86 13.01 20.19 13.52

20.83 17.85 20.02 16.07 21.13 14.43 21.05 13.44 20.18 13.02 20.51 13.52

21.15 17.90 20.34 16.09 21.45 14.45 21.37 13.47 20.50 13.07 20.83 13.51

21.47 17.95 20.66 16.15 21.77 14.49 21.69 13.49 20.84 13.08 21.15 13.54

21.79 17.99 20.98 16.19 22.09 14.50 22.01 13.52 21.16 13.09 21.47 13.55

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B8 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (d) SSBR3626_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

22.11 18.03 21.30 16.22 22.41 14.54 22.33 13.56 21.48 13.11 21.79 13.55

22.43 18.05 21.62 16.26 22.73 14.58 22.65 13.57 21.80 13.14 22.11 13.54

22.75 18.09 21.94 16.28 23.05 14.60 22.97 13.58 22.12 13.16 22.43 13.54

23.07 18.12 22.26 16.32 23.37 14.61 23.29 13.61 22.44 13.19 22.75 13.54

23.39 18.15 22.58 16.34 23.69 14.64 23.61 13.64 22.76 13.19 23.07 13.54

23.71 18.17 22.90 16.37 24.01 14.66 23.93 13.64 23.08 13.22 23.39 13.55

24.03 18.21 23.22 16.40 24.33 14.68 24.25 13.66 23.40 13.23 23.71 13.54

24.35 18.25 23.54 16.43 24.65 14.70 24.57 13.70 23.72 13.24 24.03 13.55

24.67 18.26 23.86 16.45 24.97 14.72 24.89 13.73 24.04 13.26 24.35 13.54

24.99 18.29 24.18 16.48 25.29 14.74 25.21 13.75 24.36 13.27 24.67 13.54

25.31 18.31 24.50 16.51 25.61 14.77 25.53 13.76 24.68 13.29 24.99 13.55

25.63 18.33 24.82 16.52 25.93 14.79 25.85 13.77 25.00 13.30 25.31 13.55

25.95 18.37 25.14 16.54 26.25 14.80 26.17 13.79 25.32 13.31 25.63 13.54

26.27 18.37 25.46 16.58 26.57 14.80 26.49 13.81 25.64 13.32 25.95 13.56

26.60 18.39 25.78 16.60 26.89 14.82 26.81 13.83 25.96 13.33 26.27 13.55

26.92 18.41 26.10 16.61 27.21 14.83 27.13 13.84 26.28 13.34 26.59 13.55

27.24 18.43 26.42 16.63 27.53 14.86 27.45 13.85 26.60 13.33 26.91 13.55

27.56 18.45 26.74 16.66 27.85 14.88 27.77 13.86 26.92 13.35 27.23 13.55

27.88 18.46 27.06 16.66 28.17 14.89 28.09 13.87 27.24 13.39 27.55 13.54

28.20 18.49 27.38 16.68 28.49 14.90 28.41 13.88 27.56 13.38 27.86 13.55

28.52 18.50 27.70 16.69 28.81 14.92 28.73 13.90 27.88 13.39 28.18 13.54

28.84 18.51 28.02 16.72 29.13 14.93 29.05 13.92 28.20 13.41 28.50 13.55

29.16 18.51 28.34 16.73 29.45 14.94 29.37 13.92 28.52 13.42 28.82 13.56

29.48 18.53 28.66 16.75 29.77 14.96 29.69 13.94 28.84 13.42 29.14 13.54

29.80 18.56 28.98 16.77 30.09 14.97 30.01 13.94 29.16 13.44 29.46 13.53

30.12 18.57 29.30 16.78 30.41 14.97 30.33 13.97 29.48 13.44 29.78 13.55

30.44 18.59 29.62 16.79 30.73 14.99 30.65 13.98 29.80 13.46 30.10 13.55

30.76 18.62 29.94 16.81 31.05 15.01 30.97 13.97 30.12 13.47 30.42 13.53

31.08 18.62 30.26 16.84 31.37 15.01 31.29 13.98 30.44 13.47 30.74 13.54

31.40 18.63 30.58 16.85 31.69 15.01 31.61 13.99 30.76 13.47 31.06 13.56

31.72 18.65 30.90 16.86 32.01 15.03 31.93 14.01 31.08 13.48 31.38 13.56

32.04 18.67 31.22 16.88 32.33 15.05 32.25 14.02 31.40 13.48 31.70 13.55

32.36 18.67 31.54 16.88 32.65 15.04 32.57 14.02 31.72 13.50 32.02 13.55

32.68 18.68 31.86 16.90 32.97 15.06 32.89 14.03 32.04 13.51 32.34 13.54

33.00 18.69 32.18 16.91 33.29 15.10 33.21 14.04 32.36 13.51 32.66 13.54

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B8 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (d) SSBR3626_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

33.32 18.69 32.50 16.91 33.61 15.07 33.53 14.03 32.68 13.51 32.98 13.54

33.64 18.71 32.82 16.92 33.93 15.08 33.85 14.07 33.00 13.52 33.30 13.54

33.96 18.73 33.14 16.93 34.25 15.11 34.17 14.08 33.32 13.53 33.62 13.53

34.28 18.74 33.46 16.95 34.57 15.12 34.49 14.08 33.64 13.54 33.94 13.56

34.60 18.76 33.78 16.97 34.89 15.13 34.81 14.08 33.96 13.54 34.26 13.54

34.92 18.75 34.10 16.98 35.21 15.14 35.13 14.10 34.28 13.55 34.58 13.53

35.24 18.77 34.42 16.99 35.53 15.15 35.45 14.11 34.60 13.54 34.90 13.54

35.56 18.78 34.74 17.00 35.85 15.16 35.77 14.12 34.92 13.55 35.22 13.52

35.88 18.77 35.06 17.01 36.17 15.16 36.09 14.11 35.24 13.58 35.54 13.53

36.20 18.78 35.38 17.03 36.49 15.18 36.41 14.12 35.55 13.59 35.86 13.54

36.52 18.78 35.70 17.04 36.81 15.17 36.73 14.14 35.87 13.58 36.18 13.53

36.84 18.80 36.02 17.04 37.13 15.19 37.05 14.14 36.19 13.59 36.50 13.55

37.16 18.82 36.34 17.03 37.45 15.19 37.37 14.15 36.51 13.60 36.82 13.54

37.48 18.84 36.66 17.05 37.77 15.19 37.69 14.14 36.83 13.60 37.14 13.54

37.80 18.83 36.98 17.06 38.09 15.20 38.01 14.15 37.15 13.60 37.46 13.50

38.12 18.85 37.30 17.06 38.41 15.21 38.33 14.17 37.47 13.61 37.78 13.53

38.44 18.86 37.62 17.08 38.73 15.22 38.65 14.17 37.79 13.60 38.10 13.53

38.76 18.86 37.94 17.09 39.05 15.22 38.97 14.18 38.11 13.61 38.42 13.54

39.08 18.87 38.26 17.09 39.37 15.23 39.29 14.19 38.43 13.63 38.74 13.54

39.40 18.88 38.58 17.12 39.69 15.23 39.61 14.18 38.75 13.64 39.06 13.53

39.72 18.89 38.90 17.10 40.01 15.25 39.93 14.19 39.07 13.65 39.38 13.52

40.04 18.90 39.22 17.12 40.33 15.25 40.25 14.20 39.39 13.66 39.70 13.52

40.36 18.91 39.54 17.12 40.65 15.26 40.57 14.20 39.71 13.65 40.02 13.52

40.69 18.91 39.86 17.13 40.97 15.26 40.89 14.22 40.03 13.63 40.34 13.50

41.01 18.91 40.18 17.14 41.29 15.26 41.21 14.21 40.35 13.64 40.66 13.52

41.33 18.91 40.50 17.16 41.61 15.27 41.53 14.22 40.67 13.65 40.98 13.51

41.65 18.92 40.82 17.16 41.93 15.28 41.85 14.24 40.99 13.66 41.30 13.53

41.97 18.92 41.14 17.16 42.25 15.28 42.17 14.24 41.31 13.68 41.62 13.53

42.29 18.93 41.46 17.18 42.57 15.28 42.49 14.24 41.63 13.69 41.94 13.55

42.61 18.94 41.78 17.17 42.89 15.30 42.81 14.26 41.95 13.68 42.26 13.53

42.93 18.94 42.10 17.18 43.21 15.31 43.13 14.25 42.27 13.68 42.58 13.53

43.25 18.95 42.42 17.18 43.53 15.32 43.45 14.25 42.59 13.67 42.90 13.53

43.57 18.97 42.74 17.18 43.85 15.31 43.77 14.26 42.91 13.69 43.22 13.52

43.89 18.97 43.06 17.20 44.17 15.33 44.09 14.25 43.23 13.68 43.54 13.52

44.21 18.97 43.38 17.21 44.49 15.33 44.41 14.26 43.55 13.71 43.85 13.52

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B8 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (d) SSBR3626_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.53 18.97 43.70 17.21 44.81 15.33 44.73 14.27 43.87 13.71 44.17 13.51

44.85 18.99 44.02 17.21 45.13 15.34 45.05 14.28 44.19 13.70 44.49 13.50

45.17 18.98 44.34 17.23 45.45 15.34 45.37 14.28 44.51 13.71 44.81 13.50

45.49 18.99 44.66 17.24 45.77 15.33 45.69 14.30 44.83 13.71 45.13 13.51

45.81 18.98 44.98 17.26 46.09 15.36 46.01 14.29 45.15 13.71 45.45 13.49

46.13 18.98 45.30 17.25 46.41 15.37 46.33 14.29 45.47 13.72 45.77 13.52

46.45 19.00 45.62 17.26 46.72 15.36 46.65 14.29 45.79 13.72 46.09 13.53

46.77 19.01 45.94 17.27 47.04 15.36 46.97 14.29 46.11 13.72 46.41 13.52

47.09 19.04 46.26 17.28 47.36 15.37 47.29 14.31 46.43 13.74 46.73 13.50

47.41 19.04 46.58 17.27 47.68 15.37 47.61 14.31 46.75 13.75 47.05 13.48

47.73 19.04 46.90 17.27 48.00 15.38 47.93 14.31 47.07 13.74 47.37 13.52

48.05 19.05 47.22 17.28 48.32 15.41 48.24 14.33 47.39 13.74 47.69 13.51

48.37 19.04 47.54 17.27 48.64 15.42 48.56 14.33 47.71 13.75 48.01 13.50

48.69 19.06 47.86 17.29 48.97 15.41 48.88 14.34 48.03 13.74 48.33 13.52

49.01 19.05 48.18 17.31 49.29 15.41 49.20 14.34 48.35 13.75 48.65 13.53

49.33 19.07 48.50 17.30 49.61 15.41 49.52 14.33 48.67 13.75 48.97 13.51

49.65 19.08 48.82 17.32 49.99 15.42 49.84 14.33 48.99 13.74 49.29 13.50

49.99 19.08 49.14 17.32 49.98 14.31 49.31 13.76 49.61 13.52

49.46 17.31 49.63 13.77 49.99 13.51

49.78 17.31 49.99 13.75

50.00 17.32

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B9 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios: (e) ESBR1723_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 1.89 0.02 1.22 0.02 1.56 0.02 2.64 0.02 2.47 0.02 1.96

0.34 1.31 0.34 1.41 0.34 1.50 0.34 1.60 0.34 1.88 0.34 2.15

0.66 1.30 0.66 1.39 0.66 1.46 0.66 1.57 0.66 1.86 0.60 2.14

0.98 1.32 0.74 1.38 0.82 1.45 0.98 1.58 0.78 1.85 0.84 2.16

1.30 1.35 0.82 1.39 0.98 1.47 1.30 1.61 0.90 1.88 1.16 2.18

1.62 1.38 1.14 1.41 1.30 1.50 1.62 1.64 1.22 1.90 1.48 2.22

1.94 1.42 1.46 1.44 1.62 1.52 1.94 1.67 1.54 1.94 1.80 2.26

2.26 1.46 1.78 1.47 1.94 1.56 2.26 1.71 1.86 1.98 2.12 2.30

2.58 1.49 2.10 1.51 2.26 1.58 2.58 1.76 2.18 2.03 2.44 2.32

2.90 1.55 2.42 1.53 2.58 1.63 2.90 1.82 2.50 2.06 2.76 2.36

3.22 1.59 2.74 1.57 2.90 1.69 3.22 1.91 2.82 2.13 3.08 2.43

3.54 1.67 3.06 1.63 3.22 1.76 3.54 2.03 3.14 2.22 3.40 2.50

3.86 1.75 3.38 1.69 3.54 1.84 3.86 2.19 3.46 2.36 3.72 2.62

4.18 1.86 3.70 1.77 3.86 1.96 4.18 2.39 3.78 2.56 4.04 2.83

4.50 1.96 4.02 1.88 4.18 2.11 4.42 2.58 4.10 2.86 4.36 3.18

4.82 2.10 4.34 2.00 4.50 2.27 4.66 2.76 4.42 3.21 4.68 3.68

5.14 2.25 4.66 2.15 4.82 2.47 4.98 3.05 4.74 3.60 4.96 4.14

5.22 2.30 4.98 2.28 5.14 2.68 5.30 3.37 4.94 3.87 5.24 4.62

5.30 2.33 5.14 2.40 5.46 2.92 5.62 3.68 5.14 4.15 5.56 5.18

5.62 2.52 5.30 2.50 5.78 3.19 5.94 4.07 5.46 4.63 5.88 5.72

5.94 2.71 5.62 2.69 6.10 3.48 6.26 4.46 5.78 5.09 6.20 6.23

6.26 2.93 5.94 2.91 6.42 3.79 6.58 4.80 6.10 5.54 6.52 6.72

6.58 3.17 6.26 3.17 6.74 4.10 6.90 5.16 6.42 5.98 6.84 7.18

6.74 3.29 6.58 3.44 7.06 4.41 7.22 5.50 6.74 6.37 7.16 7.59

6.90 3.42 6.90 3.72 7.38 4.72 7.54 5.82 7.06 6.75 7.48 7.99

7.22 3.67 7.22 4.01 7.70 5.02 7.86 6.13 7.38 7.10 7.80 8.33

7.54 3.94 7.54 4.29 8.02 5.31 8.18 6.41 7.70 7.42 8.12 8.63

7.86 4.19 7.86 4.57 8.34 5.60 8.34 6.58 8.02 7.70 8.44 8.92

8.18 4.44 8.18 4.84 8.66 5.86 8.50 6.71 8.34 7.99 8.76 9.16

8.50 4.73 8.50 5.11 8.98 6.12 8.82 6.94 8.66 8.23 9.08 9.40

8.82 4.93 8.82 5.36 9.30 6.34 9.14 7.19 8.98 8.46 9.40 9.61

9.14 5.18 9.14 5.60 9.62 6.56 9.46 7.42 9.30 8.66 9.72 9.79

9.46 5.39 9.46 5.84 9.94 6.80 9.78 7.59 9.62 8.86 10.04 9.95

9.78 5.61 9.78 6.07 10.26 7.00 10.10 7.80 9.95 9.05 10.36 10.11

10.10 5.83 10.10 6.28 10.58 7.20 10.41 7.98 10.27 9.21 10.68 10.25

HDSi20/CB80 Silica0/CB100HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60

ESBR1723
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Table B9 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (e) ESBR1723_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

10.42 6.05 10.42 6.50 10.90 7.39 10.73 8.15 10.59 9.35 11.00 10.37

10.74 6.26 10.74 6.70 11.22 7.57 11.05 8.32 10.91 9.49 11.32 10.49

11.06 6.45 11.06 6.88 11.54 7.74 11.37 8.46 11.23 9.63 11.64 10.59

11.38 6.63 11.38 7.05 11.86 7.90 11.69 8.59 11.55 9.75 11.96 10.68

11.70 6.82 11.70 7.23 12.18 8.05 12.01 8.70 11.87 9.84 12.28 10.75

12.02 6.99 12.02 7.40 12.50 8.19 12.33 8.85 12.19 9.95 12.60 10.82

12.34 7.16 12.34 7.55 12.82 8.33 12.65 8.97 12.51 10.04 12.92 10.89

12.66 7.32 12.66 7.70 13.14 8.46 12.97 9.06 12.83 10.12 13.24 10.96

12.98 7.48 12.98 7.85 13.46 8.59 13.29 9.17 13.15 10.21 13.56 11.02

13.30 7.64 13.30 7.99 13.78 8.70 13.61 9.27 13.47 10.28 13.88 11.07

13.62 7.79 13.62 8.13 14.10 8.81 13.93 9.37 13.79 10.35 14.20 11.14

13.94 7.92 13.94 8.26 14.42 8.92 14.25 9.44 14.11 10.42 14.52 11.19

14.26 8.05 14.26 8.38 14.74 9.02 14.57 9.50 14.43 10.47 14.84 11.23

14.57 8.19 14.58 8.50 15.06 9.11 14.89 9.58 14.75 10.53 15.16 11.26

14.89 8.31 14.90 8.61 15.38 9.21 15.21 9.67 15.07 10.59 15.48 11.29

15.21 8.44 15.22 8.72 15.70 9.29 15.53 9.73 15.39 10.62 15.80 11.32

15.53 8.56 15.54 8.82 16.02 9.37 15.85 9.79 15.71 10.68 16.12 11.34

15.85 8.67 15.86 8.92 16.34 9.45 16.17 9.84 16.03 10.72 16.44 11.38

16.17 8.78 16.18 9.01 16.66 9.53 16.49 9.90 16.35 10.76 16.76 11.38

16.49 8.88 16.50 9.10 16.98 9.61 16.81 9.96 16.67 10.79 17.08 11.41

16.81 8.99 16.82 9.19 17.30 9.68 17.13 10.01 16.99 10.83 17.40 11.43

17.13 9.09 17.14 9.27 17.62 9.73 17.45 10.04 17.31 10.86 17.72 11.45

17.45 9.18 17.46 9.35 17.94 9.80 17.77 10.10 17.63 10.88 18.04 11.46

17.77 9.28 17.78 9.42 18.26 9.86 18.09 10.13 17.95 10.91 18.36 11.48

18.09 9.34 18.10 9.50 18.58 9.92 18.41 10.17 18.27 10.94 18.68 11.49

18.41 9.44 18.42 9.57 18.90 9.97 18.73 10.21 18.59 10.97 19.00 11.50

18.73 9.54 18.74 9.64 19.22 10.02 19.05 10.25 18.91 10.99 19.32 11.51

19.05 9.60 19.06 9.70 19.54 10.07 19.37 10.29 19.23 11.00 19.64 11.51

19.37 9.67 19.38 9.76 19.86 10.12 19.69 10.32 19.55 11.01 19.96 11.52

19.69 9.73 19.70 9.82 20.18 10.16 20.01 10.34 19.87 11.03 20.28 11.52

20.01 9.80 20.02 9.86 20.50 10.19 20.33 10.38 20.19 11.05 20.60 11.54

20.34 9.90 20.34 9.93 20.82 10.23 20.64 10.38 20.51 11.07 20.92 11.54

20.66 9.96 20.66 9.99 21.14 10.27 20.96 10.42 20.83 11.09 21.24 11.54

20.98 10.02 20.98 10.04 21.46 10.31 21.28 10.45 21.15 11.10 21.56 11.54

21.30 10.07 21.30 10.08 21.78 10.36 21.60 10.47 21.47 11.11 21.88 11.54

HDSi20/CB80 Silica0/CB100HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60
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Table B9 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (e) ESBR1723_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

21.61 10.12 21.62 10.13 22.10 10.41 21.92 10.50 21.79 11.12 22.20 11.54

21.93 10.19 21.94 10.17 22.42 10.43 22.24 10.51 22.11 11.14 22.52 11.55

22.25 10.25 22.26 10.22 22.74 10.45 22.56 10.53 22.43 11.15 22.84 11.54

22.57 10.30 22.58 10.27 23.06 10.48 22.88 10.55 22.75 11.14 23.16 11.53

22.89 10.35 22.90 10.30 23.38 10.50 23.20 10.58 23.08 11.16 23.48 11.54

23.21 10.40 23.22 10.34 23.70 10.54 23.52 10.59 23.40 11.17 23.80 11.55

23.53 10.45 23.54 10.37 24.02 10.57 23.84 10.61 23.72 11.18 24.12 11.53

23.85 10.50 23.86 10.40 24.34 10.59 24.16 10.63 24.06 11.19 24.44 11.54

24.17 10.54 24.18 10.44 24.66 10.61 24.48 10.65 24.38 11.18 24.76 11.54

24.50 10.59 24.50 10.48 24.98 10.63 24.80 10.65 24.70 11.19 25.08 11.54

24.82 10.63 24.82 10.50 25.30 10.65 25.12 10.66 25.02 11.20 25.40 11.54

25.14 10.67 25.14 10.54 25.62 10.67 25.44 10.68 25.34 11.21 25.72 11.53

25.46 10.70 25.46 10.58 25.94 10.70 25.76 10.70 25.66 11.20 26.04 11.53

25.78 10.74 25.78 10.60 26.26 10.72 26.08 10.71 25.98 11.21 26.36 11.54

26.10 10.77 26.10 10.63 26.58 10.73 26.40 10.71 26.30 11.21 26.68 11.53

26.41 10.80 26.42 10.65 26.90 10.75 26.72 10.73 26.62 11.21 27.00 11.52

26.73 10.84 26.74 10.67 27.22 10.77 27.04 10.72 26.94 11.22 27.32 11.51

27.05 10.89 27.06 10.69 27.54 10.79 27.36 10.73 27.26 11.22 27.64 11.51

27.37 10.91 27.38 10.73 27.86 10.81 27.68 10.75 27.58 11.22 27.96 11.52

27.69 10.94 27.70 10.75 28.18 10.82 28.00 10.76 27.90 11.23 28.28 11.52

28.01 10.98 28.02 10.77 28.50 10.83 28.32 10.78 28.22 11.23 28.60 11.51

28.33 11.00 28.34 10.79 28.82 10.84 28.64 10.79 28.54 11.23 28.92 11.51

28.66 11.03 28.66 10.81 29.14 10.87 28.96 10.77 28.86 11.23 29.24 11.50

28.98 11.06 28.98 10.83 29.46 10.88 29.28 10.77 29.18 11.23 29.56 11.50

29.30 11.08 29.30 10.85 29.78 10.88 29.60 10.79 29.50 11.23 29.89 11.51

29.62 11.10 29.62 10.86 30.10 10.90 29.92 10.80 29.82 11.24 30.21 11.49

29.94 11.13 29.94 10.87 30.42 10.90 30.24 10.82 30.14 11.22 30.53 11.50

30.26 11.16 30.26 10.91 30.74 10.92 30.56 10.82 30.46 11.23 30.85 11.50

30.58 11.17 30.58 10.92 31.06 10.94 30.88 10.83 30.78 11.23 31.17 11.49

30.90 11.19 30.90 10.95 31.38 10.94 31.20 10.83 31.10 11.24 31.49 11.49

31.22 11.22 31.22 10.95 31.70 10.94 31.52 10.84 31.42 11.22 31.81 11.47

31.54 11.23 31.54 10.96 32.02 10.97 31.84 10.83 31.74 11.22 32.13 11.48

31.86 11.25 31.86 10.98 32.34 10.97 32.16 10.83 32.06 11.23 32.45 11.46

32.18 11.27 32.18 10.99 32.66 10.97 32.48 10.84 32.38 11.24 32.77 11.47

32.50 11.28 32.50 11.00 32.98 11.00 32.80 10.85 32.70 11.24 33.09 11.47

ESBR1723

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B9 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (e) ESBR1723_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

32.82 11.31 32.82 11.02 33.30 10.99 33.12 10.86 33.02 11.23 33.41 11.46

33.14 11.32 33.14 11.03 33.62 11.01 33.44 10.86 33.34 11.23 33.73 11.46

33.46 11.35 33.46 11.04 33.94 11.01 33.76 10.87 33.66 11.24 34.05 11.46

33.78 11.37 33.78 11.05 34.26 11.01 34.08 10.87 33.98 11.23 34.37 11.45

34.10 11.38 34.10 11.08 34.58 11.02 34.40 10.88 34.30 11.23 34.69 11.44

34.42 11.40 34.42 11.09 34.90 11.02 34.72 10.87 34.62 11.22 35.01 11.44

34.73 11.41 34.74 11.09 35.22 11.03 35.04 10.88 34.94 11.22 35.33 11.43

35.06 11.43 35.06 11.10 35.54 11.04 35.36 10.88 35.26 11.22 35.65 11.42

35.38 11.44 35.38 11.10 35.86 11.04 35.68 10.88 35.58 11.22 35.97 11.43

35.70 11.45 35.70 11.13 36.18 11.05 36.00 10.89 35.90 11.22 36.29 11.42

36.01 11.46 36.02 11.14 36.49 11.07 36.32 10.89 36.22 11.22 36.61 11.43

36.33 11.46 36.34 11.15 36.81 11.07 36.64 10.89 36.54 11.22 36.93 11.42

36.65 11.48 36.66 11.15 37.13 11.07 36.96 10.88 36.86 11.21 37.25 11.42

36.97 11.49 36.98 11.15 37.45 11.07 37.28 10.90 37.18 11.21 37.57 11.42

37.29 11.52 37.30 11.17 37.77 11.08 37.60 10.91 37.50 11.21 37.89 11.42

37.61 11.53 37.62 11.19 38.09 11.08 37.92 10.91 37.82 11.22 38.21 11.42

37.93 11.54 37.94 11.19 38.41 11.09 38.24 10.91 38.14 11.21 38.53 11.40

38.25 11.56 38.26 11.20 38.73 11.10 38.56 10.90 38.46 11.21 38.85 11.39

38.57 11.57 38.58 11.20 39.05 11.10 38.88 10.90 38.78 11.21 39.17 11.40

38.89 11.56 38.90 11.21 39.37 11.11 39.20 10.90 39.10 11.21 39.49 11.40

39.21 11.57 39.22 11.21 39.69 11.11 39.52 10.90 39.42 11.21 39.81 11.41

39.53 11.57 39.54 11.22 40.01 11.12 39.84 10.91 39.74 11.21 40.13 11.39

39.85 11.60 39.86 11.24 40.33 11.12 40.16 10.93 40.06 11.21 40.45 11.39

40.17 11.61 40.18 11.25 40.65 11.12 40.48 10.91 40.38 11.21 40.77 11.38

40.49 11.61 40.50 11.26 40.97 11.13 40.80 10.91 40.70 11.21 41.09 11.38

40.81 11.62 40.82 11.25 41.29 11.14 41.12 10.91 41.02 11.20 41.41 11.39

41.13 11.64 41.14 11.25 41.61 11.13 41.44 10.92 41.34 11.20 41.73 11.37

41.45 11.65 41.46 11.27 41.93 11.14 41.76 10.93 41.66 11.21 42.05 11.38

41.77 11.64 41.78 11.27 42.25 11.14 42.08 10.92 41.98 11.21 42.40 11.37

42.09 11.64 42.10 11.28 42.57 11.15 42.40 10.92 42.30 11.21 42.72 11.37

42.41 11.66 42.41 11.28 42.89 11.15 42.72 10.92 42.62 11.21 42.98 11.37

42.73 11.67 42.73 11.29 43.21 11.16 43.04 10.92 42.94 11.21

43.05 11.68 43.05 11.29 43.53 11.16 43.36 10.94 43.26 11.20

43.37 11.69 43.37 11.31 43.85 11.16 43.68 10.94 43.58 11.19

43.69 11.69 43.69 11.31 44.19 11.16 44.00 10.94 43.90 11.20

ESBR1723

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B9 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (e) ESBR1723_HDSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.01 11.69 44.01 11.32 44.51 11.17 44.32 10.92 44.22 11.20

44.33 11.70 44.33 11.32 44.83 11.17 44.64 10.93 44.54 11.20

44.65 11.70 44.65 11.32 45.15 11.17 44.96 10.92 44.86 11.19

44.97 11.72 44.97 11.33 45.47 11.17 45.28 10.94 45.18 11.19

45.29 11.73 45.29 11.34 45.79 11.18 45.60 10.92 45.50 11.19

45.61 11.73 45.61 11.35 46.11 11.18 45.92 10.92 45.82 11.19

45.93 11.73 45.93 11.34 46.43 11.18 46.24 10.92 46.14 11.18

46.25 11.74 46.25 11.35 46.75 11.19 46.56 10.93 46.46 11.19

46.57 11.75 46.57 11.35 47.07 11.19 46.88 10.92 46.78 11.19

46.89 11.74 46.89 11.35 47.39 11.20 47.20 10.93 47.10 11.18

47.21 11.75 47.21 11.37 47.71 11.19 47.52 10.93 47.42 11.18

47.53 11.76 47.53 11.37 48.03 11.19 47.84 10.93 47.74 11.19

47.85 11.77 47.85 11.38 48.35 11.20 48.16 10.94 48.06 11.20

48.19 11.77 48.17 11.37 48.67 11.19 48.48 10.93 48.38 11.20

48.51 11.78 48.49 11.38 48.99 11.20 48.80 10.93 48.70 11.18

48.83 11.78 48.81 11.38 49.31 11.19 49.12 10.93 49.02 11.19

49.15 11.79 49.13 11.39 49.63 11.20 49.44 10.92 49.34 11.17

49.47 11.79 49.45 11.39 49.99 11.21 49.76 10.93 49.66 11.17

49.79 11.79 49.77 11.40 49.98 10.93 49.98 11.17

49.99 11.80 49.99 11.40

ESBR1723

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table B10 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios: (f) ESBR1723_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 1.81 0.02 1.89 0.02 1.85 0.02 2.18 0.02 1.05 0.02 1.96

0.34 1.22 0.34 1.38 0.34 1.45 0.34 1.52 0.34 1.86 0.34 2.15

0.46 1.20 0.46 1.35 0.58 1.42 0.66 1.51 0.66 1.84 0.60 2.14

0.58 1.21 0.58 1.36 0.82 1.44 0.98 1.53 0.98 1.85 0.84 2.16

0.90 1.23 0.90 1.37 1.14 1.46 1.30 1.56 1.30 1.88 1.16 2.18

1.22 1.28 1.22 1.40 1.46 1.49 1.62 1.59 1.62 1.91 1.48 2.22

1.54 1.31 1.54 1.43 1.78 1.52 1.94 1.62 1.94 1.95 1.80 2.26

1.86 1.34 1.86 1.46 2.10 1.55 2.26 1.66 2.26 1.99 2.12 2.30

2.18 1.37 2.18 1.48 2.42 1.58 2.58 1.69 2.58 2.04 2.44 2.32

2.50 1.40 2.50 1.51 2.74 1.62 2.90 1.76 2.90 2.10 2.76 2.36

2.82 1.43 2.82 1.56 3.06 1.68 3.22 1.82 3.22 2.20 3.08 2.43

3.14 1.48 3.14 1.62 3.38 1.75 3.54 1.93 3.54 2.33 3.40 2.50

3.46 1.55 3.46 1.67 3.70 1.83 3.86 2.06 3.86 2.54 3.72 2.62

3.78 1.62 3.78 1.75 4.02 1.94 4.18 2.22 4.18 2.81 4.04 2.83

4.10 1.70 4.10 1.86 4.34 2.06 4.50 2.42 4.50 3.15 4.36 3.18

4.42 1.81 4.42 1.98 4.66 2.22 4.62 2.51 4.82 3.52 4.68 3.68

4.74 1.93 4.74 2.11 4.98 2.40 4.74 2.61 5.14 3.92 4.96 4.14

5.06 2.07 5.06 2.28 5.02 2.42 5.06 2.87 5.46 4.37 5.24 4.62

5.34 2.21 5.18 2.35 5.06 2.45 5.38 3.15 5.78 4.82 5.56 5.18

5.62 2.35 5.30 2.42 5.38 2.66 5.70 3.46 6.10 5.27 5.88 5.72

5.94 2.53 5.62 2.62 5.70 2.88 5.74 3.52 6.42 5.69 6.20 6.23

6.26 2.74 5.94 2.85 6.02 3.13 5.78 3.55 6.73 6.10 6.52 6.72

6.58 2.96 6.26 3.09 6.34 3.41 6.10 3.91 7.05 6.47 6.84 7.18

6.90 3.21 6.58 3.35 6.66 3.71 6.42 4.27 7.37 6.82 7.16 7.59

7.22 3.47 6.90 3.63 6.98 4.03 6.74 4.63 7.69 7.14 7.48 7.99

7.54 3.74 7.22 3.94 7.30 4.34 7.06 4.99 8.01 7.43 7.80 8.33

7.86 4.01 7.54 4.23 7.62 4.65 7.38 5.32 8.33 7.71 8.12 8.63

8.18 4.26 7.86 4.51 7.94 4.96 7.70 5.66 8.65 7.97 8.44 8.92

8.50 4.53 8.18 4.77 8.26 5.24 8.02 5.94 8.97 8.19 8.76 9.16

8.82 4.77 8.50 5.06 8.58 5.52 8.34 6.22 9.29 8.41 9.08 9.40

9.14 5.01 8.82 5.31 8.90 5.76 8.66 6.49 9.61 8.60 9.40 9.61

9.46 5.24 9.14 5.54 9.22 6.02 8.98 6.73 9.93 8.80 9.72 9.79

9.78 5.47 9.46 5.78 9.54 6.25 9.30 6.96 10.25 8.95 10.04 9.95

10.10 5.68 9.78 5.99 9.78 6.42 9.62 7.18 10.57 9.11 10.36 10.11

10.42 5.88 10.10 6.21 10.02 6.57 9.94 7.39 10.89 9.25 10.68 10.25

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B10 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (f) ESBR1723_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

10.74 6.08 10.42 6.42 10.34 6.78 10.26 7.58 11.21 9.38 11.00 10.37

10.94 6.20 10.74 6.60 10.66 6.97 10.58 7.75 11.53 9.50 11.32 10.49

11.18 6.34 11.06 6.78 10.98 7.16 10.90 7.92 11.87 9.62 11.64 10.59

11.50 6.52 11.38 6.95 11.30 7.33 11.22 8.07 12.19 9.72 11.96 10.68

11.82 6.69 11.70 7.13 11.62 7.50 11.54 8.22 12.51 9.81 12.28 10.75

12.14 6.85 12.02 7.30 11.94 7.66 11.86 8.36 12.83 9.90 12.60 10.82

12.46 7.00 12.34 7.44 12.26 7.81 12.18 8.50 13.15 9.99 12.92 10.89

12.78 7.16 12.66 7.59 12.58 7.95 12.50 8.62 13.47 10.06 13.24 10.96

13.10 7.30 12.98 7.73 12.90 8.08 12.82 8.73 13.79 10.14 13.56 11.02

13.42 7.43 13.30 7.85 13.22 8.21 13.14 8.82 14.11 10.21 13.88 11.07

13.74 7.57 13.62 7.97 13.54 8.34 13.46 8.93 14.43 10.27 14.20 11.14

14.06 7.71 13.94 8.10 13.86 8.46 13.78 9.04 14.75 10.32 14.52 11.19

14.38 7.83 14.26 8.22 14.18 8.57 14.10 9.12 15.07 10.38 14.84 11.23

14.70 7.95 14.58 8.33 14.50 8.66 14.42 9.22 15.39 10.43 15.16 11.26

15.02 8.06 14.90 8.44 14.82 8.76 14.74 9.29 15.71 10.47 15.48 11.29

15.34 8.17 15.22 8.53 15.14 8.85 15.06 9.36 16.03 10.52 15.80 11.32

15.66 8.29 15.54 8.64 15.46 8.96 15.37 9.43 16.35 10.57 16.12 11.34

15.98 8.39 15.86 8.74 15.78 9.04 15.69 9.51 16.67 10.60 16.44 11.38

16.30 8.50 16.18 8.82 16.10 9.13 16.01 9.57 16.99 10.63 16.76 11.38

16.62 8.59 16.50 8.90 16.42 9.20 16.33 9.62 17.31 10.67 17.08 11.41

16.94 8.68 16.82 8.99 16.74 9.26 16.65 9.68 17.63 10.69 17.40 11.43

17.26 8.76 17.14 9.06 17.06 9.34 16.97 9.72 17.95 10.73 17.72 11.45

17.58 8.85 17.46 9.14 17.38 9.40 17.29 9.78 18.27 10.76 18.04 11.46

17.90 8.93 17.78 9.20 17.70 9.49 17.61 9.83 18.59 10.78 18.36 11.48

18.22 9.01 18.10 9.27 18.02 9.54 17.93 9.87 18.90 10.79 18.68 11.49

18.54 9.09 18.42 9.35 18.34 9.60 18.25 9.92 19.22 10.83 19.00 11.50

18.86 9.15 18.74 9.41 18.66 9.66 18.57 9.95 19.54 10.84 19.32 11.51

19.18 9.23 19.06 9.47 18.98 9.72 18.89 10.00 19.86 10.86 19.64 11.51

19.50 9.29 19.38 9.52 19.30 9.76 19.21 10.02 20.18 10.88 19.96 11.52

19.82 9.36 19.70 9.58 19.62 9.81 19.53 10.07 20.50 10.89 20.28 11.52

20.14 9.43 20.02 9.63 19.94 9.86 19.85 10.11 20.82 10.92 20.60 11.54

20.46 9.48 20.34 9.68 20.26 9.92 20.17 10.14 21.15 10.93 20.92 11.54

20.78 9.54 20.66 9.75 20.58 9.96 20.49 10.16 21.47 10.94 21.24 11.54

21.10 9.59 20.98 9.79 20.90 9.99 20.81 10.19 21.78 10.95 21.56 11.54

21.42 9.66 21.30 9.84 21.22 10.03 21.13 10.23 22.10 10.96 21.88 11.54

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B10 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (f) ESBR1723_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

21.74 9.71 21.62 9.86 21.54 10.08 21.45 10.24 22.42 10.97 22.20 11.54

22.06 9.76 21.94 9.91 21.86 10.12 21.77 10.26 22.74 10.98 22.52 11.55

22.38 9.81 22.26 9.95 22.18 10.13 22.09 10.29 23.06 10.98 22.84 11.54

22.70 9.85 22.58 9.99 22.50 10.18 22.41 10.30 23.38 11.00 23.16 11.53

23.02 9.89 22.90 10.04 22.82 10.21 22.73 10.33 23.70 11.00 23.48 11.54

23.34 9.95 23.22 10.07 23.14 10.24 23.05 10.34 24.02 11.01 23.80 11.55

23.66 9.98 23.54 10.10 23.46 10.27 23.37 10.36 24.34 11.02 24.12 11.53

23.98 10.02 23.86 10.13 23.78 10.30 23.69 10.38 24.66 11.03 24.44 11.54

24.30 10.06 24.18 10.16 24.10 10.33 24.01 10.40 24.98 11.05 24.76 11.54

24.62 10.10 24.50 10.20 24.42 10.36 24.33 10.41 25.30 11.05 25.08 11.54

24.94 10.13 24.82 10.22 24.74 10.37 24.65 10.43 25.62 11.04 25.40 11.54

25.26 10.17 25.14 10.26 25.06 10.39 24.97 10.45 25.94 11.04 25.72 11.53

25.58 10.20 25.46 10.27 25.38 10.43 25.29 10.46 26.26 11.05 26.04 11.53

25.90 10.23 25.78 10.31 25.70 10.44 25.61 10.47 26.58 11.06 26.36 11.54

26.22 10.27 26.10 10.33 26.02 10.47 25.93 10.48 26.90 11.06 26.68 11.53

26.54 10.30 26.42 10.36 26.34 10.48 26.25 10.50 27.22 11.08 27.00 11.52

26.86 10.33 26.74 10.37 26.66 10.50 26.57 10.51 27.54 11.06 27.32 11.51

27.18 10.35 27.06 10.41 26.98 10.52 26.89 10.52 27.86 11.07 27.64 11.51

27.50 10.40 27.38 10.42 27.30 10.55 27.21 10.53 28.18 11.07 27.96 11.52

27.82 10.42 27.70 10.44 27.62 10.56 27.53 10.55 28.50 11.08 28.28 11.52

28.14 10.44 28.02 10.47 27.94 10.56 27.85 10.54 28.82 11.08 28.60 11.51

28.46 10.47 28.34 10.49 28.26 10.58 28.17 10.56 29.14 11.07 28.92 11.51

28.78 10.49 28.66 10.51 28.58 10.60 28.49 10.57 29.46 11.09 29.24 11.50

29.10 10.51 28.98 10.54 28.90 10.61 28.81 10.58 29.78 11.07 29.56 11.50

29.42 10.54 29.30 10.55 29.22 10.64 29.13 10.58 30.10 11.09 29.89 11.51

29.74 10.56 29.62 10.58 29.54 10.65 29.45 10.59 30.42 11.09 30.21 11.49

30.06 10.58 29.94 10.58 29.86 10.66 29.77 10.61 30.74 11.10 30.53 11.50

30.38 10.60 30.26 10.60 30.18 10.67 30.09 10.60 31.06 11.10 30.85 11.50

30.70 10.61 30.58 10.61 30.50 10.68 30.41 10.61 31.38 11.10 31.17 11.49

31.02 10.63 30.90 10.63 30.82 10.70 30.73 10.62 31.70 11.10 31.49 11.49

31.34 10.66 31.22 10.65 31.14 10.72 31.05 10.63 32.02 11.11 31.81 11.47

31.66 10.67 31.54 10.67 31.46 10.72 31.37 10.64 32.34 11.09 32.13 11.48

31.98 10.68 31.86 10.67 31.78 10.74 31.69 10.65 32.66 11.09 32.45 11.46

32.30 10.71 32.17 10.68 32.10 10.75 32.01 10.65 32.98 11.09 32.77 11.47

32.62 10.72 32.49 10.70 32.42 10.76 32.33 10.66 33.30 11.11 33.09 11.47

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B10 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (f) ESBR1723_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

32.94 10.74 32.81 10.72 32.73 10.76 32.65 10.66 33.62 11.10 33.41 11.46

33.26 10.74 33.13 10.74 33.05 10.78 32.97 10.66 33.94 11.10 33.73 11.46

33.58 10.78 33.45 10.76 33.37 10.79 33.29 10.68 34.26 11.11 34.05 11.46

33.90 10.79 33.77 10.76 33.69 10.80 33.61 10.68 34.58 11.10 34.37 11.45

34.22 10.80 34.09 10.77 34.01 10.81 33.93 10.68 34.90 11.10 34.69 11.44

34.54 10.81 34.41 10.78 34.33 10.81 34.25 10.68 35.22 11.11 35.01 11.44

34.86 10.81 34.73 10.78 34.65 10.82 34.57 10.68 35.54 11.09 35.33 11.43

35.18 10.83 35.05 10.80 34.97 10.82 34.89 10.69 35.86 11.11 35.65 11.42

35.50 10.85 35.37 10.81 35.29 10.84 35.21 10.71 36.18 11.10 35.97 11.43

35.82 10.87 35.69 10.82 35.61 10.84 35.53 10.71 36.50 11.11 36.29 11.42

36.14 10.87 36.01 10.83 35.93 10.85 35.85 10.71 36.82 11.11 36.61 11.43

36.46 10.89 36.33 10.83 36.25 10.86 36.17 10.72 37.14 11.10 36.93 11.42

36.78 10.89 36.65 10.85 36.57 10.88 36.49 10.72 37.46 11.10 37.25 11.42

37.10 10.89 36.97 10.86 36.89 10.88 36.81 10.72 37.78 11.09 37.57 11.42

37.42 10.92 37.29 10.88 37.21 10.89 37.13 10.72 38.10 11.10 37.89 11.42

37.74 10.93 37.61 10.88 37.53 10.90 37.45 10.73 38.42 11.10 38.21 11.42

38.06 10.94 37.93 10.90 37.85 10.91 37.77 10.73 38.74 11.09 38.53 11.40

38.38 10.94 38.25 10.90 38.17 10.91 38.09 10.74 39.06 11.10 38.85 11.39

38.70 10.95 38.57 10.91 38.49 10.92 38.41 10.75 39.38 11.08 39.17 11.40

39.02 10.97 38.89 10.91 38.81 10.92 38.73 10.75 39.70 11.10 39.49 11.40

39.34 10.98 39.21 10.92 39.13 10.93 39.05 10.75 40.02 11.09 39.81 11.41

39.66 10.98 39.53 10.93 39.45 10.92 39.37 10.74 40.34 11.10 40.13 11.39

39.98 10.99 39.85 10.94 39.77 10.94 39.69 10.74 40.66 11.09 40.45 11.39

40.30 11.00 40.17 10.93 40.09 10.95 40.00 10.75 40.98 11.10 40.77 11.38

40.62 11.00 40.49 10.96 40.41 10.95 40.32 10.76 41.30 11.10 41.09 11.38

40.94 11.02 40.81 10.96 40.73 10.95 40.64 10.76 41.62 11.09 41.41 11.39

41.26 11.02 41.13 10.96 41.05 10.96 40.96 10.77 41.94 11.09 41.73 11.37

41.58 11.03 41.45 10.97 41.37 10.96 41.28 10.77 42.26 11.09 42.05 11.38

41.90 11.05 41.77 10.98 41.69 10.98 41.60 10.77 42.58 11.08 42.40 11.37

42.22 11.06 42.09 10.97 42.01 10.96 41.92 10.78 42.90 11.08 42.72 11.37

42.54 11.07 42.41 10.99 42.33 10.97 42.24 10.77 43.22 11.09 42.98 11.37

42.86 11.06 42.73 11.00 42.65 10.98 42.56 10.77 43.54 11.10

43.18 11.07 43.05 11.01 42.97 10.99 42.88 10.77 43.86 11.09

43.50 11.08 43.37 11.00 43.29 11.00 43.20 10.77 44.18 11.08

43.82 11.08 43.69 11.00 43.61 10.99 43.52 10.78 44.50 11.08

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B10 Cure characteristics of the compounds filled with various silica/CB hybrid 

ratios (cont.): (f) ESBR1723_CSi 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.14 11.09 44.01 11.02 43.93 10.99 43.84 10.77 44.82 11.09

44.46 11.10 44.33 11.02 44.25 11.01 44.16 10.78 45.14 11.08

44.78 11.10 44.65 11.03 44.57 11.01 44.48 10.79 45.46 11.08

45.10 11.11 44.97 11.04 44.89 11.01 44.80 10.79 45.78 11.06

45.42 11.12 45.29 11.05 45.21 11.02 45.12 10.79 46.10 11.08

45.74 11.12 45.61 11.05 45.53 11.01 45.44 10.78 46.42 11.08

46.06 11.13 45.93 11.05 45.85 11.03 45.76 10.79 46.74 11.09

46.38 11.13 46.25 11.06 46.17 11.04 46.08 10.80 47.06 11.08

46.70 11.14 46.57 11.06 46.49 11.04 46.40 10.79 47.38 11.08

47.02 11.15 46.89 11.07 46.81 11.04 46.72 10.79 47.70 11.06

47.34 11.14 47.21 11.05 47.13 11.04 47.04 10.79 48.02 11.07

47.66 11.15 47.53 11.07 47.45 11.04 47.36 10.79 48.34 11.07

47.98 11.17 47.85 11.08 47.77 11.04 47.68 10.79 48.66 11.07

48.30 11.16 48.17 11.08 48.09 11.05 48.00 10.80 48.98 11.06

48.62 11.17 48.49 11.08 48.41 11.05 48.32 10.80 49.30 11.07

48.94 11.17 48.81 11.09 48.73 11.05 48.64 10.80 49.62 11.07

49.26 11.17 49.13 11.09 49.05 11.06 48.96 10.80 49.98 11.06

49.58 11.18 49.45 11.10 49.37 11.06 49.28 10.81

49.90 11.19 49.77 11.10 49.69 11.06 49.60 10.81

50.00 11.17 49.99 11.10 49.99 11.07 49.92 10.81

50.00 10.81

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table B11 Cure characteristics of the compounds filled with different filler and oil 

loading 

 

Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 1.88 0.02 2.31 0.02 2.09 0.02 2.24

0.34 2.04 0.34 1.91 0.34 1.75 0.34 1.68

0.66 2.06 0.46 1.90 0.66 1.82 0.66 1.78

0.98 2.12 0.58 1.93 0.98 1.93 0.98 1.91

1.30 2.19 0.90 2.01 1.30 2.02 1.30 2.01

1.62 2.25 1.22 2.08 1.62 2.10 1.62 2.09

1.94 2.32 1.54 2.16 1.94 2.16 1.94 2.15

2.26 2.36 1.86 2.20 2.26 2.20 2.26 2.22

2.58 2.42 2.18 2.26 2.58 2.27 2.58 2.30

2.90 2.48 2.50 2.32 2.90 2.35 2.90 2.38

3.22 2.56 2.82 2.39 3.22 2.46 3.22 2.49

3.54 2.65 3.14 2.46 3.54 2.57 3.54 2.62

3.86 2.77 3.46 2.53 3.86 2.72 3.86 2.79

4.18 2.92 3.78 2.67 3.98 2.75 4.18 2.98

4.50 3.13 4.10 2.83 4.10 2.82 4.50 3.17

4.82 3.36 4.42 3.01 4.42 3.01 4.82 3.41

5.14 3.64 4.74 3.23 4.74 3.25 5.14 3.67

5.46 3.95 5.06 3.47 5.06 3.49 5.46 3.95

5.54 4.04 5.38 3.76 5.38 3.76 5.78 4.23

5.62 4.12 5.54 3.92 5.70 4.11 6.10 4.53

5.94 4.49 5.70 4.07 6.02 4.43 6.42 4.82

6.26 4.84 6.02 4.40 6.34 4.75 6.74 5.13

6.58 5.23 6.34 4.74 6.66 5.07 7.06 5.43

6.90 5.61 6.66 5.09 6.98 5.40 7.38 5.73

7.22 6.02 6.98 5.45 7.30 5.73 7.70 6.01

7.54 6.40 7.30 5.82 7.62 6.06 8.02 6.28

7.86 6.76 7.62 6.15 7.94 6.37 8.34 6.53

8.10 7.04 7.94 6.50 8.26 6.67 8.50 6.67

8.34 7.28 8.26 6.81 8.58 6.93 8.66 6.79

8.66 7.61 8.34 6.90 8.90 7.19 8.98 7.02

8.98 7.91 8.42 6.97 9.22 7.45 9.30 7.24

9.30 8.17 8.74 7.27 9.54 7.67 9.62 7.44

9.62 8.45 9.06 7.54 9.86 7.90 9.94 7.65

9.94 8.70 9.38 7.79 10.18 8.10 10.26 7.84

10.25 8.93 9.70 8.05 10.50 8.29 10.58 8.02

F2 F3 F4F1
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Table B11 Cure characteristics of the compounds filled with different filler and oil 

loading (cont.) 

 

Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

10.57 9.16 10.02 8.28 10.82 8.47 10.90 8.18

10.89 9.37 10.34 8.49 11.14 8.65 11.22 8.35

11.21 9.56 10.66 8.70 11.46 8.80 11.54 8.51

11.53 9.74 10.98 8.89 11.78 8.94 11.86 8.64

11.85 9.90 11.30 9.08 12.10 9.09 12.18 8.78

12.17 10.05 11.62 9.23 12.42 9.22 12.50 8.89

12.49 10.22 11.94 9.39 12.74 9.34 12.82 9.01

12.81 10.36 12.26 9.52 13.06 9.46 13.14 9.13

13.13 10.50 12.58 9.67 13.38 9.59 13.46 9.25

13.45 10.61 12.90 9.82 13.70 9.69 13.78 9.33

13.77 10.75 13.22 9.95 14.02 9.79 14.10 9.44

14.09 10.85 13.54 10.06 14.34 9.88 14.42 9.55

14.41 10.98 13.86 10.17 14.66 9.99 14.74 9.64

14.73 11.06 14.18 10.28 14.98 10.08 15.06 9.71

15.05 11.16 14.50 10.38 15.30 10.16 15.38 9.80

15.37 11.26 14.82 10.47 15.62 10.24 15.70 9.88

15.69 11.36 15.14 10.56 15.94 10.32 16.02 9.96

16.01 11.43 15.46 10.65 16.26 10.39 16.34 10.02

16.33 11.50 15.78 10.73 16.58 10.45 16.66 10.08

16.65 11.57 16.10 10.80 16.90 10.52 16.98 10.16

16.97 11.64 16.42 10.89 17.22 10.58 17.30 10.22

17.29 11.71 16.75 10.96 17.54 10.63 17.62 10.28

17.61 11.77 17.07 11.02 17.86 10.69 17.94 10.33

17.93 11.84 17.39 11.07 18.18 10.74 18.26 10.38

18.25 11.90 17.71 11.13 18.50 10.79 18.58 10.42

18.57 11.95 18.03 11.19 18.82 10.83 18.90 10.47

18.89 11.99 18.35 11.24 19.14 10.88 19.21 10.52

19.21 12.04 18.67 11.30 19.46 10.92 19.53 10.57

19.53 12.08 18.99 11.35 19.78 10.96 19.85 10.61

19.85 12.13 19.31 11.39 20.10 11.01 20.17 10.65

20.17 12.17 19.63 11.44 20.42 11.05 20.49 10.68

20.49 12.21 19.95 11.47 20.74 11.08 20.81 10.72

20.81 12.25 20.27 11.51 21.06 11.11 21.13 10.76

21.13 12.28 20.59 11.54 21.38 11.15 21.45 10.80

21.45 12.32 20.91 11.59 21.70 11.16 21.77 10.83

F1 F2 F3 F4
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Table B11 Cure characteristics of the compounds filled with different filler and oil 

loading (cont.) 

 

Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

21.77 12.36 21.23 11.62 22.02 11.21 22.09 10.84

22.09 12.38 21.55 11.65 22.34 11.23 22.41 10.88

22.41 12.41 21.87 11.68 22.66 11.25 22.73 10.90

22.73 12.44 22.19 11.71 22.97 11.27 23.05 10.93

23.05 12.48 22.51 11.74 23.29 11.30 23.37 10.96

23.36 12.50 22.83 11.77 23.61 11.33 23.69 10.99

23.68 12.52 23.15 11.79 23.93 11.36 24.01 11.01

24.00 12.54 23.47 11.82 24.25 11.37 24.33 11.03

24.32 12.58 23.79 11.84 24.57 11.39 24.65 11.06

24.64 12.60 24.11 11.86 24.89 11.42 24.97 11.08

24.98 12.62 24.43 11.89 25.21 11.44 25.29 11.10

25.30 12.64 24.75 11.91 25.53 11.47 25.61 11.11

25.62 12.66 25.07 11.92 25.85 11.48 25.93 11.13

25.94 12.68 25.39 11.94 26.17 11.49 26.25 11.15

26.26 12.71 25.71 11.97 26.49 11.51 26.57 11.16

26.58 12.71 26.03 11.99 26.81 11.54 26.89 11.18

26.90 12.74 26.35 12.01 27.13 11.55 27.21 11.21

27.22 12.74 26.67 12.03 27.45 11.57 27.53 11.22

27.54 12.76 26.99 12.04 27.77 11.59 27.85 11.23

27.86 12.78 27.31 12.06 28.09 11.60 28.17 11.26

28.18 12.80 27.63 12.09 28.41 11.61 28.49 11.28

28.50 12.82 27.95 12.08 28.73 11.62 28.81 11.30

28.82 12.83 28.27 12.09 29.05 11.64 29.13 11.30

29.14 12.84 28.59 12.12 29.37 11.65 29.45 11.31

29.46 12.84 28.91 12.14 29.69 11.67 29.77 11.33

29.78 12.87 29.23 12.14 30.01 11.68 30.09 11.35

30.10 12.87 29.55 12.16 30.33 11.69 30.41 11.36

30.42 12.89 29.87 12.17 30.65 11.72 30.73 11.38

30.74 12.89 30.19 12.18 30.97 11.73 31.05 11.38

31.06 12.90 30.51 12.18 31.29 11.74 31.37 11.40

31.38 12.92 30.83 12.20 31.61 11.74 31.69 11.42

31.70 12.93 31.15 12.22 31.93 11.75 32.01 11.41

32.02 12.94 31.48 12.23 32.25 11.77 32.33 11.43

32.34 12.94 31.80 12.23 32.57 11.77 32.65 11.42

32.66 12.94 32.12 12.25 32.89 11.77 32.97 11.45

F1 F2 F3 F4
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Table B11 Cure characteristics of the compounds filled with different filler and oil 

loading (cont.) 

 

Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

32.98 12.95 32.44 12.25 33.21 11.78 33.29 11.46

33.30 12.97 32.76 12.26 33.53 11.79 33.61 11.47

33.62 12.99 33.08 12.27 33.85 11.79 33.93 11.47

33.94 12.99 33.40 12.28 34.17 11.80 34.25 11.47

34.26 12.99 33.72 12.28 34.49 11.83 34.57 11.50

34.58 12.99 34.04 12.29 34.81 11.83 34.89 11.51

34.90 13.00 34.36 12.30 35.13 11.84 35.21 11.53

35.22 13.01 34.68 12.32 35.45 11.86 35.53 11.53

35.54 13.03 35.00 12.33 35.77 11.86 35.85 11.52

35.86 13.04 35.32 12.34 36.09 11.87 36.17 11.56

36.18 13.03 35.64 12.34 36.41 11.87 36.49 11.56

36.50 13.05 35.96 12.35 36.73 11.88 36.81 11.57

36.81 13.05 36.28 12.35 37.05 11.89 37.13 11.58

37.13 13.05 36.60 12.36 37.37 11.90 37.45 11.59

37.45 13.06 36.92 12.37 37.69 11.90 37.77 11.58

37.77 13.06 37.24 12.37 38.01 11.91 38.09 11.60

38.09 13.06 37.56 12.37 38.33 11.92 38.41 11.62

38.41 13.07 37.88 12.39 38.65 11.93 38.73 11.60

38.73 13.07 38.20 12.38 38.97 11.93 39.05 11.60

39.05 13.10 38.52 12.41 39.29 11.92 39.37 11.63

39.37 13.09 38.84 12.41 39.61 11.95 39.69 11.64

39.69 13.10 39.16 12.43 39.93 11.95 40.01 11.62

40.01 13.11 39.48 12.42 40.25 11.95 40.33 11.63

40.33 13.11 39.80 12.42 40.57 11.96 40.65 11.65

40.65 13.11 40.13 12.44 40.89 11.96 40.97 11.67

40.97 13.10 40.45 12.43 41.21 11.99 41.29 11.67

41.29 13.12 40.77 12.44 41.53 11.99 41.61 11.67

41.61 13.12 41.09 12.44 41.85 11.98 41.93 11.68

41.93 13.12 41.41 12.45 42.17 11.99 42.25 11.68

42.25 13.12 41.73 12.46 42.49 11.99 42.57 11.70

42.57 13.13 42.05 12.45 42.81 11.99 42.89 11.69

42.89 13.15 42.37 12.46 43.13 12.01 43.21 11.71

43.21 13.15 42.69 12.47 43.45 12.02 43.53 11.71

43.53 13.15 43.01 12.48 43.77 12.01 43.85 11.72

43.85 13.15 43.33 12.48 44.09 12.02 44.17 11.71

F1 F2 F3 F4
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Table B11 Cure characteristics of the compounds filled with different filler and oil 

loading (cont.) 

 

Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

44.17 13.16 43.65 12.49 44.41 12.02 44.49 11.73

44.49 13.17 43.97 12.50 44.75 12.03 44.80 11.73

44.81 13.16 44.29 12.50 45.07 12.04 45.12 11.73

45.13 13.16 44.61 12.49 45.39 12.04 45.44 11.73

45.45 13.17 44.93 12.49 45.71 12.04 45.76 11.73

45.77 13.17 45.25 12.49 46.03 12.05 46.08 11.74

46.09 13.18 45.57 12.51 46.35 12.06 46.40 11.76

46.41 13.18 45.89 12.51 46.67 12.07 46.72 11.77

46.73 13.18 46.21 12.52 46.99 12.08 47.04 11.77

47.05 13.19 46.53 12.54 47.31 12.06 47.36 11.77

47.37 13.20 46.85 12.52 47.63 12.09 47.68 11.78

47.69 13.21 47.17 12.54 47.95 12.07 48.00 11.78

48.01 13.21 47.49 12.54 48.27 12.09 48.32 11.79

48.33 13.20 47.81 12.55 48.59 12.09 48.64 11.80

48.65 13.21 48.13 12.55 48.91 12.08 48.96 11.80

48.97 13.21 48.45 12.55 49.23 12.08 49.28 11.81

49.29 13.23 48.77 12.55 49.55 12.10 49.60 11.81

49.61 13.21 49.09 12.55 49.87 12.09 49.98 11.79

49.99 13.22 49.41 12.54 49.99 12.11

49.73 12.55

49.99 12.56

F1 F2 F3 F4
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Table B12 Cure characteristics of the compounds having different relative amount of 

curatives 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

0.02 2.99 0.02 2.88 0.02 2.29 0.02 2.27 0.02 2.73 0.02 2.84

0.34 2.21 0.34 2.22 0.06 2.76 0.34 2.33 0.34 2.23 0.34 2.21

0.42 2.19 0.38 2.21 0.10 2.53 0.50 2.33 0.66 2.28 0.66 2.25

0.50 2.21 0.42 2.22 0.42 2.21 0.66 2.36 0.98 2.36 0.98 2.33

0.82 2.28 0.76 2.28 0.74 2.27 0.98 2.45 1.30 2.45 1.30 2.42

1.14 2.36 1.10 2.37 1.06 2.35 1.30 2.52 1.62 2.52 1.62 2.49

1.46 2.43 1.42 2.44 1.38 2.42 1.62 2.59 1.94 2.57 1.94 2.55

1.78 2.50 1.74 2.51 1.70 2.49 1.94 2.64 2.26 2.63 2.26 2.60

2.10 2.55 2.06 2.58 2.02 2.57 2.26 2.70 2.58 2.69 2.58 2.67

2.42 2.61 2.38 2.66 2.34 2.63 2.58 2.75 2.90 2.77 2.90 2.76

2.74 2.69 2.71 2.74 2.66 2.74 2.90 2.82 3.22 2.86 3.22 2.86

3.06 2.78 3.03 2.86 2.98 2.89 3.22 2.87 3.54 2.96 3.54 3.01

3.38 2.89 3.35 3.02 3.30 3.11 3.54 2.97 3.86 3.10 3.86 3.22

3.70 3.03 3.67 3.23 3.42 3.24 3.86 3.08 4.18 3.30 4.18 3.50

4.02 3.23 3.99 3.54 3.54 3.35 4.18 3.20 4.50 3.53 4.50 3.86

4.34 3.47 4.31 3.93 3.86 3.79 4.50 3.36 4.82 3.82 4.82 4.28

4.66 3.75 4.63 4.41 4.10 4.24 4.82 3.53 5.14 4.12 5.14 4.75

4.98 4.07 4.95 4.92 4.34 4.73 5.14 3.72 5.46 4.48 5.46 5.23

5.10 4.20 5.27 5.48 4.66 5.50 5.46 3.94 5.78 4.84 5.78 5.74

5.22 4.33 5.59 6.06 4.98 6.33 5.78 4.15 6.10 5.19 6.10 6.19

5.54 4.69 5.91 6.64 5.30 7.18 6.02 4.33 6.42 5.55 6.42 6.64

5.86 5.08 6.23 7.21 5.62 8.01 6.26 4.51 6.74 5.88 6.74 7.09

6.18 5.46 6.55 7.74 5.94 8.77 6.58 4.74 7.06 6.21 7.06 7.50

6.50 5.86 6.87 8.23 6.26 9.45 6.90 4.98 7.38 6.53 7.38 7.91

6.82 6.25 7.19 8.67 6.58 10.01 7.22 5.21 7.70 6.84 7.70 8.27

7.14 6.65 7.51 9.09 6.90 10.56 7.54 5.43 8.02 7.14 8.02 8.60

7.46 7.03 7.83 9.46 7.22 11.01 7.86 5.65 8.14 7.25 8.34 8.90

7.78 7.39 8.15 9.79 7.54 11.42 8.18 5.88 8.30 7.38 8.66 9.17

8.10 7.72 8.47 10.11 7.86 11.76 8.50 6.09 8.62 7.64 8.98 9.41

8.42 8.01 8.79 10.39 8.18 12.08 8.82 6.29 8.97 7.93 9.30 9.64

8.74 8.30 9.11 10.65 8.50 12.37 9.14 6.50 9.29 8.14 9.62 9.83

9.06 8.58 9.43 10.90 8.82 12.62 9.46 6.70 9.61 8.35 9.94 10.02

9.38 8.83 9.75 11.11 9.14 12.86 9.78 6.89 9.93 8.54 10.26 10.19

9.70 9.06 10.07 11.31 9.46 13.07 10.10 7.06 10.25 8.73 10.58 10.35

10.02 9.28 10.39 11.50 9.78 13.27 10.42 7.24 10.57 8.91 10.90 10.47

CV_100% CV_120% CV_140% semi-EV_100% semi-EV_120% semi-EV_140%

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Puchong Thaptong  Appendices / 228 

Table B12 Cure characteristics of the compounds having different relative amount of 

curatives (cont.) 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

10.34 9.48 10.71 11.66 10.10 13.44 10.74 7.38 10.89 9.06 11.22 10.61

10.66 9.66 11.03 11.83 10.42 13.59 11.06 7.54 11.21 9.20 11.54 10.72

10.98 9.84 11.35 11.97 10.74 13.71 11.38 7.68 11.53 9.34 11.86 10.82

11.30 10.01 11.67 12.11 11.06 13.85 11.70 7.81 11.85 9.47 12.18 10.92

11.62 10.17 11.99 12.25 11.38 13.97 12.02 7.95 12.17 9.59 12.50 11.02

11.94 10.31 12.31 12.37 11.70 14.07 12.34 8.08 12.49 9.70 12.82 11.11

12.26 10.45 12.63 12.47 12.02 14.16 12.66 8.19 12.81 9.80 13.14 11.18

12.58 10.57 12.95 12.57 12.34 14.26 12.98 8.31 13.13 9.89 13.46 11.26

12.90 10.70 13.27 12.68 12.66 14.33 13.30 8.40 13.45 9.98 13.78 11.32

13.22 10.82 13.59 12.76 12.98 14.40 13.62 8.50 13.77 10.07 14.10 11.39

13.54 10.92 13.91 12.85 13.30 14.46 13.94 8.60 14.09 10.15 14.42 11.45

13.86 11.02 14.23 12.93 13.62 14.54 14.26 8.68 14.41 10.22 14.74 11.50

14.18 11.11 14.55 13.00 13.94 14.59 14.58 8.76 14.73 10.30 15.06 11.56

14.50 11.21 14.87 13.07 14.26 14.67 14.90 8.84 15.05 10.37 15.38 11.61

14.82 11.30 15.19 13.14 14.58 14.72 15.22 8.93 15.37 10.43 15.70 11.65

15.14 11.38 15.51 13.20 14.90 14.77 15.54 8.99 15.69 10.49 16.02 11.69

15.46 11.46 15.83 13.26 15.22 14.82 15.86 9.06 16.01 10.55 16.33 11.73

15.78 11.54 16.15 13.31 15.54 14.84 16.18 9.13 16.33 10.61 16.65 11.78

16.10 11.60 16.47 13.36 15.86 14.90 16.50 9.19 16.65 10.65 16.97 11.80

16.42 11.67 16.79 13.42 16.18 14.93 16.81 9.25 16.97 10.70 17.29 11.84

16.74 11.73 17.11 13.46 16.50 14.97 17.13 9.32 17.29 10.77 17.61 11.87

17.06 11.78 17.43 13.50 16.82 14.99 17.45 9.36 17.61 10.80 17.93 11.91

17.38 11.84 17.75 13.53 17.14 15.03 17.77 9.41 17.93 10.84 18.25 11.93

17.70 11.88 18.07 13.57 17.46 15.06 18.09 9.46 18.25 10.88 18.57 11.96

18.02 11.93 18.39 13.60 17.78 15.09 18.41 9.51 18.57 10.91 18.89 12.00

18.34 11.97 18.71 13.64 18.10 15.12 18.73 9.56 18.89 10.96 19.21 12.01

18.66 12.02 19.03 13.69 18.42 15.12 19.05 9.60 19.21 10.99 19.53 12.04

18.98 12.08 19.35 13.71 18.74 15.15 19.37 9.65 19.53 11.01 19.85 12.06

19.30 12.11 19.67 13.73 19.06 15.19 19.69 9.69 19.85 11.04 20.17 12.07

19.62 12.16 19.99 13.76 19.38 15.19 20.01 9.73 20.17 11.08 20.49 12.10

19.94 12.19 20.31 13.79 19.70 15.22 20.33 9.76 20.49 11.11 20.81 12.12

20.26 12.21 20.63 13.81 20.02 15.24 20.65 9.80 20.81 11.15 21.13 12.13

20.58 12.25 20.95 13.83 20.34 15.27 20.97 9.83 21.13 11.16 21.45 12.13

20.90 12.29 21.27 13.86 20.66 15.28 21.29 9.87 21.45 11.18 21.77 12.16

21.22 12.32 21.59 13.88 20.98 15.29 21.61 9.90 21.77 11.21 22.09 12.18

semi-EV_120% semi-EV_140%CV_100% CV_120% CV_140% semi-EV_100%
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Table B12 Cure characteristics of the compounds having different relative amount of 

curatives (cont.) 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

21.54 12.36 21.91 13.89 21.30 15.32 21.93 9.94 22.09 11.23 22.41 12.19

21.86 12.37 22.23 13.90 21.62 15.33 22.25 9.95 22.41 11.25 22.73 12.21

22.18 12.40 22.55 13.91 21.94 15.35 22.57 9.98 22.73 11.27 23.05 12.22

22.50 12.42 22.87 13.95 22.26 15.36 22.89 10.01 23.05 11.29 23.37 12.23

22.82 12.45 23.19 13.95 22.58 15.37 23.21 10.04 23.37 11.32 23.69 12.25

23.14 12.48 23.51 13.98 22.90 15.39 23.53 10.05 23.69 11.34 24.01 12.25

23.46 12.49 23.83 13.98 23.22 15.40 23.85 10.08 24.01 11.35 24.33 12.27

23.78 12.51 24.15 14.01 23.54 15.40 24.17 10.11 24.33 11.37 24.65 12.27

24.10 12.54 24.47 14.02 23.86 15.43 24.49 10.14 24.65 11.38 24.97 12.30

24.42 12.56 24.79 14.03 24.18 15.43 24.81 10.15 24.97 11.39 25.29 12.29

24.74 12.58 25.11 14.06 24.50 15.44 25.13 10.17 25.29 11.42 25.61 12.31

25.05 12.60 25.43 14.07 24.82 15.47 25.45 10.19 25.61 11.42 25.93 12.33

25.37 12.61 25.75 14.06 25.14 15.48 25.77 10.22 25.93 11.45 26.25 12.33

25.69 12.62 26.07 14.09 25.46 15.46 26.09 10.23 26.25 11.45 26.57 12.35

26.01 12.65 26.39 14.11 25.78 15.48 26.41 10.25 26.56 11.46 26.89 12.34

26.33 12.66 26.71 14.11 26.10 15.49 26.73 10.26 26.88 11.47 27.21 12.36

26.65 12.68 27.03 14.11 26.42 15.51 27.05 10.26 27.20 11.50 27.53 12.37

26.97 12.69 27.35 14.13 26.74 15.51 27.36 10.31 27.52 11.51 27.85 12.38

27.29 12.71 27.67 14.14 27.06 15.53 27.68 10.31 27.84 11.52 28.17 12.39

27.61 12.72 27.99 14.14 27.38 15.54 28.00 10.33 28.16 11.51 28.49 12.39

27.93 12.73 28.31 14.15 27.70 15.54 28.32 10.35 28.48 11.53 28.81 12.39

28.25 12.74 28.65 14.15 28.02 15.55 28.64 10.36 28.80 11.56 29.13 12.40

28.57 12.76 28.97 14.17 28.34 15.57 28.96 10.38 29.12 11.56 29.45 12.39

28.89 12.77 29.29 14.18 28.66 15.58 29.28 10.38 29.44 11.58 29.77 12.41

29.21 12.77 29.61 14.18 28.98 15.59 29.60 10.41 29.76 11.58 30.09 12.44

29.53 12.78 29.93 14.19 29.30 15.58 29.92 10.42 30.08 11.60 30.41 12.44

29.85 12.80 30.25 14.20 29.62 15.59 30.24 10.44 30.40 11.60 30.73 12.44

30.17 12.82 30.57 14.21 29.94 15.61 30.56 10.43 30.72 11.62 31.05 12.45

30.49 12.82 30.89 14.21 30.26 15.62 30.88 10.46 31.04 11.61 31.37 12.46

30.81 12.84 31.21 14.22 30.58 15.62 31.20 10.45 31.36 11.62 31.69 12.47

31.13 12.83 31.53 14.22 30.90 15.61 31.52 10.48 31.68 11.63 32.01 12.48

31.45 12.84 31.85 14.23 31.22 15.63 31.84 10.48 32.00 11.64 32.33 12.48

31.77 12.86 32.17 14.24 31.54 15.63 32.16 10.50 32.32 11.64 32.65 12.48

32.09 12.87 32.49 14.24 31.86 15.64 32.48 10.51 32.64 11.66 32.97 12.49

32.41 12.88 32.81 14.25 32.18 15.65 32.80 10.51 32.96 11.66 33.29 12.49

CV_100% CV_120% CV_140% semi-EV_100% semi-EV_120% semi-EV_140%
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Table B12 Cure characteristics of the compounds having different relative amount of 

curatives (cont.) 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

32.73 12.88 33.13 14.26 32.50 15.66 33.12 10.52 33.28 11.67 33.61 12.50

33.05 12.90 33.45 14.26 32.82 15.66 33.44 10.52 33.60 11.68 33.93 12.49

33.37 12.90 33.77 14.27 33.14 15.66 33.76 10.54 33.92 11.68 34.25 12.50

33.69 12.89 34.09 14.27 33.46 15.67 34.08 10.55 34.24 11.69 34.57 12.51

34.01 12.92 34.41 14.27 33.78 15.68 34.40 10.55 34.56 11.68 34.89 12.53

34.33 12.91 34.73 14.27 34.10 15.68 34.72 10.55 34.88 11.72 35.21 12.53

34.65 12.93 35.05 14.28 34.42 15.69 35.04 10.58 35.20 11.71 35.53 12.52

34.97 12.93 35.37 14.29 34.74 15.71 35.36 10.58 35.52 11.70 35.85 12.52

35.29 12.94 35.69 14.30 35.06 15.71 35.68 10.59 35.84 11.71 36.17 12.54

35.61 12.95 36.01 14.30 35.38 15.70 36.00 10.60 36.16 11.73 36.49 12.54

35.93 12.95 36.33 14.31 35.70 15.72 36.32 10.61 36.48 11.74 36.81 12.54

36.25 12.96 36.65 14.31 36.02 15.72 36.64 10.61 36.80 11.75 37.13 12.55

36.57 12.97 36.97 14.31 36.34 15.72 36.96 10.62 37.12 11.75 37.45 12.55

36.89 12.97 37.29 14.32 36.66 15.73 37.28 10.63 37.44 11.75 37.77 12.56

37.21 12.97 37.61 14.33 36.98 15.75 37.60 10.64 37.76 11.76 38.09 12.56

37.53 13.00 37.93 14.31 37.30 15.73 37.92 10.66 38.08 11.76 38.41 12.58

37.85 12.99 38.25 14.31 37.62 15.76 38.24 10.65 38.40 11.77 38.73 12.59

38.17 12.98 38.57 14.34 37.94 15.76 38.56 10.66 38.72 11.78 39.05 12.58

38.49 13.00 38.89 14.34 38.26 15.76 38.88 10.67 39.04 11.78 39.37 12.58

38.81 13.00 39.21 14.35 38.58 15.75 39.20 10.66 39.36 11.78 39.69 12.59

39.13 13.01 39.53 14.34 38.90 15.78 39.52 10.68 39.68 11.80 40.01 12.60

39.45 13.02 39.85 14.35 39.22 15.77 39.84 10.68 40.00 11.80 40.33 12.61

39.77 13.01 40.17 14.35 39.54 15.78 40.16 10.69 40.32 11.81 40.65 12.60

40.09 13.01 40.49 14.35 39.86 15.79 40.48 10.70 40.64 11.82 40.97 12.60

40.41 13.02 40.81 14.35 40.18 15.78 40.80 10.70 40.96 11.81 41.29 12.61

40.73 13.04 41.13 14.37 40.50 15.78 41.12 10.71 41.28 11.82 41.61 12.61

41.05 13.04 41.45 14.37 40.82 15.79 41.44 10.72 41.60 11.84 41.93 12.62

41.37 13.04 41.77 14.39 41.14 15.81 41.76 10.73 41.92 11.83 42.25 12.63

41.69 13.05 42.09 14.37 41.47 15.81 42.08 10.73 42.24 11.84 42.57 12.63

42.01 13.06 42.41 14.40 41.79 15.82 42.40 10.75 42.56 11.83 42.89 12.63

42.33 13.06 42.73 14.35 42.11 15.81 42.72 10.75 42.89 11.84 43.21 12.65

42.64 13.06 43.05 14.40 42.43 15.82 43.04 10.75 43.21 11.85 43.53 12.65

42.96 13.07 43.37 14.38 42.75 15.84 43.36 10.75 43.53 11.86 43.85 12.64

43.28 13.07 43.69 14.37 43.07 15.83 43.68 10.76 43.85 11.84 44.17 12.66

43.60 13.08 44.01 14.39 43.39 15.84 44.00 10.76 44.17 11.86 44.49 12.65

semi-EV_120% semi-EV_140%CV_100% CV_120% CV_140% semi-EV_100%
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Table B12 Cure characteristics of the compounds having different relative amount of 

curatives (cont.) 

 

Time Torque Time Torque Time Torque Time Torque Time Torque Time Torque

(min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m) (min) (dN.m)

43.92 13.08 44.33 14.40 43.71 15.83 44.32 10.77 44.49 11.87 44.81 12.65

44.24 13.08 44.65 14.38 44.03 15.84 44.64 10.77 44.81 11.87 45.13 12.66

44.56 13.09 44.97 14.45 44.35 15.85 44.96 10.78 45.13 11.88 45.45 12.66

44.88 13.09 45.29 14.39 44.67 15.84 45.28 10.78 45.45 11.87 45.77 12.67

45.20 13.10 45.61 14.40 44.99 15.85 45.60 10.79 45.77 11.88 46.09 12.66

45.52 13.11 45.93 14.40 45.31 15.86 45.92 10.79 46.09 11.88 46.41 12.67

45.84 13.10 46.25 14.40 45.63 15.86 46.24 10.79 46.41 11.90 46.73 12.67

46.16 13.10 46.57 14.42 45.95 15.86 46.56 10.79 46.73 11.89 47.05 12.68

46.48 13.11 46.89 14.40 46.27 15.87 46.88 10.81 47.05 11.90 47.37 12.68

46.80 13.12 47.21 14.41 46.59 15.87 47.20 10.81 47.37 11.90 47.69 12.70

47.12 13.12 47.53 14.41 46.91 15.86 47.52 10.82 47.69 11.91 48.01 12.71

47.44 13.13 47.85 14.42 47.23 15.87 47.84 10.80 48.01 11.91 48.33 12.70

47.76 13.13 48.17 14.41 47.55 15.87 48.16 10.81 48.33 11.91 48.65 12.70

48.08 13.14 48.49 14.42 47.87 15.87 48.48 10.82 48.65 11.91 48.97 12.70

48.40 13.13 48.81 14.43 48.19 15.87 48.80 10.84 48.97 11.92 49.29 12.69

48.72 13.14 49.12 14.42 48.51 15.88 49.12 10.83 49.29 11.92 49.61 12.71

49.04 13.14 49.44 14.43 48.83 15.88 49.44 10.84 49.61 11.93 49.99 12.72

49.36 13.14 49.76 14.43 49.15 15.88 49.76 10.85 49.99 11.93

49.68 13.15 49.98 14.46 49.47 15.89 50.00 10.83

50.00 13.15 49.79 15.91

49.99 15.88

CV_100% CV_120% CV_140% semi-EV_100% semi-EV_120% semi-EV_140%
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APPENDIX C 

PAYNE EFFECT OF THE RUBBER COMPOUNDS  

 

 

Table C1 Storage modulus (G’) as a function of test strain of the compounds prepared 

at various silanization temperatures: (a) HDSi 

 

HDSi_120
o
C HDSi_130

o
C HDSi_140

o
C HDSi_150

o
C HDSi_160

o
C

0.56 520.66 437.78 403.78 380.46 365.53

0.98 470.04 403.39 370.35 363.40 340.22

1.95 414.08 356.00 329.20 324.17 309.09

5.02 325.04 287.11 273.22 264.83 270.33

10.04 248.59 229.04 234.95 240.86 242.94

19.95 191.03 192.68 194.77 202.82 208.65

49.94 131.72 120.81 134.46 141.42 146.66

100.02 82.67 81.22 84.97 88.41 91.02

Strain (%)
G' (kPa)

 

 

Table C2 Storage modulus (G’) as a function of test strain of the compounds prepared 

at various silanization temperatures: (b) CSi 

 

CSi_120
o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C CSi_160

o
C

0.56 409.58 343.34 313.48 355.65 336.00

0.98 439.33 369.78 348.39 345.45 333.09

1.95 391.25 326.68 301.83 304.05 293.93

5.02 306.02 264.24 240.10 252.06 252.70

10.04 236.07 223.77 215.15 219.57 224.93

19.95 182.55 182.17 179.34 185.54 194.07

49.94 127.07 124.64 125.75 131.74 139.65

100.02 80.96 80.24 81.43 84.58 88.87

Strain (%)
G' (kPa)
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Table C3 Storage modulus (G’) as a function of test strain of the compounds treated 

by various TESPT contents: (a) HDSi 

 

HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt% HDSi_12wt%

0.56 1565.20 454.90 417.68 405.90 386.66

0.98 1571.90 449.62 405.48 379.00 372.52

1.95 1387.90 402.08 355.24 330.21 319.14

5.02 935.36 328.84 289.84 258.23 252.15

10.04 712.33 278.73 247.55 231.06 225.26

19.95 454.97 226.50 194.85 193.00 187.47

49.94 227.59 151.48 140.35 126.43 130.99

100.02 127.70 93.49 88.53 85.77 83.77

Strain (%)
G' (kPa)

 

 

Table C4 Storage modulus (G’) as a function of test strain of the compounds treated 

by various TESPT contents: (b) CSi 

 

CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt% CSi_12wt%

0.56 1657.60 411.47 394.21 377.36 343.24

0.98 1679.50 391.66 360.50 364.87 333.68

1.95 1465.30 361.71 321.66 314.18 285.64

5.02 1018.60 297.02 263.81 254.31 234.86

10.04 696.79 252.13 225.84 218.72 202.72

19.95 436.22 196.20 187.73 174.01 169.45

49.94 217.59 140.83 132.03 127.65 120.72

100.02 123.93 89.58 85.27 82.71 79.04

Strain (%)
G' (kPa)
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Table C5 Storage modulus (G’) as a function of test strain of the compounds filled 

with various silica/CB hybrid ratios: (a) HDSi 

 

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi800/CB20 Silica0/CB100

0.56 429.05 467.30 476.61 591.85 687.48 978.63

0.98 410.77 443.14 443.73 532.01 615.03 834.98

1.95 357.21 379.15 374.59 403.14 473.77 574.93

5.02 285.77 297.56 276.57 316.44 329.66 347.93

10.04 241.88 250.24 242.69 255.71 259.23 255.51

19.95 197.95 205.15 199.61 205.71 204.80 193.43

49.94 135.89 141.13 139.89 142.35 140.04 129.61

100.02 86.02 90.00 90.61 91.48 89.54 84.38

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi800/CB20 Silica0/CB100

0.56 442.03 459.03 531.16 573.79 713.68 1026.10

0.98 439.60 429.61 500.42 565.64 678.51 935.28

1.95 377.31 377.60 404.43 409.50 507.21 634.28

5.02 275.84 289.00 299.74 314.86 318.70 370.61

10.04 244.39 232.56 246.50 254.09 264.50 267.18

19.95 191.40 191.26 194.10 204.09 199.42 202.00

49.94 139.92 132.14 134.64 134.68 145.18 137.60

100.02 90.49 86.34 93.97 94.49 95.41 89.96

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi800/CB20 Silica0/CB100

0.56 236.07 256.84 278.70 354.11 477.61 770.52

0.98 221.02 249.88 278.43 322.76 457.78 705.48

1.95 200.97 209.28 238.28 286.46 356.83 487.65

5.02 167.84 180.38 192.66 216.55 243.89 291.97

10.04 145.99 155.32 163.03 176.53 189.87 211.78

19.95 122.18 127.93 133.29 140.52 147.34 157.35

49.94 88.60 91.33 94.05 91.53 100.43 103.98

100.02 60.33 57.94 62.81 64.52 66.07 67.71

Strain (%)
ESBR1723

Strain (%)
SSBR3626

Strain (%)

G' (kPa)

SSBR6450SL
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Table C6 Storage modulus (G’) as a function of test strain of the compounds filled 

with various silica/CB hybrid ratios: (b) CSi 

 

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi800/CB20 Silica0/CB100

0.56 375.29 421.81 461.1 532.44 684.3 978.63

0.98 361.93 411.36 428.31 493.16 616.82 834.98

1.95 296.8 348.24 364.96 402.36 473.88 574.93

5.02 252.55 272.17 278.19 295.71 324.82 347.93

10.04 215.45 229.25 232.07 240.22 252.9 255.51

19.95 179.71 189.77 190.51 194.66 199.07 193.43

49.94 126.81 132.78 133.48 135.38 136.58 129.61

100.02 82.642 86.211 86.69 88.181 88.511 84.38

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi800/CB20 Silica0/CB100

0.56 378.15 415.31 462.31 574.88 732.26 1026.10

0.98 375.63 392.09 443.35 554.35 686.04 935.28

1.95 318.29 342.23 363.55 433.04 513.93 634.28

5.02 252.04 264.31 272.62 309.69 343.19 370.61

10.04 216.35 223.41 227.54 249.23 265.95 267.18

19.95 181.89 186.18 188.21 200.34 208.85 202.00

49.94 132.06 126.71 135.99 133.18 144.89 137.60

100.02 88.01 89.77 90.88 93.85 95.21 89.96

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi800/CB20 Silica0/CB100

0.56 224.05 255.75 290.72 350.83 452.47 770.52

0.98 219.03 250.21 289.09 332.55 432.07 705.48

1.95 197.35 223.38 249.08 284.00 355.93 487.65

5.02 166.37 175.86 197.96 215.47 225.84 291.97

10.04 144.34 158.10 166.06 176.88 185.23 211.78

19.95 120.16 130.57 130.23 140.54 144.99 157.35

49.94 87.79 93.97 94.85 97.18 99.55 103.98

100.02 61.13 64.12 63.82 64.53 65.84 67.71

Strain (%)
SSBR3626

Strain (%)
ESBR1723

G' (kPa)

SSBR6450SLStrain (%)
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Table C7 Storage modulus (G’) as a function of test strain of the compounds filled 

with different filler and oil loading 

 

F1 F2 F3 F4

0.56 382.53 399.53 403.78 421.84

0.98 363.40 377.15 382.53 400.46

1.95 320.93 318.12 288.66 313.10

5.02 260.95 241.04 233.27 225.12

10.04 227.01 212.81 193.34 180.11

19.95 193.62 178.56 159.42 144.39

49.94 133.55 128.36 113.55 100.46

100.02 92.86 84.18 74.41 65.37

Strain (%)
G' (kPa)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Polymer Science and Technology) / 237 

 

APPENDIX D 

DYNAMIC MECHANICAL PROPERTIES OF RUBBER 

VULCANIZATES  

 

 

Table D1 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

prepared at various silanization temperatures: (a) HDSi 

 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.3 0.089 -59.1 0.098 -59.6 0.085 -59.4 0.082 -59.8 0.083

-59.0 0.089 -58.9 0.098 -59.1 0.084 -59.0 0.084 -59.4 0.084

-56.7 0.089 -56.5 0.098 -56.7 0.084 -56.7 0.085 -56.5 0.084

-54.6 0.089 -54.7 0.097 -54.7 0.084 -54.7 0.085 -54.7 0.083

-52.7 0.089 -52.8 0.098 -52.8 0.084 -52.7 0.085 -52.8 0.083

-50.8 0.090 -50.8 0.098 -50.8 0.084 -50.6 0.085 -50.9 0.083

-48.9 0.091 -48.9 0.100 -48.8 0.085 -48.8 0.085 -48.8 0.084

-46.8 0.092 -46.8 0.101 -46.8 0.086 -46.8 0.086 -46.6 0.085

-44.7 0.095 -44.8 0.104 -44.8 0.088 -44.8 0.087 -44.7 0.086

-42.7 0.098 -42.6 0.107 -42.7 0.090 -43.0 0.090 -42.6 0.088

-40.6 0.102 -40.7 0.111 -40.6 0.094 -40.9 0.093 -40.7 0.092

-38.7 0.108 -38.5 0.118 -38.8 0.101 -38.7 0.099 -38.7 0.099

-36.6 0.116 -36.8 0.126 -36.7 0.111 -36.7 0.107 -36.8 0.108

-34.8 0.128 -34.5 0.144 -34.7 0.125 -34.7 0.120 -34.6 0.120

-32.8 0.145 -32.5 0.163 -32.8 0.145 -32.8 0.138 -32.7 0.135

-30.5 0.175 -30.3 0.193 -30.3 0.184 -30.7 0.164 -30.6 0.164

-28.6 0.231 -28.5 0.235 -28.7 0.232 -28.6 0.220 -28.7 0.213

-26.8 0.277 -26.6 0.296 -26.6 0.286 -26.4 0.277 -26.8 0.268

-24.9 0.338 -24.7 0.348 -24.7 0.351 -24.5 0.358 -24.7 0.333

-21.9 0.506 -22.7 0.441 -22.8 0.436 -22.8 0.434 -22.5 0.431

-20.7 0.562 -20.8 0.540 -20.3 0.573 -20.4 0.567 -20.7 0.529

-18.4 0.681 -17.5 0.709 -18.8 0.658 -18.4 0.678 -18.8 0.644

-16.8 0.743 -16.7 0.747 -16.7 0.753 -16.8 0.748 -16.8 0.750

-14.8 0.783 -14.8 0.793 -14.7 0.814 -14.9 0.815 -14.8 0.829

-12.9 0.789 -12.8 0.806 -12.9 0.831 -12.7 0.842 -12.7 0.865

-10.8 0.757 -10.9 0.777 -10.8 0.803 -10.8 0.823 -10.9 0.856

-8.8 0.702 -8.8 0.721 -8.8 0.753 -8.8 0.774 -8.7 0.811

-6.8 0.638 -6.8 0.655 -6.8 0.687 -6.8 0.711 -6.9 0.748

-4.8 0.575 -4.7 0.590 -4.8 0.624 -4.8 0.645 -4.8 0.677

HDSi_130
o
C HDSi_140

o
C HDSi_150

o
C HDSi_160

o
CHDSi_120

o
C
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Table D1 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

prepared at various silanization temperatures (cont.): (a) HDSi 

 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-2.7 0.517 -2.9 0.534 -2.8 0.562 -2.8 0.584 -2.8 0.611

-0.8 0.468 -0.9 0.482 -0.9 0.512 -0.7 0.527 -0.9 0.556

3.0 0.418 2.9 0.429 2.8 0.459 3.2 0.472 3.1 0.493

3.3 0.402 3.2 0.413 3.2 0.444 3.6 0.454 3.4 0.471

5.1 0.366 5.2 0.377 5.1 0.402 5.1 0.411 5.1 0.428

7.2 0.333 7.2 0.341 7.0 0.364 7.0 0.374 7.2 0.386

9.3 0.302 9.2 0.311 9.3 0.331 9.3 0.338 9.2 0.349

11.3 0.277 11.2 0.283 11.3 0.303 11.2 0.311 11.2 0.319

13.2 0.256 13.3 0.259 13.3 0.282 13.3 0.284 13.3 0.289

15.3 0.241 15.2 0.244 15.2 0.262 15.2 0.264 15.2 0.271

17.1 0.227 17.2 0.231 17.2 0.249 17.2 0.249 17.3 0.252

19.2 0.216 19.1 0.218 19.2 0.233 19.2 0.234 19.2 0.238

21.2 0.205 21.2 0.208 21.2 0.223 21.0 0.223 21.2 0.223

23.3 0.197 23.2 0.200 23.3 0.213 23.3 0.214 23.3 0.213

25.2 0.190 25.2 0.193 25.3 0.204 25.2 0.206 25.3 0.203

27.2 0.183 27.2 0.186 27.2 0.195 27.2 0.197 27.1 0.195

29.2 0.176 29.1 0.179 29.2 0.186 29.1 0.189 29.3 0.186

31.2 0.171 31.1 0.174 31.2 0.180 31.2 0.182 31.2 0.176

33.2 0.165 33.2 0.166 33.2 0.173 33.3 0.176 33.2 0.169

35.3 0.161 35.2 0.160 35.2 0.167 35.2 0.168 35.2 0.163

37.2 0.154 37.1 0.157 37.3 0.159 37.2 0.165 37.2 0.157

39.2 0.149 39.1 0.149 39.2 0.156 39.2 0.157 39.1 0.153

41.3 0.144 41.2 0.147 41.3 0.150 41.2 0.150 41.2 0.148

43.2 0.140 43.2 0.142 43.1 0.146 43.2 0.147 43.2 0.142

45.2 0.136 45.2 0.137 45.2 0.142 45.3 0.142 45.2 0.135

47.2 0.131 47.1 0.133 47.2 0.136 47.3 0.136 47.2 0.129

49.2 0.127 49.2 0.128 49.3 0.133 49.1 0.132 49.2 0.127

51.2 0.124 51.2 0.125 51.2 0.125 51.2 0.124 51.2 0.120

53.1 0.118 53.3 0.118 53.3 0.118 53.2 0.119 53.1 0.116

55.3 0.116 55.2 0.113 55.1 0.115 55.2 0.115 55.2 0.110

57.3 0.113 57.2 0.110 57.2 0.110 57.2 0.109 57.2 0.106

59.2 0.108 59.2 0.107 59.2 0.107 59.3 0.107 59.2 0.104

61.2 0.105 61.1 0.102 61.1 0.102 61.2 0.102 61.2 0.100

63.3 0.104 63.3 0.098 63.2 0.100 63.1 0.099 63.2 0.096

65.2 0.098 65.2 0.096 65.2 0.097 65.2 0.098 65.3 0.090

67.2 0.097 67.3 0.094 67.2 0.098 67.2 0.095 67.2 0.089

69.2 0.095 69.2 0.089 69.3 0.094 69.2 0.092 69.2 0.084

71.2 0.091 71.2 0.088 71.2 0.088 71.2 0.089 71.2 0.084

73.2 0.087 73.2 0.086 73.2 0.085 73.3 0.084 73.1 0.082

75.4 0.085 75.3 0.084 75.3 0.089 75.2 0.086 75.1 0.084

77.2 0.082 77.2 0.082 77.2 0.086 77.2 0.085 77.2 0.078

79.1 0.083 79.2 0.081 79.3 0.080 79.2 0.081 79.3 0.078

HDSi_120
o
C HDSi_130

o
C HDSi_140

o
C HDSi_150

o
C HDSi_160

o
C
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Table D2 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

prepared at various silanization temperatures: (b) CSi 

 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.7 0.080 -59.8 0.081 -59.9 0.085 -59.9 0.080 -59.8 0.090

-59.3 0.079 -59.4 0.080 -58.9 0.085 -58.9 0.078 -59.2 0.089

-56.7 0.079 -56.7 0.081 -56.7 0.085 -56.8 0.077 -56.6 0.089

-54.7 0.078 -54.8 0.080 -54.7 0.084 -54.7 0.077 -54.6 0.089

-52.7 0.079 -52.8 0.080 -52.7 0.084 -52.8 0.077 -52.7 0.089

-50.8 0.080 -50.7 0.081 -50.8 0.085 -50.8 0.078 -50.8 0.090

-48.9 0.081 -48.6 0.082 -48.8 0.086 -48.8 0.079 -48.8 0.091

-46.8 0.083 -46.7 0.083 -46.8 0.087 -46.7 0.081 -46.8 0.092

-44.7 0.085 -44.8 0.085 -44.8 0.089 -44.8 0.083 -44.8 0.094

-42.9 0.088 -42.8 0.087 -42.9 0.091 -42.7 0.085 -42.8 0.097

-40.6 0.092 -40.8 0.090 -40.8 0.095 -40.8 0.090 -40.6 0.102

-38.7 0.099 -38.6 0.097 -38.7 0.101 -38.7 0.096 -38.7 0.108

-36.6 0.108 -36.5 0.106 -36.8 0.110 -36.7 0.106 -36.8 0.117

-34.6 0.121 -34.6 0.120 -34.8 0.123 -34.7 0.121 -34.7 0.130

-32.8 0.140 -32.5 0.141 -32.5 0.145 -32.6 0.144 -32.7 0.150

-30.3 0.176 -30.5 0.172 -30.5 0.176 -30.6 0.174 -30.5 0.178

-28.6 0.219 -28.6 0.220 -28.5 0.223 -28.5 0.224 -28.5 0.222

-26.6 0.288 -26.6 0.279 -26.7 0.285 -26.7 0.279 -26.7 0.273

-24.8 0.347 -24.3 0.367 -23.9 0.395 -24.7 0.352 -24.7 0.343

-22.7 0.444 -22.7 0.441 -22.7 0.449 -22.3 0.480 -22.3 0.464

-20.6 0.555 -20.8 0.542 -20.7 0.552 -20.8 0.566 -20.7 0.550

-17.5 0.721 -18.8 0.651 -18.3 0.687 -17.6 0.752 -17.5 0.738

-16.7 0.755 -15.5 0.783 -16.7 0.757 -16.7 0.789 -16.6 0.780

-14.8 0.797 -14.8 0.804 -14.7 0.814 -14.8 0.843 -14.9 0.837

-12.8 0.804 -12.7 0.811 -12.8 0.830 -12.8 0.860 -12.8 0.868

-10.9 0.777 -10.8 0.785 -10.8 0.809 -10.8 0.838 -10.8 0.856

-8.8 0.723 -8.8 0.733 -8.8 0.757 -8.8 0.789 -8.8 0.811

-6.8 0.661 -6.8 0.670 -6.8 0.697 -6.8 0.724 -6.8 0.748

-4.8 0.598 -4.8 0.605 -4.8 0.632 -4.8 0.661 -4.9 0.682

-2.8 0.542 -2.8 0.549 -2.8 0.571 -2.7 0.597 -2.7 0.616

-0.8 0.491 -0.9 0.498 -0.8 0.517 -0.9 0.542 -0.8 0.558

2.4 0.443 2.0 0.450 2.3 0.466 2.2 0.488 2.4 0.503

2.8 0.429 2.7 0.431 2.8 0.451 2.6 0.471 2.8 0.485

5.2 0.386 5.1 0.388 5.2 0.402 5.1 0.421 5.1 0.435

7.2 0.349 7.2 0.354 6.9 0.369 7.3 0.385 7.3 0.395

CSi_160
o
CCSi_120

o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C
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Table D2 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

prepared at various silanization temperatures (cont.): (b) CSi 

 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.2 0.323 9.2 0.329 9.2 0.339 9.2 0.355 9.1 0.363

11.3 0.298 11.2 0.305 11.2 0.315 11.2 0.328 11.2 0.333

13.2 0.279 13.2 0.288 13.3 0.295 13.2 0.306 13.2 0.309

15.1 0.261 15.2 0.270 15.2 0.275 15.1 0.288 15.2 0.289

17.2 0.247 17.3 0.252 17.1 0.259 17.2 0.268 17.2 0.272

19.1 0.234 19.2 0.238 19.2 0.245 19.1 0.252 19.3 0.253

21.3 0.220 21.3 0.224 21.2 0.231 21.2 0.238 21.2 0.242

23.3 0.211 23.2 0.215 23.3 0.217 23.3 0.224 23.3 0.224

25.2 0.200 25.2 0.203 25.2 0.207 25.2 0.211 25.2 0.213

27.2 0.193 27.1 0.194 27.1 0.198 27.1 0.204 27.2 0.204

29.2 0.185 29.2 0.187 29.2 0.189 29.2 0.196 29.2 0.194

31.2 0.179 31.3 0.180 31.1 0.182 31.3 0.186 31.2 0.187

33.3 0.172 33.2 0.175 33.2 0.175 33.1 0.180 33.2 0.178

35.2 0.168 35.1 0.169 35.2 0.171 35.2 0.174 35.2 0.171

37.2 0.162 37.1 0.162 37.2 0.165 37.2 0.170 37.1 0.165

39.2 0.156 39.2 0.157 39.2 0.158 39.2 0.159 39.1 0.159

41.2 0.151 41.2 0.151 41.4 0.152 41.2 0.155 41.3 0.150

43.1 0.146 43.3 0.147 43.1 0.149 43.0 0.148 43.3 0.144

45.2 0.139 45.3 0.139 45.2 0.141 45.3 0.143 45.1 0.138

47.2 0.134 47.2 0.134 47.1 0.133 47.2 0.133 47.1 0.132

49.2 0.132 49.2 0.131 49.2 0.129 49.1 0.128 49.2 0.128

51.1 0.127 51.2 0.125 51.1 0.125 51.2 0.121 51.1 0.118

53.2 0.118 53.2 0.120 53.3 0.118 53.2 0.117 53.3 0.116

55.1 0.113 55.3 0.117 55.2 0.113 55.3 0.111 55.2 0.109

57.2 0.108 57.1 0.111 57.0 0.109 57.1 0.107 57.2 0.105

59.2 0.105 59.2 0.110 59.2 0.105 59.2 0.106 59.2 0.104

61.2 0.101 61.2 0.105 61.2 0.103 61.3 0.099 61.1 0.099

63.2 0.100 63.2 0.098 63.3 0.100 63.2 0.100 63.3 0.094

65.0 0.096 65.3 0.098 65.2 0.097 65.1 0.098 65.1 0.093

67.1 0.094 67.2 0.096 67.2 0.092 67.2 0.094 67.2 0.089

69.2 0.093 69.2 0.092 69.2 0.095 69.2 0.089 69.2 0.089

71.1 0.090 71.1 0.093 71.2 0.090 71.1 0.087 71.1 0.085

73.2 0.087 73.2 0.089 73.0 0.087 73.2 0.087 73.2 0.085

75.3 0.086 75.1 0.088 75.3 0.087 75.1 0.093 75.2 0.079

77.3 0.084 77.0 0.086 77.1 0.087 77.2 0.081 77.3 0.079

79.2 0.080 79.2 0.082 79.2 0.083 79.1 0.081 79.0 0.076

CSi_120
o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C CSi_160

o
C
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Table D3 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

prepared at various silanization temperatures: (a) HDSi 

 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.031 0.346 0.030 0.364 0.030 0.375 0.031 0.397 0.030 0.422

0.035 0.347 0.035 0.364 0.035 0.378 0.036 0.407 0.037 0.426

0.041 0.349 0.040 0.368 0.041 0.382 0.041 0.405 0.041 0.427

0.048 0.351 0.048 0.370 0.048 0.385 0.049 0.408 0.048 0.430

0.056 0.354 0.056 0.373 0.057 0.387 0.056 0.412 0.056 0.431

0.066 0.357 0.066 0.376 0.065 0.390 0.066 0.415 0.065 0.434

0.077 0.362 0.076 0.379 0.077 0.394 0.077 0.419 0.076 0.438

0.089 0.365 0.089 0.383 0.088 0.398 0.089 0.422 0.089 0.442

0.104 0.370 0.105 0.388 0.104 0.402 0.103 0.427 0.103 0.446

0.122 0.375 0.122 0.393 0.122 0.407 0.122 0.433 0.122 0.452

0.142 0.381 0.142 0.399 0.142 0.414 0.142 0.438 0.142 0.457

0.166 0.388 0.166 0.406 0.167 0.420 0.166 0.445 0.166 0.463

0.195 0.396 0.195 0.414 0.194 0.428 0.194 0.452 0.194 0.470

0.227 0.405 0.227 0.423 0.227 0.437 0.227 0.461 0.227 0.479

0.266 0.416 0.266 0.433 0.266 0.447 0.265 0.471 0.266 0.488

0.311 0.428 0.310 0.445 0.310 0.458 0.310 0.482 0.310 0.499

0.364 0.440 0.363 0.458 0.363 0.471 0.363 0.494 0.363 0.511

0.425 0.454 0.424 0.473 0.424 0.485 0.424 0.507 0.424 0.524

0.496 0.469 0.496 0.488 0.494 0.500 0.495 0.520 0.496 0.538

0.581 0.485 0.579 0.504 0.578 0.515 0.579 0.534 0.579 0.553

0.678 0.501 0.677 0.521 0.678 0.532 0.677 0.548 0.677 0.568

0.792 0.518 0.792 0.538 0.791 0.548 0.790 0.563 0.791 0.584

0.927 0.533 0.926 0.555 0.925 0.564 0.924 0.577 0.924 0.599

1.082 0.549 1.082 0.571 1.077 0.580 1.081 0.591 1.081 0.613

1.265 0.564 1.264 0.587 1.264 0.595 1.263 0.604 1.263 0.626

1.460 0.576 1.477 0.601 1.476 0.609 1.475 0.615 1.475 0.638

1.720 0.588 1.713 0.612 1.705 0.619 1.722 0.624 1.721 0.645

1.993 0.596 1.992 0.620 1.998 0.628 1.997 0.630 1.992 0.649

2.337 0.602 2.327 0.626 2.335 0.634 2.327 0.633 2.334 0.652

2.733 0.605 2.719 0.628 2.718 0.635 2.719 0.632 2.733 0.650

3.184 0.604 3.190 0.627 3.189 0.634 3.177 0.626 3.190 0.644

3.719 0.598 3.712 0.619 3.712 0.625 3.712 0.616 3.711 0.629

4.339 0.584 4.345 0.610 4.337 0.612 4.336 0.602 4.336 0.612

5.068 0.567 5.066 0.592 5.066 0.596 5.068 0.584 5.065 0.592

5.921 0.547 5.918 0.570 5.918 0.575 5.919 0.560 5.918 0.566

6.917 0.524 6.913 0.546 6.916 0.551 6.916 0.534 6.914 0.537

8.068 0.498 8.076 0.518 8.067 0.521 8.075 0.504 8.074 0.505

9.424 0.468 9.431 0.488 9.422 0.491 9.431 0.473 9.431 0.473

HDSi_120
o
C HDSi_130

o
C HDSi_140

o
C HDSi_150

o
C HDSi_160

o
C
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Table D4 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

prepared at various silanization temperatures: (b) CSi 

 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.361 0.029 0.382 0.030 0.391 0.030 0.411 0.030 0.408

0.035 0.364 0.034 0.383 0.034 0.390 0.035 0.413 0.034 0.412

0.041 0.366 0.041 0.385 0.041 0.392 0.041 0.414 0.041 0.417

0.048 0.368 0.048 0.387 0.047 0.395 0.047 0.415 0.047 0.420

0.055 0.370 0.056 0.387 0.056 0.396 0.056 0.416 0.055 0.423

0.066 0.372 0.065 0.388 0.065 0.399 0.065 0.419 0.065 0.427

0.076 0.376 0.077 0.391 0.076 0.401 0.077 0.422 0.076 0.431

0.089 0.380 0.089 0.394 0.090 0.406 0.090 0.426 0.089 0.434

0.104 0.383 0.105 0.398 0.104 0.410 0.104 0.430 0.105 0.439

0.122 0.388 0.122 0.402 0.122 0.416 0.122 0.436 0.122 0.443

0.142 0.394 0.141 0.408 0.142 0.422 0.142 0.441 0.143 0.450

0.167 0.400 0.167 0.414 0.166 0.428 0.166 0.448 0.166 0.456

0.195 0.407 0.194 0.422 0.194 0.436 0.194 0.456 0.194 0.463

0.227 0.415 0.227 0.431 0.227 0.445 0.227 0.465 0.227 0.471

0.266 0.425 0.266 0.441 0.265 0.455 0.266 0.474 0.266 0.480

0.311 0.436 0.310 0.452 0.311 0.466 0.310 0.485 0.310 0.490

0.363 0.449 0.363 0.465 0.363 0.479 0.363 0.498 0.363 0.502

0.424 0.462 0.423 0.478 0.424 0.493 0.424 0.511 0.423 0.514

0.496 0.476 0.496 0.493 0.496 0.508 0.496 0.526 0.495 0.528

0.579 0.492 0.580 0.509 0.579 0.524 0.580 0.541 0.578 0.542

0.678 0.508 0.678 0.524 0.678 0.540 0.677 0.558 0.677 0.557

0.792 0.525 0.792 0.540 0.792 0.557 0.792 0.574 0.790 0.572

0.925 0.541 0.925 0.556 0.925 0.573 0.925 0.590 0.923 0.587

1.082 0.557 1.082 0.571 1.081 0.589 1.081 0.606 1.080 0.603

1.264 0.572 1.263 0.585 1.264 0.605 1.263 0.621 1.261 0.617

1.478 0.587 1.477 0.598 1.476 0.619 1.475 0.635 1.475 0.630

1.710 0.597 1.720 0.608 1.719 0.632 1.711 0.645 1.723 0.641

1.998 0.607 1.998 0.616 1.999 0.639 1.992 0.652 1.998 0.647

2.336 0.614 2.328 0.621 2.336 0.644 2.328 0.657 2.338 0.651

2.731 0.618 2.720 0.622 2.731 0.645 2.730 0.660 2.722 0.651

3.192 0.618 3.177 0.620 3.191 0.642 3.177 0.654 3.192 0.647

3.712 0.610 3.713 0.614 3.712 0.632 3.712 0.646 3.712 0.634

4.337 0.600 4.337 0.602 4.336 0.618 4.337 0.632 4.336 0.619

5.067 0.585 5.067 0.585 5.067 0.601 5.067 0.614 5.065 0.600

5.919 0.566 5.919 0.565 5.918 0.578 5.921 0.592 5.918 0.577

6.914 0.543 6.915 0.540 6.913 0.552 6.914 0.562 6.913 0.548

8.075 0.517 8.075 0.513 8.076 0.524 8.067 0.533 8.072 0.518

9.432 0.489 9.422 0.482 9.431 0.492 9.423 0.500 9.422 0.487

CSi_160
o
CCSi_120

o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C
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Table D5 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

prepared at various silanization temperatures: (a) HDSi 

 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.087 0.030 0.077 0.030 0.080 0.030 0.079 0.030 0.076

0.036 0.091 0.034 0.074 0.035 0.085 0.035 0.076 0.035 0.071

0.041 0.084 0.040 0.076 0.042 0.082 0.042 0.080 0.041 0.079

0.048 0.089 0.048 0.082 0.048 0.080 0.047 0.074 0.048 0.078

0.056 0.084 0.055 0.076 0.057 0.078 0.056 0.079 0.056 0.078

0.066 0.081 0.064 0.075 0.064 0.078 0.064 0.080 0.062 0.077

0.076 0.084 0.076 0.076 0.077 0.079 0.077 0.074 0.075 0.076

0.089 0.079 0.089 0.074 0.089 0.078 0.088 0.080 0.088 0.077

0.104 0.080 0.104 0.075 0.104 0.081 0.103 0.080 0.105 0.077

0.122 0.083 0.121 0.073 0.121 0.080 0.122 0.078 0.121 0.078

0.142 0.085 0.142 0.078 0.142 0.081 0.142 0.078 0.142 0.077

0.166 0.087 0.166 0.079 0.166 0.079 0.166 0.080 0.166 0.076

0.196 0.088 0.194 0.080 0.194 0.082 0.194 0.081 0.194 0.079

0.226 0.089 0.226 0.082 0.229 0.081 0.227 0.082 0.226 0.080

0.265 0.092 0.264 0.085 0.264 0.083 0.265 0.084 0.264 0.081

0.309 0.095 0.309 0.087 0.309 0.086 0.309 0.086 0.309 0.082

0.361 0.098 0.361 0.089 0.361 0.089 0.361 0.088 0.361 0.085

0.422 0.101 0.421 0.092 0.421 0.089 0.422 0.090 0.421 0.086

0.493 0.103 0.493 0.095 0.492 0.092 0.493 0.093 0.493 0.089

0.576 0.106 0.575 0.098 0.575 0.095 0.576 0.095 0.575 0.091

0.671 0.109 0.672 0.100 0.672 0.097 0.672 0.097 0.672 0.092

0.786 0.111 0.786 0.103 0.785 0.099 0.785 0.099 0.787 0.094

0.918 0.114 0.918 0.106 0.917 0.101 0.918 0.101 0.918 0.096

1.073 0.116 1.072 0.108 1.069 0.103 1.074 0.103 1.072 0.098

1.253 0.118 1.252 0.110 1.255 0.105 1.253 0.105 1.252 0.099

1.464 0.119 1.466 0.112 1.464 0.106 1.464 0.106 1.463 0.100

1.709 0.120 1.710 0.114 1.710 0.108 1.710 0.108 1.711 0.101

1.999 0.121 1.997 0.115 1.998 0.109 1.998 0.109 1.996 0.103

2.333 0.121 2.334 0.116 2.333 0.111 2.333 0.110 2.334 0.104

2.729 0.122 2.727 0.118 2.726 0.112 2.726 0.110 2.724 0.104

3.184 0.123 3.188 0.119 3.185 0.112 3.184 0.111 3.183 0.105

3.722 0.123 3.721 0.120 3.718 0.113 3.721 0.112 3.718 0.105

4.338 0.125 4.346 0.121 4.347 0.114 4.346 0.112 4.344 0.106

5.067 0.125 5.067 0.122 5.073 0.116 5.071 0.114 5.075 0.107

5.920 0.126 5.918 0.123 5.919 0.117 5.919 0.114 5.918 0.108

6.908 0.127 6.914 0.125 6.909 0.118 6.915 0.115 6.914 0.109

8.077 0.127 8.076 0.126 8.068 0.119 8.068 0.115 8.074 0.110

9.431 0.129 9.422 0.127 9.423 0.120 9.427 0.116 9.428 0.110

HDSi_160
o
CHDSi_120

o
C HDSi_130

o
C HDSi_140

o
C HDSi_150

o
C
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Table D6 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

prepared at various silanization temperatures: (b) CSi 

 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.029 0.079 0.030 0.072 0.029 0.076 0.030 0.075 0.032 0.080

0.035 0.077 0.036 0.080 0.035 0.084 0.035 0.080 0.035 0.080

0.042 0.074 0.041 0.079 0.041 0.081 0.041 0.079 0.042 0.074

0.047 0.077 0.048 0.077 0.049 0.079 0.048 0.078 0.048 0.076

0.056 0.075 0.055 0.076 0.055 0.076 0.057 0.081 0.057 0.074

0.065 0.074 0.064 0.077 0.065 0.079 0.066 0.080 0.066 0.073

0.076 0.074 0.076 0.076 0.075 0.080 0.077 0.080 0.076 0.075

0.088 0.075 0.089 0.078 0.090 0.079 0.089 0.080 0.091 0.078

0.104 0.075 0.103 0.078 0.104 0.080 0.103 0.080 0.104 0.075

0.121 0.077 0.122 0.079 0.122 0.081 0.121 0.081 0.120 0.074

0.142 0.078 0.142 0.078 0.142 0.082 0.142 0.081 0.142 0.076

0.166 0.080 0.166 0.081 0.165 0.082 0.165 0.081 0.166 0.077

0.194 0.082 0.194 0.081 0.195 0.083 0.194 0.084 0.193 0.078

0.227 0.084 0.226 0.084 0.226 0.085 0.226 0.085 0.227 0.078

0.265 0.086 0.265 0.086 0.265 0.087 0.261 0.086 0.265 0.079

0.309 0.089 0.309 0.089 0.310 0.089 0.309 0.088 0.309 0.081

0.361 0.092 0.361 0.091 0.361 0.091 0.361 0.090 0.361 0.082

0.422 0.095 0.421 0.094 0.422 0.094 0.421 0.092 0.421 0.084

0.493 0.098 0.492 0.097 0.493 0.096 0.492 0.095 0.492 0.086

0.576 0.101 0.576 0.100 0.575 0.098 0.575 0.097 0.575 0.088

0.673 0.105 0.672 0.102 0.673 0.101 0.672 0.100 0.673 0.090

0.786 0.108 0.786 0.105 0.786 0.104 0.785 0.102 0.785 0.093

0.918 0.111 0.917 0.108 0.917 0.107 0.918 0.105 0.918 0.094

1.072 0.113 1.072 0.110 1.072 0.109 1.072 0.107 1.071 0.096

1.253 0.116 1.252 0.112 1.252 0.111 1.252 0.109 1.252 0.098

1.464 0.118 1.463 0.114 1.463 0.113 1.463 0.111 1.463 0.099

1.711 0.119 1.705 0.115 1.709 0.114 1.709 0.112 1.708 0.100

1.999 0.121 1.998 0.117 1.990 0.115 1.997 0.113 1.995 0.101

2.336 0.122 2.334 0.117 2.334 0.116 2.334 0.114 2.333 0.102

2.730 0.124 2.726 0.118 2.726 0.117 2.726 0.115 2.724 0.103

3.189 0.126 3.187 0.119 3.184 0.118 3.183 0.116 3.182 0.103

3.713 0.128 3.723 0.120 3.722 0.119 3.717 0.116 3.718 0.104

4.348 0.128 4.346 0.120 4.344 0.120 4.343 0.116 4.344 0.104

5.061 0.131 5.067 0.122 5.065 0.121 5.074 0.117 5.074 0.105

5.913 0.132 5.919 0.122 5.921 0.121 5.917 0.118 5.917 0.106

6.916 0.133 6.914 0.123 6.913 0.122 6.912 0.118 6.913 0.106

8.068 0.136 8.068 0.124 8.068 0.124 8.074 0.119 8.071 0.107

9.424 0.137 9.429 0.124 9.428 0.124 9.426 0.120 9.426 0.107

CSi_120
o
C CSi_130

o
C CSi_140

o
C CSi_150

o
C CSi_160

o
C
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Table D7 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

treated by various TESPT contents: (a) HDSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.3 0.122 -59.7 0.094 -59.7 0.095 -59.5 0.075 -59.9 0.074

-59.0 0.122 -59.3 0.095 -58.8 0.096 -58.5 0.073 -59.2 0.084

-56.8 0.125 -56.6 0.096 -56.7 0.097 -55.2 0.074 -56.7 0.088

-54.8 0.125 -54.6 0.096 -54.8 0.097 -52.7 0.073 -54.9 0.089

-52.8 0.126 -52.8 0.096 -52.8 0.097 -50.3 0.073 -52.8 0.089

-50.8 0.128 -50.7 0.096 -50.7 0.098 -48.0 0.074 -50.9 0.091

-48.8 0.131 -48.8 0.097 -48.8 0.098 -45.6 0.075 -48.7 0.092

-46.7 0.134 -46.8 0.098 -46.8 0.100 -43.3 0.078 -46.7 0.094

-44.7 0.138 -44.5 0.101 -44.9 0.101 -41.0 0.082 -44.7 0.096

-42.8 0.143 -42.7 0.105 -42.7 0.105 -39.1 0.087 -42.7 0.100

-40.7 0.150 -40.7 0.111 -40.7 0.110 -38.0 0.096 -40.7 0.105

-38.8 0.157 -38.6 0.119 -38.7 0.117 -37.0 0.103 -38.7 0.112

-36.8 0.167 -36.7 0.129 -36.6 0.127 -35.9 0.110 -36.8 0.122

-34.7 0.184 -34.6 0.146 -34.5 0.142 -34.7 0.118 -34.7 0.136

-32.8 0.208 -32.6 0.169 -32.5 0.165 -32.7 0.138 -32.6 0.157

-30.5 0.246 -30.3 0.207 -30.4 0.201 -30.5 0.174 -30.4 0.189

-28.5 0.301 -28.6 0.265 -28.6 0.254 -28.5 0.227 -28.5 0.242

-26.6 0.365 -25.8 0.363 -26.6 0.313 -26.7 0.285 -26.5 0.302

-24.7 0.428 -23.8 0.462 -23.5 0.430 -23.4 0.436 -24.3 0.380

-22.3 0.552 -22.7 0.508 -22.5 0.504 -21.2 0.555 -22.3 0.475

-20.7 0.623 -20.4 0.644 -20.3 0.624 -20.4 0.605 -19.5 0.623

-18.3 0.708 -18.9 0.722 -18.7 0.710 -18.4 0.713 -18.7 0.667

-16.8 0.736 -15.5 0.857 -16.8 0.803 -16.4 0.799 -16.8 0.741

-14.8 0.737 -14.8 0.871 -14.3 0.868 -14.0 0.858 -14.8 0.812

-12.8 0.703 -12.9 0.873 -12.8 0.877 -12.8 0.862 -12.8 0.843

-10.7 0.645 -10.8 0.837 -10.8 0.849 -10.8 0.839 -10.8 0.807

-8.8 0.580 -8.9 0.784 -8.8 0.794 -8.8 0.788 -8.8 0.760

-6.8 0.514 -6.8 0.716 -6.8 0.725 -6.9 0.722 -6.9 0.701

-4.8 0.455 -4.8 0.648 -4.8 0.658 -4.8 0.656 -4.8 0.638

-2.8 0.400 -2.8 0.584 -2.8 0.592 -2.7 0.591 -2.8 0.580

-0.8 0.355 -0.9 0.528 -0.9 0.538 -0.8 0.538 -0.8 0.527

2.7 0.313 2.6 0.474 2.4 0.482 2.6 0.484 2.4 0.476

3.1 0.303 3.0 0.458 2.8 0.466 2.9 0.472 2.7 0.463

5.1 0.269 5.1 0.409 5.2 0.415 5.1 0.421 5.1 0.415

7.2 0.240 7.3 0.370 7.3 0.378 7.2 0.384 7.2 0.380

HDSi_12wt%HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt%
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Table D7 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

treated by various TESPT contents (cont.): (a) HDSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.3 0.216 9.2 0.339 9.2 0.348 9.1 0.354 9.2 0.353

11.3 0.197 11.3 0.312 11.2 0.321 11.2 0.326 11.2 0.327

13.3 0.182 13.2 0.290 13.2 0.298 13.2 0.303 13.2 0.305

15.2 0.169 15.2 0.271 15.0 0.279 15.2 0.284 15.1 0.286

17.3 0.159 17.1 0.256 17.2 0.262 17.1 0.266 17.2 0.268

19.2 0.151 19.3 0.241 19.2 0.246 19.2 0.249 19.2 0.252

21.2 0.144 21.2 0.228 21.2 0.231 21.1 0.236 21.2 0.235

23.3 0.139 23.2 0.215 23.2 0.219 23.3 0.223 23.3 0.222

25.2 0.133 25.2 0.206 25.2 0.206 25.2 0.211 25.3 0.210

27.2 0.130 27.2 0.194 27.3 0.197 27.2 0.200 27.1 0.200

29.3 0.125 29.2 0.187 29.2 0.188 29.2 0.192 29.2 0.194

31.2 0.121 31.2 0.179 31.2 0.180 31.1 0.182 31.2 0.183

33.3 0.119 33.2 0.173 33.2 0.174 33.2 0.177 33.2 0.179

35.3 0.116 35.2 0.168 35.2 0.169 35.2 0.168 35.2 0.170

37.2 0.114 37.2 0.161 37.2 0.163 37.2 0.161 37.2 0.167

39.1 0.114 39.2 0.157 39.2 0.157 39.3 0.157 39.2 0.159

41.2 0.111 41.2 0.151 41.2 0.151 41.2 0.150 41.2 0.153

43.2 0.108 43.2 0.148 43.2 0.142 43.2 0.145 43.2 0.147

45.2 0.107 45.2 0.140 45.2 0.139 45.2 0.140 45.2 0.139

47.2 0.104 47.2 0.135 47.2 0.134 47.2 0.136 47.2 0.133

49.2 0.102 49.2 0.129 49.3 0.127 49.1 0.129 49.2 0.129

51.3 0.100 51.1 0.126 51.3 0.120 51.3 0.123 51.2 0.124

53.2 0.098 53.3 0.119 53.1 0.115 53.2 0.118 53.3 0.120

55.2 0.095 55.3 0.114 55.0 0.109 55.0 0.115 55.0 0.113

57.2 0.091 57.1 0.110 57.2 0.106 57.3 0.108 57.1 0.107

59.2 0.090 59.1 0.107 59.1 0.103 59.2 0.107 59.3 0.107

61.2 0.087 61.2 0.104 61.4 0.101 61.2 0.103 61.2 0.101

63.2 0.086 63.2 0.099 63.3 0.098 63.1 0.097 63.1 0.099

65.2 0.083 65.2 0.098 65.2 0.094 65.1 0.092 65.1 0.097

67.1 0.081 67.2 0.094 67.2 0.089 67.2 0.093 67.2 0.092

69.3 0.080 69.2 0.093 69.2 0.088 69.1 0.092 69.2 0.088

71.1 0.077 71.2 0.088 71.1 0.086 71.3 0.087 71.2 0.086

73.2 0.076 73.3 0.087 73.1 0.083 73.3 0.085 73.1 0.085

75.0 0.074 75.2 0.085 75.2 0.086 75.3 0.085 75.2 0.085

77.2 0.073 77.2 0.083 77.2 0.080 77.1 0.081 77.2 0.080

79.2 0.071 79.2 0.082 79.3 0.075 79.2 0.080 79.1 0.078

HDSi_12wt%HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt%
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Table D8 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

treated by various TESPT contents: (b) CSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.5 0.083 -59.7 0.098 -59.8 0.089 -59.7 0.101 -59.6 0.096

-59.2 0.127 -59.3 0.102 -59.3 0.095 -59.1 0.104 -59.3 0.098

-55.0 0.128 -56.8 0.103 -56.6 0.096 -56.6 0.104 -56.5 0.099

-52.6 0.128 -54.6 0.103 -54.8 0.096 -54.7 0.104 -54.6 0.100

-50.2 0.127 -52.9 0.104 -52.8 0.097 -52.8 0.104 -52.7 0.101

-47.8 0.128 -50.8 0.105 -50.7 0.097 -50.7 0.105 -50.8 0.102

-45.4 0.130 -48.8 0.107 -48.7 0.098 -48.7 0.106 -48.7 0.103

-43.0 0.130 -46.8 0.109 -46.6 0.099 -46.8 0.107 -46.8 0.105

-40.5 0.133 -44.8 0.112 -44.7 0.101 -44.8 0.109 -44.7 0.107

-38.1 0.139 -42.4 0.115 -42.7 0.104 -42.7 0.111 -42.7 0.110

-35.8 0.153 -40.6 0.119 -40.6 0.110 -40.7 0.115 -40.6 0.115

-33.3 0.186 -38.8 0.126 -38.6 0.117 -38.7 0.122 -38.5 0.121

-32.3 0.216 -36.8 0.138 -36.7 0.127 -36.7 0.132 -36.5 0.131

-31.2 0.229 -34.8 0.155 -34.6 0.142 -34.6 0.145 -34.6 0.146

-30.0 0.258 -32.7 0.178 -32.4 0.163 -32.5 0.166 -32.6 0.167

-28.8 0.301 -30.6 0.218 -30.3 0.196 -30.3 0.200 -30.2 0.200

-27.5 0.342 -28.7 0.274 -28.4 0.250 -28.5 0.250 -28.6 0.242

-26.4 0.395 -26.4 0.334 -26.5 0.305 -25.3 0.378 -26.5 0.315

-24.6 0.470 -23.4 0.479 -23.9 0.421 -24.3 0.393 -24.6 0.363

-22.3 0.596 -22.5 0.531 -22.2 0.511 -22.3 0.489 -22.7 0.447

-20.7 0.665 -20.4 0.659 -20.7 0.588 -20.8 0.575 -20.7 0.555

-17.9 0.747 -18.8 0.739 -18.8 0.694 -18.7 0.689 -18.7 0.663

-16.7 0.759 -15.5 0.856 -15.5 0.830 -15.5 0.835 -15.5 0.810

-14.7 0.749 -14.7 0.871 -14.7 0.854 -14.7 0.860 -14.7 0.837

-12.8 0.710 -12.7 0.869 -12.7 0.863 -12.7 0.875 -12.7 0.852

-10.7 0.649 -10.8 0.834 -10.8 0.838 -10.8 0.852 -10.8 0.830

-8.7 0.581 -8.8 0.777 -8.8 0.785 -8.8 0.798 -8.8 0.780

-6.8 0.517 -6.8 0.709 -6.8 0.719 -6.8 0.735 -6.8 0.714

-4.8 0.456 -4.8 0.643 -4.8 0.651 -4.8 0.665 -4.8 0.647

-2.7 0.403 -2.7 0.578 -2.7 0.585 -2.8 0.602 -2.7 0.582

-0.8 0.359 -0.8 0.525 -0.8 0.530 -0.8 0.546 -0.8 0.529

2.6 0.316 2.9 0.469 2.4 0.475 2.7 0.489 2.2 0.476

2.9 0.306 3.4 0.453 2.8 0.460 3.0 0.473 2.8 0.461

5.1 0.271 5.1 0.408 5.2 0.410 5.1 0.424 5.2 0.412

7.3 0.244 7.0 0.369 7.3 0.371 7.3 0.386 7.4 0.376

CSi_12wt%CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt%
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Table D8 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

treated by various TESPT contents (cont.): (b) CSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.3 0.223 9.3 0.333 9.3 0.341 9.3 0.353 9.3 0.346

11.2 0.206 11.3 0.307 11.2 0.317 11.2 0.327 11.3 0.322

13.3 0.191 13.4 0.285 13.1 0.296 13.2 0.304 13.3 0.300

15.3 0.178 15.2 0.268 15.1 0.277 15.1 0.284 15.1 0.280

17.2 0.168 17.2 0.251 17.2 0.258 17.2 0.265 17.2 0.261

19.2 0.158 19.2 0.237 19.2 0.241 19.2 0.248 19.2 0.245

21.2 0.151 21.3 0.226 21.2 0.228 21.1 0.236 21.2 0.231

23.3 0.144 23.3 0.214 23.3 0.213 23.4 0.221 23.2 0.217

25.2 0.138 25.2 0.206 25.2 0.204 25.3 0.211 25.3 0.205

27.1 0.134 27.1 0.195 27.2 0.194 27.2 0.202 27.2 0.195

29.2 0.130 29.2 0.187 29.3 0.185 29.1 0.193 29.2 0.187

31.2 0.125 31.2 0.181 31.2 0.179 31.3 0.186 31.2 0.182

33.2 0.123 33.2 0.174 33.3 0.170 33.2 0.178 33.3 0.173

35.2 0.121 35.3 0.167 35.1 0.164 35.3 0.169 35.3 0.168

37.2 0.118 37.2 0.163 37.3 0.159 37.2 0.162 37.2 0.161

39.3 0.116 39.1 0.155 39.1 0.152 39.2 0.158 39.2 0.156

41.2 0.114 41.3 0.151 41.3 0.151 41.2 0.152 41.2 0.148

43.3 0.112 43.3 0.146 43.2 0.143 43.2 0.144 43.2 0.142

45.2 0.109 45.2 0.140 45.2 0.137 45.2 0.138 45.1 0.136

47.1 0.107 47.2 0.137 47.1 0.133 47.2 0.132 47.2 0.128

49.3 0.105 49.3 0.130 49.3 0.127 49.2 0.126 49.2 0.124

51.1 0.102 51.1 0.125 51.2 0.122 51.2 0.120 51.2 0.117

53.2 0.099 53.2 0.120 53.2 0.117 53.2 0.117 53.2 0.113

55.3 0.096 55.2 0.115 55.3 0.111 55.2 0.110 55.3 0.106

57.1 0.094 57.1 0.111 57.2 0.106 57.2 0.106 57.1 0.104

59.2 0.092 59.2 0.106 59.2 0.107 59.1 0.100 59.2 0.097

61.2 0.091 61.2 0.103 61.2 0.101 61.2 0.097 61.3 0.094

63.2 0.088 63.1 0.100 63.1 0.097 63.3 0.094 63.1 0.091

65.3 0.085 65.2 0.096 65.3 0.094 65.2 0.092 65.3 0.089

67.3 0.084 67.2 0.094 67.2 0.091 67.0 0.088 67.3 0.089

69.1 0.081 69.2 0.094 69.4 0.092 69.3 0.088 69.2 0.084

71.1 0.082 71.1 0.090 71.3 0.086 71.1 0.084 71.3 0.078

73.4 0.079 73.1 0.086 73.1 0.083 73.2 0.080 73.3 0.077

75.2 0.078 75.3 0.084 75.1 0.082 75.1 0.079 75.2 0.077

77.2 0.074 77.1 0.083 77.2 0.080 77.2 0.076 77.2 0.075

79.1 0.074 79.3 0.081 79.1 0.081 79.1 0.071 79.4 0.070

CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt% CSi_12wt%
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Table D9 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

treated by various TESPT contents: (a) HDSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.029 0.213 0.029 0.370 0.030 0.384 0.029 0.384 0.029 0.378

0.036 0.220 0.035 0.375 0.035 0.386 0.035 0.385 0.034 0.378

0.041 0.224 0.041 0.376 0.040 0.388 0.041 0.386 0.040 0.382

0.048 0.229 0.048 0.377 0.047 0.392 0.047 0.390 0.047 0.385

0.055 0.233 0.055 0.379 0.055 0.395 0.056 0.394 0.056 0.389

0.065 0.237 0.066 0.382 0.066 0.398 0.066 0.397 0.065 0.391

0.076 0.241 0.076 0.385 0.076 0.401 0.077 0.400 0.077 0.395

0.089 0.247 0.089 0.389 0.090 0.406 0.088 0.403 0.089 0.400

0.104 0.252 0.104 0.393 0.104 0.411 0.104 0.408 0.104 0.404

0.122 0.258 0.122 0.399 0.122 0.416 0.122 0.413 0.122 0.408

0.143 0.265 0.143 0.405 0.143 0.422 0.142 0.418 0.142 0.414

0.167 0.272 0.167 0.413 0.166 0.428 0.166 0.425 0.167 0.421

0.195 0.280 0.194 0.420 0.194 0.435 0.195 0.432 0.195 0.428

0.228 0.289 0.228 0.429 0.228 0.444 0.227 0.440 0.228 0.437

0.266 0.298 0.266 0.440 0.266 0.454 0.266 0.451 0.266 0.448

0.311 0.307 0.311 0.451 0.311 0.465 0.311 0.462 0.310 0.459

0.364 0.317 0.363 0.463 0.363 0.477 0.363 0.474 0.363 0.472

0.425 0.327 0.425 0.476 0.425 0.490 0.425 0.488 0.424 0.486

0.497 0.337 0.496 0.490 0.496 0.504 0.494 0.502 0.497 0.502

0.581 0.348 0.579 0.504 0.580 0.518 0.580 0.518 0.580 0.518

0.679 0.358 0.677 0.519 0.678 0.534 0.678 0.533 0.679 0.535

0.794 0.369 0.792 0.534 0.792 0.549 0.792 0.549 0.793 0.551

0.927 0.379 0.925 0.548 0.925 0.565 0.926 0.564 0.928 0.569

1.085 0.390 1.082 0.562 1.081 0.580 1.082 0.579 1.084 0.585

1.268 0.401 1.264 0.576 1.264 0.595 1.264 0.594 1.267 0.601

1.451 0.409 1.478 0.588 1.477 0.609 1.478 0.607 1.474 0.616

1.717 0.417 1.720 0.600 1.713 0.621 1.721 0.618 1.722 0.629

1.993 0.424 2.001 0.608 2.000 0.631 2.009 0.625 2.002 0.636

2.342 0.431 2.337 0.614 2.328 0.636 2.337 0.630 2.339 0.642

2.721 0.436 2.720 0.615 2.720 0.638 2.730 0.634 2.734 0.643

3.182 0.438 3.178 0.614 3.177 0.635 3.178 0.628 3.191 0.641

3.718 0.439 3.712 0.606 3.712 0.629 3.717 0.624 3.713 0.630

4.343 0.436 4.338 0.594 4.337 0.617 4.337 0.607 4.337 0.616

5.074 0.432 5.066 0.577 5.065 0.601 5.066 0.589 5.066 0.597

5.916 0.423 5.919 0.556 5.919 0.579 5.917 0.567 5.917 0.575

6.912 0.412 6.915 0.532 6.915 0.553 6.915 0.540 6.914 0.548

8.075 0.398 8.077 0.504 8.077 0.525 8.077 0.511 8.076 0.518

9.432 0.382 9.423 0.473 9.420 0.493 9.420 0.480 9.423 0.488

HDSi_12wt%HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt%
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Table D10 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

treated by various TESPT contents: (b) CSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.253 0.030 0.381 0.030 0.390 0.029 0.388 0.030 0.379

0.035 0.254 0.035 0.386 0.035 0.391 0.035 0.391 0.036 0.380

0.040 0.257 0.041 0.387 0.041 0.394 0.040 0.392 0.041 0.382

0.048 0.259 0.047 0.391 0.047 0.397 0.047 0.395 0.047 0.385

0.057 0.262 0.055 0.391 0.055 0.399 0.056 0.399 0.056 0.387

0.066 0.265 0.066 0.395 0.065 0.403 0.065 0.403 0.065 0.390

0.076 0.268 0.075 0.398 0.076 0.407 0.076 0.406 0.077 0.394

0.087 0.273 0.090 0.402 0.090 0.411 0.090 0.411 0.090 0.398

0.104 0.278 0.103 0.406 0.103 0.415 0.105 0.415 0.104 0.402

0.122 0.283 0.122 0.410 0.122 0.419 0.122 0.419 0.120 0.407

0.143 0.289 0.142 0.416 0.142 0.426 0.142 0.425 0.142 0.413

0.167 0.295 0.166 0.422 0.166 0.432 0.167 0.431 0.166 0.420

0.195 0.302 0.194 0.430 0.194 0.439 0.195 0.438 0.194 0.428

0.228 0.310 0.228 0.438 0.228 0.448 0.227 0.446 0.228 0.436

0.266 0.319 0.265 0.448 0.265 0.457 0.266 0.456 0.266 0.445

0.312 0.328 0.311 0.458 0.311 0.468 0.310 0.466 0.310 0.456

0.364 0.337 0.363 0.470 0.363 0.480 0.363 0.479 0.363 0.468

0.425 0.347 0.424 0.483 0.424 0.493 0.424 0.491 0.424 0.481

0.497 0.358 0.496 0.497 0.496 0.507 0.496 0.505 0.496 0.496

0.581 0.368 0.579 0.511 0.579 0.522 0.580 0.520 0.578 0.511

0.678 0.379 0.677 0.526 0.678 0.538 0.677 0.536 0.678 0.527

0.793 0.389 0.792 0.542 0.792 0.554 0.792 0.551 0.793 0.544

0.927 0.399 0.925 0.557 0.926 0.570 0.926 0.567 0.927 0.561

1.083 0.410 1.082 0.573 1.081 0.586 1.081 0.584 1.083 0.578

1.267 0.420 1.264 0.587 1.264 0.601 1.265 0.599 1.264 0.594

1.459 0.424 1.477 0.601 1.478 0.615 1.478 0.614 1.478 0.610

1.721 0.433 1.711 0.613 1.697 0.627 1.706 0.627 1.721 0.624

2.000 0.440 2.008 0.624 2.001 0.637 1.999 0.637 2.000 0.634

2.338 0.447 2.335 0.630 2.329 0.642 2.337 0.644 2.339 0.642

2.736 0.452 2.730 0.633 2.719 0.644 2.732 0.647 2.720 0.643

3.179 0.451 3.191 0.632 3.192 0.644 3.177 0.645 3.184 0.645

3.715 0.449 3.712 0.623 3.712 0.635 3.712 0.637 3.716 0.638

4.341 0.447 4.336 0.612 4.337 0.621 4.337 0.626 4.337 0.624

5.072 0.442 5.065 0.596 5.066 0.604 5.065 0.609 5.065 0.608

5.925 0.435 5.917 0.575 5.917 0.581 5.917 0.587 5.917 0.587

6.911 0.424 6.911 0.550 6.913 0.555 6.913 0.561 6.914 0.561

8.072 0.409 8.074 0.523 8.067 0.526 8.075 0.531 8.075 0.531

9.430 0.393 9.422 0.490 9.421 0.494 9.422 0.500 9.422 0.500

CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt% CSi_12wt%
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Table D11 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

treated by various TESPT contents: (a) HDSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.088 0.030 0.094 0.030 0.087 0.031 0.080 0.030 0.083

0.035 0.087 0.034 0.087 0.035 0.084 0.035 0.076 0.036 0.077

0.042 0.086 0.041 0.085 0.042 0.081 0.041 0.076 0.041 0.078

0.048 0.086 0.047 0.086 0.047 0.089 0.048 0.079 0.048 0.080

0.055 0.084 0.056 0.088 0.056 0.082 0.055 0.076 0.055 0.077

0.065 0.086 0.066 0.092 0.065 0.084 0.065 0.079 0.065 0.081

0.077 0.087 0.077 0.091 0.076 0.082 0.076 0.076 0.077 0.076

0.090 0.087 0.090 0.089 0.089 0.082 0.089 0.078 0.089 0.079

0.104 0.086 0.104 0.090 0.103 0.081 0.104 0.077 0.104 0.079

0.122 0.085 0.121 0.089 0.121 0.085 0.122 0.079 0.122 0.079

0.142 0.084 0.142 0.090 0.142 0.084 0.142 0.080 0.142 0.081

0.166 0.085 0.166 0.091 0.166 0.083 0.166 0.081 0.166 0.083

0.194 0.085 0.194 0.092 0.194 0.084 0.193 0.083 0.194 0.084

0.227 0.086 0.226 0.093 0.226 0.087 0.227 0.085 0.227 0.085

0.265 0.087 0.265 0.095 0.264 0.089 0.265 0.087 0.264 0.087

0.309 0.087 0.308 0.098 0.309 0.091 0.308 0.088 0.309 0.089

0.361 0.089 0.361 0.100 0.361 0.093 0.361 0.090 0.361 0.092

0.424 0.090 0.422 0.103 0.422 0.096 0.420 0.093 0.420 0.094

0.494 0.091 0.493 0.106 0.492 0.098 0.493 0.095 0.493 0.097

0.577 0.092 0.576 0.109 0.576 0.101 0.575 0.098 0.575 0.100

0.674 0.094 0.672 0.112 0.672 0.104 0.672 0.100 0.672 0.102

0.788 0.096 0.785 0.114 0.786 0.107 0.786 0.103 0.785 0.105

0.920 0.098 0.918 0.117 0.917 0.110 0.918 0.105 0.917 0.107

1.075 0.100 1.072 0.119 1.073 0.112 1.072 0.107 1.072 0.109

1.257 0.103 1.252 0.121 1.253 0.115 1.253 0.110 1.253 0.111

1.469 0.106 1.463 0.123 1.463 0.117 1.464 0.111 1.463 0.113

1.717 0.110 1.709 0.124 1.710 0.119 1.710 0.113 1.710 0.115

2.007 0.114 1.996 0.126 1.996 0.121 1.998 0.114 1.996 0.116

2.338 0.118 2.332 0.127 2.332 0.122 2.333 0.116 2.332 0.117

2.723 0.122 2.724 0.128 2.724 0.124 2.725 0.117 2.725 0.119

3.181 0.126 3.186 0.129 3.183 0.125 3.184 0.118 3.185 0.120

3.719 0.132 3.719 0.130 3.720 0.127 3.720 0.119 3.721 0.122

4.335 0.138 4.345 0.131 4.346 0.128 4.345 0.121 4.347 0.123

5.061 0.145 5.066 0.132 5.067 0.130 5.066 0.123 5.074 0.126

5.916 0.151 5.925 0.132 5.917 0.131 5.925 0.124 5.925 0.127

6.912 0.157 6.912 0.133 6.905 0.133 6.907 0.125 6.906 0.129

8.075 0.162 8.053 0.134 8.066 0.134 8.067 0.127 8.068 0.130

9.428 0.166 9.423 0.134 9.424 0.134 9.424 0.128 9.425 0.131

HDSi_12wt%HDSi_without TESPT HDSi_6wt% HDSi_8wt% HDSi_10wt%
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Table D12 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

treated by various TESPT contents: (b) CSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.031 0.081 0.030 0.082 0.030 0.084 0.029 0.074 0.030 0.080

0.035 0.078 0.035 0.084 0.035 0.077 0.036 0.075 0.034 0.080

0.042 0.082 0.041 0.081 0.041 0.076 0.040 0.073 0.041 0.067

0.048 0.082 0.050 0.087 0.048 0.084 0.049 0.072 0.047 0.077

0.056 0.079 0.056 0.085 0.056 0.077 0.056 0.077 0.056 0.080

0.064 0.081 0.064 0.088 0.066 0.080 0.066 0.077 0.065 0.076

0.076 0.081 0.077 0.085 0.076 0.082 0.076 0.079 0.076 0.077

0.088 0.081 0.089 0.082 0.088 0.080 0.088 0.075 0.088 0.079

0.103 0.080 0.104 0.085 0.104 0.078 0.104 0.080 0.104 0.078

0.121 0.081 0.120 0.085 0.121 0.078 0.121 0.077 0.121 0.077

0.142 0.081 0.142 0.085 0.142 0.080 0.142 0.078 0.142 0.079

0.166 0.082 0.166 0.086 0.166 0.081 0.166 0.078 0.166 0.082

0.194 0.082 0.193 0.086 0.194 0.083 0.194 0.080 0.194 0.083

0.227 0.083 0.226 0.089 0.226 0.085 0.226 0.081 0.226 0.084

0.265 0.083 0.264 0.091 0.265 0.086 0.264 0.083 0.263 0.086

0.309 0.085 0.309 0.093 0.309 0.088 0.309 0.086 0.309 0.088

0.361 0.086 0.361 0.096 0.361 0.091 0.361 0.087 0.361 0.090

0.422 0.087 0.421 0.097 0.422 0.092 0.422 0.090 0.421 0.093

0.493 0.089 0.494 0.100 0.493 0.096 0.493 0.092 0.492 0.095

0.576 0.091 0.576 0.103 0.576 0.099 0.575 0.094 0.575 0.098

0.673 0.093 0.672 0.105 0.672 0.101 0.672 0.097 0.672 0.101

0.787 0.095 0.786 0.108 0.784 0.104 0.784 0.099 0.785 0.104

0.920 0.098 0.917 0.110 0.917 0.106 0.917 0.101 0.917 0.106

1.075 0.101 1.071 0.112 1.072 0.109 1.072 0.103 1.072 0.109

1.256 0.105 1.253 0.114 1.252 0.111 1.252 0.105 1.252 0.110

1.468 0.109 1.463 0.116 1.464 0.113 1.464 0.107 1.463 0.112

1.716 0.113 1.711 0.118 1.709 0.115 1.709 0.108 1.709 0.114

2.006 0.118 1.997 0.119 1.998 0.116 1.997 0.110 1.997 0.116

2.343 0.124 2.335 0.121 2.332 0.117 2.334 0.111 2.334 0.117

2.723 0.129 2.725 0.122 2.725 0.118 2.724 0.113 2.725 0.119

3.181 0.134 3.184 0.123 3.185 0.119 3.184 0.114 3.183 0.120

3.719 0.140 3.721 0.125 3.719 0.120 3.719 0.115 3.721 0.122

4.335 0.145 4.346 0.126 4.345 0.121 4.345 0.117 4.345 0.123

5.075 0.152 5.071 0.127 5.071 0.123 5.066 0.119 5.066 0.125

5.916 0.158 5.924 0.128 5.924 0.124 5.911 0.120 5.911 0.127

6.912 0.163 6.913 0.129 6.906 0.125 6.913 0.122 6.906 0.128

8.074 0.168 8.066 0.130 8.074 0.126 8.067 0.124 8.067 0.130

9.427 0.171 9.423 0.130 9.428 0.127 9.424 0.125 9.427 0.131

CSi_without TESPT CSi_6wt% CSi_8wt% CSi_10wt% CSi_12wt%
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Table D13 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios: (a) SSBR6450SL_HDSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.6 0.111 -59.6 0.112 -59.6 0.095 -59.4 0.114 -59.6 0.112 -59.4 0.108

-59.1 0.111 -59.2 0.110 -59.2 0.096 -59.1 0.113 -59.3 0.111 -59.0 0.107

-56.7 0.111 -56.4 0.109 -56.5 0.096 -56.7 0.112 -56.7 0.110 -56.7 0.107

-54.8 0.110 -54.5 0.109 -54.5 0.095 -54.7 0.111 -54.8 0.109 -54.5 0.107

-52.7 0.110 -52.6 0.108 -52.6 0.095 -52.7 0.111 -52.8 0.110 -52.6 0.106

-50.6 0.110 -50.5 0.109 -50.7 0.095 -50.5 0.112 -50.8 0.109 -50.7 0.106

-48.8 0.110 -48.8 0.110 -48.7 0.096 -48.7 0.113 -48.8 0.111 -48.6 0.106

-46.7 0.111 -46.8 0.110 -46.8 0.096 -46.8 0.113 -46.9 0.112 -46.8 0.107

-44.6 0.111 -44.9 0.111 -44.5 0.098 -44.7 0.115 -44.9 0.113 -44.8 0.109

-42.7 0.112 -42.6 0.114 -42.7 0.100 -42.7 0.117 -42.7 0.115 -42.7 0.110

-40.7 0.114 -40.6 0.116 -40.6 0.105 -40.7 0.120 -40.7 0.117 -40.6 0.113

-38.5 0.119 -38.6 0.122 -38.6 0.111 -38.6 0.125 -38.6 0.123 -38.6 0.119

-36.5 0.129 -36.6 0.132 -36.5 0.120 -36.4 0.135 -36.6 0.132 -36.6 0.128

-34.4 0.143 -34.6 0.146 -34.6 0.134 -34.5 0.148 -34.5 0.146 -34.5 0.143

-32.4 0.163 -32.6 0.166 -32.4 0.156 -32.5 0.168 -32.4 0.166 -32.5 0.163

-30.4 0.195 -30.3 0.198 -30.4 0.187 -30.5 0.197 -30.2 0.198 -30.3 0.194

-28.4 0.243 -28.5 0.240 -28.5 0.235 -28.4 0.243 -28.3 0.242 -28.4 0.242

-26.5 0.302 -26.6 0.294 -26.6 0.291 -26.5 0.297 -26.6 0.295 -26.5 0.305

-23.8 0.403 -23.4 0.410 -23.8 0.384 -24.2 0.379 -23.3 0.412 -23.8 0.401

-22.6 0.445 -22.5 0.465 -21.3 0.523 -21.4 0.473 -22.4 0.475 -22.7 0.463

-19.5 0.612 -20.7 0.549 -20.4 0.579 -20.1 0.592 -20.8 0.553 -20.3 0.580

-18.6 0.657 -18.7 0.659 -18.3 0.686 -18.7 0.658 -18.7 0.665 -18.8 0.652

-16.4 0.742 -15.5 0.789 -16.8 0.751 -15.5 0.772 -16.8 0.741 -16.7 0.716

-14.8 0.788 -14.6 0.810 -14.4 0.802 -14.6 0.792 -13.5 0.775 -14.8 0.737

-12.8 0.808 -12.9 0.819 -12.8 0.806 -12.7 0.788 -12.7 0.776 -12.8 0.719

-10.8 0.786 -10.9 0.794 -10.9 0.770 -10.8 0.752 -10.8 0.728 -10.8 0.669

-8.8 0.738 -8.8 0.738 -8.9 0.714 -8.8 0.694 -8.7 0.666 -8.8 0.606

-6.9 0.675 -6.8 0.675 -6.7 0.646 -6.9 0.627 -6.8 0.603 -6.7 0.546

-4.7 0.610 -4.9 0.612 -4.8 0.583 -4.8 0.561 -4.8 0.540 -4.8 0.491

-2.8 0.550 -2.8 0.552 -2.7 0.524 -2.8 0.506 -2.7 0.485 -2.8 0.443

-0.9 0.500 -0.8 0.499 -0.8 0.473 -0.8 0.457 -0.8 0.441 -0.7 0.401

2.5 0.446 2.7 0.448 2.6 0.426 2.6 0.411 2.7 0.396 2.5 0.364

2.9 0.432 3.0 0.433 2.8 0.415 2.8 0.399 3.0 0.385 2.9 0.356

5.2 0.388 5.1 0.392 5.1 0.372 5.2 0.362 5.2 0.352 5.1 0.324

7.3 0.354 7.3 0.357 7.3 0.341 7.2 0.332 7.3 0.324 7.3 0.302

SSBR6450SL

HDSi20/CB80 Silica0/CB100HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60
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Table D13 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios (cont.): (a) SSBR6450SL_HDSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.3 0.328 9.2 0.332 9.3 0.317 9.3 0.311 9.2 0.305 9.2 0.286

11.2 0.306 11.2 0.308 11.2 0.295 11.3 0.293 11.2 0.287 11.2 0.271

13.3 0.284 13.3 0.288 13.3 0.279 13.2 0.277 13.2 0.272 13.2 0.260

15.2 0.267 15.2 0.271 15.3 0.262 15.3 0.262 15.3 0.260 15.2 0.251

17.2 0.254 17.3 0.258 17.2 0.250 17.2 0.249 17.1 0.250 17.2 0.240

19.2 0.237 19.1 0.245 19.2 0.239 19.2 0.238 19.3 0.241 19.2 0.233

21.2 0.225 21.2 0.234 21.2 0.227 21.1 0.228 21.2 0.232 21.3 0.227

23.4 0.215 23.3 0.224 23.2 0.217 23.3 0.220 23.2 0.224 23.3 0.220

25.2 0.205 25.1 0.215 25.2 0.211 25.2 0.212 25.2 0.218 25.1 0.217

27.2 0.197 27.2 0.206 27.3 0.204 27.2 0.207 27.2 0.212 27.2 0.211

29.2 0.191 29.1 0.200 29.1 0.200 29.2 0.202 29.1 0.207 29.2 0.207

31.2 0.183 31.3 0.193 31.2 0.192 31.2 0.194 31.2 0.205 31.2 0.202

33.2 0.176 33.1 0.188 33.2 0.185 33.2 0.190 33.1 0.198 33.3 0.201

35.2 0.172 35.1 0.183 35.2 0.183 35.2 0.186 35.2 0.196 35.2 0.196

37.2 0.167 37.1 0.180 37.3 0.176 37.2 0.184 37.2 0.193 37.2 0.193

39.1 0.161 39.2 0.174 39.3 0.175 39.2 0.180 39.2 0.189 39.2 0.191

41.2 0.156 41.3 0.169 41.1 0.169 41.2 0.176 41.3 0.185 41.1 0.188

43.3 0.150 43.2 0.163 43.2 0.166 43.2 0.168 43.2 0.183 43.2 0.184

45.1 0.142 45.1 0.156 45.3 0.160 45.2 0.168 45.2 0.176 45.2 0.182

47.3 0.137 47.2 0.153 47.2 0.153 47.3 0.161 47.2 0.175 47.3 0.177

49.1 0.132 49.2 0.145 49.2 0.150 49.1 0.160 49.1 0.169 49.2 0.174

51.2 0.127 51.2 0.143 51.3 0.144 51.3 0.157 51.2 0.167 51.2 0.168

53.2 0.122 53.1 0.134 53.3 0.143 53.1 0.151 53.2 0.161 53.2 0.168

55.1 0.117 55.1 0.130 55.2 0.134 55.2 0.146 55.2 0.158 55.2 0.165

57.3 0.113 57.2 0.124 57.2 0.131 57.1 0.143 57.2 0.153 57.3 0.160

59.1 0.108 59.1 0.121 59.1 0.126 59.2 0.139 59.2 0.149 59.1 0.157

61.2 0.103 61.3 0.115 61.1 0.122 61.3 0.133 61.2 0.145 61.3 0.152

63.2 0.098 63.2 0.109 63.1 0.117 63.2 0.130 63.2 0.141 63.2 0.150

65.2 0.094 65.3 0.106 65.2 0.117 65.2 0.127 65.3 0.133 65.3 0.147

67.2 0.091 67.1 0.104 67.3 0.113 67.3 0.122 67.2 0.134 67.1 0.143

69.2 0.090 69.2 0.102 69.1 0.109 69.1 0.119 69.2 0.127 69.2 0.144

71.2 0.089 71.3 0.096 71.3 0.108 71.1 0.115 71.2 0.126 71.3 0.139

73.2 0.085 73.3 0.096 73.2 0.107 73.0 0.112 73.3 0.120 73.1 0.137

75.1 0.082 75.1 0.093 75.2 0.104 75.3 0.114 75.3 0.120 75.3 0.136

77.1 0.082 77.2 0.094 77.1 0.105 77.2 0.111 77.2 0.119 77.1 0.137

79.1 0.075 79.2 0.090 79.2 0.101 79.3 0.110 79.2 0.117 79.2 0.128

SSBR6450SL

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Polymer Science and Technology) / 255 

Table D14 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios: (b) SSBR6450SL_CSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.4 0.108 -59.5 0.100 -59.5 0.109 -59.4 0.101 -59.7 0.110 -59.4 0.108

-59.1 0.108 -59.1 0.100 -59.2 0.108 -59.2 0.101 -59.1 0.109 -59.0 0.107

-56.5 0.107 -56.3 0.100 -56.6 0.108 -56.5 0.100 -56.6 0.108 -56.7 0.107

-54.6 0.107 -54.5 0.100 -54.7 0.108 -54.7 0.099 -54.4 0.108 -54.5 0.107

-52.6 0.106 -52.7 0.100 -52.6 0.108 -52.6 0.099 -52.5 0.107 -52.6 0.106

-50.5 0.107 -50.7 0.100 -50.7 0.108 -50.7 0.099 -50.6 0.108 -50.7 0.106

-48.7 0.107 -48.8 0.100 -48.7 0.109 -48.7 0.100 -48.6 0.109 -48.6 0.106

-46.6 0.107 -46.8 0.100 -46.7 0.109 -46.9 0.101 -46.7 0.109 -46.8 0.107

-44.7 0.108 -44.6 0.101 -44.8 0.110 -44.7 0.101 -44.6 0.111 -44.8 0.109

-42.7 0.110 -42.6 0.103 -42.6 0.113 -42.8 0.104 -42.6 0.112 -42.7 0.110

-40.6 0.113 -40.6 0.107 -40.7 0.117 -40.8 0.106 -40.5 0.115 -40.6 0.113

-38.6 0.119 -38.4 0.114 -38.6 0.122 -38.7 0.113 -38.6 0.119 -38.6 0.119

-36.9 0.128 -36.5 0.124 -36.7 0.130 -36.6 0.122 -36.6 0.129 -36.6 0.128

-34.8 0.141 -34.5 0.137 -34.4 0.145 -34.5 0.137 -34.6 0.143 -34.5 0.143

-32.5 0.164 -32.4 0.159 -32.5 0.162 -32.7 0.158 -32.5 0.166 -32.5 0.163

-30.5 0.192 -30.3 0.191 -30.4 0.191 -30.3 0.193 -30.4 0.195 -30.3 0.194

-28.6 0.234 -28.4 0.247 -28.6 0.241 -28.4 0.239 -28.4 0.241 -28.4 0.242

-26.7 0.286 -25.2 0.359 -26.2 0.324 -26.5 0.295 -26.6 0.291 -26.5 0.305

-23.8 0.381 -24.2 0.390 -24.2 0.367 -23.3 0.416 -24.1 0.386 -23.8 0.401

-22.6 0.441 -21.5 0.530 -21.4 0.524 -22.3 0.477 -22.6 0.454 -22.7 0.463

-20.8 0.543 -20.5 0.581 -20.5 0.580 -20.7 0.560 -20.3 0.589 -20.3 0.580

-18.4 0.680 -18.8 0.666 -18.8 0.669 -18.4 0.694 -17.5 0.724 -18.8 0.652

-15.5 0.804 -15.5 0.803 -15.5 0.802 -16.8 0.760 -16.6 0.761 -16.7 0.716

-14.7 0.828 -14.7 0.826 -14.7 0.822 -14.8 0.811 -14.8 0.787 -14.8 0.737

-12.8 0.846 -12.8 0.834 -12.8 0.824 -12.8 0.813 -12.8 0.777 -12.8 0.719

-10.8 0.823 -10.8 0.804 -10.8 0.791 -10.8 0.773 -10.8 0.732 -10.8 0.669

-8.8 0.770 -8.8 0.750 -8.8 0.732 -8.9 0.713 -8.8 0.670 -8.8 0.606

-6.8 0.702 -6.8 0.684 -6.8 0.666 -6.9 0.645 -6.8 0.607 -6.7 0.546

-4.9 0.638 -4.8 0.615 -4.9 0.600 -4.8 0.579 -4.8 0.545 -4.8 0.491

-2.8 0.574 -2.8 0.556 -2.8 0.538 -2.8 0.521 -2.7 0.490 -2.8 0.443

-0.9 0.519 -0.8 0.501 -0.7 0.484 -0.9 0.472 -0.9 0.444 -0.7 0.401

2.8 0.461 2.6 0.449 2.9 0.434 2.5 0.424 2.4 0.401 2.5 0.364

3.3 0.443 2.8 0.437 3.0 0.420 2.8 0.413 2.8 0.391 2.9 0.356

5.2 0.402 5.2 0.390 5.1 0.380 5.2 0.373 5.2 0.355 5.1 0.324

7.2 0.365 7.3 0.357 7.2 0.347 7.2 0.343 7.3 0.327 7.3 0.302

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D14 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios (cont.): (b) SSBR6450SL_CSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.2 0.333 9.2 0.331 9.3 0.321 9.2 0.320 9.2 0.308 9.2 0.286

11.2 0.302 11.3 0.308 11.2 0.298 11.2 0.298 11.2 0.289 11.2 0.271

13.3 0.275 13.1 0.287 13.2 0.277 13.2 0.281 13.3 0.275 13.2 0.260

15.2 0.259 15.3 0.270 15.3 0.262 15.2 0.267 15.3 0.262 15.2 0.251

17.2 0.244 17.2 0.255 17.1 0.249 17.2 0.254 17.2 0.252 17.2 0.240

19.2 0.229 19.1 0.246 19.3 0.238 19.2 0.243 19.3 0.242 19.2 0.233

21.2 0.218 21.2 0.231 21.0 0.226 21.3 0.232 21.1 0.233 21.3 0.227

23.3 0.210 23.4 0.218 23.3 0.219 23.3 0.225 23.3 0.225 23.3 0.220

25.2 0.201 25.2 0.211 25.2 0.209 25.3 0.217 25.2 0.220 25.1 0.217

27.2 0.195 27.2 0.204 27.2 0.202 27.1 0.211 27.2 0.215 27.2 0.211

29.2 0.187 29.2 0.195 29.2 0.196 29.1 0.205 29.2 0.208 29.2 0.207

31.2 0.178 31.2 0.190 31.2 0.190 31.1 0.198 31.1 0.205 31.2 0.202

33.2 0.173 33.2 0.185 33.2 0.186 33.3 0.194 33.3 0.201 33.3 0.201

35.2 0.168 35.2 0.179 35.2 0.183 35.2 0.191 35.1 0.196 35.2 0.196

37.2 0.160 37.1 0.174 37.2 0.177 37.3 0.183 37.3 0.195 37.2 0.193

39.2 0.158 39.3 0.168 39.2 0.169 39.2 0.180 39.2 0.188 39.2 0.191

41.2 0.153 41.2 0.163 41.3 0.168 41.3 0.176 41.2 0.185 41.1 0.188

43.2 0.150 43.2 0.156 43.3 0.163 43.3 0.173 43.1 0.181 43.2 0.184

45.2 0.144 45.2 0.151 45.3 0.159 45.1 0.167 45.3 0.175 45.2 0.182

47.1 0.140 47.3 0.148 47.1 0.154 47.2 0.165 47.2 0.175 47.3 0.177

49.2 0.131 49.2 0.142 49.2 0.148 49.1 0.159 49.1 0.169 49.2 0.174

51.3 0.127 51.1 0.135 51.3 0.145 51.2 0.153 51.1 0.165 51.2 0.168

53.2 0.119 53.2 0.130 53.2 0.140 53.2 0.149 53.3 0.161 53.2 0.168

55.2 0.120 55.2 0.127 55.1 0.137 55.2 0.148 55.3 0.153 55.2 0.165

57.1 0.109 57.2 0.123 57.3 0.128 57.2 0.141 57.2 0.151 57.3 0.160

59.2 0.102 59.2 0.116 59.2 0.120 59.1 0.136 59.1 0.147 59.1 0.157

61.2 0.098 61.2 0.114 61.1 0.120 61.2 0.134 61.2 0.142 61.3 0.152

63.2 0.095 63.1 0.106 63.2 0.114 63.2 0.127 63.2 0.136 63.2 0.150

65.2 0.090 65.3 0.106 65.1 0.113 65.2 0.125 65.3 0.133 65.3 0.147

67.2 0.085 67.3 0.103 67.4 0.115 67.3 0.122 67.2 0.129 67.1 0.143

69.3 0.085 69.2 0.105 69.3 0.109 69.3 0.118 69.1 0.129 69.2 0.144

71.1 0.081 71.1 0.097 71.1 0.108 71.2 0.117 71.3 0.124 71.3 0.139

73.3 0.080 73.2 0.095 73.3 0.101 73.2 0.115 73.2 0.122 73.1 0.137

75.2 0.079 75.2 0.096 75.2 0.098 75.2 0.110 75.2 0.121 75.3 0.136

77.1 0.076 77.2 0.093 77.2 0.096 77.1 0.110 77.1 0.119 77.1 0.137

79.2 0.075 79.2 0.091 79.1 0.095 79.2 0.108 79.3 0.114 79.2 0.128

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D15 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios: (c) SSBR3626_HDSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.5 0.111 -59.7 0.112 -59.6 0.112 -59.6 0.117 -59.7 0.102 -59.8 0.101

-59.2 0.109 -58.8 0.112 -59.3 0.112 -59.3 0.116 -59.0 0.101 -58.7 0.102

-56.5 0.109 -56.6 0.112 -56.6 0.112 -56.5 0.115 -56.5 0.101 -56.6 0.103

-54.5 0.109 -54.6 0.112 -54.6 0.111 -54.7 0.115 -54.7 0.101 -54.7 0.103

-52.7 0.109 -52.8 0.111 -52.5 0.112 -52.6 0.116 -52.8 0.101 -52.7 0.103

-50.7 0.110 -50.6 0.111 -50.4 0.111 -50.5 0.117 -50.7 0.101 -50.5 0.102

-48.7 0.111 -48.6 0.111 -48.7 0.112 -48.9 0.118 -48.8 0.101 -48.7 0.103

-46.3 0.112 -46.7 0.111 -46.7 0.112 -46.9 0.118 -46.8 0.101 -46.9 0.103

-44.9 0.113 -44.7 0.112 -44.7 0.113 -44.7 0.120 -44.9 0.102 -44.6 0.103

-42.8 0.115 -42.6 0.112 -42.7 0.114 -42.6 0.121 -42.7 0.102 -42.5 0.105

-40.6 0.116 -40.6 0.115 -40.7 0.114 -40.5 0.123 -40.6 0.104 -40.6 0.106

-38.7 0.119 -38.7 0.116 -38.7 0.117 -38.7 0.125 -38.6 0.106 -38.6 0.109

-36.6 0.123 -36.5 0.122 -36.6 0.122 -36.6 0.130 -36.6 0.111 -36.6 0.116

-34.6 0.130 -34.6 0.129 -34.6 0.131 -34.7 0.137 -34.6 0.120 -34.6 0.125

-32.6 0.142 -32.5 0.142 -32.6 0.144 -32.7 0.149 -32.6 0.135 -32.5 0.138

-30.7 0.161 -30.6 0.157 -30.5 0.162 -30.5 0.169 -30.4 0.156 -30.5 0.160

-28.4 0.190 -28.5 0.184 -28.5 0.189 -28.5 0.196 -28.3 0.190 -28.4 0.192

-26.6 0.230 -26.4 0.233 -26.4 0.236 -26.4 0.235 -26.3 0.236 -26.4 0.240

-24.7 0.285 -24.6 0.292 -24.5 0.300 -24.5 0.291 -24.5 0.292 -24.6 0.306

-22.7 0.341 -22.2 0.366 -21.4 0.400 -21.8 0.367 -22.5 0.349 -21.7 0.406

-20.2 0.440 -20.8 0.408 -20.3 0.448 -20.7 0.419 -19.8 0.476 -20.6 0.450

-18.7 0.503 -18.2 0.541 -18.3 0.543 -18.7 0.502 -18.7 0.516 -18.7 0.529

-16.3 0.615 -16.7 0.605 -16.8 0.610 -16.6 0.593 -16.3 0.612 -16.3 0.619

-14.8 0.675 -14.8 0.683 -14.8 0.687 -13.9 0.687 -14.7 0.662 -14.3 0.665

-11.6 0.767 -12.7 0.735 -12.0 0.751 -12.8 0.714 -12.4 0.704 -12.8 0.680

-10.8 0.781 -10.7 0.768 -10.8 0.760 -10.8 0.729 -10.8 0.710 -10.8 0.669

-8.8 0.771 -8.8 0.754 -8.8 0.746 -8.7 0.712 -8.8 0.688 -8.7 0.637

-6.7 0.735 -6.7 0.711 -6.8 0.705 -6.8 0.674 -6.8 0.648 -6.8 0.589

-4.8 0.683 -4.8 0.659 -4.8 0.651 -4.7 0.620 -4.8 0.598 -4.8 0.538

-2.9 0.625 -2.8 0.600 -2.7 0.595 -2.8 0.567 -2.8 0.546 -2.8 0.488

-0.9 0.572 -0.7 0.543 -0.8 0.539 -0.8 0.516 -0.8 0.495 -0.8 0.444

3.5 0.508 3.0 0.486 2.7 0.485 2.9 0.463 2.8 0.447 2.4 0.401

3.7 0.490 3.3 0.471 3.0 0.472 3.1 0.451 3.1 0.436 2.8 0.392

5.1 0.445 5.1 0.426 5.1 0.422 5.2 0.405 5.1 0.395 5.2 0.353

7.2 0.401 7.3 0.385 7.3 0.383 7.0 0.371 6.8 0.364 7.3 0.327

SSBR3626

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table D15 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios (cont.): (c) SSBR3626_HDSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.4 0.365 9.3 0.354 9.2 0.353 9.3 0.342 9.4 0.336 9.2 0.304

11.2 0.334 11.2 0.328 11.3 0.328 11.3 0.318 11.3 0.315 11.2 0.290

13.2 0.309 13.2 0.306 13.2 0.305 13.3 0.300 13.2 0.298 13.2 0.274

15.2 0.286 15.2 0.286 15.3 0.288 15.2 0.281 15.3 0.280 15.2 0.261

17.1 0.268 17.3 0.264 17.1 0.270 17.2 0.267 17.1 0.269 17.2 0.250

19.3 0.252 19.3 0.250 19.2 0.255 19.1 0.256 19.2 0.256 19.3 0.241

21.2 0.237 21.2 0.237 21.2 0.243 21.3 0.244 21.2 0.245 21.2 0.232

23.3 0.224 23.3 0.225 23.3 0.231 23.3 0.234 23.2 0.238 23.4 0.225

25.3 0.214 25.2 0.213 25.2 0.221 25.2 0.225 25.2 0.229 25.2 0.219

27.2 0.203 27.2 0.203 27.1 0.214 27.2 0.216 27.2 0.222 27.2 0.213

29.2 0.195 29.1 0.197 29.2 0.203 29.2 0.210 29.2 0.216 29.2 0.209

31.3 0.188 31.3 0.189 31.2 0.196 31.2 0.202 31.2 0.209 31.2 0.203

33.2 0.184 33.2 0.182 33.1 0.192 33.2 0.198 33.3 0.204 33.3 0.201

35.2 0.173 35.2 0.178 35.3 0.186 35.1 0.195 35.3 0.199 35.1 0.196

37.3 0.170 37.1 0.172 37.2 0.182 37.3 0.190 37.2 0.197 37.1 0.195

39.2 0.162 39.2 0.167 39.3 0.178 39.1 0.187 39.2 0.192 39.3 0.190

41.2 0.159 41.2 0.167 41.2 0.174 41.2 0.184 41.2 0.188 41.2 0.190

43.2 0.154 43.2 0.160 43.1 0.168 43.2 0.177 43.2 0.183 43.2 0.186

45.2 0.148 45.3 0.156 45.2 0.167 45.2 0.175 45.3 0.179 45.2 0.184

47.2 0.144 47.2 0.150 47.2 0.159 47.2 0.172 47.1 0.176 47.2 0.180

49.0 0.140 49.1 0.145 49.1 0.154 49.3 0.165 49.1 0.173 49.3 0.177

51.3 0.135 51.3 0.139 51.2 0.149 51.2 0.160 51.3 0.168 51.3 0.171

53.2 0.131 53.1 0.138 53.2 0.147 53.1 0.158 53.3 0.163 53.2 0.170

55.2 0.125 55.3 0.131 55.2 0.141 55.2 0.152 55.2 0.160 55.1 0.168

57.3 0.120 57.2 0.127 57.3 0.134 57.2 0.148 57.2 0.156 57.1 0.165

59.2 0.117 59.2 0.124 59.2 0.130 59.3 0.145 59.3 0.151 59.3 0.162

61.3 0.108 61.2 0.119 61.3 0.127 61.2 0.143 61.2 0.145 61.3 0.159

63.1 0.105 63.2 0.114 63.2 0.124 63.2 0.135 63.2 0.145 63.2 0.155

65.3 0.099 65.2 0.114 65.0 0.123 65.2 0.133 65.2 0.144 65.3 0.155

67.0 0.101 67.1 0.107 67.3 0.116 67.1 0.131 67.2 0.139 67.2 0.152

69.3 0.092 69.3 0.107 69.1 0.118 69.4 0.128 69.4 0.136 69.1 0.148

71.1 0.089 71.2 0.106 71.1 0.113 71.3 0.127 71.2 0.134 71.3 0.146

73.3 0.086 73.3 0.099 73.2 0.112 73.2 0.122 73.2 0.130 73.1 0.146

75.1 0.086 75.3 0.097 75.1 0.111 75.3 0.121 75.1 0.131 75.2 0.144

77.1 0.081 77.3 0.096 77.1 0.107 77.2 0.119 77.1 0.124 77.0 0.141

79.0 0.081 79.3 0.094 79.3 0.106 79.2 0.113 79.1 0.123 79.1 0.139

SSBR3626

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table D16 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios: (d) SSBR3626_CSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.8 0.109 -59.8 0.100 -59.6 0.097 -59.5 0.108 -59.6 0.091 -59.8 0.101

-59.2 0.108 -58.7 0.099 -59.2 0.096 -59.4 0.107 -59.3 0.090 -58.7 0.102

-56.5 0.108 -56.4 0.099 -56.7 0.095 -56.6 0.107 -56.6 0.090 -56.6 0.103

-54.7 0.107 -54.5 0.099 -54.7 0.095 -54.4 0.107 -54.6 0.089 -54.7 0.103

-52.6 0.108 -52.5 0.099 -52.7 0.096 -52.7 0.106 -52.7 0.090 -52.7 0.103

-50.6 0.108 -50.6 0.099 -50.8 0.096 -50.6 0.106 -50.6 0.090 -50.5 0.102

-48.7 0.109 -48.6 0.099 -48.7 0.097 -48.6 0.107 -48.7 0.090 -48.7 0.103

-46.7 0.109 -46.5 0.099 -46.8 0.098 -46.8 0.107 -46.6 0.090 -46.9 0.103

-44.6 0.110 -44.6 0.099 -44.7 0.099 -44.7 0.107 -44.8 0.090 -44.6 0.103

-42.6 0.112 -42.6 0.101 -42.8 0.099 -42.7 0.108 -42.8 0.091 -42.5 0.105

-40.7 0.113 -40.6 0.102 -40.6 0.102 -40.6 0.109 -40.5 0.093 -40.6 0.106

-38.5 0.116 -38.7 0.105 -38.5 0.105 -38.6 0.112 -38.4 0.096 -38.6 0.109

-36.6 0.121 -36.6 0.112 -36.6 0.111 -36.6 0.116 -36.6 0.102 -36.6 0.116

-34.7 0.129 -34.6 0.121 -34.6 0.121 -34.4 0.125 -34.5 0.113 -34.6 0.125

-32.6 0.143 -32.6 0.135 -32.6 0.137 -32.5 0.139 -32.5 0.128 -32.5 0.138

-30.7 0.161 -30.5 0.154 -30.6 0.158 -30.4 0.157 -30.6 0.147 -30.5 0.160

-28.4 0.191 -28.4 0.184 -28.3 0.193 -28.4 0.183 -28.2 0.183 -28.4 0.192

-26.4 0.234 -26.5 0.227 -26.5 0.238 -26.5 0.227 -26.5 0.225 -26.4 0.240

-24.5 0.295 -24.6 0.293 -24.6 0.294 -24.6 0.290 -24.5 0.279 -24.6 0.306

-21.8 0.383 -22.2 0.376 -22.2 0.369 -20.5 0.444 -22.6 0.342 -21.7 0.406

-20.7 0.425 -19.8 0.484 -20.6 0.432 -18.7 0.513 -18.5 0.530 -20.6 0.450

-18.7 0.511 -18.8 0.528 -18.8 0.519 -16.8 0.610 -16.3 0.620 -18.7 0.529

-16.7 0.610 -16.8 0.617 -16.3 0.639 -14.7 0.687 -14.7 0.670 -16.3 0.619

-14.8 0.689 -14.0 0.729 -14.3 0.713 -11.9 0.744 -11.6 0.715 -14.3 0.665

-12.3 0.765 -12.8 0.762 -12.4 0.759 -10.7 0.751 -10.7 0.724 -12.8 0.680

-10.8 0.784 -10.7 0.778 -10.8 0.775 -8.8 0.730 -8.8 0.695 -10.8 0.669

-8.8 0.776 -8.9 0.771 -8.8 0.761 -6.8 0.689 -6.8 0.653 -8.7 0.637

-6.9 0.738 -6.8 0.738 -6.8 0.720 -4.8 0.631 -4.7 0.601 -6.8 0.589

-4.8 0.682 -4.8 0.683 -4.8 0.666 -2.7 0.572 -2.8 0.549 -4.8 0.538

-2.8 0.621 -2.7 0.620 -2.7 0.604 -0.8 0.519 -0.7 0.496 -2.8 0.488

-0.9 0.567 -0.7 0.562 -0.8 0.551 2.6 0.467 2.8 0.449 -0.8 0.444

3.1 0.503 2.8 0.503 2.7 0.492 2.9 0.455 3.0 0.438 2.4 0.401

3.6 0.486 3.1 0.488 3.1 0.479 5.2 0.406 5.2 0.396 2.8 0.392

5.1 0.438 5.1 0.438 5.1 0.430 7.2 0.373 7.3 0.364 5.2 0.353

7.2 0.395 6.9 0.396 7.3 0.391 9.2 0.345 9.2 0.339 7.3 0.327

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D16 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios (cont.): (d) SSBR3626_CSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.3 0.359 9.3 0.358 9.3 0.360 11.1 0.321 11.2 0.316 9.2 0.304

11.3 0.327 11.3 0.335 11.2 0.335 13.2 0.299 13.2 0.297 11.2 0.290

13.2 0.302 13.3 0.313 13.2 0.312 15.2 0.283 15.2 0.281 13.2 0.274

15.1 0.277 15.3 0.291 15.2 0.292 17.2 0.267 17.2 0.266 15.2 0.261

17.3 0.258 17.3 0.273 17.3 0.276 19.1 0.253 19.2 0.257 17.2 0.250

19.2 0.241 19.1 0.257 19.2 0.260 21.2 0.240 21.2 0.244 19.3 0.241

21.2 0.226 21.2 0.244 21.1 0.246 23.2 0.230 23.2 0.237 21.2 0.232

23.3 0.217 23.3 0.231 23.3 0.235 25.2 0.220 25.2 0.229 23.4 0.225

25.2 0.206 25.2 0.220 25.3 0.226 27.2 0.212 27.2 0.222 25.2 0.219

27.1 0.197 27.2 0.208 27.2 0.214 29.3 0.205 29.1 0.215 27.2 0.213

29.2 0.189 29.2 0.199 29.2 0.208 31.1 0.198 31.2 0.209 29.2 0.209

31.2 0.182 31.2 0.192 31.3 0.201 33.2 0.194 33.1 0.203 31.2 0.203

33.2 0.174 33.2 0.186 33.3 0.194 35.1 0.189 35.2 0.199 33.3 0.201

35.3 0.167 35.3 0.178 35.2 0.188 37.2 0.184 37.2 0.197 35.1 0.196

37.2 0.160 37.2 0.172 37.1 0.185 39.2 0.182 39.2 0.192 37.1 0.195

39.2 0.161 39.1 0.169 39.3 0.180 41.2 0.177 41.2 0.189 39.3 0.190

41.2 0.153 41.2 0.164 41.2 0.174 43.2 0.171 43.2 0.183 41.2 0.190

43.1 0.147 43.1 0.161 43.2 0.171 45.1 0.169 45.2 0.180 43.2 0.186

45.3 0.141 45.3 0.155 45.3 0.165 47.2 0.165 47.2 0.177 45.2 0.184

47.2 0.137 47.2 0.149 47.3 0.160 49.1 0.159 49.1 0.171 47.2 0.180

49.3 0.136 49.1 0.143 49.2 0.155 51.3 0.155 51.2 0.167 49.3 0.177

51.1 0.130 51.2 0.141 51.3 0.149 53.2 0.151 53.1 0.163 51.3 0.171

53.2 0.125 53.2 0.132 53.1 0.143 55.2 0.145 55.2 0.160 53.2 0.170

55.3 0.120 55.1 0.126 55.2 0.142 57.1 0.144 57.2 0.156 55.1 0.168

57.1 0.115 57.2 0.125 57.1 0.136 59.2 0.138 59.2 0.150 57.1 0.165

59.4 0.107 59.2 0.121 59.0 0.132 61.1 0.133 61.1 0.145 59.3 0.162

61.3 0.104 61.2 0.117 61.1 0.127 63.3 0.129 63.0 0.142 61.3 0.159

63.3 0.095 63.1 0.113 63.2 0.123 65.2 0.128 65.4 0.138 63.2 0.155

65.3 0.097 65.3 0.107 65.4 0.122 67.2 0.129 67.3 0.139 65.3 0.155

67.2 0.097 67.2 0.109 67.1 0.116 69.1 0.124 69.2 0.136 67.2 0.152

69.2 0.091 69.2 0.103 69.2 0.113 71.2 0.118 71.2 0.131 69.1 0.148

71.3 0.087 71.1 0.103 71.3 0.114 73.1 0.121 73.1 0.127 71.3 0.146

73.3 0.083 73.4 0.100 73.2 0.110 75.3 0.114 75.2 0.128 73.1 0.146

75.2 0.083 75.1 0.097 75.3 0.108 77.2 0.112 77.2 0.124 75.2 0.144

77.2 0.078 77.3 0.096 77.2 0.106 79.3 0.113 79.2 0.121 77.0 0.141

79.3 0.080 79.3 0.094 79.2 0.103 79.1 0.139

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D17 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios: (e) ESBR1723_HDSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.6 0.117 -59.7 0.107 -59.7 0.118 -59.7 0.098 -59.7 0.106 -59.8 0.091

-59.3 0.109 -58.7 0.102 -58.7 0.111 -59.4 0.095 -58.9 0.095 -59.0 0.082

-56.5 0.106 -56.5 0.100 -56.5 0.109 -56.7 0.092 -56.7 0.091 -56.5 0.078

-54.4 0.110 -54.4 0.104 -54.7 0.112 -54.8 0.095 -54.5 0.095 -54.5 0.084

-52.6 0.117 -52.3 0.113 -52.9 0.117 -52.8 0.101 -52.7 0.105 -52.5 0.096

-50.5 0.128 -50.5 0.125 -50.9 0.126 -50.8 0.113 -50.9 0.118 -50.7 0.115

-48.6 0.146 -48.5 0.146 -48.5 0.147 -48.5 0.134 -48.6 0.147 -48.6 0.147

-46.6 0.177 -46.4 0.181 -46.6 0.176 -46.6 0.171 -46.4 0.186 -46.6 0.184

-44.7 0.208 -44.6 0.225 -44.4 0.227 -44.6 0.223 -44.8 0.227 -44.6 0.228

-42.5 0.264 -42.9 0.273 -42.4 0.282 -41.4 0.349 -42.4 0.305 -42.7 0.291

-39.3 0.430 -40.5 0.364 -39.2 0.430 -40.4 0.394 -40.9 0.372 -40.2 0.396

-37.1 0.557 -37.5 0.545 -37.2 0.569 -37.6 0.558 -38.3 0.490 -38.6 0.475

-36.0 0.614 -36.2 0.629 -36.4 0.624 -36.5 0.614 -36.5 0.582 -36.2 0.594

-33.7 0.754 -34.8 0.704 -34.2 0.728 -34.5 0.718 -34.4 0.675 -34.8 0.643

-32.8 0.800 -32.5 0.793 -32.6 0.778 -32.8 0.765 -33.0 0.710 -32.9 0.663

-30.8 0.837 -30.8 0.814 -30.7 0.796 -30.8 0.775 -30.8 0.705 -30.8 0.642

-28.9 0.824 -28.7 0.789 -28.8 0.770 -28.8 0.740 -28.7 0.667 -28.7 0.597

-26.8 0.772 -26.9 0.737 -26.9 0.718 -26.7 0.679 -26.7 0.610 -26.6 0.541

-24.8 0.708 -24.7 0.668 -24.8 0.654 -24.8 0.618 -24.9 0.556 -24.7 0.491

-22.7 0.638 -22.8 0.605 -22.7 0.586 -22.7 0.554 -22.7 0.500 -22.8 0.445

-20.7 0.573 -20.7 0.542 -20.8 0.533 -20.9 0.503 -20.7 0.452 -20.7 0.402

-18.8 0.517 -18.9 0.493 -18.7 0.481 -18.6 0.451 -18.8 0.411 -18.9 0.368

-16.8 0.467 -17.0 0.447 -16.7 0.438 -16.9 0.412 -16.7 0.375 -16.7 0.334

-14.8 0.422 -14.7 0.404 -14.8 0.400 -14.7 0.374 -14.7 0.342 -14.8 0.309

-12.9 0.386 -12.8 0.370 -12.7 0.366 -12.8 0.343 -12.7 0.315 -12.8 0.287

-10.8 0.350 -10.8 0.340 -10.8 0.337 -10.9 0.316 -10.7 0.292 -10.9 0.268

-8.8 0.322 -8.7 0.313 -8.7 0.311 -8.7 0.292 -8.8 0.273 -8.8 0.251

-6.8 0.298 -7.0 0.293 -6.8 0.291 -6.8 0.274 -6.8 0.256 -6.8 0.239

-4.8 0.276 -4.9 0.273 -4.8 0.272 -4.8 0.258 -4.8 0.243 -4.8 0.228

-2.8 0.259 -2.8 0.256 -2.7 0.257 -2.8 0.244 -2.8 0.232 -2.7 0.219

-0.9 0.245 -0.9 0.243 -0.9 0.244 -0.9 0.234 -0.8 0.223 -0.9 0.212

2.5 0.230 2.2 0.231 2.4 0.233 2.2 0.223 2.3 0.216 2.4 0.206

2.9 0.228 2.7 0.227 2.8 0.230 2.7 0.219 2.8 0.213 2.8 0.204

5.2 0.218 5.2 0.217 5.2 0.222 5.2 0.213 5.1 0.208 5.2 0.201

7.3 0.211 6.8 0.211 7.2 0.215 7.3 0.208 7.3 0.204 7.3 0.198

ESBR1723

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Puchong Thaptong  Appendices / 262 

Table D17 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios (cont.): (e) ESBR1723_HDSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.3 0.204 9.3 0.205 9.3 0.210 9.2 0.205 9.2 0.202 9.3 0.197

11.1 0.201 11.4 0.203 11.2 0.206 11.2 0.202 11.2 0.200 11.2 0.195

13.2 0.195 13.3 0.199 13.3 0.204 13.2 0.200 13.2 0.198 13.1 0.193

15.3 0.192 15.2 0.194 15.2 0.200 15.2 0.197 15.3 0.195 15.3 0.193

17.2 0.187 17.2 0.193 17.2 0.197 17.1 0.194 17.2 0.194 17.0 0.192

19.1 0.186 19.2 0.189 19.2 0.194 19.2 0.192 19.2 0.193 19.2 0.191

21.2 0.183 21.2 0.186 21.2 0.191 21.2 0.190 21.2 0.190 21.2 0.190

23.3 0.178 23.2 0.184 23.2 0.190 23.2 0.188 23.3 0.189 23.3 0.188

25.3 0.175 25.3 0.179 25.2 0.187 25.3 0.185 25.2 0.187 25.2 0.188

27.2 0.171 27.2 0.177 27.3 0.184 27.2 0.183 27.3 0.186 27.2 0.187

29.2 0.168 29.1 0.173 29.2 0.182 29.2 0.180 29.2 0.183 29.2 0.186

31.1 0.163 31.1 0.171 31.1 0.177 31.3 0.176 31.2 0.182 31.2 0.184

33.2 0.161 33.3 0.167 33.2 0.174 33.2 0.173 33.1 0.179 33.2 0.182

35.2 0.158 35.2 0.165 35.2 0.172 35.1 0.172 35.2 0.176 35.3 0.181

37.2 0.152 37.1 0.161 37.3 0.169 37.3 0.169 37.2 0.175 37.2 0.180

39.2 0.149 39.1 0.158 39.2 0.166 39.1 0.167 39.2 0.172 39.1 0.177

41.3 0.147 41.2 0.156 41.2 0.162 41.2 0.162 41.1 0.170 41.1 0.175

43.2 0.145 43.3 0.151 43.1 0.160 43.2 0.158 43.2 0.166 43.2 0.172

45.2 0.142 45.3 0.146 45.3 0.156 45.3 0.157 45.2 0.164 45.2 0.170

47.1 0.137 47.2 0.142 47.1 0.151 47.2 0.151 47.3 0.161 47.1 0.168

49.3 0.132 49.2 0.139 49.3 0.148 49.2 0.149 49.3 0.157 49.2 0.166

51.2 0.128 51.2 0.137 51.2 0.144 51.2 0.145 51.2 0.155 51.1 0.164

53.2 0.124 53.2 0.132 53.2 0.141 53.1 0.144 53.2 0.150 53.2 0.160

55.3 0.121 55.2 0.128 55.3 0.138 55.2 0.140 55.2 0.150 55.2 0.159

57.1 0.117 57.3 0.124 57.2 0.134 57.2 0.137 57.2 0.147 57.2 0.158

59.4 0.112 59.3 0.121 59.2 0.130 59.1 0.136 59.2 0.144 59.3 0.155

61.2 0.110 61.2 0.119 61.1 0.129 61.2 0.134 61.4 0.143 61.2 0.153

63.1 0.107 63.3 0.117 63.2 0.122 63.2 0.131 63.3 0.142 63.1 0.151

65.1 0.104 65.4 0.113 65.4 0.123 65.2 0.129 65.2 0.139 65.2 0.152

67.2 0.103 67.2 0.111 67.2 0.120 67.2 0.128 67.2 0.137 67.3 0.149

69.4 0.102 69.1 0.109 69.1 0.119 69.2 0.126 69.0 0.135 69.1 0.148

71.1 0.102 71.2 0.108 71.2 0.117 71.3 0.123 71.2 0.135 71.1 0.146

73.1 0.100 73.2 0.106 73.3 0.115 73.0 0.121 73.2 0.132 73.1 0.144

75.2 0.099 74.9 0.103 75.1 0.113 75.1 0.121 75.1 0.129 75.0 0.145

77.3 0.096 77.1 0.104 77.1 0.112 77.3 0.119 77.2 0.129 77.3 0.142

79.1 0.096 79.0 0.103 79.4 0.111 79.2 0.117 79.0 0.127 79.1 0.140

ESBR1723

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table D18 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios: (f) ESBR1723_CSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.5 0.121 -59.4 0.107 -59.5 0.103 -59.5 0.113 -59.6 0.101 -59.8 0.091

-59.4 0.114 -59.1 0.106 -59.4 0.098 -59.4 0.112 -59.1 0.095 -59.0 0.082

-56.4 0.105 -56.7 0.099 -56.7 0.084 -56.5 0.105 -56.6 0.089 -56.5 0.078

-54.5 0.105 -54.7 0.102 -54.7 0.087 -54.2 0.109 -54.6 0.094 -54.5 0.084

-52.5 0.110 -52.7 0.109 -52.8 0.094 -52.5 0.119 -52.5 0.106 -52.5 0.096

-50.7 0.122 -50.6 0.121 -50.7 0.110 -50.5 0.133 -50.6 0.122 -50.7 0.115

-48.7 0.143 -48.6 0.141 -48.7 0.133 -48.6 0.154 -48.7 0.147 -48.6 0.147

-46.5 0.181 -46.6 0.173 -46.6 0.175 -46.5 0.188 -46.4 0.188 -46.6 0.184

-44.6 0.223 -44.8 0.221 -44.8 0.212 -44.5 0.233 -44.6 0.230 -44.6 0.228

-42.2 0.301 -42.8 0.280 -42.8 0.266 -42.7 0.294 -42.6 0.288 -42.7 0.291

-39.2 0.441 -39.6 0.419 -39.5 0.424 -39.3 0.446 -39.3 0.451 -40.2 0.396

-37.1 0.561 -38.5 0.473 -38.5 0.467 -37.9 0.525 -38.4 0.486 -38.6 0.475

-36.4 0.620 -36.7 0.586 -36.3 0.603 -36.8 0.589 -36.2 0.608 -36.2 0.594

-34.4 0.732 -34.4 0.724 -34.8 0.688 -34.7 0.690 -34.5 0.676 -34.8 0.643

-32.7 0.803 -32.9 0.790 -32.6 0.768 -32.8 0.751 -32.8 0.716 -32.9 0.663

-30.9 0.845 -30.8 0.821 -30.8 0.784 -30.9 0.761 -30.6 0.713 -30.8 0.642

-28.7 0.840 -28.9 0.805 -28.8 0.758 -28.7 0.730 -28.8 0.674 -28.7 0.597

-26.8 0.795 -26.7 0.754 -26.8 0.707 -26.8 0.677 -26.8 0.624 -26.6 0.541

-24.9 0.733 -24.7 0.691 -24.8 0.643 -24.7 0.615 -24.8 0.565 -24.7 0.491

-22.8 0.663 -22.8 0.629 -22.9 0.585 -22.9 0.558 -22.8 0.510 -22.8 0.445

-20.8 0.597 -20.8 0.567 -20.9 0.529 -20.8 0.503 -20.8 0.461 -20.7 0.402

-18.9 0.540 -19.0 0.516 -18.8 0.478 -18.8 0.456 -18.6 0.417 -18.9 0.368

-16.8 0.485 -16.8 0.465 -16.9 0.435 -16.8 0.415 -16.9 0.384 -16.7 0.334

-14.8 0.439 -14.8 0.423 -14.7 0.397 -14.7 0.379 -14.7 0.350 -14.8 0.309

-12.8 0.399 -12.8 0.385 -12.8 0.364 -12.8 0.348 -12.7 0.323 -12.8 0.287

-10.7 0.364 -10.8 0.353 -10.9 0.336 -10.9 0.322 -10.8 0.300 -10.9 0.268

-8.9 0.334 -8.8 0.325 -8.7 0.311 -8.7 0.298 -8.9 0.279 -8.8 0.251

-6.8 0.307 -6.7 0.300 -6.8 0.289 -6.8 0.278 -6.7 0.263 -6.8 0.239

-4.8 0.285 -4.8 0.280 -4.9 0.272 -4.9 0.261 -4.8 0.249 -4.8 0.228

-2.8 0.267 -2.8 0.263 -2.7 0.256 -2.8 0.248 -2.8 0.237 -2.7 0.219

-0.9 0.251 -0.9 0.249 -0.8 0.244 -0.9 0.236 -0.8 0.227 -0.9 0.212

2.6 0.237 2.5 0.235 2.2 0.233 2.5 0.225 2.4 0.219 2.4 0.206

2.8 0.234 2.8 0.232 2.7 0.227 2.9 0.224 2.8 0.217 2.8 0.204

5.2 0.223 5.1 0.222 5.2 0.221 5.2 0.216 5.1 0.212 5.2 0.201

7.2 0.214 7.2 0.215 6.9 0.214 6.8 0.211 7.0 0.207 7.3 0.198

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D18 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with various silica/CB hybrid ratios (cont.): (f) ESBR1723_CSi 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.2 0.209 9.2 0.209 9.2 0.209 9.3 0.207 9.2 0.205 9.3 0.197

11.2 0.203 11.2 0.203 11.2 0.206 11.3 0.205 11.2 0.201 11.2 0.195

13.2 0.198 13.1 0.198 13.3 0.202 13.2 0.201 13.3 0.200 13.1 0.193

15.1 0.195 15.2 0.195 15.2 0.200 15.1 0.199 15.2 0.198 15.3 0.193

17.2 0.190 17.3 0.192 17.2 0.197 17.3 0.198 17.2 0.196 17.0 0.192

19.3 0.186 19.0 0.188 19.3 0.195 19.2 0.195 19.1 0.194 19.2 0.191

21.1 0.182 21.1 0.186 21.2 0.191 21.2 0.192 21.2 0.194 21.2 0.190

23.3 0.179 23.3 0.183 23.4 0.187 23.3 0.191 23.3 0.191 23.3 0.188

25.2 0.175 25.2 0.180 25.2 0.185 25.1 0.188 25.1 0.188 25.2 0.188

27.3 0.171 27.2 0.175 27.1 0.182 27.2 0.185 27.2 0.187 27.2 0.187

29.2 0.167 29.1 0.170 29.3 0.181 29.2 0.184 29.2 0.185 29.2 0.186

31.1 0.165 31.2 0.168 31.2 0.176 31.3 0.180 31.1 0.183 31.2 0.184

33.2 0.161 33.2 0.166 33.2 0.175 33.1 0.178 33.1 0.180 33.2 0.182

35.3 0.158 35.2 0.161 35.2 0.170 35.2 0.175 35.2 0.177 35.3 0.181

37.2 0.154 37.2 0.158 37.1 0.167 37.1 0.173 37.1 0.177 37.2 0.180

39.1 0.148 39.1 0.155 39.1 0.164 39.2 0.169 39.1 0.173 39.1 0.177

41.3 0.147 41.2 0.150 41.2 0.161 41.1 0.165 41.1 0.170 41.1 0.175

43.1 0.143 43.2 0.148 43.2 0.157 43.1 0.163 43.2 0.168 43.2 0.172

45.2 0.139 45.1 0.146 45.2 0.153 45.1 0.159 45.1 0.164 45.2 0.170

47.2 0.135 47.2 0.140 47.2 0.149 47.3 0.156 47.2 0.163 47.1 0.168

49.2 0.132 49.3 0.136 49.1 0.146 49.1 0.153 49.2 0.158 49.2 0.166

51.1 0.129 51.2 0.133 51.3 0.144 51.3 0.150 51.2 0.156 51.1 0.164

53.3 0.127 53.2 0.131 53.2 0.140 53.2 0.146 53.3 0.153 53.2 0.160

55.2 0.122 55.1 0.128 55.2 0.136 55.1 0.143 55.1 0.152 55.2 0.159

57.1 0.118 57.1 0.123 57.3 0.132 57.1 0.138 57.3 0.146 57.2 0.158

59.2 0.114 59.3 0.119 59.2 0.129 59.4 0.136 59.2 0.143 59.3 0.155

61.2 0.111 61.3 0.118 61.2 0.126 61.3 0.134 61.1 0.143 61.2 0.153

63.2 0.110 63.2 0.116 63.1 0.126 63.2 0.131 63.3 0.138 63.1 0.151

65.2 0.106 65.2 0.113 65.2 0.123 65.2 0.129 65.2 0.136 65.2 0.152

67.3 0.103 67.2 0.108 67.1 0.120 67.2 0.126 67.1 0.135 67.3 0.149

69.2 0.104 69.2 0.108 69.0 0.119 69.2 0.124 69.3 0.135 69.1 0.148

71.2 0.103 71.2 0.108 71.2 0.117 71.3 0.123 71.2 0.132 71.1 0.146

73.0 0.099 73.1 0.106 73.0 0.114 73.2 0.121 73.1 0.129 73.1 0.144

75.4 0.099 75.1 0.104 75.4 0.112 75.2 0.119 75.2 0.130 75.0 0.145

77.1 0.097 77.3 0.104 77.2 0.111 77.2 0.117 77.1 0.127 77.3 0.142

79.5 0.097 79.3 0.101 79.3 0.109 79.4 0.116 79.1 0.127 79.1 0.140

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D19 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (a) SSBR6450SL_HDSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.029 0.390 0.030 0.357 0.030 0.360 0.029 0.343 0.030 0.315 0.030 0.290

0.035 0.393 0.035 0.356 0.035 0.358 0.035 0.346 0.035 0.318 0.036 0.290

0.041 0.395 0.041 0.358 0.041 0.361 0.041 0.348 0.041 0.318 0.041 0.291

0.048 0.394 0.047 0.360 0.047 0.364 0.048 0.348 0.048 0.320 0.048 0.292

0.056 0.396 0.056 0.362 0.056 0.366 0.056 0.350 0.056 0.322 0.056 0.293

0.065 0.397 0.065 0.364 0.065 0.368 0.065 0.352 0.065 0.324 0.066 0.296

0.076 0.400 0.076 0.367 0.076 0.371 0.077 0.356 0.076 0.328 0.076 0.298

0.089 0.403 0.089 0.370 0.089 0.376 0.090 0.359 0.089 0.332 0.089 0.301

0.104 0.406 0.104 0.374 0.104 0.380 0.104 0.364 0.104 0.335 0.104 0.306

0.121 0.410 0.122 0.378 0.122 0.385 0.122 0.370 0.122 0.342 0.122 0.311

0.142 0.415 0.142 0.383 0.142 0.391 0.143 0.377 0.143 0.350 0.143 0.319

0.166 0.421 0.167 0.391 0.167 0.399 0.167 0.386 0.167 0.358 0.167 0.327

0.195 0.428 0.195 0.399 0.194 0.408 0.195 0.396 0.195 0.369 0.195 0.338

0.227 0.438 0.227 0.409 0.227 0.418 0.227 0.408 0.228 0.383 0.229 0.351

0.266 0.448 0.265 0.420 0.266 0.431 0.266 0.422 0.267 0.398 0.267 0.367

0.311 0.460 0.310 0.433 0.311 0.445 0.311 0.438 0.312 0.415 0.313 0.385

0.363 0.473 0.363 0.447 0.364 0.461 0.363 0.456 0.365 0.435 0.366 0.406

0.424 0.487 0.425 0.463 0.425 0.478 0.425 0.476 0.427 0.457 0.428 0.430

0.496 0.502 0.497 0.480 0.497 0.497 0.497 0.497 0.499 0.480 0.501 0.456

0.579 0.518 0.581 0.498 0.581 0.517 0.582 0.520 0.583 0.505 0.581 0.482

0.677 0.534 0.678 0.516 0.676 0.537 0.676 0.542 0.678 0.530 0.679 0.510

0.791 0.551 0.792 0.535 0.789 0.557 0.790 0.565 0.791 0.555 0.792 0.539

0.922 0.567 0.918 0.556 0.918 0.580 0.923 0.588 0.925 0.581 0.916 0.573

1.076 0.583 1.073 0.574 1.077 0.597 1.073 0.613 1.070 0.611 1.073 0.601

1.258 0.598 1.258 0.589 1.259 0.616 1.250 0.634 1.254 0.634 1.248 0.629

1.461 0.611 1.461 0.606 1.465 0.635 1.464 0.653 1.465 0.656 1.466 0.653

1.711 0.622 1.711 0.619 1.707 0.649 1.711 0.670 1.712 0.675 1.713 0.675

1.995 0.629 1.995 0.629 1.994 0.660 1.999 0.684 1.995 0.689 1.995 0.690

2.330 0.634 2.330 0.636 2.330 0.667 2.330 0.691 2.330 0.699 2.330 0.702

2.723 0.635 2.723 0.639 2.722 0.670 2.722 0.695 2.722 0.704 2.723 0.708

3.181 0.632 3.181 0.638 3.181 0.668 3.180 0.694 3.180 0.704 3.181 0.708

3.711 0.621 3.712 0.629 3.711 0.658 3.715 0.687 3.715 0.698 3.712 0.699

4.335 0.607 4.336 0.616 4.335 0.645 4.334 0.672 4.334 0.683 4.335 0.686

5.064 0.588 5.064 0.599 5.063 0.627 5.063 0.653 5.063 0.665 5.064 0.667

5.916 0.564 5.915 0.577 5.913 0.604 5.914 0.630 5.914 0.641 5.914 0.645

6.910 0.538 6.910 0.551 6.908 0.577 6.908 0.603 6.908 0.615 6.909 0.619

8.070 0.508 8.069 0.521 8.069 0.547 8.068 0.572 8.069 0.585 8.068 0.590

9.424 0.477 9.436 0.489 9.425 0.514 9.423 0.541 9.423 0.554 9.424 0.560

SSBR6450SL

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table D20 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (b) SSBR6450SL_CSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.398 0.030 0.364 0.030 0.350 0.030 0.341 0.031 0.326 0.030 0.290

0.035 0.395 0.035 0.366 0.035 0.350 0.035 0.343 0.035 0.326 0.036 0.290

0.041 0.400 0.041 0.369 0.041 0.353 0.041 0.343 0.041 0.324 0.041 0.291

0.048 0.400 0.047 0.369 0.048 0.357 0.048 0.345 0.048 0.326 0.048 0.292

0.056 0.403 0.056 0.374 0.056 0.358 0.056 0.347 0.057 0.328 0.056 0.293

0.066 0.404 0.066 0.375 0.065 0.360 0.065 0.350 0.065 0.330 0.066 0.296

0.076 0.406 0.076 0.378 0.076 0.363 0.077 0.351 0.077 0.333 0.076 0.298

0.089 0.410 0.089 0.382 0.089 0.368 0.089 0.356 0.089 0.336 0.089 0.301

0.104 0.414 0.104 0.385 0.104 0.372 0.104 0.361 0.105 0.340 0.104 0.306

0.122 0.418 0.122 0.391 0.121 0.376 0.122 0.366 0.122 0.344 0.122 0.311

0.142 0.424 0.143 0.397 0.142 0.383 0.142 0.373 0.143 0.351 0.143 0.319

0.166 0.430 0.167 0.404 0.166 0.390 0.166 0.381 0.167 0.360 0.167 0.327

0.195 0.437 0.194 0.411 0.194 0.399 0.195 0.391 0.195 0.370 0.195 0.338

0.227 0.445 0.227 0.421 0.227 0.409 0.228 0.402 0.228 0.382 0.229 0.351

0.265 0.455 0.266 0.432 0.265 0.422 0.266 0.416 0.267 0.397 0.267 0.367

0.310 0.466 0.311 0.444 0.311 0.436 0.311 0.432 0.312 0.413 0.313 0.385

0.363 0.479 0.363 0.459 0.364 0.451 0.364 0.449 0.365 0.433 0.366 0.406

0.424 0.492 0.424 0.474 0.425 0.469 0.425 0.468 0.427 0.455 0.428 0.430

0.495 0.507 0.496 0.490 0.497 0.488 0.498 0.489 0.499 0.478 0.501 0.456

0.579 0.522 0.580 0.508 0.581 0.508 0.581 0.510 0.584 0.503 0.581 0.482

0.677 0.538 0.677 0.526 0.679 0.528 0.680 0.533 0.677 0.528 0.679 0.510

0.790 0.554 0.788 0.545 0.793 0.549 0.792 0.561 0.786 0.559 0.792 0.539

0.923 0.570 0.924 0.563 0.924 0.574 0.925 0.584 0.924 0.581 0.916 0.573

1.076 0.588 1.072 0.584 1.077 0.591 1.078 0.602 1.074 0.611 1.073 0.601

1.253 0.603 1.250 0.601 1.254 0.614 1.254 0.626 1.249 0.636 1.248 0.629

1.464 0.616 1.464 0.616 1.461 0.632 1.464 0.646 1.465 0.657 1.466 0.653

1.713 0.628 1.707 0.630 1.711 0.648 1.711 0.663 1.712 0.677 1.713 0.675

1.994 0.637 1.994 0.640 2.000 0.662 1.994 0.674 1.995 0.691 1.995 0.690

2.330 0.644 2.330 0.648 2.330 0.669 2.330 0.683 2.330 0.701 2.330 0.702

2.722 0.648 2.722 0.652 2.722 0.673 2.722 0.688 2.722 0.706 2.723 0.708

3.180 0.647 3.180 0.651 3.180 0.672 3.180 0.688 3.181 0.706 3.181 0.708

3.711 0.639 3.711 0.642 3.711 0.661 3.710 0.677 3.715 0.699 3.712 0.699

4.334 0.627 4.335 0.630 4.335 0.648 4.335 0.664 4.335 0.683 4.335 0.686

5.064 0.610 5.063 0.613 5.063 0.629 5.063 0.645 5.064 0.664 5.064 0.667

5.914 0.589 5.915 0.591 5.919 0.605 5.915 0.623 5.915 0.640 5.914 0.645

6.908 0.564 6.908 0.565 6.909 0.579 6.908 0.596 6.909 0.613 6.909 0.619

8.068 0.535 8.067 0.536 8.070 0.549 8.068 0.565 8.068 0.583 8.068 0.590

9.425 0.503 9.424 0.504 9.424 0.516 9.423 0.532 9.424 0.550 9.424 0.560

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D21 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (c) SSBR3626_HDSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.434 0.030 0.416 0.030 0.396 0.030 0.389 0.030 0.373 0.030 0.337

0.035 0.432 0.036 0.416 0.036 0.398 0.035 0.390 0.035 0.375 0.036 0.337

0.041 0.434 0.041 0.417 0.041 0.399 0.041 0.391 0.041 0.376 0.041 0.340

0.047 0.436 0.048 0.419 0.049 0.400 0.049 0.393 0.048 0.376 0.048 0.341

0.056 0.437 0.056 0.419 0.056 0.402 0.056 0.394 0.056 0.380 0.057 0.342

0.065 0.440 0.065 0.423 0.065 0.405 0.065 0.397 0.066 0.381 0.065 0.343

0.076 0.442 0.076 0.425 0.076 0.407 0.076 0.399 0.076 0.383 0.077 0.346

0.089 0.445 0.089 0.428 0.090 0.412 0.090 0.403 0.089 0.388 0.089 0.350

0.104 0.449 0.104 0.432 0.105 0.416 0.104 0.407 0.104 0.392 0.104 0.354

0.122 0.453 0.122 0.437 0.122 0.421 0.122 0.412 0.122 0.397 0.122 0.359

0.143 0.458 0.143 0.443 0.143 0.427 0.143 0.419 0.143 0.404 0.143 0.366

0.167 0.465 0.166 0.451 0.167 0.435 0.167 0.427 0.167 0.412 0.168 0.375

0.194 0.473 0.195 0.460 0.195 0.445 0.194 0.437 0.196 0.423 0.196 0.385

0.228 0.483 0.228 0.471 0.228 0.457 0.228 0.449 0.228 0.435 0.229 0.398

0.266 0.495 0.267 0.484 0.267 0.470 0.267 0.464 0.267 0.450 0.268 0.414

0.312 0.508 0.312 0.499 0.312 0.486 0.312 0.479 0.313 0.468 0.313 0.432

0.364 0.523 0.365 0.516 0.364 0.504 0.366 0.499 0.366 0.488 0.367 0.452

0.426 0.540 0.426 0.534 0.427 0.523 0.427 0.519 0.428 0.511 0.429 0.476

0.498 0.558 0.498 0.554 0.499 0.544 0.497 0.541 0.501 0.535 0.501 0.501

0.579 0.577 0.583 0.575 0.579 0.567 0.584 0.565 0.581 0.562 0.582 0.528

0.678 0.601 0.673 0.600 0.673 0.594 0.678 0.591 0.679 0.588 0.681 0.557

0.791 0.619 0.790 0.620 0.792 0.615 0.792 0.618 0.784 0.622 0.784 0.593

0.916 0.642 0.924 0.643 0.915 0.643 0.919 0.648 0.919 0.651 0.922 0.623

1.070 0.661 1.075 0.667 1.070 0.666 1.070 0.674 1.068 0.680 1.070 0.654

1.251 0.680 1.251 0.686 1.250 0.689 1.248 0.699 1.250 0.705 1.256 0.685

1.462 0.695 1.462 0.704 1.462 0.710 1.461 0.721 1.462 0.727 1.462 0.711

1.709 0.707 1.708 0.718 1.709 0.727 1.708 0.739 1.704 0.747 1.703 0.735

1.997 0.715 1.996 0.728 1.997 0.739 1.996 0.754 1.992 0.762 1.991 0.754

2.333 0.718 2.333 0.735 2.333 0.746 2.333 0.762 2.333 0.770 2.333 0.767

2.722 0.712 2.721 0.733 2.726 0.748 2.721 0.761 2.721 0.770 2.725 0.773

3.176 0.703 3.182 0.730 3.182 0.743 3.179 0.755 3.180 0.767 3.178 0.769

3.713 0.688 3.713 0.714 3.713 0.727 3.710 0.744 3.713 0.752 3.713 0.760

4.337 0.668 4.336 0.695 4.337 0.708 4.336 0.726 4.336 0.733 4.336 0.743

5.064 0.642 5.064 0.671 5.065 0.683 5.065 0.701 5.066 0.708 5.065 0.721

5.917 0.612 5.916 0.642 5.916 0.655 5.917 0.671 5.916 0.678 5.916 0.693

6.912 0.578 6.910 0.608 6.911 0.620 6.911 0.637 6.912 0.645 6.910 0.661

8.072 0.542 8.070 0.572 8.072 0.584 8.070 0.602 8.073 0.609 8.071 0.628

9.427 0.505 9.427 0.533 9.425 0.547 9.426 0.563 9.426 0.571 9.426 0.592

SSBR3626

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table D22 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (d) SSBR3626_CSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.441 0.030 0.418 0.029 0.411 0.030 0.395 0.030 0.369 0.030 0.337

0.035 0.443 0.035 0.421 0.036 0.414 0.035 0.396 0.035 0.368 0.036 0.337

0.041 0.445 0.041 0.421 0.041 0.416 0.041 0.396 0.041 0.371 0.041 0.340

0.047 0.446 0.048 0.425 0.048 0.417 0.048 0.398 0.048 0.373 0.048 0.341

0.056 0.450 0.055 0.426 0.056 0.418 0.056 0.400 0.056 0.373 0.057 0.342

0.065 0.451 0.065 0.428 0.065 0.423 0.065 0.403 0.066 0.376 0.065 0.343

0.077 0.455 0.077 0.432 0.076 0.425 0.077 0.407 0.076 0.378 0.077 0.346

0.089 0.458 0.089 0.435 0.089 0.428 0.089 0.411 0.090 0.382 0.089 0.350

0.104 0.462 0.104 0.439 0.105 0.433 0.104 0.416 0.104 0.386 0.104 0.354

0.122 0.466 0.122 0.444 0.122 0.438 0.122 0.421 0.122 0.391 0.122 0.359

0.142 0.472 0.142 0.451 0.143 0.444 0.143 0.428 0.143 0.397 0.143 0.366

0.166 0.478 0.167 0.459 0.167 0.453 0.167 0.436 0.167 0.405 0.168 0.375

0.194 0.486 0.195 0.468 0.195 0.462 0.195 0.447 0.195 0.415 0.196 0.385

0.227 0.495 0.228 0.478 0.228 0.474 0.228 0.459 0.228 0.427 0.229 0.398

0.266 0.506 0.266 0.491 0.267 0.488 0.267 0.473 0.267 0.442 0.268 0.414

0.311 0.519 0.311 0.505 0.311 0.504 0.313 0.491 0.313 0.459 0.313 0.432

0.363 0.534 0.365 0.522 0.365 0.521 0.365 0.509 0.365 0.478 0.367 0.452

0.425 0.549 0.425 0.540 0.426 0.541 0.427 0.530 0.428 0.500 0.429 0.476

0.497 0.566 0.498 0.559 0.498 0.562 0.499 0.553 0.497 0.524 0.501 0.501

0.581 0.584 0.582 0.580 0.579 0.584 0.580 0.577 0.580 0.550 0.582 0.528

0.678 0.603 0.678 0.601 0.679 0.612 0.678 0.603 0.678 0.577 0.681 0.557

0.784 0.624 0.790 0.624 0.786 0.635 0.786 0.633 0.793 0.606 0.784 0.593

0.923 0.642 0.924 0.647 0.924 0.656 0.925 0.657 0.916 0.638 0.922 0.623

1.071 0.661 1.070 0.671 1.074 0.683 1.070 0.686 1.070 0.667 1.070 0.654

1.254 0.678 1.254 0.693 1.250 0.705 1.254 0.711 1.255 0.695 1.256 0.685

1.462 0.693 1.461 0.711 1.466 0.726 1.461 0.733 1.459 0.720 1.462 0.711

1.709 0.705 1.708 0.727 1.708 0.743 1.708 0.752 1.708 0.741 1.703 0.735

1.997 0.714 1.996 0.739 1.995 0.756 1.996 0.766 1.996 0.759 1.991 0.754

2.333 0.717 2.332 0.748 2.331 0.764 2.332 0.776 2.333 0.771 2.333 0.767

2.721 0.713 2.724 0.750 2.725 0.767 2.725 0.779 2.725 0.776 2.725 0.773

3.179 0.704 3.178 0.742 3.178 0.759 3.178 0.771 3.178 0.772 3.178 0.769

3.713 0.690 3.712 0.730 3.712 0.747 3.712 0.760 3.710 0.763 3.713 0.760

4.336 0.671 4.336 0.712 4.337 0.728 4.336 0.742 4.336 0.747 4.336 0.743

5.065 0.645 5.065 0.687 5.065 0.703 5.064 0.718 5.065 0.725 5.065 0.721

5.916 0.616 5.916 0.657 5.916 0.672 5.915 0.689 5.916 0.696 5.916 0.693

6.909 0.581 6.909 0.624 6.910 0.638 6.910 0.655 6.910 0.665 6.910 0.661

8.069 0.544 8.071 0.587 8.071 0.602 8.069 0.618 8.070 0.628 8.071 0.628

9.426 0.507 9.425 0.548 9.425 0.564 9.426 0.578 9.423 0.591 9.426 0.592

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D23 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (e) ESBR1723_HDSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.181 0.030 0.175 0.030 0.175 0.030 0.169 0.030 0.163 0.030 0.157

0.035 0.182 0.035 0.176 0.035 0.176 0.036 0.170 0.035 0.166 0.034 0.159

0.041 0.183 0.041 0.181 0.041 0.179 0.041 0.169 0.042 0.167 0.041 0.160

0.048 0.180 0.048 0.180 0.047 0.178 0.048 0.172 0.048 0.168 0.048 0.161

0.056 0.183 0.056 0.181 0.056 0.178 0.055 0.173 0.056 0.170 0.056 0.162

0.066 0.186 0.065 0.184 0.066 0.181 0.065 0.175 0.065 0.171 0.065 0.163

0.076 0.187 0.076 0.185 0.076 0.183 0.076 0.176 0.076 0.174 0.077 0.165

0.089 0.190 0.089 0.188 0.089 0.186 0.089 0.180 0.089 0.177 0.089 0.169

0.104 0.194 0.104 0.191 0.104 0.190 0.104 0.184 0.104 0.180 0.104 0.173

0.122 0.196 0.122 0.196 0.122 0.194 0.122 0.188 0.122 0.185 0.122 0.178

0.143 0.202 0.143 0.201 0.142 0.200 0.143 0.194 0.142 0.191 0.143 0.184

0.166 0.206 0.166 0.207 0.166 0.206 0.166 0.201 0.167 0.198 0.167 0.192

0.195 0.213 0.195 0.214 0.195 0.214 0.195 0.209 0.196 0.207 0.196 0.201

0.228 0.220 0.228 0.222 0.228 0.223 0.228 0.219 0.228 0.217 0.229 0.212

0.265 0.227 0.266 0.231 0.266 0.232 0.266 0.230 0.266 0.229 0.268 0.226

0.311 0.237 0.311 0.241 0.311 0.244 0.311 0.242 0.312 0.243 0.313 0.241

0.363 0.246 0.363 0.252 0.364 0.256 0.364 0.255 0.364 0.257 0.366 0.258

0.424 0.257 0.424 0.263 0.425 0.269 0.425 0.270 0.427 0.274 0.428 0.276

0.495 0.268 0.497 0.275 0.496 0.282 0.497 0.286 0.498 0.290 0.500 0.295

0.578 0.279 0.579 0.287 0.580 0.296 0.581 0.301 0.583 0.308 0.584 0.315

0.676 0.290 0.677 0.299 0.678 0.310 0.679 0.317 0.676 0.325 0.677 0.335

0.790 0.300 0.790 0.311 0.792 0.323 0.789 0.333 0.786 0.346 0.791 0.355

0.923 0.311 0.924 0.322 0.921 0.336 0.918 0.352 0.915 0.364 0.924 0.374

1.078 0.321 1.079 0.333 1.075 0.349 1.076 0.362 1.072 0.378 1.070 0.399

1.259 0.330 1.251 0.346 1.257 0.361 1.253 0.379 1.258 0.388 1.252 0.415

1.463 0.342 1.462 0.355 1.462 0.374 1.467 0.388 1.463 0.406 1.463 0.429

1.707 0.349 1.707 0.363 1.713 0.381 1.705 0.402 1.708 0.417 1.709 0.443

1.999 0.354 1.994 0.370 1.995 0.392 1.995 0.411 1.997 0.427 1.992 0.456

2.330 0.362 2.330 0.376 2.326 0.398 2.327 0.419 2.331 0.435 2.332 0.464

2.721 0.366 2.721 0.381 2.721 0.402 2.722 0.424 2.723 0.441 2.724 0.471

3.175 0.369 3.179 0.384 3.180 0.406 3.180 0.427 3.175 0.445 3.176 0.476

3.714 0.370 3.715 0.385 3.715 0.407 3.710 0.429 3.710 0.445 3.711 0.477

4.333 0.369 4.333 0.384 4.333 0.407 4.333 0.427 4.334 0.444 4.335 0.477

5.062 0.367 5.062 0.382 5.062 0.404 5.063 0.425 5.063 0.440 5.064 0.473

5.913 0.363 5.913 0.377 5.913 0.399 5.914 0.419 5.914 0.434 5.915 0.467

6.908 0.357 6.905 0.369 6.905 0.392 6.906 0.410 6.906 0.425 6.906 0.458

8.064 0.348 8.065 0.360 8.065 0.381 8.066 0.400 8.065 0.414 8.066 0.446

9.419 0.336 9.420 0.348 9.420 0.368 9.420 0.387 9.420 0.401 9.421 0.432

ESBR1723

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table D24 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (f) ESBR1723_CSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.181 0.030 0.177 0.030 0.177 0.029 0.174 0.030 0.168 0.030 0.157

0.035 0.180 0.036 0.181 0.035 0.177 0.035 0.173 0.035 0.166 0.034 0.159

0.042 0.180 0.041 0.179 0.041 0.179 0.041 0.173 0.041 0.168 0.041 0.160

0.048 0.181 0.047 0.183 0.047 0.179 0.048 0.177 0.047 0.169 0.048 0.161

0.056 0.182 0.056 0.183 0.057 0.180 0.056 0.177 0.056 0.169 0.056 0.162

0.066 0.185 0.065 0.184 0.065 0.182 0.066 0.179 0.065 0.172 0.065 0.163

0.077 0.186 0.076 0.187 0.076 0.183 0.077 0.181 0.076 0.174 0.077 0.165

0.089 0.189 0.089 0.190 0.090 0.188 0.089 0.184 0.089 0.177 0.089 0.169

0.104 0.194 0.104 0.193 0.104 0.191 0.104 0.187 0.104 0.182 0.104 0.173

0.121 0.196 0.122 0.197 0.122 0.195 0.122 0.193 0.122 0.186 0.122 0.178

0.142 0.201 0.142 0.202 0.143 0.200 0.143 0.198 0.143 0.191 0.143 0.184

0.166 0.206 0.167 0.207 0.166 0.206 0.166 0.205 0.167 0.199 0.167 0.192

0.195 0.212 0.194 0.213 0.195 0.214 0.195 0.214 0.195 0.207 0.196 0.201

0.227 0.219 0.227 0.222 0.228 0.222 0.227 0.222 0.228 0.217 0.229 0.212

0.266 0.227 0.266 0.231 0.266 0.232 0.266 0.233 0.267 0.229 0.268 0.226

0.311 0.236 0.311 0.240 0.311 0.243 0.311 0.245 0.312 0.241 0.313 0.241

0.362 0.246 0.363 0.252 0.364 0.256 0.364 0.258 0.365 0.256 0.366 0.258

0.424 0.256 0.424 0.263 0.425 0.269 0.425 0.273 0.426 0.271 0.428 0.276

0.495 0.267 0.496 0.275 0.496 0.283 0.497 0.288 0.498 0.288 0.500 0.295

0.578 0.278 0.579 0.287 0.580 0.297 0.580 0.303 0.582 0.305 0.584 0.315

0.676 0.289 0.676 0.300 0.675 0.311 0.678 0.318 0.679 0.322 0.677 0.335

0.789 0.300 0.790 0.312 0.788 0.325 0.789 0.334 0.786 0.344 0.791 0.355

0.922 0.311 0.923 0.324 0.921 0.339 0.921 0.348 0.917 0.361 0.924 0.374

1.077 0.322 1.078 0.335 1.077 0.355 1.071 0.367 1.077 0.373 1.070 0.399

1.258 0.331 1.259 0.346 1.255 0.364 1.256 0.377 1.252 0.392 1.252 0.415

1.466 0.341 1.462 0.358 1.462 0.378 1.462 0.392 1.469 0.402 1.463 0.429

1.707 0.351 1.707 0.366 1.713 0.385 1.705 0.402 1.705 0.419 1.709 0.443

1.999 0.356 2.000 0.372 1.991 0.396 1.994 0.411 1.995 0.428 1.992 0.456

2.329 0.364 2.330 0.380 2.330 0.402 2.330 0.419 2.331 0.437 2.332 0.464

2.718 0.368 2.721 0.385 2.718 0.407 2.722 0.424 2.717 0.443 2.724 0.471

3.175 0.371 3.179 0.388 3.175 0.410 3.180 0.428 3.175 0.448 3.176 0.476

3.709 0.372 3.714 0.389 3.709 0.410 3.714 0.429 3.715 0.449 3.711 0.477

4.332 0.372 4.333 0.388 4.333 0.409 4.333 0.428 4.333 0.449 4.335 0.477

5.061 0.370 5.062 0.385 5.062 0.406 5.061 0.424 5.062 0.445 5.064 0.473

5.913 0.365 5.913 0.380 5.913 0.401 5.913 0.419 5.913 0.439 5.915 0.467

6.907 0.359 6.908 0.373 6.904 0.392 6.908 0.411 6.905 0.430 6.906 0.458

8.064 0.349 8.064 0.364 8.064 0.382 8.064 0.399 8.065 0.419 8.066 0.446

9.418 0.338 9.419 0.352 9.418 0.370 9.419 0.386 9.420 0.406 9.421 0.432

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D25 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (a) SSBR6450SL_HDSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.073 0.030 0.081 0.030 0.092 0.030 0.089 0.030 0.094 0.030 0.110

0.034 0.071 0.034 0.079 0.036 0.084 0.035 0.096 0.035 0.108 0.035 0.106

0.041 0.070 0.041 0.084 0.041 0.089 0.041 0.086 0.041 0.102 0.041 0.107

0.047 0.068 0.045 0.092 0.048 0.089 0.047 0.102 0.049 0.105 0.048 0.108

0.056 0.077 0.056 0.080 0.056 0.090 0.056 0.094 0.055 0.102 0.056 0.106

0.065 0.075 0.065 0.089 0.066 0.097 0.065 0.096 0.066 0.103 0.065 0.107

0.077 0.077 0.076 0.089 0.077 0.091 0.077 0.097 0.076 0.105 0.076 0.110

0.089 0.076 0.090 0.084 0.089 0.090 0.088 0.101 0.089 0.104 0.089 0.114

0.104 0.073 0.105 0.086 0.104 0.096 0.102 0.100 0.104 0.109 0.104 0.116

0.122 0.079 0.121 0.085 0.121 0.096 0.122 0.106 0.122 0.111 0.122 0.120

0.142 0.078 0.142 0.089 0.142 0.100 0.142 0.106 0.142 0.114 0.142 0.123

0.166 0.079 0.166 0.091 0.166 0.100 0.166 0.110 0.166 0.118 0.166 0.128

0.194 0.082 0.194 0.093 0.194 0.102 0.194 0.112 0.194 0.121 0.194 0.134

0.226 0.084 0.227 0.097 0.227 0.104 0.227 0.115 0.227 0.128 0.228 0.142

0.264 0.086 0.265 0.099 0.264 0.108 0.265 0.121 0.265 0.134 0.266 0.149

0.309 0.088 0.310 0.103 0.310 0.113 0.310 0.126 0.311 0.141 0.310 0.160

0.361 0.091 0.362 0.106 0.362 0.120 0.361 0.132 0.362 0.148 0.363 0.171

0.422 0.095 0.422 0.110 0.422 0.126 0.422 0.138 0.423 0.157 0.424 0.182

0.493 0.096 0.494 0.115 0.492 0.131 0.493 0.145 0.494 0.166 0.495 0.194

0.576 0.100 0.576 0.118 0.576 0.138 0.576 0.152 0.580 0.175 0.578 0.206

0.673 0.102 0.673 0.123 0.673 0.144 0.673 0.159 0.674 0.183 0.675 0.218

0.786 0.105 0.786 0.127 0.787 0.151 0.787 0.166 0.787 0.192 0.788 0.230

0.918 0.108 0.918 0.132 0.918 0.157 0.918 0.172 0.919 0.199 0.921 0.242

1.072 0.111 1.072 0.135 1.073 0.163 1.074 0.179 1.074 0.208 1.076 0.253

1.253 0.113 1.253 0.139 1.253 0.169 1.254 0.185 1.254 0.216 1.254 0.262

1.463 0.115 1.464 0.142 1.464 0.174 1.464 0.191 1.465 0.223 1.467 0.271

1.709 0.118 1.710 0.145 1.709 0.179 1.710 0.195 1.709 0.229 1.713 0.278

1.998 0.120 1.998 0.149 1.996 0.183 1.996 0.200 1.996 0.233 1.997 0.284

2.334 0.121 2.332 0.151 2.332 0.186 2.333 0.204 2.335 0.237 2.325 0.290

2.713 0.124 2.725 0.153 2.725 0.190 2.716 0.208 2.724 0.241 2.719 0.293

3.180 0.126 3.177 0.156 3.180 0.194 3.182 0.208 3.182 0.243 3.182 0.293

3.708 0.127 3.714 0.157 3.714 0.195 3.713 0.211 3.713 0.245 3.711 0.296

4.336 0.129 4.336 0.158 4.331 0.197 4.331 0.212 4.331 0.245 4.331 0.294

5.061 0.131 5.060 0.159 5.059 0.198 5.060 0.212 5.060 0.244 5.064 0.291

5.911 0.133 5.912 0.160 5.911 0.198 5.911 0.212 5.911 0.243 5.910 0.290

6.904 0.136 6.905 0.161 6.904 0.198 6.904 0.211 6.904 0.241 6.905 0.286

8.064 0.138 8.065 0.161 8.066 0.198 8.062 0.209 8.063 0.238 8.064 0.282

9.418 0.140 9.419 0.161 9.417 0.196 9.418 0.207 9.416 0.234 9.421 0.275

SSBR6450SL

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100
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Table D26 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (b) SSBR6450SL_CSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.069 0.030 0.086 0.031 0.091 0.030 0.094 0.030 0.100 0.030 0.110

0.036 0.074 0.035 0.079 0.035 0.080 0.036 0.097 0.035 0.101 0.035 0.106

0.041 0.075 0.040 0.078 0.041 0.081 0.041 0.096 0.041 0.101 0.041 0.107

0.048 0.077 0.048 0.086 0.048 0.088 0.049 0.097 0.048 0.102 0.048 0.108

0.055 0.076 0.056 0.084 0.056 0.085 0.056 0.095 0.056 0.102 0.056 0.106

0.065 0.079 0.063 0.078 0.065 0.090 0.066 0.092 0.065 0.104 0.065 0.107

0.076 0.088 0.076 0.084 0.076 0.091 0.076 0.098 0.076 0.105 0.076 0.110

0.089 0.082 0.089 0.084 0.090 0.093 0.089 0.100 0.089 0.107 0.089 0.114

0.104 0.075 0.104 0.085 0.104 0.092 0.104 0.100 0.103 0.110 0.104 0.116

0.122 0.073 0.122 0.086 0.122 0.092 0.122 0.103 0.121 0.111 0.122 0.120

0.142 0.079 0.142 0.085 0.143 0.096 0.142 0.104 0.143 0.116 0.142 0.123

0.166 0.080 0.166 0.086 0.166 0.097 0.166 0.107 0.166 0.119 0.166 0.128

0.194 0.081 0.194 0.089 0.194 0.100 0.194 0.111 0.194 0.122 0.194 0.134

0.226 0.083 0.226 0.090 0.226 0.103 0.227 0.115 0.228 0.127 0.228 0.142

0.265 0.085 0.265 0.093 0.265 0.108 0.265 0.119 0.267 0.135 0.266 0.149

0.309 0.087 0.309 0.098 0.310 0.112 0.310 0.125 0.310 0.141 0.310 0.160

0.361 0.090 0.360 0.100 0.362 0.116 0.362 0.131 0.362 0.149 0.363 0.171

0.421 0.091 0.422 0.105 0.422 0.121 0.423 0.138 0.423 0.157 0.424 0.182

0.492 0.094 0.493 0.108 0.493 0.126 0.494 0.144 0.494 0.166 0.495 0.194

0.576 0.097 0.575 0.112 0.576 0.133 0.577 0.152 0.577 0.175 0.578 0.206

0.672 0.099 0.672 0.117 0.673 0.138 0.672 0.158 0.674 0.183 0.675 0.218

0.786 0.101 0.785 0.121 0.786 0.144 0.787 0.166 0.787 0.193 0.788 0.230

0.917 0.104 0.915 0.124 0.918 0.149 0.919 0.173 0.919 0.202 0.921 0.242

1.071 0.106 1.072 0.129 1.073 0.155 1.073 0.180 1.074 0.211 1.076 0.253

1.249 0.108 1.252 0.132 1.253 0.160 1.253 0.186 1.251 0.218 1.254 0.262

1.459 0.110 1.463 0.135 1.463 0.165 1.465 0.192 1.464 0.226 1.467 0.271

1.708 0.112 1.709 0.138 1.705 0.169 1.709 0.198 1.709 0.232 1.713 0.278

1.997 0.113 1.996 0.140 1.998 0.173 1.998 0.202 1.996 0.238 1.997 0.284

2.331 0.114 2.332 0.142 2.332 0.177 2.334 0.206 2.333 0.243 2.325 0.290

2.723 0.116 2.725 0.144 2.722 0.179 2.723 0.209 2.724 0.246 2.719 0.293

3.179 0.117 3.169 0.146 3.177 0.183 3.169 0.213 3.181 0.248 3.182 0.293

3.714 0.118 3.714 0.147 3.714 0.184 3.711 0.212 3.710 0.252 3.711 0.296

4.337 0.119 4.332 0.148 4.335 0.185 4.335 0.214 4.334 0.251 4.331 0.294

5.061 0.121 5.060 0.148 5.060 0.186 5.064 0.214 5.064 0.250 5.064 0.291

5.911 0.122 5.911 0.149 5.911 0.186 5.911 0.214 5.911 0.250 5.910 0.290

6.905 0.124 6.905 0.150 6.904 0.186 6.904 0.213 6.908 0.247 6.905 0.286

8.063 0.125 8.064 0.150 8.062 0.185 8.066 0.210 8.065 0.245 8.064 0.282

9.418 0.127 9.419 0.150 9.418 0.184 9.420 0.208 9.419 0.240 9.421 0.275

SSBR6450SL

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D27 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (c) SSBR3626_HDSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.084 0.030 0.085 0.030 0.094 0.030 0.095 0.030 0.100 0.030 0.106

0.035 0.083 0.035 0.088 0.036 0.091 0.035 0.096 0.036 0.097 0.035 0.106

0.041 0.089 0.041 0.087 0.041 0.091 0.041 0.102 0.041 0.101 0.041 0.106

0.048 0.083 0.048 0.085 0.048 0.092 0.048 0.098 0.048 0.105 0.048 0.110

0.056 0.090 0.056 0.085 0.056 0.096 0.056 0.100 0.055 0.104 0.056 0.112

0.066 0.085 0.065 0.091 0.066 0.090 0.065 0.097 0.065 0.100 0.066 0.107

0.077 0.087 0.077 0.086 0.076 0.097 0.076 0.099 0.076 0.103 0.076 0.113

0.090 0.090 0.089 0.090 0.090 0.092 0.089 0.101 0.090 0.106 0.089 0.115

0.105 0.089 0.104 0.089 0.105 0.099 0.105 0.101 0.104 0.108 0.104 0.118

0.122 0.091 0.121 0.090 0.121 0.099 0.122 0.106 0.122 0.110 0.122 0.121

0.143 0.091 0.142 0.094 0.142 0.103 0.142 0.110 0.142 0.115 0.143 0.126

0.166 0.094 0.166 0.096 0.166 0.105 0.166 0.111 0.166 0.119 0.167 0.132

0.194 0.095 0.195 0.097 0.194 0.109 0.194 0.116 0.195 0.124 0.195 0.139

0.225 0.097 0.227 0.102 0.227 0.113 0.227 0.122 0.227 0.131 0.228 0.147

0.265 0.100 0.265 0.106 0.265 0.118 0.266 0.128 0.266 0.138 0.266 0.156

0.310 0.103 0.310 0.109 0.310 0.124 0.310 0.134 0.310 0.146 0.309 0.166

0.362 0.107 0.363 0.114 0.362 0.129 0.362 0.141 0.363 0.155 0.363 0.178

0.425 0.110 0.422 0.119 0.423 0.135 0.423 0.150 0.423 0.165 0.425 0.191

0.495 0.114 0.494 0.124 0.494 0.142 0.494 0.157 0.495 0.174 0.496 0.204

0.579 0.117 0.577 0.129 0.577 0.149 0.578 0.166 0.579 0.184 0.579 0.217

0.676 0.119 0.671 0.133 0.674 0.156 0.675 0.175 0.675 0.194 0.677 0.230

0.788 0.122 0.787 0.138 0.787 0.162 0.788 0.183 0.788 0.204 0.790 0.243

0.921 0.125 0.920 0.143 0.920 0.168 0.921 0.191 0.921 0.213 0.922 0.255

1.077 0.127 1.074 0.147 1.074 0.174 1.074 0.198 1.076 0.222 1.077 0.267

1.256 0.129 1.255 0.151 1.254 0.179 1.255 0.206 1.256 0.231 1.258 0.277

1.466 0.130 1.464 0.155 1.465 0.184 1.466 0.213 1.467 0.238 1.462 0.290

1.711 0.131 1.711 0.158 1.712 0.189 1.711 0.218 1.713 0.244 1.714 0.294

2.000 0.132 1.998 0.161 2.000 0.193 1.997 0.223 1.997 0.250 1.993 0.303

2.334 0.133 2.334 0.164 2.333 0.196 2.332 0.227 2.333 0.253 2.333 0.307

2.723 0.134 2.724 0.167 2.711 0.200 2.725 0.230 2.718 0.259 2.725 0.308

3.175 0.134 3.178 0.168 3.169 0.201 3.173 0.233 3.177 0.260 3.182 0.313

3.709 0.135 3.713 0.169 3.712 0.202 3.708 0.234 3.711 0.260 3.711 0.313

4.332 0.135 4.337 0.170 4.332 0.203 4.336 0.234 4.332 0.261 4.331 0.313

5.062 0.137 5.061 0.171 5.060 0.203 5.066 0.234 5.065 0.259 5.060 0.311

5.913 0.138 5.912 0.171 5.911 0.203 5.910 0.234 5.911 0.258 5.911 0.307

6.908 0.139 6.907 0.171 6.906 0.201 6.906 0.232 6.905 0.255 6.905 0.303

8.065 0.140 8.065 0.170 8.064 0.199 8.064 0.228 8.064 0.251 8.065 0.297

9.419 0.140 9.420 0.169 9.419 0.197 9.417 0.224 9.418 0.246 9.418 0.289

SSBR3626

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Puchong Thaptong  Appendices / 274 

Table D28 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (d) SSBR3626_CSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.078 0.030 0.080 0.030 0.087 0.030 0.094 0.030 0.103 0.030 0.106

0.035 0.070 0.035 0.087 0.035 0.089 0.035 0.095 0.035 0.103 0.035 0.106

0.040 0.076 0.041 0.083 0.041 0.092 0.042 0.099 0.041 0.097 0.041 0.106

0.048 0.069 0.048 0.087 0.047 0.095 0.048 0.100 0.048 0.100 0.048 0.110

0.056 0.076 0.056 0.091 0.056 0.090 0.056 0.098 0.056 0.105 0.056 0.112

0.066 0.076 0.065 0.088 0.066 0.090 0.065 0.098 0.066 0.105 0.066 0.107

0.076 0.079 0.075 0.085 0.076 0.092 0.076 0.102 0.076 0.108 0.076 0.113

0.089 0.079 0.089 0.087 0.089 0.094 0.090 0.102 0.089 0.109 0.089 0.115

0.104 0.078 0.103 0.089 0.104 0.096 0.104 0.105 0.105 0.110 0.104 0.118

0.122 0.078 0.122 0.092 0.122 0.097 0.122 0.105 0.122 0.113 0.122 0.121

0.142 0.079 0.142 0.093 0.142 0.099 0.142 0.108 0.142 0.117 0.143 0.126

0.166 0.083 0.168 0.096 0.166 0.102 0.166 0.111 0.166 0.120 0.167 0.132

0.196 0.084 0.194 0.097 0.194 0.106 0.194 0.116 0.193 0.125 0.195 0.139

0.226 0.087 0.227 0.100 0.227 0.109 0.227 0.121 0.227 0.131 0.228 0.147

0.264 0.088 0.265 0.103 0.265 0.114 0.265 0.126 0.266 0.138 0.266 0.156

0.310 0.090 0.309 0.108 0.310 0.120 0.310 0.133 0.310 0.146 0.309 0.166

0.361 0.094 0.362 0.111 0.363 0.125 0.362 0.139 0.363 0.155 0.363 0.178

0.422 0.097 0.422 0.116 0.422 0.131 0.423 0.147 0.424 0.164 0.425 0.191

0.493 0.100 0.493 0.121 0.493 0.137 0.494 0.156 0.495 0.174 0.496 0.204

0.576 0.103 0.576 0.126 0.577 0.143 0.577 0.163 0.577 0.184 0.579 0.217

0.673 0.107 0.673 0.131 0.674 0.150 0.673 0.172 0.675 0.194 0.677 0.230

0.786 0.110 0.787 0.135 0.787 0.156 0.787 0.180 0.788 0.204 0.790 0.243

0.915 0.113 0.919 0.140 0.920 0.162 0.922 0.188 0.921 0.213 0.922 0.255

1.073 0.116 1.073 0.145 1.073 0.168 1.074 0.196 1.075 0.222 1.077 0.267

1.253 0.118 1.254 0.149 1.253 0.174 1.254 0.202 1.255 0.230 1.258 0.277

1.464 0.120 1.464 0.153 1.465 0.179 1.466 0.209 1.467 0.238 1.462 0.290

1.709 0.122 1.709 0.157 1.711 0.184 1.711 0.215 1.713 0.244 1.714 0.294

1.996 0.124 1.998 0.159 1.997 0.188 1.999 0.219 1.999 0.250 1.993 0.303

2.334 0.125 2.334 0.162 2.328 0.193 2.332 0.223 2.333 0.254 2.333 0.307

2.725 0.126 2.725 0.164 2.719 0.195 2.719 0.228 2.725 0.257 2.725 0.308

3.178 0.128 3.179 0.166 3.177 0.197 3.180 0.229 3.181 0.260 3.182 0.313

3.712 0.129 3.715 0.167 3.712 0.198 3.715 0.230 3.711 0.261 3.711 0.313

4.332 0.130 4.331 0.168 4.336 0.199 4.335 0.230 4.331 0.261 4.331 0.313

5.065 0.131 5.060 0.169 5.065 0.200 5.064 0.230 5.060 0.259 5.060 0.311

5.911 0.133 5.911 0.169 5.911 0.200 5.911 0.230 5.911 0.258 5.911 0.307

6.907 0.135 6.906 0.169 6.905 0.199 6.906 0.228 6.905 0.255 6.905 0.303

8.066 0.136 8.065 0.169 8.065 0.198 8.063 0.225 8.064 0.251 8.065 0.297

9.418 0.137 9.418 0.168 9.419 0.195 9.422 0.221 9.417 0.245 9.418 0.289

SSBR3626

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D29 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (e) ESBR1723_HDSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.029 0.092 0.030 0.095 0.030 0.099 0.030 0.106 0.030 0.114 0.030 0.118

0.037 0.090 0.035 0.094 0.035 0.111 0.035 0.109 0.035 0.111 0.035 0.118

0.041 0.092 0.041 0.098 0.041 0.102 0.041 0.109 0.041 0.116 0.040 0.112

0.047 0.093 0.048 0.093 0.048 0.102 0.048 0.108 0.046 0.108 0.048 0.122

0.056 0.089 0.056 0.096 0.056 0.101 0.056 0.102 0.056 0.111 0.057 0.118

0.065 0.088 0.065 0.095 0.066 0.101 0.065 0.109 0.065 0.112 0.065 0.119

0.076 0.093 0.076 0.094 0.077 0.103 0.076 0.109 0.076 0.110 0.076 0.120

0.089 0.095 0.089 0.094 0.089 0.105 0.089 0.105 0.089 0.114 0.089 0.123

0.104 0.093 0.104 0.097 0.105 0.104 0.104 0.107 0.104 0.114 0.104 0.124

0.122 0.095 0.122 0.097 0.122 0.106 0.122 0.110 0.122 0.116 0.122 0.128

0.143 0.096 0.143 0.100 0.142 0.106 0.142 0.112 0.143 0.120 0.142 0.133

0.166 0.095 0.167 0.100 0.166 0.109 0.165 0.114 0.166 0.122 0.167 0.136

0.194 0.097 0.194 0.101 0.194 0.112 0.195 0.117 0.194 0.127 0.195 0.143

0.227 0.100 0.227 0.105 0.227 0.114 0.227 0.121 0.227 0.131 0.228 0.148

0.265 0.104 0.266 0.107 0.265 0.118 0.265 0.126 0.266 0.137 0.266 0.156

0.310 0.106 0.310 0.110 0.309 0.122 0.309 0.131 0.310 0.144 0.310 0.165

0.363 0.108 0.362 0.114 0.362 0.124 0.362 0.136 0.363 0.152 0.363 0.175

0.423 0.112 0.423 0.117 0.423 0.130 0.423 0.142 0.423 0.159 0.423 0.185

0.495 0.114 0.494 0.121 0.494 0.136 0.494 0.149 0.494 0.167 0.495 0.196

0.578 0.118 0.577 0.125 0.577 0.141 0.577 0.155 0.577 0.175 0.579 0.207

0.673 0.122 0.674 0.130 0.674 0.146 0.675 0.162 0.675 0.184 0.675 0.218

0.788 0.126 0.787 0.134 0.787 0.152 0.787 0.169 0.788 0.192 0.789 0.229

0.921 0.129 0.919 0.138 0.920 0.157 0.919 0.175 0.920 0.200 0.922 0.239

1.074 0.132 1.074 0.142 1.074 0.163 1.074 0.182 1.075 0.208 1.072 0.248

1.255 0.136 1.255 0.146 1.254 0.168 1.255 0.188 1.255 0.215 1.256 0.257

1.466 0.139 1.466 0.151 1.466 0.174 1.466 0.194 1.466 0.221 1.468 0.265

1.713 0.142 1.712 0.154 1.712 0.178 1.712 0.199 1.712 0.227 1.711 0.272

1.998 0.144 1.998 0.158 1.997 0.183 2.000 0.204 1.999 0.232 1.993 0.280

2.330 0.148 2.329 0.163 2.328 0.188 2.328 0.210 2.335 0.237 2.328 0.283

2.721 0.149 2.712 0.165 2.724 0.189 2.719 0.213 2.725 0.240 2.723 0.286

3.178 0.151 3.177 0.167 3.181 0.193 3.177 0.215 3.181 0.243 3.176 0.287

3.713 0.152 3.708 0.168 3.711 0.195 3.705 0.216 3.715 0.244 3.708 0.288

4.336 0.154 4.336 0.169 4.336 0.196 4.331 0.217 4.331 0.244 4.336 0.287

5.060 0.155 5.065 0.170 5.065 0.197 5.060 0.217 5.061 0.243 5.065 0.285

5.910 0.155 5.911 0.171 5.915 0.198 5.915 0.216 5.915 0.241 5.911 0.283

6.904 0.155 6.906 0.170 6.906 0.197 6.905 0.215 6.905 0.239 6.906 0.279

8.066 0.155 8.064 0.169 8.067 0.195 8.064 0.212 8.064 0.234 8.064 0.274

9.420 0.154 9.420 0.167 9.418 0.192 9.421 0.208 9.422 0.230 9.422 0.267

ESBR1723

HDSi100/CB0 HDSi80/CB20 HDSi60/CB40 HDSi40/CB60 HDSi20/CB80 Silica0/CB100

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Puchong Thaptong  Appendices / 276 

Table D30 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

filled with various silica/CB hybrid ratios: (f) ESBR1723_CSi 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.091 0.030 0.093 0.030 0.108 0.030 0.102 0.030 0.110 0.030 0.118

0.035 0.087 0.035 0.088 0.035 0.099 0.035 0.104 0.035 0.108 0.035 0.118

0.041 0.091 0.041 0.096 0.042 0.102 0.041 0.102 0.042 0.110 0.040 0.112

0.048 0.091 0.048 0.100 0.048 0.098 0.048 0.107 0.048 0.116 0.048 0.122

0.056 0.091 0.056 0.092 0.055 0.099 0.057 0.109 0.055 0.118 0.057 0.118

0.065 0.090 0.065 0.095 0.066 0.100 0.065 0.107 0.066 0.112 0.065 0.119

0.076 0.090 0.076 0.096 0.076 0.100 0.076 0.105 0.076 0.114 0.076 0.120

0.089 0.091 0.089 0.093 0.089 0.103 0.089 0.105 0.089 0.118 0.089 0.123

0.104 0.091 0.104 0.097 0.104 0.103 0.104 0.109 0.105 0.118 0.104 0.124

0.122 0.093 0.122 0.097 0.122 0.106 0.122 0.110 0.122 0.119 0.122 0.128

0.142 0.093 0.142 0.100 0.142 0.107 0.142 0.111 0.143 0.121 0.142 0.133

0.166 0.094 0.166 0.101 0.166 0.108 0.166 0.115 0.166 0.125 0.167 0.136

0.194 0.096 0.194 0.102 0.194 0.111 0.195 0.118 0.194 0.129 0.195 0.143

0.226 0.096 0.227 0.104 0.227 0.114 0.227 0.121 0.227 0.132 0.228 0.148

0.265 0.099 0.265 0.106 0.265 0.118 0.265 0.125 0.265 0.138 0.266 0.156

0.309 0.101 0.310 0.110 0.310 0.122 0.310 0.131 0.309 0.144 0.310 0.165

0.361 0.104 0.362 0.113 0.362 0.126 0.362 0.135 0.362 0.150 0.363 0.175

0.422 0.107 0.423 0.116 0.423 0.131 0.422 0.141 0.424 0.158 0.423 0.185

0.494 0.110 0.494 0.121 0.494 0.136 0.493 0.148 0.495 0.167 0.495 0.196

0.576 0.113 0.576 0.125 0.577 0.141 0.576 0.154 0.577 0.175 0.579 0.207

0.673 0.117 0.673 0.129 0.673 0.147 0.673 0.160 0.674 0.183 0.675 0.218

0.787 0.121 0.786 0.133 0.787 0.153 0.787 0.167 0.787 0.191 0.789 0.229

0.919 0.124 0.919 0.138 0.919 0.158 0.919 0.174 0.920 0.199 0.922 0.239

1.074 0.128 1.073 0.142 1.073 0.164 1.074 0.180 1.075 0.207 1.072 0.248

1.254 0.131 1.253 0.147 1.253 0.169 1.254 0.186 1.255 0.213 1.256 0.257

1.465 0.135 1.463 0.151 1.465 0.174 1.465 0.192 1.461 0.219 1.468 0.265

1.710 0.138 1.711 0.154 1.712 0.178 1.710 0.197 1.710 0.226 1.711 0.272

2.000 0.141 1.997 0.158 1.998 0.183 1.997 0.202 1.999 0.231 1.993 0.280

2.333 0.144 2.334 0.161 2.328 0.188 2.328 0.208 2.333 0.235 2.328 0.283

2.725 0.147 2.722 0.166 2.719 0.191 2.724 0.210 2.725 0.238 2.723 0.286

3.181 0.151 3.176 0.167 3.177 0.191 3.176 0.214 3.176 0.242 3.176 0.287

3.715 0.152 3.711 0.169 3.715 0.195 3.711 0.215 3.711 0.243 3.708 0.288

4.332 0.154 4.336 0.170 4.332 0.196 4.335 0.216 4.331 0.243 4.336 0.287

5.060 0.154 5.060 0.171 5.060 0.196 5.060 0.217 5.064 0.242 5.065 0.285

5.911 0.155 5.911 0.171 5.911 0.195 5.915 0.215 5.915 0.241 5.911 0.283

6.905 0.156 6.905 0.171 6.906 0.194 6.905 0.214 6.905 0.238 6.906 0.279

8.064 0.155 8.063 0.169 8.063 0.191 8.063 0.211 8.064 0.234 8.064 0.274

9.418 0.155 9.417 0.167 9.421 0.188 9.420 0.207 9.421 0.229 9.422 0.267

ESBR1723

CSi100/CB0 CSi80/CB20 CSi60/CB40 CSi40/CB60 CSi20/CB80 Silica0/CB100
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Table D31 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with different filler and oil loading 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.5 0.089 -59.6 0.095 -59.6 0.087 -59.5 0.095

-59.3 0.087 -59.2 0.094 -59.3 0.086 -59.3 0.092

-56.5 0.087 -56.6 0.094 -56.5 0.085 -56.3 0.092

-54.4 0.087 -54.6 0.094 -54.4 0.085 -54.5 0.092

-52.5 0.087 -52.6 0.094 -52.6 0.086 -52.7 0.092

-50.7 0.088 -50.6 0.095 -50.6 0.087 -50.6 0.092

-48.7 0.088 -48.6 0.096 -48.5 0.088 -48.6 0.093

-46.7 0.090 -46.6 0.097 -46.5 0.090 -46.6 0.094

-44.6 0.092 -44.6 0.099 -44.6 0.092 -44.5 0.096

-42.6 0.095 -42.5 0.102 -42.6 0.096 -42.5 0.100

-40.5 0.098 -40.3 0.107 -40.5 0.102 -40.4 0.107

-38.5 0.103 -38.5 0.114 -38.5 0.110 -38.4 0.117

-36.4 0.112 -36.5 0.125 -36.5 0.122 -36.4 0.131

-34.4 0.124 -34.5 0.140 -34.4 0.141 -34.3 0.153

-32.3 0.141 -32.3 0.165 -32.3 0.171 -32.1 0.188

-30.3 0.169 -30.3 0.201 -30.3 0.209 -30.3 0.231

-28.2 0.209 -28.5 0.250 -28.5 0.260 -28.5 0.284

-26.5 0.257 -25.4 0.361 -25.3 0.359 -26.6 0.323

-23.3 0.372 -23.5 0.407 -23.5 0.433 -24.2 0.419

-21.5 0.430 -21.7 0.534 -22.6 0.510 -21.4 0.582

-19.3 0.624 -20.7 0.601 -19.9 0.660 -20.5 0.633

-18.4 0.685 -17.5 0.790 -18.7 0.724 -18.8 0.709

-16.8 0.784 -16.6 0.833 -16.8 0.802 -16.7 0.771

-14.8 0.880 -14.8 0.885 -14.7 0.845 -14.8 0.794

-12.8 0.926 -12.8 0.895 -12.8 0.840 -12.7 0.774

-10.8 0.914 -10.8 0.858 -10.8 0.797 -10.8 0.725

-8.8 0.860 -8.8 0.793 -8.8 0.733 -8.8 0.665

-6.7 0.785 -6.8 0.719 -6.8 0.665 -6.8 0.602

-4.8 0.707 -4.8 0.649 -4.8 0.601 -4.7 0.544

-2.7 0.635 -2.7 0.586 -2.8 0.544 -2.8 0.495

-0.8 0.569 -0.8 0.532 -0.7 0.492 -0.8 0.450

2.5 0.505 2.5 0.478 2.5 0.444 2.6 0.407

2.6 0.495 2.9 0.465 2.8 0.430 2.7 0.393

5.2 0.435 5.2 0.417 5.2 0.391 5.2 0.362

7.0 0.398 7.3 0.380 7.3 0.362 7.3 0.338

F1 F2 F3 F4
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Table D31 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

filled with different filler and oil loading (cont.) 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.3 0.363 9.3 0.352 9.2 0.337 9.2 0.317

11.4 0.334 11.2 0.329 11.3 0.315 11.3 0.299

13.3 0.312 13.2 0.307 13.3 0.298 13.2 0.284

15.1 0.295 15.3 0.288 15.2 0.283 15.2 0.272

17.3 0.275 17.2 0.273 17.3 0.270 17.3 0.263

19.2 0.259 19.2 0.260 19.1 0.257 19.3 0.251

21.2 0.244 21.2 0.248 21.3 0.248 21.2 0.244

23.3 0.230 23.3 0.233 23.3 0.237 23.3 0.235

25.2 0.220 25.2 0.225 25.2 0.230 25.3 0.229

27.2 0.210 27.2 0.216 27.2 0.221 27.3 0.222

29.3 0.202 29.2 0.209 29.2 0.215 29.2 0.218

31.2 0.194 31.3 0.203 31.4 0.209 31.1 0.212

33.3 0.190 33.2 0.194 33.2 0.201 33.2 0.209

35.3 0.181 35.2 0.189 35.3 0.197 35.2 0.204

37.3 0.177 37.4 0.183 37.3 0.193 37.2 0.198

39.3 0.169 39.1 0.180 39.4 0.187 39.2 0.194

41.2 0.162 41.2 0.173 41.2 0.180 41.4 0.188

43.3 0.155 43.4 0.167 43.3 0.174 43.3 0.184

45.2 0.149 45.1 0.162 45.2 0.167 45.2 0.178

47.1 0.144 47.3 0.154 47.3 0.162 47.3 0.171

49.3 0.140 49.1 0.151 49.1 0.157 49.2 0.164

51.1 0.132 51.3 0.145 51.3 0.152 51.3 0.162

53.4 0.128 53.2 0.141 53.2 0.146 53.2 0.156

55.2 0.126 55.1 0.133 55.3 0.145 55.2 0.151

57.3 0.118 57.2 0.130 57.2 0.140 57.1 0.148

59.1 0.116 59.2 0.129 59.3 0.134 59.3 0.142

61.4 0.112 61.2 0.121 61.2 0.129 61.3 0.139

63.2 0.109 63.1 0.117 63.2 0.126 63.2 0.135

65.3 0.108 65.3 0.115 65.3 0.122 65.3 0.133

67.3 0.105 67.2 0.115 67.3 0.120 67.2 0.129

69.2 0.101 69.2 0.111 69.2 0.120 69.3 0.128

71.3 0.097 71.3 0.107 71.3 0.116 71.2 0.122

73.3 0.100 73.3 0.106 73.3 0.108 73.1 0.122

75.2 0.094 75.1 0.102 75.2 0.108 75.4 0.116

77.0 0.092 77.3 0.102 77.3 0.110 77.2 0.115

79.3 0.092 79.4 0.097 79.2 0.103 79.3 0.116

F1 F2 F3 F4
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Table D32 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

filled with different filler and oil loading 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.413 0.030 0.372 0.030 0.354 0.030 0.325

0.035 0.416 0.035 0.372 0.035 0.353 0.036 0.322

0.041 0.416 0.041 0.376 0.041 0.356 0.041 0.326

0.048 0.418 0.048 0.379 0.049 0.355 0.048 0.326

0.056 0.420 0.056 0.380 0.056 0.356 0.056 0.328

0.065 0.421 0.065 0.383 0.065 0.358 0.065 0.329

0.077 0.426 0.076 0.386 0.077 0.361 0.076 0.332

0.089 0.429 0.089 0.390 0.089 0.364 0.089 0.336

0.104 0.434 0.105 0.395 0.104 0.367 0.104 0.339

0.122 0.439 0.122 0.401 0.122 0.372 0.122 0.344

0.143 0.445 0.142 0.408 0.142 0.379 0.143 0.351

0.166 0.453 0.166 0.415 0.167 0.386 0.167 0.359

0.195 0.460 0.195 0.425 0.195 0.395 0.195 0.370

0.227 0.470 0.227 0.435 0.228 0.407 0.228 0.382

0.266 0.480 0.266 0.448 0.266 0.420 0.267 0.397

0.311 0.493 0.311 0.462 0.310 0.436 0.312 0.415

0.363 0.507 0.363 0.478 0.364 0.454 0.365 0.434

0.424 0.523 0.425 0.496 0.425 0.473 0.426 0.456

0.496 0.540 0.497 0.515 0.497 0.495 0.498 0.479

0.580 0.558 0.580 0.535 0.581 0.518 0.579 0.504

0.677 0.577 0.678 0.556 0.676 0.541 0.677 0.530

0.788 0.595 0.792 0.578 0.784 0.570 0.786 0.561

0.924 0.615 0.918 0.603 0.919 0.593 0.923 0.583

1.072 0.636 1.076 0.621 1.078 0.613 1.079 0.609

1.257 0.652 1.258 0.642 1.259 0.635 1.254 0.638

1.469 0.669 1.464 0.663 1.464 0.660 1.461 0.661

1.706 0.682 1.710 0.679 1.706 0.677 1.706 0.681

1.998 0.694 1.998 0.692 1.993 0.691 1.999 0.698

2.329 0.697 2.334 0.702 2.335 0.704 2.329 0.710

2.721 0.698 2.720 0.704 2.721 0.709 2.721 0.718

3.179 0.695 3.178 0.704 3.179 0.710 3.179 0.720

3.714 0.686 3.713 0.698 3.714 0.705 3.714 0.717

4.334 0.667 4.338 0.687 4.334 0.691 4.334 0.704

5.062 0.646 5.062 0.666 5.062 0.674 5.062 0.688

5.913 0.620 5.913 0.643 5.913 0.653 5.914 0.666

6.906 0.590 6.905 0.616 6.906 0.626 6.906 0.641

8.066 0.557 8.066 0.585 8.066 0.596 8.067 0.612

9.423 0.522 9.422 0.551 9.421 0.564 9.424 0.580

F1 F2 F3 F4
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Table D33 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

filled with different filler and oil loading 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.086 0.030 0.086 0.030 0.097 0.030 0.095

0.035 0.082 0.036 0.092 0.035 0.100 0.035 0.104

0.041 0.083 0.041 0.089 0.041 0.099 0.041 0.101

0.048 0.080 0.047 0.089 0.048 0.097 0.048 0.099

0.056 0.088 0.056 0.093 0.056 0.096 0.056 0.102

0.065 0.088 0.066 0.096 0.066 0.099 0.066 0.103

0.076 0.087 0.076 0.092 0.076 0.097 0.076 0.105

0.089 0.091 0.089 0.095 0.089 0.100 0.089 0.105

0.104 0.092 0.104 0.093 0.104 0.100 0.104 0.109

0.122 0.088 0.120 0.096 0.122 0.104 0.122 0.110

0.142 0.093 0.142 0.097 0.143 0.104 0.142 0.111

0.165 0.095 0.166 0.100 0.166 0.108 0.166 0.115

0.194 0.097 0.194 0.102 0.194 0.110 0.194 0.119

0.227 0.099 0.227 0.104 0.227 0.114 0.227 0.123

0.265 0.102 0.265 0.108 0.265 0.119 0.265 0.129

0.309 0.105 0.309 0.113 0.309 0.125 0.310 0.136

0.360 0.109 0.362 0.116 0.362 0.129 0.360 0.142

0.422 0.113 0.422 0.122 0.423 0.135 0.423 0.149

0.493 0.118 0.493 0.128 0.492 0.140 0.494 0.156

0.575 0.123 0.576 0.133 0.577 0.147 0.577 0.164

0.673 0.128 0.673 0.138 0.673 0.154 0.675 0.171

0.786 0.134 0.786 0.144 0.786 0.160 0.787 0.179

0.918 0.139 0.918 0.149 0.919 0.167 0.919 0.187

1.072 0.144 1.073 0.155 1.073 0.173 1.074 0.193

1.252 0.149 1.253 0.159 1.253 0.178 1.255 0.200

1.462 0.154 1.464 0.164 1.464 0.184 1.464 0.205

1.709 0.158 1.710 0.168 1.709 0.189 1.711 0.210

1.996 0.162 1.995 0.172 1.990 0.193 1.997 0.215

2.333 0.166 2.330 0.175 2.334 0.196 2.332 0.219

2.725 0.169 2.724 0.178 2.724 0.199 2.720 0.224

3.176 0.172 3.182 0.180 3.182 0.202 3.181 0.223

3.714 0.172 3.708 0.183 3.714 0.204 3.714 0.227

4.334 0.175 4.331 0.185 4.335 0.205 4.335 0.227

5.059 0.176 5.059 0.186 5.060 0.207 5.065 0.228

5.909 0.176 5.909 0.186 5.911 0.207 5.910 0.229

6.906 0.177 6.902 0.187 6.906 0.207 6.902 0.229

8.060 0.176 8.063 0.187 8.064 0.207 8.060 0.228

9.418 0.175 9.420 0.186 9.418 0.206 9.422 0.226

F1 F2 F3 F4
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Table D34 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

having different relative amount of curatives 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

-59.8 0.109 -59.8 0.094 -59.8 0.100 -59.9 0.083 -59.7 0.105 -59.8 0.092

-58.7 0.107 -58.9 0.094 -59.0 0.100 -58.9 0.080 -59.2 0.104 -58.7 0.095

-56.5 0.108 -56.7 0.093 -56.5 0.100 -56.4 0.080 -56.4 0.104 -56.5 0.096

-54.6 0.108 -54.7 0.093 -54.5 0.099 -54.6 0.080 -54.7 0.104 -54.6 0.096

-52.7 0.108 -52.7 0.094 -52.6 0.099 -52.7 0.080 -52.6 0.104 -52.7 0.096

-50.7 0.108 -50.6 0.093 -50.7 0.100 -50.6 0.081 -50.7 0.105 -50.6 0.096

-48.6 0.108 -48.6 0.093 -48.7 0.100 -48.7 0.082 -48.7 0.105 -48.7 0.097

-46.8 0.108 -46.6 0.093 -46.6 0.101 -46.8 0.083 -46.6 0.106 -46.7 0.098

-44.7 0.108 -44.5 0.093 -44.7 0.100 -44.8 0.090 -44.5 0.106 -44.7 0.098

-42.7 0.109 -42.7 0.093 -42.7 0.101 -42.6 0.091 -42.5 0.108 -42.7 0.100

-40.5 0.110 -40.6 0.096 -40.5 0.102 -40.6 0.095 -40.4 0.112 -40.5 0.103

-38.5 0.113 -38.7 0.096 -38.6 0.105 -38.5 0.101 -38.4 0.116 -38.4 0.109

-36.6 0.118 -36.5 0.101 -36.7 0.108 -36.4 0.110 -36.4 0.124 -36.5 0.115

-34.5 0.127 -34.6 0.108 -34.5 0.117 -34.4 0.124 -34.4 0.139 -34.4 0.127

-32.5 0.140 -32.5 0.119 -32.4 0.126 -32.3 0.145 -32.1 0.165 -32.3 0.148

-30.2 0.166 -30.5 0.137 -30.3 0.143 -30.4 0.182 -30.2 0.199 -30.3 0.180

-28.5 0.199 -28.4 0.172 -28.2 0.172 -28.4 0.241 -28.4 0.254 -28.5 0.224

-26.1 0.268 -26.5 0.216 -26.5 0.208 -25.3 0.356 -26.0 0.313 -26.1 0.292

-24.2 0.319 -23.7 0.333 -24.5 0.265 -23.1 0.484 -23.4 0.438 -23.4 0.401

-21.3 0.467 -21.4 0.416 -22.2 0.364 -21.9 0.566 -21.2 0.581 -21.3 0.534

-20.4 0.524 -20.5 0.464 -19.4 0.459 -20.7 0.638 -20.3 0.648 -20.5 0.598

-18.8 0.628 -18.7 0.573 -18.1 0.551 -18.3 0.791 -18.8 0.741 -18.4 0.728

-16.8 0.756 -16.4 0.734 -16.7 0.630 -16.9 0.859 -16.7 0.849 -16.9 0.812

-14.8 0.858 -14.8 0.819 -14.3 0.770 -14.7 0.903 -14.7 0.909 -14.7 0.889

-12.8 0.905 -12.7 0.892 -12.8 0.838 -12.7 0.891 -12.9 0.913 -12.8 0.907

-10.8 0.902 -10.8 0.907 -10.8 0.881 -10.8 0.838 -10.8 0.868 -10.8 0.875

-8.8 0.853 -8.8 0.874 -8.8 0.871 -8.8 0.768 -8.7 0.799 -8.8 0.816

-6.8 0.782 -6.8 0.811 -6.8 0.822 -6.7 0.694 -6.8 0.722 -6.8 0.742

-4.8 0.709 -4.8 0.739 -4.8 0.757 -4.7 0.626 -4.8 0.649 -4.8 0.669

-2.7 0.637 -2.7 0.667 -2.7 0.678 -2.7 0.561 -2.7 0.583 -2.8 0.600

-0.8 0.574 -0.9 0.601 -0.8 0.615 -0.9 0.508 -0.8 0.527 -0.8 0.540

2.5 0.516 1.9 0.542 2.6 0.549 2.5 0.454 2.5 0.472 2.4 0.484

3.0 0.507 3.0 0.511 3.0 0.540 2.8 0.444 2.8 0.460 2.7 0.475

5.2 0.450 5.2 0.466 5.1 0.473 5.1 0.394 5.2 0.406 5.2 0.418

7.1 0.403 6.9 0.423 7.2 0.427 7.0 0.361 6.9 0.375 7.3 0.380

CV_100% CV_120% CV_140% semi-EV_100% semi-EV_120% semi-EV_140%
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Table D34 Loss factor (tanδ) as a function of test temperature of the vulcanizates 

having different relative amount of curatives (cont.) 

Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ Temp. (
O

C) Tan δδδδ

9.3 0.367 9.3 0.387 9.3 0.389 9.3 0.329 9.3 0.342 9.2 0.352

11.3 0.342 11.2 0.360 11.2 0.356 11.3 0.307 11.3 0.320 11.7 0.318

13.2 0.317 13.2 0.332 13.3 0.326 13.4 0.289 13.8 0.294 13.3 0.303

15.2 0.297 15.2 0.309 15.3 0.300 15.3 0.272 15.1 0.283 15.3 0.283

17.2 0.279 18.5 0.274 17.1 0.280 17.2 0.263 17.2 0.268 17.3 0.268

19.4 0.264 19.3 0.268 19.2 0.265 19.2 0.250 19.3 0.254 19.3 0.255

21.3 0.252 21.6 0.247 21.3 0.247 21.3 0.238 21.2 0.242 21.2 0.242

24.7 0.223 23.4 0.236 23.3 0.231 23.3 0.227 23.3 0.232 23.3 0.234

26.7 0.219 25.3 0.224 25.2 0.220 25.3 0.219 25.3 0.222 25.6 0.220

27.6 0.216 27.2 0.212 27.2 0.207 27.2 0.211 27.3 0.212 27.2 0.213

29.3 0.210 30.0 0.195 29.2 0.197 29.1 0.205 29.2 0.205 29.3 0.205

32.6 0.194 32.0 0.187 31.2 0.193 31.2 0.198 31.3 0.198 32.2 0.192

34.7 0.184 33.7 0.182 33.3 0.186 33.4 0.192 33.2 0.192 33.2 0.191

36.7 0.179 35.2 0.179 35.3 0.179 35.2 0.189 35.3 0.186 36.5 0.177

38.9 0.172 37.3 0.172 37.2 0.173 37.2 0.184 37.3 0.181 37.8 0.172

39.7 0.169 39.1 0.167 39.3 0.167 39.3 0.180 39.2 0.173 39.2 0.176

41.3 0.171 41.3 0.162 42.5 0.155 41.2 0.172 41.2 0.169 42.5 0.160

44.6 0.158 43.1 0.155 43.7 0.149 43.2 0.171 43.2 0.165 43.7 0.158

45.4 0.160 45.3 0.147 45.2 0.149 45.2 0.164 45.2 0.160 45.2 0.157

48.4 0.145 47.2 0.141 47.2 0.143 47.3 0.160 47.2 0.156 47.1 0.154

49.3 0.147 49.3 0.135 49.3 0.135 49.6 0.150 49.4 0.149 49.6 0.143

49.3 0.145 51.2 0.132 51.2 0.130 51.3 0.149 51.2 0.144 51.3 0.142

53.1 0.139 53.2 0.125 54.6 0.120 53.2 0.147 53.2 0.140 53.1 0.136

55.2 0.131 55.1 0.122 56.1 0.112 55.2 0.143 55.3 0.134 55.2 0.129

57.3 0.126 57.3 0.115 57.1 0.111 57.1 0.140 57.1 0.132 57.3 0.124

59.2 0.126 59.3 0.115 59.2 0.111 59.4 0.140 59.2 0.131 59.1 0.123

61.2 0.118 61.1 0.108 61.3 0.104 62.4 0.130 61.2 0.126 61.3 0.120

63.3 0.118 63.2 0.103 63.2 0.101 63.2 0.133 63.2 0.122 64.5 0.116

65.2 0.114 65.1 0.101 65.1 0.098 65.2 0.129 65.3 0.120 65.4 0.116

67.2 0.109 67.3 0.101 67.3 0.097 67.2 0.128 67.3 0.117 67.2 0.113

69.2 0.110 69.2 0.097 69.2 0.091 69.4 0.124 69.1 0.117 69.2 0.111

71.2 0.103 71.2 0.097 71.2 0.089 71.2 0.127 71.3 0.116 71.8 0.105

73.1 0.102 73.2 0.093 73.3 0.090 73.2 0.124 73.3 0.111 73.3 0.109

75.1 0.102 75.3 0.093 76.5 0.082 75.3 0.124 75.3 0.111 75.3 0.103

77.3 0.101 77.4 0.088 77.4 0.085 77.3 0.122 77.3 0.105 78.6 0.085

79.3 0.099 79.1 0.086 79.2 0.082 79.4 0.122 79.3 0.102 80.0 0.100

semi-EV_120% semi-EV_140%CV_100% CV_120% CV_140% semi-EV_100%
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Table D35 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

having different relative amount of curatives 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.029 0.429 0.030 0.442 0.030 0.485 0.040 0.386 0.032 0.394 0.029 0.407

0.032 0.420 0.036 0.444 0.035 0.485 0.035 0.386 0.036 0.396 0.038 0.411

0.041 0.423 0.040 0.446 0.040 0.486 0.065 0.400 0.041 0.404 0.043 0.408

0.049 0.424 0.048 0.447 0.049 0.487 0.043 0.386 0.048 0.403 0.045 0.407

0.057 0.428 0.056 0.448 0.055 0.488 0.068 0.403 0.055 0.402 0.059 0.409

0.064 0.427 0.066 0.449 0.066 0.490 0.079 0.403 0.066 0.406 0.063 0.411

0.077 0.432 0.075 0.451 0.076 0.493 0.095 0.406 0.077 0.407 0.080 0.416

0.088 0.434 0.089 0.457 0.088 0.495 0.111 0.405 0.090 0.410 0.089 0.418

0.104 0.435 0.104 0.460 0.105 0.498 0.128 0.408 0.103 0.411 0.103 0.420

0.122 0.443 0.122 0.465 0.123 0.501 0.142 0.412 0.122 0.415 0.123 0.424

0.142 0.448 0.143 0.470 0.143 0.506 0.165 0.415 0.141 0.420 0.143 0.431

0.167 0.455 0.166 0.476 0.165 0.513 0.194 0.421 0.166 0.426 0.166 0.436

0.194 0.462 0.195 0.485 0.195 0.521 0.229 0.429 0.195 0.435 0.195 0.444

0.227 0.471 0.228 0.494 0.228 0.530 0.267 0.438 0.228 0.443 0.227 0.452

0.267 0.482 0.267 0.504 0.266 0.540 0.312 0.448 0.266 0.453 0.265 0.463

0.310 0.493 0.309 0.517 0.310 0.552 0.365 0.461 0.309 0.465 0.309 0.474

0.363 0.507 0.363 0.531 0.363 0.565 0.424 0.474 0.361 0.478 0.362 0.488

0.423 0.523 0.423 0.546 0.425 0.581 0.496 0.489 0.423 0.493 0.424 0.503

0.496 0.539 0.496 0.563 0.496 0.597 0.579 0.505 0.495 0.509 0.497 0.519

0.580 0.557 0.579 0.581 0.579 0.616 0.677 0.521 0.577 0.525 0.577 0.535

0.677 0.574 0.676 0.599 0.677 0.635 0.791 0.537 0.677 0.543 0.674 0.553

0.792 0.592 0.791 0.618 0.788 0.654 0.925 0.553 0.790 0.561 0.790 0.571

0.924 0.610 0.924 0.636 0.923 0.673 1.078 0.569 0.922 0.578 0.923 0.589

1.078 0.627 1.072 0.656 1.072 0.693 1.258 0.584 1.078 0.595 1.078 0.607

1.253 0.646 1.253 0.673 1.256 0.709 1.464 0.599 1.255 0.612 1.254 0.624

1.466 0.659 1.460 0.687 1.468 0.726 1.708 0.609 1.461 0.627 1.460 0.641

1.714 0.674 1.709 0.700 1.712 0.740 1.997 0.618 1.712 0.639 1.713 0.654

1.993 0.680 1.998 0.710 1.998 0.749 2.333 0.625 1.993 0.649 1.989 0.666

2.329 0.685 2.329 0.713 2.329 0.751 2.719 0.626 2.328 0.654 2.332 0.673

2.720 0.685 2.721 0.714 2.721 0.750 3.177 0.624 2.720 0.656 2.725 0.677

3.179 0.682 3.179 0.710 3.179 0.744 3.711 0.618 3.177 0.655 3.177 0.672

3.714 0.672 3.714 0.700 3.714 0.732 4.337 0.608 3.712 0.648 3.712 0.665

4.333 0.654 4.334 0.680 4.334 0.710 5.062 0.590 4.338 0.637 4.337 0.653

5.061 0.632 5.062 0.657 5.063 0.685 5.912 0.570 5.061 0.618 5.060 0.632

5.913 0.607 5.913 0.630 5.911 0.656 6.904 0.547 5.911 0.596 5.911 0.610

6.906 0.577 6.906 0.598 6.906 0.621 8.066 0.520 6.905 0.572 6.905 0.584

8.067 0.543 8.066 0.562 8.066 0.581 9.422 0.490 8.066 0.542 8.065 0.553

9.440 0.506 9.421 0.523 9.421 0.539 9.422 0.508 9.423 0.518

semi-EV_120% semi-EV_140%CV_100% CV_120% CV_140% semi-EV_100%
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Table D36 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

having different relative amount of curatives 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.062 0.089 0.062 0.076 0.060 0.074 0.057 0.107 0.054 0.093 0.056 0.083

0.063 0.091 0.065 0.077 0.063 0.072 0.066 0.105 0.067 0.101 0.066 0.085

0.076 0.092 0.074 0.078 0.076 0.071 0.077 0.103 0.073 0.101 0.077 0.086

0.089 0.093 0.090 0.082 0.091 0.072 0.090 0.105 0.090 0.102 0.089 0.086

0.104 0.095 0.105 0.082 0.102 0.074 0.104 0.104 0.103 0.102 0.104 0.087

0.122 0.096 0.124 0.082 0.124 0.075 0.122 0.104 0.123 0.101 0.122 0.087

0.143 0.096 0.143 0.083 0.143 0.076 0.141 0.107 0.144 0.101 0.143 0.088

0.166 0.096 0.170 0.083 0.165 0.077 0.167 0.110 0.168 0.101 0.165 0.091

0.197 0.100 0.198 0.084 0.194 0.078 0.195 0.114 0.196 0.104 0.193 0.094

0.230 0.100 0.229 0.086 0.227 0.080 0.226 0.113 0.226 0.106 0.226 0.094

0.269 0.104 0.268 0.089 0.266 0.082 0.264 0.118 0.267 0.106 0.265 0.098

0.306 0.106 0.312 0.092 0.308 0.085 0.308 0.120 0.310 0.110 0.309 0.101

0.362 0.109 0.366 0.095 0.364 0.087 0.361 0.124 0.360 0.113 0.362 0.104

0.424 0.113 0.424 0.098 0.420 0.090 0.420 0.128 0.419 0.118 0.422 0.108

0.493 0.119 0.496 0.102 0.493 0.093 0.493 0.133 0.492 0.120 0.492 0.112

0.574 0.122 0.577 0.105 0.577 0.096 0.576 0.138 0.575 0.125 0.576 0.118

0.674 0.127 0.676 0.110 0.672 0.101 0.673 0.142 0.671 0.129 0.672 0.122

0.788 0.133 0.785 0.114 0.786 0.104 0.781 0.147 0.783 0.134 0.786 0.127

0.920 0.137 0.919 0.118 0.918 0.108 0.918 0.151 0.916 0.138 0.917 0.131

1.074 0.141 1.075 0.122 1.073 0.112 1.070 0.156 1.070 0.142 1.072 0.136

1.256 0.146 1.254 0.125 1.255 0.116 1.252 0.160 1.248 0.147 1.252 0.140

1.466 0.150 1.463 0.129 1.464 0.120 1.464 0.164 1.461 0.151 1.465 0.144

1.713 0.153 1.708 0.133 1.712 0.123 1.710 0.167 1.707 0.155 1.712 0.148

1.998 0.155 1.997 0.136 1.999 0.127 1.996 0.170 1.995 0.158 1.998 0.152

2.334 0.158 2.328 0.141 2.330 0.129 2.330 0.173 2.333 0.161 2.331 0.155

2.720 0.161 2.719 0.141 2.725 0.130 2.724 0.175 2.720 0.165 2.724 0.157

3.178 0.163 3.175 0.143 3.177 0.133 3.176 0.178 3.178 0.167 3.181 0.160

3.713 0.164 3.713 0.145 3.709 0.135 3.712 0.179 3.710 0.169 3.709 0.163

4.338 0.165 4.332 0.147 4.336 0.136 4.332 0.181 4.332 0.171 4.336 0.164

5.060 0.166 5.060 0.148 5.060 0.138 5.061 0.181 5.064 0.171 5.065 0.165

5.913 0.165 5.913 0.148 5.913 0.138 5.915 0.181 5.911 0.173 5.914 0.165

6.902 0.165 6.906 0.148 6.902 0.139 6.902 0.182 6.901 0.173 6.908 0.166

8.067 0.163 8.067 0.148 8.062 0.139 8.066 0.181 8.067 0.173 8.067 0.166

9.421 0.161 9.417 0.146 9.417 0.138 9.415 0.180 9.421 0.172 9.419 0.165

semi-EV_120% semi-EV_140%CV_100% CV_120% CV_140% semi-EV_100%
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Table D37 Loss factor (tanδ) as a function of test strain at 0°C of the vulcanizates 

prepared from the best PCR tire tread formulation as compared with the 

tread of commercial PCR tires 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.485 0.030 0.239 0.030 0.193 0.030 0.230 0.030 0.172 0.030 0.134

0.035 0.485 0.035 0.240 0.035 0.198 0.035 0.231 0.035 0.172 0.035 0.133

0.040 0.486 0.041 0.242 0.041 0.196 0.040 0.231 0.041 0.173 0.041 0.134

0.049 0.487 0.048 0.243 0.048 0.197 0.048 0.233 0.049 0.173 0.049 0.134

0.055 0.488 0.056 0.243 0.056 0.198 0.056 0.234 0.056 0.174 0.056 0.136

0.066 0.490 0.065 0.245 0.065 0.198 0.066 0.236 0.065 0.176 0.066 0.138

0.076 0.493 0.076 0.247 0.077 0.198 0.076 0.237 0.077 0.178 0.076 0.140

0.088 0.495 0.090 0.251 0.089 0.201 0.089 0.239 0.089 0.181 0.090 0.143

0.105 0.498 0.104 0.253 0.105 0.203 0.104 0.241 0.105 0.185 0.105 0.146

0.123 0.501 0.122 0.257 0.121 0.205 0.121 0.245 0.122 0.189 0.122 0.151

0.143 0.506 0.142 0.262 0.142 0.209 0.142 0.249 0.143 0.195 0.143 0.157

0.165 0.513 0.167 0.268 0.166 0.213 0.166 0.256 0.167 0.202 0.167 0.164

0.195 0.521 0.195 0.275 0.195 0.218 0.195 0.263 0.196 0.210 0.196 0.173

0.228 0.530 0.228 0.283 0.227 0.224 0.228 0.272 0.229 0.221 0.229 0.183

0.266 0.540 0.267 0.292 0.265 0.231 0.266 0.282 0.268 0.232 0.268 0.196

0.310 0.552 0.311 0.303 0.311 0.239 0.311 0.293 0.313 0.245 0.313 0.210

0.363 0.565 0.363 0.314 0.363 0.248 0.364 0.306 0.365 0.259 0.367 0.225

0.425 0.581 0.425 0.325 0.424 0.258 0.424 0.319 0.428 0.274 0.429 0.242

0.496 0.597 0.497 0.337 0.495 0.268 0.497 0.333 0.501 0.290 0.500 0.259

0.579 0.616 0.580 0.349 0.579 0.279 0.580 0.347 0.576 0.309 0.574 0.284

0.677 0.635 0.678 0.361 0.676 0.290 0.677 0.361 0.678 0.321 0.671 0.301

0.788 0.654 0.791 0.372 0.790 0.301 0.791 0.375 0.792 0.337 0.792 0.312

0.923 0.673 0.924 0.382 0.922 0.311 0.921 0.389 0.925 0.353 0.916 0.336

1.072 0.693 1.079 0.393 1.077 0.321 1.076 0.404 1.070 0.372 1.074 0.350

1.256 0.709 1.254 0.404 1.258 0.331 1.256 0.415 1.253 0.385 1.250 0.367

1.468 0.726 1.467 0.410 1.465 0.339 1.466 0.424 1.460 0.397 1.461 0.380

1.712 0.740 1.710 0.419 1.707 0.349 1.711 0.433 1.707 0.408 1.711 0.389

1.998 0.749 1.995 0.424 1.999 0.353 1.997 0.439 1.993 0.416 1.999 0.398

2.329 0.751 2.327 0.428 2.327 0.360 2.331 0.444 2.329 0.423 2.329 0.406

2.721 0.750 2.718 0.431 2.718 0.363 2.718 0.447 2.721 0.427 2.721 0.410

3.179 0.744 3.182 0.432 3.175 0.365 3.176 0.447 3.178 0.429 3.178 0.412

3.714 0.732 3.711 0.430 3.709 0.365 3.710 0.445 3.713 0.429 3.712 0.411

4.334 0.710 4.334 0.426 4.333 0.363 4.335 0.441 4.338 0.426 4.337 0.408

5.063 0.685 5.063 0.421 5.062 0.359 5.064 0.434 5.062 0.420 5.061 0.404

5.911 0.656 5.911 0.411 5.915 0.353 5.911 0.424 5.914 0.412 5.913 0.398

6.906 0.621 6.906 0.401 6.905 0.345 6.905 0.412 6.909 0.402 6.908 0.390

8.066 0.581 8.065 0.387 8.065 0.335 8.065 0.398 8.069 0.390 8.068 0.381

9.421 0.539 9.421 0.372 9.420 0.323 9.420 0.380 9.425 0.375 9.424 0.370

Commercial tire D Commercial tire EThe best formulation Commercial tire A Commercial tire B Commercial tire C
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Table D38 Loss factor (tanδ) as a function of test strain at 60°C of the vulcanizates 

prepared from the best PCR tire tread formulation as compared with the 

tread of commercial PCR tires 

Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ Strain (%) Tan δδδδ

0.030 0.065 0.030 0.103 0.030 0.087 0.030 0.085 0.030 0.115 0.030 0.139

0.034 0.080 0.035 0.100 0.036 0.093 0.035 0.080 0.034 0.118 0.035 0.147

0.041 0.079 0.041 0.103 0.041 0.086 0.041 0.082 0.041 0.120 0.041 0.144

0.048 0.083 0.047 0.099 0.049 0.086 0.049 0.085 0.048 0.118 0.047 0.148

0.060 0.074 0.056 0.107 0.056 0.086 0.056 0.079 0.056 0.120 0.056 0.144

0.063 0.072 0.065 0.104 0.066 0.088 0.065 0.079 0.065 0.122 0.066 0.153

0.076 0.071 0.076 0.107 0.076 0.085 0.077 0.081 0.077 0.122 0.077 0.148

0.091 0.072 0.089 0.108 0.090 0.088 0.089 0.083 0.090 0.123 0.090 0.154

0.102 0.074 0.104 0.107 0.104 0.086 0.104 0.081 0.104 0.126 0.104 0.155

0.124 0.075 0.121 0.109 0.122 0.089 0.122 0.083 0.122 0.128 0.122 0.158

0.143 0.076 0.142 0.110 0.142 0.091 0.142 0.085 0.143 0.131 0.143 0.164

0.165 0.077 0.166 0.111 0.166 0.090 0.163 0.086 0.167 0.135 0.167 0.168

0.194 0.078 0.194 0.112 0.194 0.096 0.194 0.088 0.194 0.140 0.195 0.176

0.227 0.080 0.227 0.116 0.227 0.096 0.227 0.090 0.228 0.145 0.228 0.185

0.266 0.082 0.265 0.119 0.265 0.099 0.265 0.094 0.266 0.153 0.266 0.194

0.308 0.085 0.309 0.124 0.309 0.102 0.310 0.097 0.310 0.159 0.311 0.204

0.364 0.087 0.362 0.127 0.359 0.105 0.362 0.101 0.364 0.168 0.364 0.216

0.420 0.090 0.423 0.132 0.423 0.110 0.423 0.105 0.425 0.176 0.425 0.227

0.493 0.093 0.494 0.135 0.493 0.114 0.493 0.109 0.496 0.185 0.497 0.238

0.577 0.096 0.579 0.140 0.577 0.118 0.576 0.113 0.579 0.193 0.580 0.249

0.672 0.101 0.674 0.144 0.673 0.123 0.673 0.118 0.676 0.202 0.678 0.261

0.786 0.104 0.787 0.148 0.784 0.128 0.786 0.123 0.791 0.210 0.791 0.269

0.918 0.108 0.918 0.152 0.919 0.133 0.919 0.127 0.923 0.219 0.924 0.279

1.073 0.112 1.074 0.155 1.076 0.137 1.073 0.132 1.078 0.225 1.074 0.287

1.255 0.116 1.254 0.158 1.254 0.141 1.253 0.136 1.255 0.232 1.254 0.294

1.464 0.120 1.465 0.162 1.464 0.146 1.463 0.139 1.466 0.238 1.461 0.302

1.712 0.123 1.709 0.164 1.711 0.149 1.711 0.142 1.712 0.243 1.707 0.306

1.999 0.127 1.999 0.166 1.998 0.153 1.996 0.145 1.990 0.249 1.991 0.310

2.330 0.129 2.333 0.168 2.331 0.155 2.332 0.147 2.334 0.249 2.328 0.311

2.725 0.130 2.719 0.170 2.725 0.157 2.724 0.148 2.717 0.252 2.724 0.310

3.177 0.133 3.181 0.171 3.176 0.161 3.177 0.150 3.174 0.252 3.179 0.312

3.709 0.135 3.711 0.171 3.710 0.161 3.711 0.150 3.708 0.251 3.712 0.310

4.336 0.136 4.332 0.171 4.335 0.161 4.331 0.150 4.335 0.250 4.332 0.309

5.060 0.138 5.066 0.171 5.065 0.162 5.065 0.149 5.061 0.248 5.060 0.305

5.913 0.138 5.911 0.172 5.910 0.162 5.910 0.148 5.912 0.245 5.911 0.301

6.902 0.139 6.905 0.172 6.904 0.161 6.905 0.147 6.904 0.240 6.906 0.296

8.062 0.139 8.064 0.171 8.064 0.159 8.064 0.146 8.066 0.235 8.065 0.290

9.417 0.138 9.419 0.170 9.418 0.157 9.418 0.143 9.420 0.229 9.421 0.283

Commercial tire D Commercial tire EThe best formulation Commercial tire A Commercial tire B Commercial tire C
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