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PREFACE 

 

The main goal of the current project is to develop a process-design for a rubber 

blend compound for Passenger Car Tire (PCT) treads, with an optimum compatibility 

to petroleum-based PNA-safe process oils like Treated Distillate Aromatic Extracts 

(TDAE) and Mildly Extracted Solvates (MES). The tread of a PCT is normally 

composed of blends of Styrene Butadiene Rubber (SBR), Butadiene Rubber (BR) and 

Natural Rubber (NR). Process oils are added to these blends to improve the 

processability and vulcanizate properties like elasticity and low temperature flexibility. 

Due to the differences in polarity, the solubility and compatibility of the process oil 

with each component in a blend can vary. The preference of the process oil for a 

particular phase can lead to problems with mixing and irregular distribution, which 

affects the final properties of the compound. Therefore, it is crucial to evaluate how 

the oil is distributed within a blend compound. This thesis investigates the 

distribution of TDAE oil in a SBR/BR blend, as this combination is the most widely 

used in the tire industry for the PCT tread. The focus is on developing a process-

design for a SBR/BR blend compound with: i) good compatibility to the TDAE oil and 

ii) improved tread performance. 
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Chapter 1   

1. HISTORY 

The history of rubber dates back to the late fifteenth century, when the discovery of 

an elastic ball was made by Europeans. Pietro Martine d’Anghiera presented the first 

written description of this elastic material, which came to be known as Natural 

Rubber (NR). After the voyage to the Caribbean, Christopher Columbus reported that 

the native Indians, the Aztecs, played with a mysterious elastic ball. This discovery of 

the ‘new world’ led to the beginning of exploitation and enslavement of the Aztecs. 

In the early sixteenth century, a group of Aztecs were made to demonstrate a game 

[2] called tlachtli, played with an elastic substance, to the court of Emperor Charles V 

in Seville [3]. After a long pause due to the loss of the know-how of this elastic 

material with the fall of Aztecs, it was only in the middle eighteenth century that the 

Europeans discovered tapping of Hevea brasiliensis rubber trees for obtaining the 

rubber latex. The French investigator Jean Marie de la Condamine observed the 

natives tapping rubber trees in the Amazon virgin forest [4]. He illustrated various 

uses of the new substance that the French called “caoutchouc”, derived from the 

expression of “weeping tree” by one of the native tribes of the Amazon [5]. Despite 

the various uses of “caoutchouc” suggested by Condamine, its application was 

limited until the discovery of the vulcanization process by Charles Goodyear in the 

nineteenth century [6, 7]. The first rubber factory for waterproof textiles was started 

by Thomas Hancock in England  [8] in the early nineteenth century even before the 

discovery of vulcanization. However, the use of the rubber articles was limited during 

this period, due to its tendency to become sticky in summer and rigid in winter [3]. 

The problem of stickiness could be solved with the vulcanization of rubber [9]. This 

led to a huge revolution in the rubber industry, transforming rubber from a mystery 

material to a basic day-to-day material.  

Thereafter, the discovery of the pneumatic tire by J.B. Dunlop [10], which was first 

developed for his son’s tricycle in the late nineteenth century led to the rise of the 

automobile industry. The brothers André and Edouard Michelin equipped for the first 

time a car with pneumatic tires in 1895 [11]. In the same year, the American J.F. 

Palmer moved to England and registered a company by name ‘Palmer Tire Company’, 

where he started for the first time the production of pneumatic car tires that used 

non-stretching fabric [12]. J.B. Dunlop also produced automobiles with air inflated 
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  Introduction 

tires in England, followed by B.F. Goodrich in the U.S. [13]. Further improvements in 

tire technology were reached as the accelerators for the vulcanization process and 

the reinforcing effect of carbon black were discovered. Eventually, it was understood 

that the utility of rubber is dependent on its elasticity and the quick retraction ability 

upon application of stress.  

The ever increasing demand for natural rubber led to frantic efforts for collecting 

more and more amounts of rubber latex from the wild rubber trees widely spread 

across the forests in Belgian Congo and South America [14]. This caused a 

catastrophic exploitation of these colonies. Furthermore, the rising prices of NR, long 

transport distances and a continuous threat that the customers could be cut off from 

suppliers due to the World War situation, led to the development of synthetic rubber. 

The quest to produce synthetic rubber by polymerization started in the late 

nineteenth century, with rubber-like materials obtained by polymerization of isoprene 

and isomers of butadiene. During the course of World War I and II, synthetic rubbers 

such as poly(2,3-dimethylbutadiene), and styrene-butadiene rubbers were developed 

for tires, hoses, gas masks and casings in submarines. Even after the war was over, 

the synthetic rubber industry kept emerging and is currently fulfilling a significant 

part (Synthetic Rubber: NR= 60:40 or 50:50) of the worlds rubber demand [15]. 

As the tire technology progressed, various blends of synthetic and natural rubber 

found applications to provide optimum properties. Blending is used to enhance the 

performance characteristics of rubber products [16]. Especially for tires, the 

operational, functional, material and economic demands cannot be met by a single 

type of rubber compound. For this reason contemporary tires are based on mainly, 

Styrene-Butadiene Rubber (SBR), Natural Rubber (NR) and Butadiene Rubber (BR) 

[17]. Binary or ternary blends of these elastomers are used for example in the 

construction of tire treads and sidewalls. 

 

2. BACKGROUND AND AIM OF INVESTIGATION 

A tire is an assembly of several components that are built up on a drum and 

vulcanized in a mold under heat and pressure. It must fulfill the following demands: 

dimensional stability, durability, driving safety (dry, wet, aquaplaning, winter), 

comfort (damping, balance, noise), service reliability, economy (abrasion, rolling 
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Chapter 1   

resistance) and environmental issues. A tire’s importance as a safety element 

necessitates new developments in tire technology in order to keep up with advances 

in automotive engineering. An additional drive for advancements is the result of 

legislations for environmental safety and sustainability. Tire design and material 

improvements are further important contributing factors to the technological 

advancements in existing tire systems [17]. 

In material improvement, rubber is fundamentally important, as it forms most of the 

tire parts. Rubber is also the component that forms the ‘tread’ of the tire, which 

makes the only direct contact with the road. The tread is the essential link between 

the road surface and the vehicle, as it is responsible for the transmission of power to 

the road. The property of rubber that allows it to be suitable for application in the 

tread is its elasticity, which allows it to rapidly come back to its original shape under 

high-frequency cycles.  

The three main material-specific requirements relevant to the tread are rolling 

resistance (RR), abrasion resistance (AR), and wet skid resistance (WSR). The rolling 

resistance is directly related to fuel economy, the abrasion resistance to service life-

time and wet skid resistance to driving safety [17]. However, there is a clear trade-

off between the three main tire performance indicators RR, AR and WSR: an 

improvement in one of the three indicators often leads to deterioration in the other 

two. For instance, attempts to improve the RR, often lead to a loss in AR and vice-

versa. A commonly used solution in tread technology is to devise a suitable balance 

in the tire performance indicators via blending two or three different types of rubbers 

like SBR, BR and NR.  

SBR/BR binary blends in different ratios are the focus of this thesis, because of a 

combination of good AR and RR from BR as well as favorable WSR from SBR [18]. 

SBR/BR blends are conditionally compatible, depending on the polymer 

microstructure of the components. The large number of variables arising due to the 

variety of microstructural components in BR (cis-1,4, trans-1,4, vinyl-1,2 isomer 

content) and SBR (styrene content and cis-1,4, trans-1,4, vinyl-1,2 isomer content) 

makes it difficult to predict or quantify blend miscibility [19]. The glass transition 

temperature (Tg) or α-relaxation process, which provides agreeable correlation to the 

tire performance indicators, is also the property that can be used to judge the 
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  Introduction 

miscibility characteristics in a blend [20, 21]. A blend with a single Tg is classified as 

a miscible blend, whereas a blend expressing its component Tg(s) is classified as an 

immiscible blend [22].  

A tread compound is a complex mixture of rubber, process aids, fillers and a 

vulcanization system. Although the microstructure of the rubber has a significant 

influence on the Tg of rubber, other ingredients also affect the Tg of the compound. 

This means that the optimization of the trade-off in the performance indicators is not 

singularly controlled by the rubber structural and microstructural characteristics, it is 

rather is influenced by further parameters. One of the prime factors is the processing 

aid, which is mostly a mineral-based oil such as Treated Distillate Aromatic Extract 

(TDAE), in the tire tread formulation. The TDAE consists of low molecular weight 

molecules; its presence between the rubber chains has  the effect  of pushing the 

chains apart, resulting in a higher free volume (Vf) [23]. This effectively decreases 

the Tg, thus influencing the usability of the compound.  

In the past, mineral-based process oils with a high polycyclic aromatic hydrocarbon 

(PAH) content like Distillate Aromatic Extract (DAE) were used for the tread. This 

gave the tread compound better WSR, since a higher aromatic content in the 

processing oil corresponds to better wet grip properties. However, after the 

carcinogenic effects of the highly aromatic oils were proven, the European 

Commission regulation (EC) No 552/2009 limited the use of PAHs to a maximum of 

10 mg/kg [24]. This led to the development of a ‘safe’ grade of DAE oil which is 

commonly known as TDAE. Also, other mineral-based process oils such as Mildly 

Extracted Solvate (MES) and Residual Aromatic Extract (RAE) are now used as 

replacements for DAE in tread compounds. The effect of the substitute oils in a tread 

compound can be seen in Figure 1. The influence of TDAE and MES is beneficial for 

RR, but they both have a negative effect on the AR and WSR. Therefore, there is a 

need to improve the design of tread compounds filled with these oils.  
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However, there is no straightforward solution to this problem. A SBR/BR based tread 

compound shows a single Tg, which makes it difficult to understand the degree of 

influence of the process oil on the individual components. This is a major hindrance 

in determining blend dynamics and predicting the processability. Furthermore, it is 

another problem in blend systems that the WSR cannot be adequately predicted, 

since it requires a prediction of the Tg of the compound at ca. 103-106 Hz  [25, 26]. 

The measurement of  the compound Tg at such high frequencies is not possible with 

commonly used techniques like Differential Scanning Calorimetry (DSC) and Dynamic 

Mechanical Analysis (DMA). Therefore, the Time-Temperature Superposition (TTS) 

principle is used to calculate the Tg at higher frequencies based on the 

experimentally obtained Tg at lower frequency. In single rubber compounds, the TTS 

principle can be used to predict the Tg at high frequencies. However, in blends, the 

molecular mechanisms contributing to time and frequency dependent modulus and 

compliance functions do not have the same temperature dependence which renders 

the TTS principle inapplicable [27]. This leads to the lack of a WSR indicator for 

blend systems. Thus, the aim of this thesis is to i) develop an understanding of the 

role of the distribution of mineral-based process oi: TDAE on SBR/BR blend 

dynamics, and ii) formulate a probable WSR indicator. 

 

 

RR 

AR WSR 

Figure 1. Magic triangle depicting the trade-off in performance indicators 
with substitute oils TDAE and MES for DAE [1]. 

     DAE           TDAE           MES 
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3. DESIGN CONCEPT 

The design concept in this project is based on hierarchical thinking, requirements 

engineering and life-cycle concept, some very important tools from systems 

engineering. For a well-functioning system, it is of utmost importance to clearly 

define the problem, divide it into smaller, more manageable chunks and clearly 

define the requirements. The life-cycle concept helps to put a broader perspective on 

the current research, which is focused on the specific area of the tire tread. The 

current project belongs in the Conceptual Design and Detailed Design and 

Development stage of the life-cycle of a tire: see Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The glass transition process (Tg) is well-accepted to evaluate the RR, AR and WSR of 

tire tread compounds. Therefore, for the present work, the Tg of SBR/BR blend 

compounds in 70/30, 50/50 and 30/70 ratios is studied by means of Differential 

Scanning Calorimetry (DSC), Dynamic Mechanical Analysis (DMA), and Broadband 

Dielectric Spectroscopy (BDS). DSC, DMA and BDS have different governing 

ACQUISITION                                                                                                

Product Use, 
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Design 

The current research belongs in the 
Conceptual/ Preliminary Design & 
Detailed Design and Development  
within the context of the whole 

process-design for the development 
of a ‘tire’. 

N 

E 

E 

D 

UTILIZATION 

Figure 2. The Process-Design for development of a ‘Tire’.  
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Chapter 1   

principles, which provides an opportunity to study phase dynamics of the blends 

through different approaches [28]. The potency of the above formulated idea to 

fulfill the desired aim is tested and verified during the course of this thesis. Although 

only unfilled compounds are examined, the outcome of this part will be a proposal 

for a method of evaluating the preference of TDAE oil in SBR/BR blends, and a 

method for predicting WSR. Based on this knowledge, making a blend design with 

predictable properties related to blend miscibility, processability and tire tread 

performance may become easier. 

 

4. STRUCTURE OF THE THESIS 

A literature study covering the utility of SBR/BR blends in car tire treads and the 

governing principles of the chosen characterization techniques are presented in 

chapter 2. 

In chapter 3, the results of the analysis of the effect on TDAE oil on pure elastomers, 

SBR and BR, used in the present work are summarized and discussed.  

In chapter 4, the results of the analysis of blend dynamics of TDAE-extended SBR/BR 

blends (70/30, 50/50 and 30/70) using the same set of techniques are discussed. 

Here, the potency of the three techniques to separate the blend component and 

investigate the effect of TDAE on each blend component is examined. 

In chapter 5, the ability of Broadband Dielectric Spectroscopy for predicting WSR is 

presented and compared with the currently used methods for prediction of WSR. 

In chapter 6, a summary of the whole process-design and a recommendation for the 

appropriate SBR/BR blend with good compatibility to the TDAE oil is given.  
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1. PASSENGER CAR TIRES 

1.1 INTRODUCTION 

The major components used in the assembly of a typical tire are sidewalls, belts, 

body ply, inner liner, bead and tread: see Figure 1. The sidewall is an extruded 

rubber profile; it has to have resistance against environmental impacts, resistance 

against abrasion and strength to support the structure of tire. The belt is usually a 

calendered sheet consisting of a layer of rubber, a layer of closely spaced steel cords, 

and a second layer of rubber; it provides dimensional stability to the tire while 

allowing it to be flexible. A passenger car tire has two or three belts. The body ply is 

a calendered sheet consisting of a layer of rubber, a layer of reinforcing fabric, and a 

second layer of rubber; it gives structural strength to the tire. In the body ply 

construction, the reinforcing fabric is commonly one of the following: cotton, rayon, 

nylon, polyester or polyaramid. The fabric cords are very flexible but relatively 

inelastic. The inner liner is an extruded rubber sheet with low air permeability; it 

assures that the tire holds the high-pressure inside. The bead consists of bands of 

high tensile-strength steel wire encased in a rubber compound; it provides the 

mechanical strength to fit the tire to the wheel [2]. The tread is a thick extruded 

rubber profile; it has high performance requirements since it makes the contact with 

the road surface. 

  

 

 

 

 

 

 

 

 

 

 

 
Figure 1. A Typical Tire Assembly [1]. 
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The tread being the only contact with the road surface [3, 4], needs to meet 

stringent performance requirements. The three main performance requirements of 

the tread: rolling resistance (RR), abrasion resistance (AR) and wet skid resistance 

(WSR) are based on the ingredients of the tire tread compound as discussed in 

Chapter 1. Hence, most improvements in design and material choice are focused on 

the tread.  

 

1.2 ELASTOMERS IN PASSENGER CAR TIRE TREADS 

The developments in the materials technology are largely driven by the motive to 

produce products with optimum properties, i.e. good trade-off amongst RR, AR and 

WSR at minimum cost [5] or by legislations. The ever-increasing emissions of 

greenhouse gases, especially CO2 have led to an upsurge in global warming. Due to 

this, several international treaties and legislations have been realized in the past 

years to control the emissions. Since the automobile and tire industry contribute a 

major part to these emissions, it is inevitable that the fuel efficiency of automobiles is 

improved. To achieve this goal, it is required that the tire materials are enhanced for 

better rolling resistance (RR), which relates directly to a reduction in the fuel 

consumption. In tire technology, there are two main ways for improving the rolling 

resistance of a tire: advancements in filler technology and advancements in polymer 

technology. In terms of filler technology, an insufficient distribution of fillers can 

become a source of hysteresis in a vulcanized compound, thus giving a deteriorating 

effect on the RR of a compound [6]. In terms of polymer technology, the polymer 

macrostructure and microstructure are important factors for achieving a desirable 

trade-off in the main tire performance indicators. The macrostructure of a polymer is 

defined by the molecular weight and crosslink distribution, the polymer chain 

branching, and the crystallite formation. The arrangement of the monomers within a 

polymer chain constitutes its microstructure [7]. For example Butadiene Rubber (BR) 

can have different distributions of the following isomer contents: see Figure 2. (i) cis-

1,4: the two hydrogen atoms attached to the carbon-carbon double bond in the 

polymer are on the same side of the double bond, (ii) trans-1,4: the hydrogen atoms 

attached to the carbon-carbon double bond on the polymer backbone are on 
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opposite sides,  (iii) vinyl-1,2: first and second carbon atoms participate in the 

polymer backbone; third and fourth carbon atoms are pendant.  

 

 

Figure 2. Polymer Microstructure: possible configurations for butadiene in 
SBR and BR [7]. 

 

The distribution of the three isomer contents in BR can have a dramatic effect on the 

tire tread’s performance. For example, lithium-catalyzed solution polymers with 

approx. 36% cis-1,4 content are easy to process, whereas 92% cis-1,4 Ti,  98% cis-

1,4 Nd and 96% cis-1,4 Ni polymers are more difficult to process at factory 

processing temperatures but show better abrasion resistance [7]. 93% trans-1,4 BR 

is a tough, crystalline material at room temperature. High vinyl BR shows good wet 

skid resistance in tread compounds: see Table 1. 

 

Table 1. Polybutadiene Microstructure [7]. 

 

Catalyst 

Isomer Level to +/-1 % 

cis-% trans-% vinyl-% 

Li 35 55 10 

Ti 91-94 2-4 4 

Co 96 2 2 

Nd 98 1 1 

Ni 96-98 0-1 2-4 

 

Some properties of synthetic polymers are governed by the way they are 

polymerized. In the case of Styrene-Butadiene Rubber (SBR), the polymerization 

mechanism dictates the distribution of cis/trans/vinyl of the butadiene unit: see 

Figure 2 and the pendant styrene group. A series of numbers have been assigned to 
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classify general properties of the SBR. This classification is governed by the 

International Institute of Synthetic Rubber Producers (IISRP) [8]. Table 2 illustrates 

the general numbering used by IISRP. 

 

Table 2. Classification of Synthetic Rubbers by IISRP [8]. 

Class Number                                          Description 

1000 series Hot non-pigmented emulsion SBR (polymerized above 38 °C) 

1500 series Cold non-pigmented emulsion SBR (polymerized above 10 °C) 

1600 series Cold polymerized/carbon black master batch/14 phr oil (max) SBR 

1700 series Oil-extended cold emulsion SBR 

1800 series Cold emulsion-polymerized/carbon black master batch/ more than 

14 phr oil SBR 

1900 series Emulsion resin rubber master batches 

 

The molecular weight aspect of polymer macrostructure affects the RR via hysteresis 

and processability of the tread compound. By increasing the molecular weight of the 

polymer, the total energy loss i.e. hysteresis in a compound can be reduced as the 

number of free chain ends are reduced. However, ease of processing is lost 

considerably in this case [9]. An optimum balance between molecular weight and 

processability is crucial. The major contribution of hysteresis in a tire compound 

comes from free chain ends. More specifically, it is the section of the polymer chain 

between the last cross-link and end of the polymer chain which contributes to the 

hysteresis loss in a vulcanized compound. This part of the polymer does not 

participate in any efficient elastically recoverable process, which means that any 

energy transmitted to this section of the polymer is lost. This dissipated energy 

expresses as hysteresis under dynamic load (actual application condition) [6]. The 

above-mentioned two main causes of hysteresis in a tire compound: an insufficient 

distribution of the filler and the presence of free chain ends can be overcome with 

the functionalization of the polymer backbone and chain ends with polar groups, 

respectively. Recent developments in polymer technology for tire applications are 

based on this approach since it has the potency to overcome both of the main causes 

for hysteresis. Functionalization of the chain ends with a polar group reduces free 
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chain ends by enhancing the probability of the formation of cross-links near the chain 

ends as well as improves the interaction with polar fillers like silica.  

The RR is only one of the three main indicators: RR, AR and WSR. Blending 

technology and polymer microstructure play a significant role in finding a balance of 

the three main performance indicators. It is well described in the literature that a 

single polymer system cannot suffice for an optimum tire performance [8]. Mostly 

blend systems of two or more polymers are used to balance the tread properties 

according to the major properties. The blends of S-SBR/BR, NR/BR or E-SBR/NR in 

different ratios are the most commonly used blends for the tread compound of a tire. 

The focus of the present study is on S-SBR/BR blends as these are most widely used 

in passenger car tire treads, which is the application of interest for this work. The 

microstructure of the S-SBR and BR in the blend is known to have implications on the 

balance in performance indicators as well as the blend miscibility. For example, if the 

styrene content in S-SBR is reduced with respect to the total butadiene content and 

the vinyl content is kept constant, RR is improved at the expense of loss in WSR. 

Similarly, if the vinyl content is reduced with respect to the total butadiene content 

and the styrene content is kept constant, RR is again improved at the expense of 

WSR.  

Blending [10] can solve the problem of finding a compromise between an optimum 

performance and ease of processing. Rubber blends, both miscible and immiscible 

blends have found applications in tire treads. Miscible blends are the blends that are 

homogeneous on the segmental scale and immiscible blends are heterogeneous on 

the segmental scale [11]. Miscibility is determined by entropic contributions: free 

volume, monomer structure, chain flexibility, chain-end effects. For example, miscible 

SBR/BR blends [12-14] are used in state-of-the-art tire treads due to the 

advantageous set of traction, wear and rolling resistance; immiscible: Isoprene 

Rubber (IR)/ Natural Rubber (NR) blends [15] are used due to the improved wet-skid 

resistance and BR/NR blends for the better crack growth resistance. These examples 

illustrate that miscible and immiscible blends exhibit dissimilar advantages for tire 

performance. Depending on blend miscibility behavior, there are changes in the tread 

performance. 
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1.2.1 SBR/BR Blends 

SBR/BR blends have been important for the tire industry for the advantageous set of 

properties they offer. In particular, SBR is used for its wet skid and traction 

properties and BR is used for its good rolling resistance, abrasion, tread wear 

performance and resistance to cut propagation. Numerous studies have attempted to 

determine the miscibility characteristics of these two polymers [16-18]. Despite 

extensive efforts, there is not enough knowledge to completely quantify the influence 

of the complex micro- and macrostructure of the individual polymers on the overall 

blend miscibility. As there are no strong specific interactions or chemical reactions 

that influence miscibility, the microstructural characteristics of the component 

polymers such as isomer content: cis-1,4, trans-1,4, vinyl-1,2 isomers and styrene 

content for SBR; cis-1,4, trans-1,4, vinyl-1,2 isomers for BR, molecular weight and 

molecular weight distribution are dominant factors in determining the miscibility 

characteristics [19].  

Early scientific studies on SBR/BR blend miscibility were carried out using Tg 

measurements via Differential Scanning Calorimetry (DSC) and Dynamic Mechanical 

Analysis (DMA) [12, 14, 20, 21]. However, with the progress of technology and 

improvements in analytical techniques, polymer characteristics like molecular weight 

and microstructural characteristics could be better quantified, which lead to a 

development of more sophisticated analytical techniques. Techniques like Small-

Angle X-Ray Scattering: to study phase separation [22], Small-Angle Neutron 

Scattering (SANS) and Small-Angle Light Scattering: to determine the effective 

interaction parameter χeff [23, 24], are the newer advances that have been used to 

study in detail the SBR/BR blend miscibility. The results from all studies suggest that 

SBR and BR are conditionally compatible, depending on polymer characteristics.  

If the miscibility of a blend can be predicted with the polymer characteristics like 

molecular weight and microstructural characteristics, designing blends with desired 

properties becomes easier. Due to the numerous different microstructures (SBR and 

BR isomer content) that are possible, an infinite number of SBR/BR blends can be 

produced, depending on the polymerization mechanism and reactor configuration 

used to produce the polymers. This makes it a challenge to identify the combinations 
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that will pass a phase boundary at an accessible temperature and form a miscible 

blend. 

 

1.2.2 Flory-Huggins treatment of polymer miscibility 

The prediction of appropriate microstructures of S-SBR and BR to make a miscible 

blend with optimum performance is done using the ‘Random Copolymer Theory’ as is 

elaborated in this section. The Flory-Huggins calculation which forms the basis of the 

‘random Copolymer Theory’ can be applied to identify desirable SBR/BR blend 

combinations. The solubility parameter δ is a related concept that can be used as an 

indicator of the degree of interaction between polymers. It can be defined as the 

square root of cohesive energy density, which is the energy needed to break all 

molecular bonds ‘A-A’ which are included in an unit volume when the polymer ‘A’ 

cohere together by the intermolecular force. The higher polar character signifies a 

higher cohesive energy which results in a higher solubility parameter. The difference 

in the solubility parameters Δδ of blended polymers should be low for the formation 

of a miscible blend. The solubility parameter can also be related to the Flory-Huggins 

parameter by: 

 

χ(T) =  
ν

kT
(δ1 − δ2)2 

Equation 1 

Where 

χ(T) = Temperature dependent Flory-Huggins polymer-polymer interaction 

parameter 

k     = Boltzmann constant 

ν     = Volume per segment 

T     = Temperature (K) 

δi    = Solubility parameter of the ith component 

 

A general Flory-Huggins expression, applicable to a binary blend of two 

homopolymers A (-A-A-A-A-A-)n and B (-B-B-B-B-B-)n is as follows: 

 



                                                                                                             Literature Study     

19 
 

∆Gm

RT
=

φA ln φA 

xA
+

φB ln φB

xB
+ φA φB χ 

Equation 2 

Where 

∆Gm = Free energy of mixing per unit volume 

R     = Gas constant 

T     = Temperature (K) 

φi    = Volume fraction of the ith component (φA + φB = 1) 

xi    = Number average degree of polymerization of i 

χ     = Flory-Huggins polymer-polymer interaction parameter 

 

The χ parameter describes the energetics of interaction between unlike monomeric 

units. If χ is negative, it suggests that there is attraction and miscibility is 

thermodynamically favored. If χ is positive, it suggests that immiscibility is 

thermodynamically favored. Thus, the χ value needs to be low to increase the 

chances of forming a miscible system.  

In the case of blends of copolymers, (AsB1-s) χ1 and (CtD1-t) χ2, the Flory-Huggins 

expression needs to be modified: 

 

∆Gm

RT
=

φ1 ln φ1 

x1
+

φ2 ln φ2

x2
+ φ1 φ2 χblend 

Equation 3 

Where 

χblend is composition-weighted combination of these six monomer-monomer 

interaction pairs 

χblend = χAC(st) 

+  χBC(1-s)t 

+  χAD(1-t)s 

+  χBD(1-s) (1-t) 

-   χAB(1-s)s 

-   χCD(1-t)t 
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The two negative terms  χAB(1-s)s and  χCD(1-t)t, are due to repulsion of chemically-

linked monomer units. It indicates that miscibility can occur if these two terms are 

large enough. This is the ‘random copolymer effect’, as mentioned in the starting of 

this section [25, 26]. This concept can as well be extended to the SBR/BR blend 

system. The χ parameters for the segmental interactions between SBR and BR 

microstructural components can be obtained from the literature, which have been 

measured through SANS. For such estimations, the SBR/BR blend is considered as a 

mixture of a terpolymer and a copolymer [27-32] hence, three separate parameters 

are used to describe the energetics, see Figure 3: 

χVS = 1,2-BR/Styrene 

χBS = 1,4-BR/Styrene 

χVB = 1,2-BR/1,4-BR 

 

 

Figure 3. Fundamental interaction parameters for SBR/BR blends. 𝛗𝐒, 𝐱, 𝒚 
stand for fractions of the styrene segment in SBR, the 1,2-linkage in the 

butadiene segment of SBR, and the 1,2-linkage in BR, respectively. 

 

If the above-mentioned three segmental interaction parameters are known, χblend 

can be estimated for the SBR/BR blend system with any microstructure and 

copolymer composition. However, throughout this discussion it is assumed that χblend 

is independent of the blend composition φ1 or φ2 . 
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χblend = kφSχVS +  (φS − k)φSχBS − k(φS − k)χVB 

Equation 4 

Where  

k is a substitute for simplification of the expression, k = y − x(1 − φS) 

φS= Volume fraction of styrene in SBR 

x  = Volume fraction of BR in SBR which is 1,2-linked 

y = Volume fraction of BR in BR which is 1,2-linked 

The results of the above calculations have been observed to give positive values for 

all the three interaction parameters within the experimental temperature range (20-

140 °C) and have positive slopes when interaction parameters are plotted vs. inverse 

of temperature, suggesting an Upper Critical Solution temperature Type UCST-type 

phase behavior, see Figure 4: 

 

χVS = 56.5 × 10−3 + 5.62 T⁄  

χBS = 8.43 × 10−3 + 10.2 T⁄  

χVB = 2.69 × 10−3 + 1.87 T⁄  
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Figure 4. Plots of the three segmental interaction parameters 𝛘𝐕𝐒, 𝛘𝐁𝐒, and 

𝛘𝐕𝐁  against reciprocal absolute temperature [24]. 

 

These results indicate that the vinyl/styrene repulsion is the greatest. This means 

that χblend will be negative when k is negative because χVS is significantly larger than 

χBS and χVB. It is also suggested that a SBR with high vinyl and high styrene content 

might be miscible with low vinyl BR due to the repulsion between the vinyl and 

styrene units on the same SBR chain [24]. In the present research, this knowledge is 

used for making the choice of polymers to obtain a miscible blend. 

  



                                                                                                             Literature Study     

23 
 

2. PROCESS OIL 

2.1 INTRODUCTION 

Process oils are mineral oil based processing aids, which are added to elastomers to 

improve the processability, the low temperature properties, the dispersion of fillers, 

and to reduce the cost. The process oils can act as:  

 Softener: to decrease the hardness and improve processability of the 

compound; 

 Plasticizer: to increase the flexibility of the compound at low temperature;  

 Extender: to increase the filler loading in the compound [33].  

Chemically, process oils are complex mixtures of hydrocarbons, produced by blending 

of refined crude oil distillates [34]. There are several grades of process oils, 

depending upon the relative proportion of different types of components as follows, 

see Figure 5: 

 Paraffinic: predominantly branched and linear aliphatic hydrocarbons; 

 Naphthenic: predominantly compounds with saturated ring structures; 

 Aromatic: predominantly aromatic ring structures. 

 

 

 

Figure 5. Typical molecules in process oils: Paraffinic, Naphthenic and 
Aromatic [35]. 



Chapter 2 

24 
 

 In addition to hydrocarbons, compounds containing sulfur, nitrogen or oxygen may 

be present. These constitute the ‘polar’ content of the oil. Sulfur content may be as 

high as 6% in some aromatic oils. Because of the complexity of these products, a 

precise chemical definition is difficult. The information from suppliers is normally an 

effective average composition which governs prime aspects of performance. The 

viscosity of an oil is related to its average molecular weight, and its Viscosity-Gravity 

Constant (VGC) is an indication of its paraffinic vs. aromatic content. At equal 

molecular weight, the aromatic components have a higher viscosity than the 

saturated components [36]. Moreover, an increasing content of cyclic structures: 

paraffinic<naphthenic<aromatic content, is generally associated with increased 

compatibility with SBR and BR, better processability and lower costs at the expense 

of darker color, poorer color stability, chemical interference with the curing system, 

increased staining of the compound and poorer low temperature performance. 

Therefore, a selection of suitable oils for the tire tread application requires a 

compromise amongst conflicting factors. 

Process oils facilitate pre-vulcanization processing, increase the softness, extensibility 

and flexibility of the vulcanized final compound [33]. The higher filler loading which 

they allow, makes up for the loss of modulus due to a softening of the final 

compound. They also serve as internal lubricants in the rubber compound and allow 

the use of higher molecular weight polymers, which can provide better properties to 

the tread material, while maintaining the ease of processability. Most process oils 

have a high viscosity, a low volatility and a high solubility for the rubber compounds. 

 

2.2 CHARACTERIZATION OF PROCESS OILS 

The physico-chemical characteristics of the most commonly used oil, Treated 

Distillate Aromatic extract (TDAE) in a tire tread application are presented in Table 3. 
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Table 3. Properties of TDAE as analyzed by the supplier Hansen & 

Rosenthal (Hamburg, Germany) [35]. 

Properties Standard test method TDAE 

Color ASTM ASTM D156 8.0D 

Density at 15 0C, kg/m3 ASTM D1298 950 

Density at 20 0C, kg/m3 ASTM D1298 947 

Kin. Viscosity at 40 0C, mm2/s ASTM D445 410 

Kin. Viscosity at 100 0C, mm2/s ASTM D445 18.8 

Sulfur, wt% DIN ISO 14596 0.8 

Aniline point, °C ASTM D611 68 

VGC ASTM D2501 0.89 

Carbon distribution, wt% 

CA 

CN 

CP 

ASTM D2140 

 

 

 

 

25 

30 

45 

DMSO extract, wt% IP346 <2.9 

Glass transition temperature, °C  -49 

 

Since TDAE is an aromatic oil, the color is normally dark due to the presence of 

heterocyclic compounds which contain nitrogen and sulfur in their ring structure. 

These polar compounds reduce the oxidative stability of the oil and cause 

discoloration after exposure to UV-light. The lesser aromatic oils are lighter in color. 

The density and refractive index of the oil are composition dependent and increase 

linearly with increase in aromatic content (CA). The kinematic viscosity [36] 

determines the flow properties and handling characteristics at various temperatures. 

It also increases linearly with increase of CA. The different oil viscosities can have an 

effect on the in-rubber properties, in particular on processability, low-temperature 

performance and weight loss at high temperature. The VGC value increases as the 

hydrocarbon distribution changes from paraffinic to naphthenic to aromatic. A high 

aniline point signifies lowest compatibility with aniline, which gives an indirect 

indication of low compatibility with elastomers. The correlation of the compatibility of 

aniline / oil to that of elastomers / oil is based on the similarity in the structure of 
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aniline and elastomers with phenyl rings such as SBR. It is also notable that VGC and 

aniline point are inversely related. 

 

2.3 MECHANISM OF ACTION OF PROCESS OILS  

The process oil acts as a plasticizer in a rubber compound. The plastization effect is 

the softening action of a plasticizer that is attributed to its ability to reduce the 

intermolecular attractive forces between chains in the rubber [33]. According to the 

free volume theory, the presence of low molecular weight molecules like TDAE oil, 

between the rubber chains has the effect of pushing the chains apart, effectively 

increasing the free volume. Free volume is normally considered as the ‘elbow room’ 

that the molecules require to undergo rotation and translational motion [37]. The 

increase in free volume is normally due to: the motion of chain ends, the motion of 

side chains, the motion of main chain and an external plasticizer motion: see Figure 

6. When the free volume increases, the associated volume occupied by a sample also 

increases. This leads to a decrease in the glass transition temperature (Tg), which 

can significantly widen the range of usefulness of the rubber compound. The 

efficiency of the plasticizing action depends on the molecular weight and structure of 

the plasticizer [38]. 

 

 

Figure 6. Mechanism of plasticization based on free volume theory [39]. A: 

chain end motion; B: side chain motion; C: main chain movement; D: 

external plasticizer motion. 
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2.4 REGULATIONS ON PROCESS OILS 

Aromatic oils are widely used in tire tread compounds, because they are compatible 

with their typical rubbers: SBR and BR. However they may have a high polycyclic 

aromatic hydrocarbon (PAH) content, which are classified as carcinogenic substances 

according to the European legislation [40]. In Europe, aromatic oils are labelled with 

risk phrase R45 (carcinogenic) and the label T (toxic). There are eight types of PAHs 

that  have been identified as carcinogens, i.e. Benzo[a]pyrene (BaP), Benzo[e]pyrene 

(BeP), Chrysene (CHR), Benzo[b]fluoranthene (BbFA), Benzo[j]fluoranthene (BjFA), 

Benzo[k]fluoranthene (BkFA), and Dibenzo[a,h]anthracene (DBahA). The chemical 

structures are shown in Figure 7. These PAHs can be released back to the 

environment by tire wear. A KEMI report presented that the PAHs are bio-

concentrated in invertebrates in the aquatic environment and are enriched in the 

food chain [41].  

 

 

Figure 7. The eight polycyclic aromatic hydrocarbons (PAHs) listed as 

carcinogens [35]. 

 

The health and environmental risks associated with the PAH content in process oils 

lead to the issuance of European Union legislation No. 552/2009 [42]. It limited the 

use of BaP to a maximum of 1 mg/kg and a maximum of 10 mg/kg for the sum of 

the PAHs listed as carcinogens. It prohibited the marketing of chemicals with 

exceeding levels of the listed PAHs. This was the reason that the highly aromatic oils 
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like Distillate Aromatic Extract (DAE) and Residual Aromatic extract (RAE), which 

gave advantages to the wet skid resistance and rolling resistance of a tire tread, had 

to be discontinued. These days, Treated Distillate Aromatic Extract (TDAE) and Mildly 

Extracted Solvate (MES) are used as process oils for the tread compound. They are 

commonly referred to as the new generation ‘safe’ aromatic oils. TDAE is 

manufactured from DAE by further processing via hydro-treatment or solvent 

extraction to lower the concentration of PAHs such that it remains within the limit set 

by the regulation. MES is a paraffinic vacuum distillate fraction, where the aromatic 

content is kept as high as possible, but the PAH-content is kept below the limit of the 

regulation [43]. The manufacture of these oils is schematically depicted in Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. General refining technologies [43]. 

 

 

 

 

 

TDAE 

CA [wt%] 25 
CN [wt%] 30 
CP [wt%] 45 
 

DAE 

CA [wt%] 40 
CN [wt%] 25 
CP [wt%] 35 

 

Distillates 

Extraction 1 ATRES Vacuum 

Distillation 

Wax 

PAR 

CA [wt%]  2 
CN [wt%] 33 
CP [wt%] 65 
 

MES 

CA [wt%] 15 
CN [wt%] 27 
CP [wt%] 58 
 

Extraction 2 

PCA 
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3. CHARACTERIZATION TECHNIQUES FOR OIL-EXTENDED COMPOUNDS 

The addition of process oils should change the glass transition temperature 

(Tg) of the rubber compound due to its plasticizing effect [37]. A common 

approach to characterize oil-extended rubber compounds is thus to 

determine the Tg of compounds containing various concentrations of the oil. 

The difference in Tg for various concentrations can be used to predict the 

efficiency of oil for plasticizing the compound. The degree of shift in the Tg of 

the oil-extended compound is also used as the criteria to compare the compatibility 

of the oil with the polymer [36]. The Tg of oil-extended compounds can be 

calculated from the weighted average of the Tg of the polymer and the oil 

using an advanced form of the Fox Equation [44]: 

 

1

Tg
OE−R

=
Woil

Tg
oil

+
WR

Tg
R

 

Equation 5 

Where 

Tg
OE−R

 is the glass transition temperature of the process oil-extended 

compound; 

Tg
oil

 , Tg
R

  are glass transition temperatures of the oil and the rubber phase, 

respectively; 

Woil , WR are weight fractions of the oil and the rubber phase, respectively. 

Tg is known to be the most important property which can give an indication up to a 

large extent on the three main performance indicators for a tire tread, RR, AR and 

WSR [36, 45-47]. The Tg of the tread rubber is influenced by the percentage of 

microstructural composition of SBR, therefore, the influence of the distribution of 

isomers of polybutadiene and the styrene is a crucial factor: see Figure 9.  
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Figure 9. Variation in Rolling Resistance and Wet Skid Resistance vs. Glass 
Transition Temperature for various types of SBRs and BRs. SBRa: 40 % 
styrene, S-SBRb: 25 % styrene, 25 % vinyl, S-SBRc: 25 % styrene, 8 % 

vinyl, S-SBRd: 19 % styrene, 8 % vinyl [48].  

 

Figure 9 summarizes the effect of the isomers content from polybutadiene segments, 

the styrene content and polymerization mechanism on the Tg of the rubbers, while it 

compares the effect of this variation on some performance indicators for a tread: 

Rolling Resistance (RR) and Wet Skid Resistance (WSR). It also places emphasis on 

the reason for blending SBR and BR to obtain an adequate balance in the two main 

diverging properties: RR and WSR. The study of Tg is relevant also to evaluate the 

compatibility of mechanically blended polymers. Corish et al. concluded from their 

study that an incompatible blend can be defined as one with two distinct Tg’s of the 

same values as the pure polymers used in the blend, while a compatible blend would 

have a single Tg lying somewhere in between the Tg(s) of the two constituent 

polymers [20]. Fujimoto and Yoshimiya also claimed that a single peak in the 

dynamic loss modulus indicates that the vulcanized styrene butadiene copolymer and 

polybutadiene blends were micro-homogeneous [12]. 

Tg studies can be performed via a variety of techniques. The most widely 

used techniques are: Differential Scanning Calorimetry (DSC) and Dynamic 

Mechanical Analysis (DMA). A more sophisticated method for determination 

of Tg that is comparatively more sensitive is Broadband Dielectric 

https://www.tut.fi/ms/muo/tyreschool/moduulit/moduuli_6/hypertext/4/4_2.html#4_2_4
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Spectroscopy (BDS). The above-mentioned techniques work on different 

governing principles, the most important differences amongst these 

techniques are discussed below. The Tg is essentially a transition in the physical 

state of an amorphous polymer from a soft, rubber-like state to a hard, glassy-like 

state. It is often termed as the state of frozen segmental motions in a polymer [37]. 

It is commonly accompanied by detectable changes in the thermal properties of the 

material, such as a change in the heat capacity (cp) [49]. The phenomenon of glass 

transition is often referred to as a pseudo-second order thermodynamic transition. 

The accompanying thermodynamic changes are exploited using a DSC-method for 

determination of the ‘calorimetric’ Tg. However, these measurements are performed 

at fixed rates of heating and cooling, which may not be very reliable in terms of 

thermodynamic information [49, 50]. This is due to the observed variation of the Tg 

value with the heating or cooling rate. Tg can also be related to the α-relaxation or 

segmental relaxation of the polymer. In terms of relaxation time, Tg is conventionally 

defined as the temperature at which the segmental relaxation time (τα) of a 

polymeric material equals 100 seconds [51]. The relaxation times can be measured 

by a variety of experimental methods such as DMA or BDS. In the case of DMA, a 

well-established way of determination of Tg is available. The DMA is able to measure 

a phase shift between the applied stress (sinusoidal) and the measured strain 

(sinusoidal), which is produced in response to the applied stress at a particular 

frequency [52]. A complex modulus (E*) is measured by DMA. E* consists of a real 

part (storage modulus, E′) and an imaginary part (loss modulus, E″). Both moduli 

deliver material specific dynamic-elastic characteristics. The ratio of loss modulus to 

storage modulus, which is defined as tanδ gives a peak in the temperature sweep, 

which is an indicator of the Tg of the polymer. DMA enables the measurement mostly 

at a single frequency during a temperature sweep for a polymer. Although a 

frequency sweep is possible with DMA, but the range of frequency is limited to 102 

Hz. In contrast to this, BDS has the ability to cover a broad dynamic range between 

10-2 to 109 Hz in one single run [53, 54]. In that respect, BDS is expected to be a 

more efficient and sensitive technique compared to both, DSC and DMA. BDS allows 

the investigation of the various motional processes in a polymeric system, which take 

place on extremely different time scales in a broad frequency and temperature 
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range. These motional processes in polymeric systems are dependent on the 

morphology and microstructure of the investigated system. The main principle of 

BDS is that it is sensitive to molecular fluctuations of dipoles within the system: see 

Figure 10. These fluctuations can be related to the molecular mobility of groups, 

segments or whole polymer chains, which can be observed as different relaxation 

processes [53]. Therefore, BDS is adapted as one of the techniques to study the 

changes in the segmental dynamics of the polymers with the addition of oil.  

 

 

Figure 10. Scheme showing generation of net dipole moment when an 

electric field E is applied to a thin polymer film [55]. 

 

Through this study, some understanding is developed about the effect of TDAE on 

the segmental dynamics of the individual polymers and the individual phases in 

polymer blends, by using the above discussed techniques. The extent of effect of 

TDAE on both polymers is considered to be related to the level of compatibility 

between the polymers and the oil. The compatibility between the polymers and the 

TDAE is also compared in terms of similarity/dissimilarity between the solubility 

parameters (δ) of the polymers and TDAE: see Chapter 3. Ultimately, an attempt to 

correlate the theoretical prediction based on the Fox equation for oil-extended pure 

polymers and the Lodge and McLeish model for blends [56], with experimentally 

obtained BDS, DMA and DSC data is made: see Chapter 3 and 4.  

 

 

 

 



                                                                                                             Literature Study     

33 
 

REFERENCES 

1. in www.rma.org. 27.02.2015. 
2. Dryden, D.M., J.R. Luchini, and G.B. Ouyang, Trends in Tyre Technology. 

Rubber Technologist's Handbook, ed. S.K. De and J.R. White. 2001, Exeter, 
UK: Rapra Technology Limited. 

3. French, T., Tyre Technology. 1989, Michigan, US: Taylor & Francis. 
4. Kovac, F.J., Tyre Technology. 1973, Ohio, US: Goodyear Tyre & Rubber 

Company. 
5. Marwede, G.W., U.G. Eisele, and A.J.M. Sumner, Paper No. 76: Current Status 

of  Elastomer Systems for Passenger Car Tires in Europe, in ACS Rubber 
Division meeting. 1995: Ohio, US. 

6. Thiele, S., S. Rulhoff, and S. Knoll, Modified Polymer Compositions, E.P. 
Office, Editor. 2014: DE. 

7. The Science of Rubber Compounding, in The Science and Technology of  
Rubber, J.E. Mark, B. Erman, and M. Roland, Editors. 2013, Elsevier: 
Massachusetts, US. 

8. The Synthetic Rubber Manual, ed. S. Flynn. 2015, Texas, US: International 
Insttitute of Synthetic Rubber Producers, Inc (IISRP). 

9. Byers, J.T., Fillers for Balancing Passenger Tire Tread Properties. Rubber 
Chem. Technol., 2002. 75: p. 527-548. 

10. Sarathchandran, C., R. Shanks, and S. Thomas, Polymer Blends. 
Nanostructured Polymer Blends, ed. S. Thomas, R. Shanks, and C. 
Sarathchandran. 2014, Oxford, UK: Elsevier. 

11. Parameswaranpillai, J., S. Thomas, and Y. Grohens, Polymer Blends: State of 
the Art, New Challenges, and Opportunities, in Characterization of  Polymer 
Blends: Miscibility, Morphology and Interfaces, S. Thomas, Y. Grohens, and P. 
Jyotiskumar, Editors. 2015, Wiley-VCH Verlag GmBH & Co. KGaA: Weinheim, 
DE. 

12. Fujimoto, K. and N. Yoshimiya, Blends of cis-1,4-Polybutadiene with Natural 
or Styrene Butadiene Rubber. Rubber Chem. Technol., 1968. 41: p. 669-677. 

13. Inoue, T., et al., Covulcanization of Polymer Blends. Rubber Chem. Technol., 
1985. 58: p. 873-884. 

14. Yoshimiya, N. and J. Fujimoto, Structure of Vulcanized and unvulcanized 
SBR/BR Blends. Rubber Chem. Technol., 1969. 42: p. 1009-1013. 

15. Furata, I., I. Hattori, and F. Tsutsumi, Paper No. 49: Experimental Study on 
the Miscibility and some Physical Properties of the Blends of Natural Rubber 
and Polyisoprene with various contents of Vinyl-Isoprene, in ACS Rubber 
Division Meeting. 1990: Las Vegas, US. 

16. Marsh, P.A., A. Voet, and L.D. Price, Electron Microscopy of Heterogeneous 
Elastomer Blends. Rubber Chem. Technol., 1967. 40: p. 359-370. 

17. Marsh, P.A., et al., Fundamentals of Electron Microscopy of Heterogeneous 
Elastomer Blends. II. Rubber Chem. Technol., 1968. 41: p. 344-355. 

18. Morris, M.C., Rates of Crystallization of  cis-1,4-Polybutadiende in Elastomer 
Blends. Rubber Chem. Technol., 1967. 40: p. 341-349. 

19. Maier, T.R., The Effects of Polymer Microstructure and Macrostructure on 
SBR/Polybutadiende Blend Miscibility, Phase Morphology and Cured Rubber 

http://www.rma.org/


Chapter 2 

34 
 

Properties., in PhD Thesis. 1995, Case Western Reserve University: Michigan, 
US. p. 31. 

20. Corish, P.J., Fundamental Studies of Rubber Blends. Rubber Chem. Technol., 
1967. 40: p. 324-340. 

21. Fujimoto, K. and N. Yoshimiya, Study of Polymer Blends. II. Blending SBR 
Varying in Styrene Content with Polybutadiene. Rubber Chem. Technol., 
1968. 41: p. 1109-1121. 

22. Mori, K., H. Hasegawa, and T. Hashimoto, Small-Angle X-ray Scattering from 
Bulk Block Polymers in Disordered State. Estimation of χ-values from 
Accidental Thermal Fluctuations. Polymer J., 1985. 17: p. 799-806. 

23. Han, C.C., Paper No. 14: Phase Behavior of Polymer Blends, in ACS Rubber 
Division Meeting. 1989: Mexico City, US. 

24. Sakurai, S., et al., Small-Angle Neutron Scattering and Light Scattering Study 
on the Miscibility of Poly(styrene-ran-butadiene)/Polybutadiene Blends. 
Macromolecules, 1991. 24: p. 4844-4851. 

25. Paul, D.R. and J.W. Barlow, A Binary Interaction Model for Miscibility of 
Copolymers in Blends. Polymer, 1984. 25: p. 487-494. 

26. Ten Brinke, G., F.E. Karasz, and W.J. MacKnight, Phase Behavior in 
Copolymer Blends: Poly(2,6-dimethyl-1,4-phenylene oxide) and Halogen-
Substituted Styrene Copolymers. Macromolecules, 1983. 16: p. 1827-1832. 

27. Hasegawa, H., et al., Small-Angle Neutron Scattering and Light Scattering 
Studies on the Miscibility of Protonated Polyisoprene/Deuterated 
Polybutadiene Blends. Macromolecules, 1991. 24: p. 1813-1819. 

28. Kawahara, S., S. Akiyama, and A. Ueda, Miscibility and LCST Behavior of 
Polyisoprene/Poly(cis-butadiene-co-1,2-vinylbutadiene) Blends. Polymer J., 
1989. 21: p. 221-229. 

29. Sakurai, S., et al., Microstructure and Isotopic Labeling Effects on the 
Miscibility of Polybutadiene Blends Studied by the Small-Angle Neutron 
Scattering Technique. Macromolecules, 1990. 23: p. 451-459. 

30. Sakurai, S., et al., Microstructure Effects on the Lower Critical Solution 
Temperature Phase Behavior of Deuterated Polybutadiene and Protonated 
Polyisoprene Blends Studied by Small-Angle Neutron Scattering. 
Macromolecules, 1991. 24: p. 4839-4843. 

31. Sato, H., A. Ono, and Y. Tanaka, Distribution of Isomeric Structures in 
Polyisoprenes. Polymer, 1977. 18: p. 580-586. 

32. Sato, H., K. Takebayashi, and Y. Tanaka, Analysis of Carbon-13 NMR of 
Polybutadiene by means of Low Molecular Weight Model Compounds. 
Macromolecules, 1987. 20: p. 2418-2423. 

33. Engels, H.W., et al., Rubber, 9. Chemicals and Additives, in Ullmann's 
Encyclopedia of Inndustrial Chemistry. 2011, Wiley-VCH Verlag GmbH & Co. 
KGaA: Weinheim, DE. 

34. Wilson, A.S., Plasticizers for polymers other than PVC, in Expert Overviews 
Covering the Science and Technology of Rubber and Plastics, R. Dolbey, 
Editor. 1996: Shophshire, UK. 

35. Petchkaew, A., Implications of Non-Carcinogenic PAH-Free Extender Oils in 
Natural Rubber Based Tire Compounds, in PhD Thesis. 2015, University of 
Twente: Enschede, NL. p. 8. 



                                                                                                             Literature Study     

35 
 

36. Schneider, W.A., F. Huybrechts, and K.H. Nordsiek, Process Oils in Oil 
Extended SBR. Kautschuk Gummi Kunstst., 1991. 44: p. 528-536. 

37. Hiemenz, P.C., The Glassy and Crystalline States, in Polymer  Chemistry: The 
Basic Concepts, P.C. Hiemenz, Editor. 1984, Marcel Dekker, Inc.: New York, 
US. 

38. Cadogan, D.F. and C.J. Howick, Plasticizers, in Ullmann's Encyclopedia of 
Industrial Chemistry. 2012, Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 
DE. 

39. Macilla, A. and M. Beltrán, Mechanisms of Plasticizers Action, in Handbook of 
Plasticizers, G. Wypych, Editor. 2004, ChemTec Publishing: Toronto, CA. 

40. EU, Directive 2005/69/EC of the European Parliament and of the Council, in 
323, O.J.o.E. Union, Editor. 2005. 

41. KEMI, HA Oil in Automotive Tyres, in 5/03, T.S.N.C. Inspectorate, Editor. 
2003. 

42. EU, Commission Regulation (EC) No 552/2009 of  the European Parliament 
and of the Council, in 164, O.J.o.t.E. Union, Editor. 2009. 

43. C. Bergmann, J.T., Influence of Plasticizers on the Properties of NR and ENR 
based compounds, in German Rubber Conference. 2012: Nürnberg, DE. 

44. Wypych, G., Specialized Analytical Methods in Plasticizer Testing, in Handbook 
of Plasticizers, G. Wypych, Editor. 2004, Chem Tec Publishing: Toronto, CA. 

45. Nordsiek, K.H., Entwicklung und Bedeutung spezieller Homopolymerisate des 
Butadiens. Kautschuk Gummi Kunstst., 1972. 25: p. 87-92. 

46. Nordsiek, K.H., Paper No. 48: Model Studies for the Developmemnt of an 
Ideal Tire Tread, in ACS Rubber Division meeting. 1984: Indianapolis, US. 

47. Nordsiek, K.H., Die Tg-Beziehung-Grundlagen und Bedeutung für die 
Kautschuktechnologie. Kautschuk Gummi Kunstst., 1986. 39: p. 599-611. 

48. in www.tut.fi. 15.10.2015. 
49. Wen, J., Heat Capacities of Polymers, in Physical Properties of Polymers 

Handbook, J.E. Mark, Editor. 2007, Springer Science+Business Media, LLC: 
New York, US. 

50. Plazek, D.J. and K.L. Ngai, The Glass Temperature, in Physical Properties of 
Polymers Handbook, J.E. Mark, Editor. 2007, Springer Science+Business 
Media, LLC: New York, US. 

51. Angell, C.A., Relaxation in Liquids, Polymers and  Plastic Crystals-
strong/fragile patterns and problems. Journal of Non-Crystalline Solids, 1991. 
131: p. 13-31. 

52. Ferry, J.D., Viscoelastic Properties of Polymers. 2nd Edition ed. 1970: John 
Wiley & Sons, Inc. 

53. Schönhals, A., Dielectric Properties of Amorphous Polymers, in Dielectric 
Spectroscopy of Polymeric Materials, J.P. Runt and J.F. Fitzgerald, Editors. 
1997, American Chemical Society: Washington DC, US. 

54. Williams, G., Theory of Dielectric Properties, in Dielectric Spectroscopy of 
Polymeric Materials, J.P. Runt and J.F. Fitzgerald, Editors. 1997, American 
Chemical Society: Washington DC, US. 

55. Kunal, K., Influence of Chemical Structure and Molecular Weight on Fragility 
in Polymers, in PhD Thesis. 2009, Univeristy of Akron Ohio, US. p. 49. 

http://www.tut.fi/


Chapter 2 

36 
 

56. Lodge, T.P. and T.C.B. McLeish, Self-Concentrations and Effective Glass 
Transition Temperatures in Polymer Blends Macromolecules, 2000. 33(14): p. 
5278-5284. 

 



 
 

CHAPTER 3  

STUDY OF PURE RUBBER COMPOUNDS 
 

Summary 

In this study, the effect of Treated Distillate Aromatic Extract (TDAE) was 

investigated in functionalized, medium styrene/high vinyl solution styrene butadiene 

rubber (S-SBR) and high cis-polybutadiene rubber (BR). The influence of the TDAE 

oil in these compounds was reflected through a shift in the glass transition 

temperature (Tg) upon addition of TDAE. The conventional techniques for 

determination of Tg such as Differential Scanning Calorimetry (DSC) and Dynamic 

Mechanical Analysis (DMA) as well as more sophisticated relaxation studies using 

Broadband Dielectric Spectroscopy (BDS) were used to characterize the TDAE-

extended pure S-SBR and BR compounds. A theoretical prediction of the Tg of TDAE-

extended compounds was obtained based on an advanced Fox equation for miscible 

mixtures. The theoretical predictions were correlated with experimental findings. 

Ultimately, a comparison for the sensitivity of the techniques DSC, DMA and BDS to 

study Tg was made. 
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1. INTRODUCTION 

Through the present study, a better understanding of the effect of TDAE on pure S-

SBR and BR compounds will be developed. Process oils are an indispensable 

component in the tire compound because they enable the use of higher amounts of 

filler and higher molecular weight polymers [2]. The process oil used for this study is 

TDAE, which is a low PAH content aromatic oil. The investigations done in the 

present study are performed considering three oil properties: (i) molecular structure 

(polarity/aromaticity), (ii) molecular weight and (iii) chemical reactivity [3]. This 

allows the prediction of the behavior of process oil in the oil-extended compound. 

The degree of shift in the glass transition temperature (Tg) of the oil-extended 

compound is used as the criteria to compare the compatibility of the oil with the 

polymer [4]. The better the compatibility of the oil, the higher the   resulting free 

volume and the lower the Tg : see Chapter 2/ Figure 6. The determination of Tg is 

done using different techniques like Differential Scanning Calorimetry (DSC), 

Dynamic Mechanical Analysis (DMA) and Broadband Dielectric Spectroscopy (BDS). A 

theoretical perspective is added by calculation of the Tg of TDAE-extended 

compounds based on an advanced Fox equation for miscible mixtures. 

 

2.1 MATERIALS 

The materials used in this study are S-SBR: SPRINTAN™ SLR 4602 (Trinseo 

Deutschland GmbH, Schkopau, Germany); BR: BUNA CB24 (Lanxess Deutschland 

GmbH, Leverkusen, Germany); and Treated Distillate Aromatic Extract (TDAE): 

VIVATEC 500 (Hansen & Rosenthal KG, Hamburg, Germany). Some important 

analytical properties of the S-SBR, BR and TDAE are presented in Table 1. The curing 

system employed consists of zinc oxide, stearic acid and sulfur from Sigma Aldrich 

(St. Louis, USA); N-cyclohexyl-2-benzothiazole sulfenamide (CBS) from Flexys 

(Brussels, Belgium). All chemical reagents were used as received. 
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Table 1.  General properties of S-SBR, BR and TDAE Oil used in this study. 

*29% is the combined contribution of cis-1,4 and trans-1,4 in the S-SBR 

microstructure 
**Data from supplier. 

 

2.2 MIXING 

The basic formulation used for this study is presented in Table 2, expressed in parts 

per hundred parts of rubber (phr). 

 

 

 

 

  S-SBR BR TDAE 

Styrene (wt %)  21 - - 

1,2-vinyl (%)  50 <1 - 

cis-1,4 (%)  

29* 
>96 - 

trans-1,4 (%)  ~2 - 

Functionalization 

Backbone -SH groups   

Chain-End 

Amines, 

Epoxides, 

Silanes or 

Siloxanes 

  

Weight average molecular weight  

(Mw)(kg.mol-1) 

 
475** 460[5] - 

Number average molecular weight  

(Mn)(kg.mol-1) 

 
315** 135[5] - 

Glass transition temperature  

(Tg) (oC) 

 
-25 -109 -49 
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Table 2. Mixing Formulation. 

Component (phr) 

Polymer: S-SBR or BR 100 

Zinc Oxide (ZnO) 4 

Stearic Acid 3 

N-cyclohexyl-2-benzothiazole sulfenamide (CBS) 2.5 

Sulfur 1.6 

TDAE Oil 0/10/20 

 

The compounds were prepared following a 2-step mixing procedure, with a first 

stage in an internal mixer. The vulcanization system was added to the mix in a 

second stage, carried out on a two-roll mill: Table 3. There is no filler added in these 

compounds in order to study the influence of TDAE oil without additional interference 

from a filler. The compounds are referred to as BR_x or S-SBR_x, where x is the 

amount of TDAE (in phr). 
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Table 3. Mixing Protocol. 

1st Stage: Internal Mixer 

Brabender Plasticorder 350S 

Rotor speed: 50 RPM; Temperature: 50 °C; Fill factor: 0.7 

2nd Stage:  

Two-roll mill 

Polymix 80T 

Friction ratio: 1.25:1;  

Temperature:  

ca. 40°C 

0 phr TDAE 

(Min. sec.) 

0.30 Add Polymers 

1.30 Add ZnO  

and Stearic acid 

4.00 Dump 

10 phr TDAE 

(Min. sec.) 

0.30 Add Polymers 

1.30 Add ZnO  

and Stearic acid 

2.30 Add 3/4th  

TDAE 

4.30 Add 1/4th  

TDAE 

6.30 Dump 

20 phr TDAE 

(Min. sec.) 

0.30 Add Polymers 

1.30 Add ZnO 

 and Stearic acid 

2.30 Add 3/8th  

TDAE 

4.30 Add 3/8th  

TDAE 

7.30 Add 1/4th  

TDAE 

9.30 Dump 

All samples  

(Min. sec.) 

0.30 Add curatives 

5.00 Dump 

 

2.3 CURING 

The samples were vulcanized in a hydraulic press Wickert WLP 1600 at 100 bar and 

160 °C as sheets with a thickness of 2 mm, according to their t90 + 2 min optimum 

vulcanization times, as determined with a Rubber Process Analyzer RPA 2000, Alpha 

Technologies, following ISO 3147:2008 at 160 °C. 0.1-0.2 mm thick sheets were also 

vulcanized according to their respective t90 values at 160 °C for BDS measurements. 

 

2.4 VISCOSITY 

Mooney Viscosity measurements were performed with an Alpha Technologies 

Mooney 2000VS, using a large type rotor (L), at 100 °C, according to ISO 289. 
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2.5 DIFFERENTIAL SCANNING  CALORIMETRY 

A Differential Scanning Calorimeter (DSC) DSC214 Polyma from Netzsch was used to 

obtain the ‘static’ glass transition temperature of the vulcanized samples, using a 

cooling rate of 10 °C/min, from 20 °C down to -150 °C. Figure 1 shows the typical 

arrangement in a DSC measurement. 

 

 

Figure 1. Schematic diagram for the set-up of a Differential Scanning 
calorimeter [6].  

 

2.6 DYNAMIC MECHANICAL ANALYSIS 

Dynamic Mechanical Analysis (DMA) of the vulcanized samples was carried out in 

tension mode in a Metravib DMA2000 dynamic spectrometer in order to measure the 

‘dynamic’ glass transition temperature. The measurements were performed from -

150 °C to +80 °C in steps of five degrees at a dynamic strain of 0.5% and frequency 

of 1 Hz. Figure 2 shows the configuration for a DMA measurement performed in 

tension mode. 
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Figure 2. Schematic diagram for the Dynamic Mechanical measurement in 
tension mode [7].  

 

2.7 BROADBAND DIELECTRIC SPECTROSCOPY 

BDS measurements were performed on a Broadband Dielectric Spectrometer with 

ALPHA-A High Performance Frequency Analyzer of Novocontrol Technologies. The 

vulcanized 0.1-0.2 mm sheets were cut in a disk shape and were mounted in the 

dielectric cell between two parallel gold plated electrodes. For the TDAE, a special 

cell designed for studying dielectric properties of liquids was used. The complex 

dielectric permittivity , ε* (=ε′ - iε″) , being composed of, ε′ the real part and  ε″ the 

imaginary part, was measured by performing consecutive isothermal frequency 

sweeps, 10-1-107 Hz in the temperature range from -120 °C to +80 °C in steps of 5 

°C. Figure 3 shows a typical circuit that is present in a BDS equipment. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Typical circuit in a Broadband Dielectric Spectrometer [1]. 

 

Gold electrodes 

Polymer film 
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3. RESULTS AND DISCUSSIONS 

3.1 Differential Scanning Calorimetry (DSC) 

One of the most commonly used methods for the glass transition temperature 

determination is the DSC-method. It is a single point measurement at a frequency of 

approx. 10-3 Hz hence, the Tg obtained by this method is often referred to as a static 

Tg [8]. It is based on the principle of detecting a change in the heat capacity in a 

material as it is subjected to a heating or cooling cycle. The effect of addition of 

TDAE oil on S-SBR and BR chains can be observed through a change in Tg. A single 

Tg is observed for both S-SBR and BR: see Figure 4. However, an additional 

exothermic crystallization peak is observed in the case of BR. The crystallization 

starts at approx. -40 °C in a BR compound. The reason for the appearance of this 

peak is that the BR chains containing high cis-polybutadiene isomer are very linear 

and tend to form crystals. Thus, upon the addition of TDAE to BR, there are 

observable changes in the Tg as well as the temperature of the onset of 

crystallization (Tc). The Tg shifts to higher temperatures and the Tc shifts to lower 

temperatures on addition of TDAE in BR compounds. The Tc shifts to lower 

temperatures due to the oil acting as an impurity, which makes it easier for the 

nuclei formation for the crystallization to occur. The Tg of S-SBR shifts to lower 

temperatures on the addition of TDAE. The above observations can be explained as 

the shift in Tg being based on the movement of Tg towards the Tg of the TDAE (-49 

°C) in both series of compounds.  
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Figure 4. DSC curve for the pure polymers, A) S-SBR: 0/10/20 phr TDAE; 

B) BR: 0/10/20 phr TDAE. 

 

3.2 Dynamic Mechanical Analysis (DMA) 

The Dynamic Mechanical Analysis (DMA) is a technique sensitive to measure 

viscoelastic properties of polymers. Therefore, it is a popular method for the 

characterization of tire compounds which utilize the viscoelastic nature of polymers 

for an optimum performance in real life applications. In DMA, a sinusoidal stress is 

applied and the strain in the material is measured, allowing the determination of 

polymer-specific moduli: storage modulus (E′) and loss modulus (E″). On the one 

hand, the storage modulus (E′) is a measure of the elastic response of the polymer 

and relates to the amount of stored energy [9]. On the other hand, the loss modulus 

(E″) is a measure of the viscous response of the polymer arising from internal 

friction, which relates to the amount of energy dissipated as heat. The ratios of these 
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two moduli: E″/E′ is commonly referred to as the tan δ, which is a measure of the 

ability of energy dissipation of a material. The position of the tan δ peak is also 

related to the Tg of the polymer. For the present work, the position of tan δ peak is 

adapted as the indicator of Tg and a model rubber compound without a filler is 

considered to neglect the influence of the filler on this peak. It is observed from the 

DMA measurements for S-SBR compounds that the Tg shifts to lower temperatures 

on addition of TDAE: see Figure 5A. This signifies a plasticizing effect on the polymer 

chains. Whereas, for BR compounds a shift to higher temperatures is observed: see 

Figure 5B. This signifies a restricting effect on the polymer chains. These 

observations can be reasoned in terms of the shift in Tg being determined mainly by 

the Tg of TDAE (-49 °C). Moreover, a shoulder peak which can be attributed to the 

crystallization process occurring in BR compounds is observed at approx. -40 °C, 

similar to the results from DSC. 
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Figure 5. DMA curve for the pure polymers, A) S-SBR: 0/10/20 phr TDAE; 

B) BR: 0/10/20 phr TDAE 
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3.3 Broadband Dielectric Spectroscopy (BDS) 

Broadband Dielectric Spectroscopy (BDS) is a very sensitive technique to study the α-

relaxation or glass transition process in polymers, since it can be operated over a 

broad frequency range. BDS utilizes the permanent dipoles along the chain bonds 

like ‘markers’ to assess the movement of the chains as a function of the frequency. It 

involves the application of an alternating electric field E(ω) and measuring the 

resulting polarization P in the sample [9]. The polarization P is translated into a 

complex dielectric modulus ε*, which is composed of a real and an imaginary part as 

follows: 

ε∗  = ε′ − iε″ 
                                                           Equation 1 

where, ε′ is physically interpreted as the dielectric storage modulus, representing 

dielectric energy stored reversibly in the system; ε″ is called the dielectric loss 

modulus and is proportional to the energy dissipated per cycle. These are 

experimentally obtained quantities, which characterize the dielectric response from 

BDS over a range of frequencies. The spectra obtained via BDS are characterized by 

a peak in ε″ and a step like change in ε′: see Figure 6.  
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Figure 6. Frequency dependence of the real part ε′ and the imaginary part 
ε″ of the complex dielectric function ε* [10]. 

 

The ε″ vs frequency curves are primarily important in studying the shift of the α-

relaxation process in a frequency scale: Figure 7. These curves are normalized to 

εmax″  for the ease of comparison. It is obvious that the peak of the dielectric loss 

moves to higher frequencies as the temperature increases. This provides evidence 

for the relaxation process to be thermally activated by showing that a polymer chain 

subjected to higher temperature becomes responsive at a higher frequency. 
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Figure 7. Normalized dielectric loss versus frequency in the region of the α-

relaxation for BR: A) 0 phr TDAE, B) 10 phr TDAE, C) 20 phr TDAE; S-SBR: 

D) 0 phr TDAE, E) 10 phr TDAE, F) 20 phr TDAE. 

 

However, in order to correlate these observable quantities with the molecular 

properties of the polymer and to see the effect of an addition of TDAE oil, a model is 

required that describes the response of polymers to an applied electric field. A 

unique model for the description of the relaxation times in polymers is the Havriliak-

Negami (HN) equation [11], 

 

εHN∗  (ω) = ε∞ + 
Δε

[1 +  (iωτHN)b]c 

Equation 2 

where, τHN is the characteristic Havriliak-Negami relaxation time, Δε (= εS − ε∞) is 

the relaxation strength, εS and ε∞ are the unrelaxed and relaxed values of the 

dielectric constant, ω is the angular frequency, ε*HN (ω) is the frequency dependent 

Havriliak-Negami complex dielectric permittivity, and b and c are the shape 

parameters, which describe the symmetric and asymmetric broadening of the 

relaxation time distribution function, respectively. A typical HN-fitting can been seen 

in Figure 8. 
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Figure 8. A typical Havriliak-Negami equation based fitting for S-SBR with 

0 phr TDAE at 5 °C 

 

All the experimentally obtained dielectric loss (ε″) vs frequency spectra for S-SBR and 

BR compounds are fitted using the Havriliak-Negami (HN) equation. This preliminary 

fitting is done with the WINFIT software from Novocontrol technologies. The fitting 

parameters obtained from such a fitting protocol are, Δε, b, c and τHN: see Equation 

2. These parameters are tabulated in Table 4 for S-SBR compounds and TDAE, and in 

Table 5 for BR compounds. 

 

Table 4. HN-fitting parameters for S-SBR and TDAE at T= -15 °C 

S-SBR Δε b c        𝛕𝛕𝐇𝐇𝐇𝐇 

0 phr TDAE 0.03 0.77 0.40 4.80 × 10-1 

10 phr TDAE 0.18 0.61 0.55 1.17 × 10-1 

20 phr TDAE 0.02 0.54 0.69 7.27 × 10-2 

TDAE 0.41 0.60 0.82 2.57 × 10-4 
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Table 5. HN-fitting parameters for BR at T= -70 °C 

BR Δε b c        𝛕𝛕𝐇𝐇𝐇𝐇 

0 phr TDAE 0.23 0.31 1 3.35 × 10-7 

10 phr TDAE 0.88 0.20 1 3.94 × 10-4 

20 phr TDAE 0.55 0.52 0.29 4.44 × 10-4 

 

It is worth mentioning that there is a tendency in the average relaxation times (τHN) 

for the S-SBR compounds to decrease with the oil content, while in the case of the 

BR compounds, the relaxation time increases with increasing oil content. This 

behavior could be indicating that the oil is restricting the BR dynamics. 

The relaxation time (τHN) is related to the frequency of maximum loss [12], fp =

 1 2𝜋𝜋𝜋𝜋max⁄  by the following equation: 

 

τmax =  
1

2πfp 
 =  τHN � sin

bπ
2 + 2c

�
−1b
�sin

bcπ
2 + 2c

�
1
b

 

Equation 3 

Where, fp  is the frequency of the maximum loss, which is related by the above 

equation to τmax, the relaxation time of the maximum loss. The determination of 

τmax allows to estimate the temperature dependence of the relaxation process which 

normally follows a Vogel-Fülcher-Tamman (VFT) dependency [13-15]. The VFT 

equation is the most suitable way to model the relaxation times in terms of 

temperature dependency. It can be mathematically expressed as follows: 

 

τmax =  τ0 exp �
B

T − T0
� 

Equation 4 

Where, τ0 and B are empirical parameters, and T0 is the ideal glass transition or 

Vogel temperature, which is generally 30-70 K below Tg. For avoiding the effect of 

misleading parameters, a value of log τ0 = 14 is adapted for the data fitting using 

the VFT equation, based on the study of Angell [16]. The VFT equation considers 

that the relaxation rate increases rapidly at lower temperatures due to the reduction 

of free volume [8]. 
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The activation plot shows the inherent differences in the segmental dynamics of S-

SBR and BR as well as the influence of TDAE very clearly: see Figure 9. This 

observation can be explained based on the difference in the steric hindrance inside 

S-SBR and BR chains, which have a significant influence on their segmental 

dynamics. The polymer chains of S-SBR are evidently more restricted in terms of 

segmental dynamics as compared to the highly linear and mobile chains of BR. The 

S-SBR is known to contain approx. 21 wt% of styrene moieties in addition to the 

different isomeric forms of polybutadiene such as, 1,2-vinyl, cis-1,4 and trans-1,4 

isomer content, which plays a detrimental role regarding the ease of the motion of 

polymer segments/chains. The presence of styrene (a bulky aromatic group) and 

additional polar functional groups in the main chain of the functionalized S-SBR seem 

to slow down the segmental dynamics of the S-SBR chains. It is crucial to remember 

that the S-SBR used in this study is a functionalized polymer. It is a backbone as well 

as chain end functionalized polymer. The backbone is dithiol-functionalized  and the 

chain ends [17] in such a polymer are capped with polar moieties like, amines, 

epoxides, silanes or siloxanes, in a post-processing step under mild conditions [18]. 

These functionalizations are introduced into the S-SBR in order to i) enhance the 

extent of compatibility as well as interaction between the relatively non-polar 

polymer (S-SBR) matrix and rather polar fillers, such as silica; ii) decrease E″ by 

fixing the loose chain ends. The introduction of polar functional groups to the 

polymer chain increases the hydrophilicity of the S-SBR, thereby promoting better 

interaction between the S-SBR and polar fillers like silica. However, it leads to 

deterioration in its compatibility with TDAE. The activation plot reflects this 

compatibility loss, since no significant effect on the dynamics of S-SBR is observed 

when adding 10 or 20 phr of TDAE. Moreover, a further, less significant effect on the 

Tg of S-SBR compounds can be due to the lower difference between the Tg of S-SBR 

and the Tg of TDAE in comparison to that of BR and TDAE. 
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Figure 9. Temperature dependence of the average relaxation times of S-

SBR and BR compounds with varied amounts of TDAE oil. 

 

The Hildebrand solubility parameter (δ) is considered as a good indicator for the 

degree of interaction between materials: refer Chapter 2. The smaller the difference 

in the solubility parameters (Δδ), the higher is the expected thermodynamic 

compatibility between the blended components. The solubility parameters for the 

polymers used in this study are based on external sources and presented in Table 6. 

 

Table 6. Solubility Parameters. 

*Data from supplier. 

 

The TDAE oil shows a stronger effect on the segmental dynamics of BR as compared 

to S-SBR. In terms of a solubility parameter approach, a lower Δδ is observed for BR 

and TDAE as compared to S-SBR and TDAE. It suggests a higher compatibility 

Polymer/ Oil δ (MPa0.5) Δδ (δpolymer – δoil) 
S-SBR               17.33* 0.13 

BR 17.20 [19] 0.00 

TDAE 17.20 [20] - 
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between BR and TDAE, which can be seen as a more significant effect on the 

segmental mobility of BR chains. The restricted motion of BR chains with the addition 

of TDAE can also be explained based on the fact that the BR chains are highly linear 

thus, their movement gets restricted by addition of TDAE, which contains 25 wt% of 

aromatics (CA). 

 

3.4  Comparison of experimental results with the prediction by Fox  

Equation 

For the theoretical prediction of the effect of oil on a polymer matrix, an advanced 

version of the Fox Equation for calculation of Tg of miscible mixtures like the oil-

extended polymers, is used. The Tg of the oil-extended compounds can be calculated 

done as per the advanced Fox Equation [20, 21]: see Chapter 2/ Equation 5. 

These calculated Tg(s) of the oil-extended compounds are listed in Table 7. Figure 9 

and 10 show the trend line(s) which depict the effect of the addition of TDAE in the 

BR and S-SBR compounds, respectively. The dashed dark gray horizontal lines are 

additionally drawn in layered graphs emphasize the differences in the degree of 

sensitivity for Tg determination by various techniques. 

 

Table 7. Tg values for BR and S-SBR compounds from Fox equation (Eqn), 
BDS, DMA, DSC and Mooney Viscosity. 

Compound 

 

Fox Eqn 

(°C) 

BDS 

(°C) 

DMA 

(°C) 

DSC 

(°C) 

ML (1+4), 
100°C 

[M.U.] 

BR_0    - -99 -95 -113 36 

BR_10    -102 -90 -93 -111 27 

BR_20 -93 -76 -92 -106 21 

S-SBR_0    - -28 -12   -30 40 

S-SBR_10 -32 -30 -15   -31 32 

S-SBR_20 -33 -31 -16   -32 22 
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Figure 10. Comparison of Tg from Fox Eqn, BDS, DMA and DSC for BR with 
0/10/20 phr of TDAE. 

(Note: The dashed dark gray horizontal lines are additionally drawn in each layer of 
the above graph to emphasize the differences in the degree of sensitivity for Tg 
determination by various techniques.) 
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Figure 11. Comparison of Tg from Fox Eqn, BDS, DMA and DSC for S-SBR 

with 0/10/20 phr of TDAE. 

(Note: The dashed dark gray horizontal lines are additionally drawn in each layer of 
the above graph to emphasize the differences in the degree of sensitivity for Tg 
determination by various techniques.) 

 

An increase in the Tg of BR by addition of an increasing amount of TDAE is observed 

by the experimental techniques BDS, DMA and DSC. Whereas, an opposite but much 

smaller trend can be observed for the S-SBR upon addition of an increasing amount 

of TDAE.  

The observations discussed above are in agreement with the theoretical prediction by 

the Fox equation, which states that the final Tg of an oil-extended compound 

depends on the respective Tg(s) of the TDAE oil and the polymers S-SBR and BR. 

Even though the trend on the effect of Tg indicates a restricting effect in TDAE-
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extended BR compounds, the Mooney viscosity values suggest improved 

processability: see Table 7. The Mooney viscosity is a one point measurement done 

at a constant temperature and shear rate. It is an industrially accepted parameter for 

measuring the improvement in processability. An improvement in the low 

temperature properties of a process oil extended compound is regarded as one of 

the key effects of a process oil for a compound, especially for an application in low 

temperature conditions like winter tires. However, with this study it is clear that this 

is not the case for TDAE-extended BR compounds. As mentioned in previous 

sections, this is due to the fact that the Tg of BR is much lower than the Tg of TDAE. 

This is supported by the theoretical predictions resulting from the advanced Fox 

equation. An improvement in low temperature properties in the final compound can 

only be observed for polymers with a higher Tg value compared to the process oil 

used. Such a case can be exemplified through the study of TDAE-extended S-SBR 

compounds. As the Tg of S-SBR is higher than the Tg of TDAE a decrease in the Tg of 

oil-extended S-SBR compounds can be observed. The Mooney viscosity values also 

indicate an improvement in the processability of the S-SBR compounds. 

Another important observation from this part of the study is the comparison of the 

sensitivity of DSC, DMA and BDS for Tg determination. Due to the difference in the 

principles of measurement, there is a different range of Tg values obtained from each 

technique. A brief overview of the comparison of these three techniques is presented 

in Table 8. It can be seen from Table 5 that the lowest values of Tg are observed 

through DSC, followed by BDS and the highest values from the DMA data. The Tg 

values measured from each technique are highly influenced by the heating rate 

(BDS, DMA, DSC) on the one hand side and applied frequencies (BDS, DMA) on the 

other hand side. Even though the ranges of Tg measured are different from each 

technique, the amount of change in Tg with every 10 phr increase in the amount of 

TDAE, follows a similar trend. An exception is the compound ‘BR_20’, which gives a 

significantly higher Tg with respect to BR_0 and BR_10 from BDS as compared to 

both DSC and DMA. The higher value of Tg for ‘BR_20’ when compared to that of 

‘BR_10’ is not surprising, as the calculations from the Fox Eqn also suggest a similar 

steep rise in the Tg on addition of TDAE oil in BR compounds: see Table 7 and Figure 

10. Therefore, it can be concluded that the sensitivity of BDS is higher than DSC and 
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DMA for studying Tg or polymer chain dynamics. The error of measurement is also 

much smaller from BDS as compared to DSC and DMA. 
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Table 8. Comparison of sensitivity of Differential Scanning Calorimetry: 
DSC, Dynamic Mechanical Analysis: DMA and Broadband Dielectric  
Spectroscopy: BDS [9] (+: Good; ++: Better; +++: Best) 

Technique DSC DMA BDS 

Principle Measures the 

difference in energy 

required to heat a 

specimen and an 

inert reference 

sample at a constant 

heating rate; Glass 

transition 

temperature (Tg) 

observed as a shift 

in  

the baseline. 

Measures the phase 

difference δ between 

applied stress and 

measured strain; ratio  

of peak stress to peak 

strain gives the  

complex modulus E*, 

which comprises  

storage modulus E′  

and loss modulus E″. 

The ratio of E″/ E′ is 

called tan δ, which is 

related to the Tg. 

Computes dielectric 

storage modulus ε′ and 

loss modulus ε″ based  

on the phase difference 

δ between applied 

voltage and measured 

current. 

In the temperature 

domain, the peak of ε″  

is related to the Tg.  

In the frequency  

domain, the value of 

temperature at 100 s 

from activation plot is 

adapted as the Tg. 

Pros Availability; 

Familiarity; 

Ease of operation  

and interpretation. 

Can measure in both 

temperature domain 

and frequency 

domain; sensitive also 

to secondary 

relaxations. 

Can measure in both 

temperature and 

frequency domain; 

frequency domain is  

very  broad: 10-2 to 109 

Hz. 

Cons  Not sensitive to 

small scale 

segmental motion. 

Frequency range is  

limited to 10-3 to 102 

Hz, therefore, limited 

sensitivity to small 

scale segmental 

motions. 

Sensitive to ionic 

impurities. 

Sensitivity + ++ +++ 
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4. CONCLUSIONS 

Relaxation studies from BDS show a restricting effect for the BR chains and a 

plasticizing effect for the S-SBR chains on addition of TDAE. However, a clear 

indication to improved processability on addition of TDAE for both S-SBR and BR is 

given by the decrease in the Mooney viscosity of the oil-extended compounds.  An 

advanced Fox equation holds true for the TDAE-extended S-SBR and BR compounds 

studied. This has been verified by experimental data from BDS, DMA and DSC. 

Hence, a clear correlation between theoretical predictions and experimentally 

obtained data is drawn. BDS is the most sensitive of the studied techniques for 

studying segmental dynamics which is related to the glass transition temperature 

(Tg) in polymers. The solubility parameter is used for identifying the extent of 

compatibility between the materials to be mixed. Highly linear BR chains are seen to 

have a higher level of compatibility with TDAE oil, which can be explained in terms of 

the similarity in the solubility parameters of BR and TDAE. For S-SBR, an indication 

for lower compatibility with TDAE is observed, which can be explained either in terms 

of the difference in solubility parameter or by acknowledging the fact that the 

polymer chains of S-SBR are functionalized. The presence of additional functional 

groups in the polymer chain leads to hindrance in the chain relaxation.  
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CHAPTER 4  

STUDY OF RUBBER BLEND COMPOUNDS 
 

Summary 

S-SBR (Solution Styrene-Butadiene rubber) / BR (Butadiene Rubber) blends are 

broadly used in specialized applications such as tires, but little is known about the 

component segmental dynamics arising from local morphological variations. 

Information on the segmental dynamics of the two components in the blends as well 

as understanding the effect of additives such as process oil on the polymer 

segmental dynamics is crucial for further developments. The present study aims at 

understanding the influence of a mineral-based aromatic process oil: TDAE (0-20 

phr) on the dynamics of the component polymers in S-SBR/BR: 30/70, 50/50 and 

70/30 blends, and its preference for partitioning towards either component. 

Differential Scanning Calorimetry (DSC), Dynamic Mechanical Analysis (DMA), and 

Broadband Dielectric Spectroscopy (BDS) are employed to study the α-relaxation 

(glass transition temperature, Tg) process of the individual phases in the blends. A 

theoretical perspective is added based on the Lodge and McLeish model. 
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1. INTRODUCTION 

S-SBR/BR blends in various ratios are widely used in tire applications. There is a 

tremendous potential to impact the tire industry with an improved S-SBR/BR 

compound that possesses an ideal combination of properties for a particular tire 

application. However, there are two main constraints for making a miscible S-SBR/BR 

blend design with predictable properties: i) Lack of knowledge about the partitioning 

of processing aids and other compounding ingredients in the individual phases of 

these blends; it is expected that the processing aids may prefer either of these 

elastomers based on the ‘like dissolves like’ principle, since there is a considerable 

difference in the polarities of the components: S-SBR and BR; ii) Thermorheological 

complexity which arises due to the Tg of S-SBR and BR being very different from 

each other. A thermorheologically simple polymer system is one in which the 

molecular mechanisms contributing to time and frequency dependent modulus and 

compliance functions, have the same temperature dependence [1-3]. Due to the 

thermorheological complexity of blends the Time-Temperature Superposition (TTS) 

concept cannot be applied. Therefore, it is necessary to apply more sophisticated 

techniques to study blend dynamics. In the previous chapter, three techniques: DSC, 

DMA and BDS were tested for their sensitivity in studying segmental dynamics. BDS 

is concluded to be the most sensitive of the three. Although all three are utilized in 

the present chapter as an attempt to study segmental dynamics arising from both 

components: S-SBR and BR, the main focus is on BDS. Additionally, a theoretical 

perspective is added by comparing the experimentally obtained results with 

calculated ones based on the theory about phase dynamics of miscible blends by 

Lodge and McLeish [4]. The goal of this chapter is to test the efficacy of the above-

mentioned techniques to study i) the effective Tg of both components in the blends in 

three ratios: 30/70, 50/50 and 70/30; ii) the partitioning preference of the TDAE oil 

towards either phase, based on the shift in the effective Tg.  

 

2. EXPERIMENTAL 

The basic formulation used for this study is presented in Table 1, expressed in parts 

per hundred parts of rubber (phr). 
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Table 1. Mixing Formulation. 

Component (phr) 

BR 30/50/70 

S-SBR 70/50/30 

Zinc Oxide 4 

Stearic Acid 3 

N-cyclohexyl-2-benzothiazole sulfenamide (CBS) 2.5 

Sulfur 1.6 

TDAE 0/10/20 

 

The compounds were prepared following a 2-step mixing procedure, with a first 

stage in an internal mixer. The vulcanization system was added to the raw 

compounds in a second stage, carried out on a two-roll mill: Table 2. The compounds 

are referred to as S-SBR/BR (x/y)_0/10/20, where x/y represents the different blend 

ratios: 30/70, 50/50 and 70/30; 0/10/20 are the respective amounts of TDAE in the 

compounds. The individual components in the blends are referred to as S-

SBR/BLEND_0/10/20 or BR/BLEND_0/10/20. 

All further treatment and characterizations were done as described in Chapter 3/ 

Section 2.3-2.7: for pure S-SBR and BR compounds.  

 

 

 

 

 

 

 

 

 

 

65 
 



Chapter 4 

Table 2. Mixing Protocol. 

1st Stage: Internal Mixer 
Brabender Plasticorder 350S 

Rotor speed: 50 RPM; Temperature: 50 °C; Fill factor: 0.7 

2nd Stage:  
Two-roll mill 
Polymix 80T 

Friction ratio: 1.25:1;  

Temperature: ca. 40°C 

0 phr TDAE 
(Min. sec.) 
0.30 Add  
Polymers 
1.30 Add ZnO  
and Stearic acid 
4.00 Dump 

10 phr TDAE 
(Min. sec.) 
0.30 Add  
Polymers 
1.30 Add ZnO  
and Stearic acid 
2.40 Add 3/4th 
TDAE 
5.00 Add 1/4th 
TDAE 
7.00 Dump 

20 phr TDAE 
(Min. sec.) 
0.30 Add  
Polymers 
1.30 Add ZnO  
and Stearic acid 
2.40 Add 3/8th 
TDAE 
5.00 Add 3/8th 
TDAE 
8.00 Add 1/4th 
TDAE 
10.30 Dump 

All Samples 
(Min. sec.) 
0.30 Add Curatives 
5.00 Dump 
 

 

3. RESULTS & DISCUSSION 

3.1. Analysis of the S-SBR/BR (50/50) blends via DSC, DMA and BDS 

Literature on S-SBR/BR blends suggests that they are conditionally compatible. In 

particular, it has been reported for SBR/BR blends that a high-vinyl SBR is miscible 

with high-cis BR due to the repulsion between the vinyl and styrene units on the 

same SBR chain [5-7]. Therefore, a S-SBR with high-vinyl (50%) content and a BR 

with high-cis (>96%) and low-vinyl (<1%) content were chosen for this study. It 

was anticipated that a blend of these two polymers is miscible. 

A combination of DSC, DMA, on the one hand and BDS, on the other hand has been 

utilized to study the component segmental dynamics of the individual components in 

the S-SBR/BR blends. A higher emphasis is given to the BDS technique for the 

analysis of component segmental dynamics in the blends as its sensitivity has been 

rated the highest between the three techniques DSC, DMA and BDS: refer Chapter 3. 

From the DSC measurements, a single, broad peak corresponding to the glass 

transition (α-relaxation) can be observed for all blend ratios: Figure 1. From DMA 
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measurements as well a single, broad tan δ peak can be observed for the blends: 

see Figure 2. The results from DSC and DMA indicate miscibility in the blends. At the 

same time, the single transitions from DSC and DMA measurements limit a deeper 

study into the phase preference of the TDAE oil in the oil-extended blends using 

these techniques. 
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Figure 1. DSC curve for S-SBR/BR blends: A) 30/70, B) 50/50 and  

C) 70/30, with 0/10/20 phr TDAE. 
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Figure 2. DMA curve for S-SBR/BR blends: A) 30/70, B) 50/50 and  

C) 70/30, with 0/10/20 phr TDAE. 

 

Figure 3 shows a representative 3D curve as obtained from BDS for the S-SBR/BR 

(50/50) blend without TDAE. A 3D curve gives the opportunity to visualize the α-

relaxation process in terms of variation in ε″ on a frequency and temperature scale. 
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A single broad and asymmetric relaxation can be noted in the temperature range 

covered, which can be associated with the α-relaxation. The maximum of the α-

relaxation moves to higher temperatures with increasing frequency. This broad, 

asymmetric dielectric loss peak can be assigned to the combined contribution of both 

S-SBR and BR in the blends. All the other blend ratios as well as the oil-extended 

blends also exhibit only one broad relaxation on the 3D curves. These single peaks 

are further analyzed and de-convoluted into the segmental dynamics of the individual 

components of the blends, in such a way that the phase preference of the TDAE oil 

can be estimated. 

 

 

Figure 3. 3D representation of the dielectric loss in the region of the α-

relaxation of S-SBR/BR (50/50) blend as obtained from BDS. 

 

3.2 Component segmental dynamics of S-SBR/BR blends studied by BDS 

The dielectric loss ε″ vs. frequency curves are the primary results obtained via BDS. 

These curves are normalized to the εmax
″

 for ease of comparison. The curves for the 

blends are considerably broad when compared to similar curves for pure polymers S-

SBR and BR: refer to Chapter 3/ Figure 7. They are also seen to be situated between 

those of the two pure polymers. Furthermore, the loss peak narrows as the 

temperature increases. These are well-known properties of dielectric spectra for 

miscible blends [8], thus emphasizing the miscibility of the S-SBR/BR blends studied. 

A similar behavior is also observed in the TDAE-oil-extended blends. 
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Figure 4. Normalized ε″ versus frequency in the region of the α-relaxation 
for S-SBR/BR blends, 30/70: A) 0 phr TDAE, B) 10 phr TDAE, C) 20 phr 
TDAE; 50/50: D) 0 phr TDAE, E) 10 phr TDAE, F) 20 phr TDAE; 70/30: G) 0 
phr TDAE, H) 10 phr TDAE, I) 20 phr TDAE.  

 

The dielectric response of a miscible blend expressed as a combined broad relaxation 

can be de-convoluted into its individual contributions using a HN-equation based 

fitting protocol: see Chapter 3/ Equation 2. An appropriate fit of the measurement 

data for blend samples could not be obtained using a single HN-equation. This can 

most likely be attributed to the presence of two types of elastomers having different 

characteristic relaxation behaviors. Therefore, two HN-equations which can describe 

the relaxation behavior of the two components in the blends were used to fit the 

measurement data. The success of the fittings done using two HN-equations justifies 

the presence of two hidden relaxations arising from S-SBR and BR phases in the 

blends. These phases are referred to as α and α′, assigned to the BR and S-SBR 

phases, respectively, in decreasing order of frequency. At a fixed temperature, the 

BR phase is assigned to the relaxation appearing at higher frequency due to the 

greater mobility of the more linear BR chains compared to the more restricted S-SBR. 

While the steric hindrances in S-SBR chains due to the presence of the styrene-

groups in the main chain causes a slowdown in its dynamics. 

The fitted curves with the deconvoluted relaxation processes assigned to S-SBR (α′) 

and BR (α) at an appropriate temperature for the blends without oil are shown in 

Figure 5. Different values of temperature are chosen because the dielectric relaxation 

is not well-resolved in the frequency window at a particular temperature for all blend 

ratios. In all the curves, the collective relaxation spectrum is shown, which was fitted 
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and deconvoluted into the two individual relaxation processes depicted as dashed 

lines. A conductivity contribution, shown as dotted line, was used to achieve a better 

fit of the low frequency tail of the dielectric spectra. 

The relaxation parameters ∆ε(α), ∆ε(α′), b, b′, c, c′, τHN(α), and τHN(α′) were calculated 

for each contribution: Table 3. It is very difficult to obtain a fit of the experimental 

data while using two HN-equations due to the large number of parameters that can 

vary simultaneously during fitting. To overcome this, changes in the b and c 

parameters for the α phase were allowed, and the c′ was fixed to 1 while b′ was 

allowed to change for the α′ phase [9]. This approach helped to maintain a more 

symmetrical shape of the contributions and a narrower distribution of relaxation 

times. 
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Figure 5. . Deconvolution results from fitting of the α′ and α phases using 
two Havriliak-Negami (HN) equations for the S-SBR/BR blends, A) 30/70 
at -55 °C , B) 50/50 at -35 °C  and C) 70/30 at -25 °C. 

 

From Figure 5, a shift can be observed in the dielectric loss spectra and the single 

contributions from the S-SBR and BR components as the blend ratio changes. This 
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phenomenon is based on the differences in the dielectric properties of S-SBR and BR, 

arising due to different orientation of the dipole vector against the chain contour 

[10]. The net dipole moment of a polymer is crucial as it defines the extent of 

dielectric response that will be generated on the application of an electric field. There 

is a classification of polymer dipoles by Stockmayer, which categorizes them into type 

A, B and C [11]. A polymer possessing only one type of dipole moment is an 

exceptional case. Mostly, polymers possess different types of dipoles. The 

assignment of dipole A, B and C to S-SBR and BR is not straightforward due to the 

presence of many contributing units for a dipole moment. Type A describes the 

influence on the dipole moment by units which are parallel to the chain contour. 

Type B delivers the contribution of the units which are perpendicular to the chain 

contour and depending on the microstructure. Due to the presence of four different 

microstructural components in S-SBR, the net dipole moment of S-SBR chains is low 

compared to that of high cis BR. Similar to most polydienes, BR is expected to 

express as a type B polymer [10]. Type B dipoles reflect the local segmental motion. 

A trans conformation of BR gives no dipole moment, therefore, the segmental 

relaxation process of BR is due to the cis and vinyl conformations [12, 13]. As a 

result of this, as the blend ratio is varied, the dielectric response from S-SBR and BR 

also varies, which leads to varied contributions from each phase. As discussed 

earlier, even though the dielectric response of S-SBR is much lower compared to that 

of BR, still an increasing trend in the percentage phase contribution by the S-SBR 

phase is observed.  
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Table 3. HN-fitting parameters for the deconvoluted ε″ vs. frequency of S-
SBR/BR blends: 30/70, 50/50 and 70/30. 

S-SBR/BR 30/70 50/50 70/30 

Temperature  -55 °C -35 °C -25 °C 

Δεα 0.19 0.21 0.14 

Δεα′ 0.04 0.10 0.12 

𝜏𝜏HN (α) (s) 2.50 × 10-3 3.42 × 10-4 6.30 × 10-4 

𝜏𝜏HN (α′) (s) 1.53 × 10-2 1.60 × 10-3 5.60 × 10-3 

b 0.52 0.58 0.52 

b′ 0.39 0.40 0.40 

c 0.18 0.14 0.28 

c′ 1 1 1 

 

The HN-fittings have been done for all blend ratios with different concentrations of 

the TDAE oil. As a result, a difference in the characteristic HN-relaxation time τHN of 

the individual components in the blends is observed as the amount of oil is varied. 

Both components in the blends show longer relaxation times with increasing amount 

of oil, evidencing the restrictive dynamics induced by the TDAE oil. 

As described earlier, the HN-relaxation times for both the α and α′ phase,  τHN(α) and 

τHN(α′), can be converted to the respective τmax: see Chapter 3/ Equation 3. Figure 6, 

commonly referred to as an activation plot shows τmax  plotted as a function of the 

inverse temperature. On the activation plot, both the S-SBR and BR phases are seen 

to follow the Vogel-Fülcher-Tamman (VFT) equation, which governs the temperature 

dependence of a polymeric relaxation: see Chapter 3/ Equation 4. 
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Figure 6. Activation Plots showing temperature dependence of the average 
relaxation times of S-SBR/BR blends: A) 30/70, B) 50/50 and C) 70/30, 
with varied amounts of TDAE oil. 

 

The effect of oil on the S-SBR (α′) and BR (α) phases in the blend can be further 

interpreted. The relaxation time curves of the two effective phases are placed apart 

from each other and seem to converge at higher temperatures, which is a 

characteristic feature of the segmental dynamics of polymeric chains as well as of 

VFT curves, due to the cooperative nature of the segmental relaxations [14]. This 

trend is observed independently of the amount of oil present in the blend. It can also 

be noted that the curves corresponding to the individual components in the blends 

are situated between those of the pure polymers: compare Figure 6 with Chapter 3/ 

Figure 9, confirming the miscibility of the S-SBR/BR blend studied [4, 8, 15]. Another 

interesting observation can be obtained from the comparison of pure polymers and 

blends and the effect of oil content: in the pure polymers, the shift of the curves for 

oil-extended BR is towards lower inverse temperature i.e., towards the oil, which 

indicates a restricting effect on the segmental dynamics of the BR chains as the 

amount of oil increases. The S-SBR in its pure and extended form has more 
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restricted dynamics than the BR or the TDAE oil. Ideally, the two components in the 

blend would be expected to behave as their pure components. It turns out that a 

clear restricting effect is observed in both effective components as oil content 

increases. This trend is most clearly observed for the S-SBR/BR: 50/50 blend. For the 

S-SBR/BR: 30/70 and 70/30 blends, the effect of TDAE oil is not as evident. 

Summarizing, two conclusions can be extracted from these results. Firstly, the effect 

of TDAE oil is more pronounced on BR than on S-SBR; secondly, in S-SBR/BR oil-

extended blends, the higher mobility of the BR phase affects the dynamics of the S-

SBR phase to a larger extent than the oil itself, increasing its mobility compared to 

the pure polymer. 

The effective Tg (Tg
eff) of the two phases in each blend were subsequently estimated 

as the temperature at τmax = 100 s, which is the convention for estimating the Tg by 

BDS [16], and compiled in Table 4. A clear shift towards higher Tg
eff for the 

respective S-SBR and BR phases is observed as the oil content increases, where the 

degree of shift is more pronounced for the BR phase compared to the S-SBR phase. 

 

3.3 Theoretical approach to phase dynamics based on the Lodge and 

McLeish model 

The Tg
eff of each elastomeric component in the blends obtained by BDS was 

compared to the Tg
eff calculated with theoretical models to describe the dielectric 

response of components in miscible blends [2, 4]. The one used as part of the 

present study is the model for phase dynamics of miscible blends by Lodge and 

McLeish [4]. This model postulates that in a miscible blend, the local environment of 

a monomer of type A is, on average, richer in A compared to the bulk composition ɸ. 

A similar argument applies to another monomer of type B. It is a direct consequence 

of chain connectivity. By assigning a length scale or volume to a component dynamic 

mode, a ‘self-concentration’, ɸs can be estimated. In this model, the Kuhn length (lK) 

is the chosen length scale: 

 

ɸs=
C∞ M0

k ρ Nav V
 

Equation 1 
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where C∞ is the characteristic ratio of the Kuhn length to the length of an average 

backbone bond, M0 is the Kuhn element molar mass, k is the number of backbone 

bonds per repeat unit, V is the volume occupied by a Kuhn length of monomers (V~ 

lK3), ρ is the density and Nav is the Avogadro’s number. The values assigned to these 

parameters for the two elastomers were taken from Fetters et al. [17].  Based on 

this, an effective local composition ɸeff  was calculated from ɸs and ɸ: 

 

ɸeff=ɸs + (1 − ɸs)ɸ 

Equation 2  

The Tg
eff for each phase was then calculated using a modified Fox equation: 

 

1
Tg

eff (BR) (ɸeff(BR))
 = 

ɸeff(BR) 

Tg,S-SBR
 + 

1 −  ɸeff(BR)  
Tg,BR

 

Equation 3 

where Tg
eff(BR) is the effective Tg of the BR phase, ɸeff(BR) is the effective concentration 

of the BR phase, Tg,S-SBR is the Tg of the S-SBR phase and Tg,BR is the Tg of the BR 

phase. A similar equation is valid for the S-SBR phase for its Tg
eff(S-SBR) calculation in 

the blend. 

As suggested by the model, the Tg
eff

 of the component with lower Tg is closer to that 

of the pure polymer due to its flexible nature which leads to a larger ɸ associated 

with it. The higher Tg
 component is expected to have a lower ɸ associated with it, 

thus its dynamics and Tg
eff in the mixture would be more representative of the blend 

composition. 

The Tg values calculated from this model for the studied blends and the 

experimentally obtained Tg for the individual phases are presented in Table 4. The 

results obtained from BDS are in close correlation with the Tg
eff as calculated from 

the Lodge and McLeish model, with a small deviation for the BR phase. One possible 

reason for this deviation might be that the theoretical calculations are based on the 

available data for typical BR polymers, whereas the polymers used in this study are 

new commercial grades. The agreement emphasizes the validity of the fitting 

protocol used and the deconvolution of the two phases in miscible S-SBR/BR blends. 
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Table 4.  Comparison of the Tg
eff of the S-SBR and BR phases as calculated by the 

Lodge and McLeish Model and experimentally obtained from BDS. 

S-SBR/BR Phase Tg
eff (Model based) Tg

eff (BDS) 

30/70 

0 phr TDAE 
S-SBR -50 °C -75 °C 

BR -73 °C -84 °C 

10 phr TDAE 
S-SBR - -72 °C 

BR - -83 °C 

20 phr TDAE 
S-SBR - -73 °C 

BR - -82 °C 

50/50 

0 phr TDAE 
S-SBR -42 °C -43 °C 

BR -60 °C -69 °C 

10 phr TDAE 
S-SBR - -38 °C 

BR - -58 °C 

20 phr TDAE 
S-SBR - -36 °C 

BR - -54 °C 

70/30 

0 phr TDAE 
S-SBR -37 °C -44 °C 

BR -50 °C -50 °C 

10 phr TDAE 
S-SBR - -47 °C 

BR - -55 °C 

20 phr TDAE 
S-SBR - -43 °C 

BR - -52 °C 

 

4. CONCLUSIONS 

The S-SBR/BR: 30/70, 50/50, 70/30 blends studied are miscible blends, which is 

confirmed by the presence of a single, broad peak observed from DSC, DMA and 

BDS. Of all the three techniques utilized in this work, only the BDS-method has been 

seen to have the potential to de-convolute the component segmental dynamics in S-
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SBR/BR blends. The component segmental dynamics in the S-SBR/BR blends 

studied by BDS were decoupled through the use of a fitting algorithm based on the 

Havriliak-Negami equation from an ‘apparently’ coupled relaxation dynamics. Tg
eff of 

the two phases in the blend compounds studied are calculated from the activation 

plot. The values of Tg
eff from the BDS-method for the investigated blends, are 

corroborated with the Tg
eff values from the Lodge and McLeish model for dynamics of 

miscible blends. Therefore, on the one hand, this work presents an alternative to 

overcome the thermorheological complexities in non-oil-extended miscible blends 

with a very high difference in the Tg’s of both the components and on the other hand, 

the degree of preference of TDAE oil for either component in the blend can be 

estimated through the difference in the Tg
eff of each component for non-oil-extended 

and oil-extended compounds. In S-SBR/BR (50/50) blends, a more pronounced 

effect of TDAE oil on the BR phase of this blend is observed. However, no particular 

preference of the TDAE oil for either phase is observed for the other two ratios of S-

SBR/BR blends studied: 30/70 and 70/30. Additionally, in all the blends it is noted 

that the higher mobility BR phase affects the dynamics of the lower mobility S-SBR 

phase to a larger extent than the TDAE oil itself, which leads to the shift of the Tg
eff of  

the S-SBR phase towards a lower temperature compared to the Tg of pure S-SBR. 
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CHAPTER 5 

WET SKID RESISTANCE  
 

Summary 

Wet Skid Resistance (WSR) is a property that requires high energy dissipation at high 

frequencies by polymers and a strain-induced, reversible phase change. These 

requirements can be satisfied if the polymer responds within the glass-to-rubber 

transition zone where it shows maximum mechanical hysteresis. For prediction of a 

good WSR, a Dynamic Mechanical Analysis (DMA) based method is most commonly 

used, which utilizes the value of tan δ at 0 °C at low frequency as the indicator. 

There are a couple of experimental methods like Pendulum Type Portable Wet Skid 

Tester and Laboratory Abrasion Tester (LAT) 100 that are industrially used. However, 

the principle of Time Temperature Superposition and laboratory based tests are not 

always in agreement with the real tire test results. The limitations of the presently 

available techniques are discussed in this chapter and a probable solution based on a 

Broadband Dielectric Spectroscopic approach is discussed. 
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1. INTRODUCTION 

Driving safety is an important aspect of consideration for the automobile industry as 

there are more and more cars on the road. Tires are crucial for the safe operation of 

cars as they form the critical link between the vehicle and the road [1]. Amongst the 

three main performance characteristics of a tire as discussed in Chapter 1, Skid 

resistance, especially Wet Skid Resistance (WSR), is particularly important as 

numerous car accidents happen on wet roads due to tire skidding.  

WSR is primarily affected by the properties of the tire tread compound. WSR is 

known to be a high-frequency phenomenon. This is due to the apparent friction 

acting on a skidding tire. During wet skidding a braking force is applied, as a result of 

which the tire is pressed against the surface of the road due to the weight of the car 

and comes into close contact with the asperities or irregularities on the road surface. 

Since there are a large number of asperities close together, the frequency of 

deformation experienced by the tire (as it is sliding over the surface of the road) is 

approximately 103 to 106 Hz [2]. A wide frequency window of 103 to 106 Hz is 

associated with the wet skid process as the accurate frequency calculation is 

dependent upon the speed of the tire and the spacing of asperities. 

 

 
 

Figure 1. Scheme of a tire under wet skid conditions. There is a thin layer 
of water between the tire tread and the road surface [2]. 

  

The compounds with an optimal WSR are required to have a high glass transition 

temperature so that at ambient temperatures the high frequency deformations 
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during skidding induce a transition to the glassy state [3]. There are some theories 

available that describe the wet skid process like the friction based theories [4, 5] and 

the linear viscoelastic spectrum (LVS) based theory [2]. Furthermore, a couple of 

more techniques are available that can measure the wet skid performance of a tire 

like the Pendulum Type Portable Wet Skid Tester [1] which is used primarily in the 

US and the Laboratory  Abrasion Tester (LAT) 100 [6, 7] which is the most recent. 

The drawback of the LAT 100 is that it is a time consuming and very expensive test 

method. Therefore, a correlation of the physical properties of the polymers is 

commonly used for the prediction of wet skid performance. The ratio of the loss E″ 

and storage E′ moduli from a dynamic mechanical test is called the tan δ and the 

value of tan δ at 0 °C and low frequency, normally, 1, 10 or 100 Hz is taken as an 

indicator of WSR [7-9]. This indicator is applicable for the prediction of WSR of pure 

polymer compounds where the Time-Temperature Superposition (TTS) principle can 

be applied. But for blends compounds, which are widely used in passenger car tire 

treads, the TTS fails, as elaborated in Chapter 4. Hence, there is a requirement for a 

technique to predict the WSR of blends. This requirement is addressed in the present 

chapter using Broadband Dielectric Spectroscopy (BDS) measurements in the 

temperature domain at frequencies up to 106 Hz. 

 

2. EXPERIMENTAL SECTION 

The pure and TDAE-extended compounds: S-SBR and BR, and S-SBR/BR blends in 

different ratios: 30/70, 50/50 and 70/30 studied are the same samples as discussed 

in Chapters 3 and 4. 

 

3. RESULTS AND DISCUSSIONS 

The thermal glass transition as well as the dynamic glass transition can be used to  

predict WSR. The assignment of the terms thermal glass transition and dynamic 

glass transition is based on the glass transition being addressed from a 

thermodynamic and a kinetic point of view, respectively. It is commonly accepted 

that as the Tg increases, the WSR is improved because the energy dissipation in the 

glass-to-rubber transition zone is the highest [3]. The thermal glass transition as 

measured by Differential Scanning Calorimetry (DSC) can be used as an indicator for 
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the wet skid behavior [5]. In molecular terms, the thermal glass transition 

characterizes a freezing-in of the cooperative motions of the polymers. The dynamic 

glass transition from Dynamic Mechanical Analysis (DMA) can also be used for the 

prediction of WSR based on the above principle. The DMA measurement is based on 

studying the compound deformation which is generated on the application of a 

dynamic mechanical stress. The viscoelastic or rheological properties like E′, E″ and 

tan δ are estimated from such measurements [1]. The rheological parameter that is 

generally indicative of WSR is the tan δ at 0 °C at 1, 10 or 100 Hz. Based on the TTS 

principle, tan δ at low frequency and low temperature can be used to calculate tan δ 

at high frequencies and ambient temperature. The main disadvantage of this 

indicators is that it requires a curve shifting using the TTS principle to predict if the 

glass-to-rubber transition of the polymer lies in the ambient temperature range at the 

high frequency of the wet skid process. An additional disadvantage of the WSR 

indication from the tan δ at 0 °C is its bad correlation with tire test data, which 

makes it an insufficient indicator of WSR. Moreover, as discussed above, it is not 

possible to apply TTS principle for tire compounds, because they are normally blend 

compounds for which more than one peaks can be observed on the tan δ curve. This 

makes it difficult to apply a curve shifting using the TTS principle. Although for 

miscible blends, it is still possible to use tan δ at 0 °C as an indicator for WSR, 

because they express a single, broad tan δ peak: refer Chapter 4/ Figure 2. 

However, it still requires the curve shifting of the obtained data to higher frequencies 

using the TTS. This can be done based on the assumption that at high frequencies 

the shape characteristics of the tan δ peak resemble those at the frequency it was 

measured. In a physical sense it means that the blend is assumed to be a 

thermorheologically simple system [10], which is an ambitious assumption as blends 

are thermorheologically complex systems [10, 11]. An alternative for such 

thermorheologically complex blend systems can be to use temperature domain 

curves from BDS measurements. The temperature domain curves can give insights 

into the behavior of the blended polymers at high frequencies like 104 or 106 Hz: see 

Figure 2. For the S-SBR/BR blends studied with BDS, it is noted that the peak relating 

to the Tg of the blend is expressed as a single peak at 1 Hz, whereas at higher 

frequencies this peak starts to divide itself into two parts: one at lower temperature 
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and the other one at higher temperature. The peak at lower temperature is assigned 

to the BR component and the one at higher temperature to the S-SBR component in 

the blend. It appears as though at higher frequencies the component polymers start 

responding each in their inherent way. The S-SBR/BR blends are composed of S-SBR 

and BR polymers which have very different length and time scales associated with 

their molecular dynamics. At low frequency: 1 Hz, the molecular dynamics stay 

coupled and express themselves as a single relaxation due to the fact that these 

polymer chains are cross-linked together. The size of the segments triggered by the 

low frequency deformations is larger than the typical microphase domains of the two 

blend components. However, at higher frequencies: 104 or 106 Hz, smaller-scale local 

molecular dynamics are activated like increased rotational and vibrational motions of 

the styrene groups in the S-SBR [12-15]. This leads to an increase in the free volume 

occupied by the S-SBR which manifests itself in the form of a higher shift in the peak 

associated with the S-SBR component. It is for the same reason that there is not a 

significant shift in the peak for the BR component. With the increase in the free 

volume of the S-SBR component, the dynamics of BR is more restricted leading to a 

less pronounced shift for the BR component. 

A few interesting observations from the Figure 2 are: 

A) At 1 Hz, the pure polymers as well as the blends in all ratios show a single 

peak in the temperature domain, which is taken as the Tg of the respective 

compounds. It is also noted that the crystallization of BR which is observed 

from other techniques as discussed in Chapter 3 is not very clear at this 

frequency. 

B) At 104 Hz, pure polymers still appear as a single peak. The only difference on 

the peak for the pure polymers at this frequency is that it shifts to higher 

temperatures. This phenomenon of peak shift to higher temperatures as the 

frequency increases is well-known and forms the basis for TTS [16]. An 

interesting observation for BR is that the crystallization can now be seen as a 

shoulder to the main peak. However, for the blends two peaks signifying two 

components are seen. This suggests that at this frequency, the two 

components of the blend separate in the temperature domain. The BR 

component shows a peak at much lower temperature as compared to the S-
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SBR component. It means that at higher frequencies the two components in 

the blend show their inherent behavior rather than expressing themselves as a 

miscible blend with a single peak. Moreover, as the blend ratio changes from 

30/70 to 70/30, a reversal in the relaxation strength of the two peaks 

corresponding to BR and S-SBR can be observed. The background of such a 

reversal lies in the fact that the relaxation strength is more pronounced for the 

component which has the higher concentration in the blend. Therefore, for the 

30/70 blend, the peak at the lower temperature assigned to BR has the higher 

peak height, whereas for the 70/30, the opposite holds true.  

C) At 106 Hz, the two peaks observed for the blends have further moved in 

temperature, as expected. 

D) On this curve it is possible to focus on the 70/30 blend at 104 Hz. The focus is 

to develop an understanding of this blend in its pure and TDAE-extended form 

based on the BDS method, since it is the best option for a tire tread 

application based on the DMA method: tan δ at 0 °C: see Chapter 4/ Figure 2. 

Apart from a slight decrease in the relaxation strength of the peak assigned to 

the BR component, no significant differences can be observed. 

E) On this curve the behavior of the 70/30 blend is depicted at 106 Hz. The entire 

curve shifts to higher temperature, as expected. Apart from that not much of 

a difference can be noted when compared to curve D. The most interesting 

observation from this curve is that the stronger peak corresponding to the S-

SBR component is lying exactly at the ambient temperature region ~20-30 °C. 

It can be clearly seen that the glass-to-rubber transition corresponding to the 

S-SBR component of this blend lies directly in the ambient temperature range 

at the frequency associated with wet skidding. Therefore, this curve gives a 

direct indication of a good WSR. Furthermore, this figure suggests that the 

pure and oil-extended 70/30 blends do not differ significantly in their Tg and 

consequentially their wet skid performance. 

Thus, the underlying reason for the better WSR observed for the 70/30 blend, which 

is commonly used as the tread compound by several tire producers for its good WSR, 

is explained via the BDS-method. 
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Figure 2.  Dielectric loss log ε″ vs. Temperature at different frequencies 
for Pure BR and S-SBR, S-SBR/BR blends: 30/70, 50/50 and 70/30 at 
A) 1 Hz, B) 104 Hz; C) S-SBR/BR blends: 30/70, 50/50 and 70/30 at 106 
Hz; S-SBR/BR: 70/30 blends with 0/10/20 phr TDAE at D) 104 Hz; and 
at E) 106 Hz. 

 

4. CONCLUSIONS 

WSR is described as a property that requires a high frequency induced reversible 

transition from the rubbery state to the glassy state in a tire tread compound at 

ambient conditions. However, the prediction of the WSR of such a compound is 

difficult because most analytical techniques are not able to measure the glass 

transition at the frequency of the wet skidding process: 104 to 106 Hz. This chapter 

discusses the potential of the BDS technique for a more accurate prediction of the 
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WSR. It is shown for the S-SBR/BR compounds that the changes in the glass to 

rubber transition peak at different frequencies can be observed by the temperature 

domain curves obtained via BDS. This makes it very convenient to register if a 

compound has the glass to rubber transition at ambient conditions. From S-SBR/BR 

blends studied, the 70/30 blend in its pure and TDAE-extended form is seen to have 

the best WSR. It is also known from tire tests that the 70/30 blend has the best WSR 

amongst the blend ratios studied. Therefore, the existence of a correlation between 

the prediction of WSR via the BDS method and the tire test results is very well 

possible and worth further exploring. 
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The design project presented in this thesis is focused on developing a process-design 

for tire tread compounds with good compatibility to mineral-based safe process oils 

like Treated Distillate Aromatic Extract (TDAE) and Mildly Extracted Solvate (MES). 

Both TDAE and MES were introduced for tire purposes, to replace the highly aromatic 

Distillate Aromatic Extract (DAE), after the carcinogenic effects associated with it 

became well-known. Since the introduction of TDAE and MES, considerable research 

has been done to achieve the same level of tire tread performance with TDAE and 

MES, as was achieved with DAE oil in passenger car tire treads, primarily. However, a 

loss in two of the most important tire tread performance indicators: Abrasion 

Resistance (AR) and Wet Skid Resistance (WSR) has been commonly observed with 

tread compounds containing TDAE and MES: see Chapter 1/ Figure 1. The loss in AR 

and WSR manifests in the form of enormous impact on the service life-time of a tire 

and the driving safety, respectively. Thus, the goal of this research is to design a 

passenger car tire tread compound with: i) good compatibility to the mineral-based 

safe process oils and ii) improved tread performance. 

In this work, the typical process-design lifecycle is used to make a systematic design: 

refer Chapter1/ Figure 2. The main concentration has been on the first two 

preliminary stages of the entire process-design lifecycle of a passenger car tire tread 

compound with a good compatibility to ‘safe’ process oil. The design concept was 

theoretically formulated in the Conceptual Design Phase. The formulated design 

concept was then tested and verified in the Detailed Design and Development Phase. 

The step-by-step description of the contents of the Conceptual Design Phase and the 

Detailed-Design and Development Phase are summarized in a flowchart: see Figure 

1. 

Conceptual Design Phase: The choice of an appropriate blend compound and a 

‘safe’ process oil was made based on its suitability for a passenger car tire tread 

application. Nowadays, a typical tire tread consists of Styrene Butadiene Rubber 

(SBR)/ Butadiene Rubber (BR) blends with Treated Distillate Aromatic Extract (TDAE) 

oil for the passenger car tire tread. Therefore, this compound was chosen for the 

present study. There are numerous types of SBR and BR in the market, with 

variations in the macro- and micro-structure, which provide different end properties. 

The reasons behind the choice of backbone and chain-end functionalized Solution 
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Styrene Butadiene Rubber (S-SBR), high-cis containing BR for the different blend 

ratios tested during this work are elaborated upon in Chapter 2/ Section 1.2. This 

phase was then split into two paths:  

• Path 1: Developing a concept to test the extent of compatibility 

between the blend components and the oil 

In the blending technology,  the ‘like dissolves like’ principle plays a big role, 

which means that a preference of the TDAE oil to one of the components of 

the SBR/BR blend can be expected. An approximate guess can be that the 

‘safe’ aromatic oil: TDAE may prefer the styrene group containing SBR phase. 

To quantify this, a measurable indicator is necessary. The indicator of choice 

here was the degree of shift in the glass transition temperature (Tg) on the 

addition of the TDAE oil. The preference of the TDAE oil towards one 

component in the blend is related to a larger shift in the Tg and a higher 

compatibility with that component. A measurement method for the estimation 

of component Tg’s was the next challenge in this design phase as the SBR/BR 

blend tends to be a miscible blend which shows a single, broad Tg. Three 

experimental methods were chosen for testing the extent of compatibility 

between the blend components and the TDAE oil: Differential Scanning 

Calorimetry (DSC), Dynamic Mechanical Analysis (DMA) and Broadband 

Dielectric Spectroscopy (BDS). These methods were then tested and verified 

for their ability to sense the component Tg’s in the Detailed-Design and 

Development Phase. 

• Path 2: Developing a concept to test the tire tread performance 

The three most important tire tread performance indicators are: Rolling 

Resistance (RR), Abrasion Resistance (AR) and Wet Skid Resistance (WSR). As 

discussed in Chapter 1, the RR is related to the fuel economy, AR to service 

life-time and WSR to driving safety. For the present study, only WSR is chosen 

because of the rising inclination of the oil producers, towards research to 

improve WSR, which suffered a deterioration after the shift from highly 

aromatic oils like Distillate Aromatic Extract (DAE) to ‘safe’ process oils like 

TDAE. From the review of the existing methods for prediction of WSR, it was 

noted that there were some limitations to their application. These methods 
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and their limitations are discussed in detail in Chapter 5. In this stage of the 

process-design, an experimental method which can cover a broad frequency  

range: BDS was used to closely examine the ability of a blend compound to 

respond adequately under the conditions of wet skidding. A possible indicator 

for predicting WSR was developed with the BDS-method based on the 

requirement of a reversible glass-to-rubber transition under wet skidding 

conditions: 103-106 Hz at Room Temperature (RT). This concept was applied 

on the blend compounds in the Detailed-Design and Development Phase. 

 

Detailed-Design and Development Phase: 

• Path 1: Application of the concept developed to test the extent of 

compatibility between the blend components and the oil 

The application of the concept of measuring the degree of shift in the 

component Tg’s to comment on the extent of compatibility between the 

polymers and the oil is discussed in Chapter 3 and 4. In the first step, the 

sensitivity of the three techniques: DSC, DMA and BDS was compared for 

studying the degree of shift in the Tg of the pure polymers: S-SBR and BR on 

addition of the TDAE oil. It was evident that BDS has the potential to give a 

deeper insight into the segmental dynamics of both non-TDAE-extended and 

TDAE-extended pure polymers: see Chapter 3/  Table 8. In the second step, 

BDS was extensively applied to evaluate the degree of shift in the Tg’s of the 

blend components on the addition of TDAE. In this step, three ratios of S-

SBR/BR blends: 30/70, 50/50 and 70/30 were studied. It was observed that in 

all blends, the two components could be de-convoluted using BDS. Therefore, 

the Tg’s of the individual components in the non-TDAE-extended and TDAE-

extended blends could be obtained. It was noted that for the 50/50 blend 

there is a larger shift in the Tg of the BR component. While for the other two 

blend ratios: 30/70 and 70/30, it was more difficult to observe a significant 

difference in the shift of the Tg of the S-SBR or the BR component. The larger 

shift in Tg has been related to a higher level of compatibility between the 

particular component and the TDAE. The partitioning of the TDAE for either 

component in the 50/50 blend is not significant, although a slight preference 
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towards the BR component is seen based on the degree of shift in the 

component Tg. For the other blend ratios: 30/70 and 70/30 the preference of 

the TDAE for either component could not be observed. Therefore, it was 

concluded that there is an almost equal distribution of the TDAE in both 

components irrespective of the blend ratio. 

• Path 2: Application of the concept developed to test the tire tread 

performance 

For an optimal WSR, the blend compounds are required to have a Tg around 

the ambient temperature under wet skidding conditions associated with high 

frequencies up to 106 Hz, so that it is possible to have a reversible transition 

to the glassy state. This basic requirement was explored in the blend 

compounds using temperature domain curves from BDS, which were 

measured at frequencies up to 106 Hz: see Chapter 5/ Figure 2. These curves 

could be used to predict the WSR of a tire tread compound. It was indicated 

from these curves that non-TDAE-extended and TDAE-extended 70/30 blends 

should demonstrate the best WSR amongst the blends studied. 

 

Based on the results from the Detailed-Design and Development Stage of the 

process-design of a passenger car tire tread, the non-TDAE-extended and TDAE-

extended 70/30 blend compounds are recommended. Aside from this main 

conclusion, the research presented in this thesis has the scope of leading to the 

better understanding of tire tread compounds. It has been demonstrated through 

this work that the study of component blend dynamics can be used to judge the 

compatibility of the additives to the rubber matrix and high frequency measurements 

can be adapted as an indicator for WSR. These promising outcomes are beyond the 

confines of conventional methods. Further research with the BDS-method as well as 

other techniques like Positron Annihilation Lifetime Spectroscopy (PALS), is necessary 

to use the full potential of the design concept presented here. PALS is a technique 

that has a high capability of giving direct information on free volumes. The free 

volume is the physical phenomena which governs the glass transition process in 

polymers. As the free volume increases, the Tg becomes lower: see Chapter 2/ 

Section 2.3. The process of blending leads to a change in the free volume, which can 
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be correlated  to the changes in the mechanical and physical properties including 

miscibility of the blends [1]. Therefore, if the free volume in the blends is quantified, 

valuable information about blends can be obtained. The free volume concept can be 

added as a third path to the present design concept, which is recommended as a 

possible next step in a future investigation.  
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                                                                                                   Summary & Future Outlook   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 1. Flowchart for the development of a tire tread with focus on 
Conceptual Design and Detailed-Design and Development Phase of the 
Process-Design Lifecycle. 
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ANNEX 1 
SYMBOLS  AND ABREVIATIONS 

 

Symbol 
 

Description 

AR Abrasion Resistance 
α BR phase in a S-SBR/BR blend 
b Shape parameter in dielectric measurement 
b Shape parameter for BR phase in dielectric measurement 
b′ Shape parameter for S-SBR phase in dielectric measurement 
B Empirical parameter in VFT Eqn 
BaP Benzo[a]pyrene 
BbFA Benzo[b]fluoranthene 
BeP Benzo[e]pyrene 
BjFA Benzo[j]fluoranthene 
BkFA Benzo[k]fluoranthene 
BDS Broadband Dielectric Spectroscopy 
BR Butadiene Rubber 
α′ S-SBR phase in a S-SBR/BR blend 
c Shape parameter in dielectric measurement 
c Shape parameter for BR phase in dielectric measurement 
c′ Shape parameter for S-SBR phase in dielectric measurement 
CA Aromatic carbon content 
CBS N-cyclohexyl-2-benzothiazole sulfenamide 
CHR Chrysene 
cp Heat capacity 
C∞ Characteristic ratio of the Kuhn length to the length of an average 

backbone bond 
χ Flory Huggins polymer-polymer interaction parameter 
χ (T) Temperature dependent Flory Huggins polymer-polymer interaction 

parameter 
χBS Flory Huggins parameter for interaction between 1,4-butadiene and 

styrene 
χblend Composition-weighted combination of monomer-monomer interaction 

pairs 
χeff Effective interaction parameter 
χVB Flory Huggins parameter for interaction between vinyl and 1,4-

butadiene 
χVS Flory Huggins parameter for interaction between vinyl and styrene 
DAE Distillate Aromatic Extract 
DBahA Dibenzo[a,h]anthracene 
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DMA Dynamic Mechanical Analysis 
DSC Differential Scanning Calorimetry 
δ Hildebrand solubility parameter 
δi Solubility parameter of the ith component 
δpolymer Solubility parameter of polymer 
δoil Solubility parameter of oil 
Δδ Difference in the solubility parameters 
Eqn Equation 
E* Complex modulus from dynamic mechanical studies 
E′ Storage modulus (Real part) from dynamic mechanical studies 
E″ Loss modulus (Imaginary part) from dynamic mechanical studies 
ε* Complex dielectric permittivity 
ε′ Real (storage) part of dielectric permittivity 
ε″ Imaginary (loss) part of dielectric permittivity 
εmax
″  Maximum of loss peak of dielectric permittivity 
εS Unrelaxed values of dielectric constant 
ε∞ Relaxed values of dielectric constant 
Δε Relaxation strength 
∆ε(α) Relaxation strength of the BR phase in a S-SBR/BR blend 
∆ε(α′) Relaxation strength of the S-SBR phase in a S-SBR/BR blend 
ε*HN (ω) Frequency dependent Havriliak-Negami complex dielectric permittivity 
E-SBR Emulsion Styrene- Butadiene Rubber 
E(ω) Alternating electric field 
fp Frequency of maximum loss 
∆Gm Free energy of mixing per unit volume 
HN Havriliak-Negami  
Hz Hertz 
IR Isoprene Rubber 
k Boltzmann constant 
k Number of backbone bonds per repeat unit 
LAT 100 Laboratory Abrasion Tester 100 (Grosch Abrader) 
MES Mildly Extracted Solvate 
Min Minute 
Mn Number average molecular weight 
M0 Kuhn element molar mass 
M.U. Mooney Units 
Mw Weight average molecular weight  
Nav Avogadro’s number 
NR Natural Rubber 
ω Angular frequency in BDS measurement 
ωp Angular frequency of maximum loss in BDS measurement 
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                                                                                                                                        Symbols & Abbreviations 

P Polarization 
PAH Polycyclic Aromatic Hydrocarbon 
PALS Positron Annihilation Lifetime Spectroscopy 
phr Parts per hundred rubber 
ɸ Bulk composition 
ɸeff Effective local composition 
ɸeff(BR) Effective concentration of the BR phase in a S-SBR/BR blend 
ɸeff(S-SBR) Effective concentration of the S-SBR phase in a S-SBR/BR blend 
ɸs Self-concentration 
ɸi  Volume fraction of the ith component 
ɸS Volume fraction of styrene in SBR  
R Gas constant 
R45 Risk phrase: Carcinogenic 
RAE Residual Aromatic Extract 
RPM Rotations Per Minute 
RR Rolling Resistance 
RT Room Temperature 
ρ Density 
SANS Small-Angle Neutron Scattering 
SBR Styrene- Butadiene Rubber 
sec Second 
S-SBR Solution Styrene- Butadiene Rubber 
T Label: Toxic 
T Temperature (K) 
tan δ Loss angle from dynamic mechanical studies 
T0 Ideal glass transition or Vogel temperature 
Tc Temperature of the onset of crystallization 
τα Relaxation time for the α-relaxation process 
TDAE Treated Distillate Aromatic Extract 
Tg Glass transition temperature  
Tg

eff Effective Tg of the two phases in a blend 
Tg

eff(BR) Effective Tg of the BR phase in a S-SBR/BR blend 
Tg

eff(S-SBR) Effective Tg of the S-SBR phase in a S-SBR/BR blend 
Tg

oil Glass transition temperature of the oil 
Tg

OE-R Glass transition temperature of the process oil-extended 
compound 

Tg
R Glass transition temperature of the rubber phase 

τHN Characteristic Havriliak-Negami relaxation time 
τHN(α) Characteristic Havriliak-Negami relaxation time for the BR phase in a 

S-SBR/BR blend 
τHN(α′) Characteristic Havriliak-Negami relaxation time for the S-SBR phase in 
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a S-SBR/BR blend 
τmax Relaxation time corresponding to the maximum of loss dielectric  

modulus  
τ0 Empirical parameter in VFT Eqn 
TTS Time- Temperature Superposition 
V Volume occupied by a Kuhn length of monomers 
VFT Vogel-Fülcher-Tamman 
VGC Viscosity Gravity Constant 
Vf Free volume 
ν Volume per segment 
WSR Wet Skid Resistance 
Woil Weight fraction of the oil  
WR Weight fraction of the rubber phase 
x Volume fraction of BR in SBR which is vinyl-linked 
xi Number average degree of polymerization of i 
y Volume fraction of BR in BR which is vinyl-linked 
ZnO Zinc Oxide 
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