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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). In the early sixteenth century, a group of Aztecs 

demonstrated a game [1] called tlachtli, played with an elastic substance, to the court 

of Emperor Charles V in Seville [2]. After a long pause due to the loss of the know-

how of this elastic material with the disappearance of the Aztecs, it was only in the 

middle of the eighteenth century that the Europeans discovered the 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 [3]. 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 [4]. 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 [5, 6]. The first rubber factory for 

waterproof textiles was started by Thomas Hancock in England  [7] 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 [2]. The problem of stickiness could be solved with the 

vulcanization of rubber [8]. 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 invention of the pneumatic tire made out of vulcanized rubber 

by J.B. Dunlop [9], 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 [10]. 

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 [11]. J.B. Dunlop 

also produced automobiles with air inflated tires in England, followed by B.F. Goodrich 

in the U.S. [12]. 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 [13]. Furthermore, the 

rising prices of NR, long transport distances and a continuous threat that the 
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customers could be cut off from suppliers due to the World War situation, led to the 

development of synthetic rubber. During the 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 when the war was over, 

the synthetic rubber industry kept emerging and is currently fulfilling ca. 50% of the 

world’s rubber demand [14]. 

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 [15]. 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) 

[16]. 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 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 [16]. 

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 [16]. However, there is a clear trade-off 

between the three main tire performance indicators RR, AR and WSR: an improvement 
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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. S-SBR / BR binary blends are the focus of this thesis, because of a 

combination of good AR and RR from BR as well as favorable WSR from SBR [17].  

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 factor is the processing aid, which is mostly a mineral-based oil such as 

Treated Distillate Aromatic Extract (TDAE), in the tire tread formulation. A key 

advantage of the process oil is the improvement in the low temperature properties 

(decrease of Tg). A decrease in Tg of the oil-extended compound is only seen when 

the Tg of the oil is lower than the Tg of the single polymer / blend [18]. 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) [19]. 

Due to the presence of polycyclic aromatic hydrocarbons (PAHs) in mineral-based oils 

there is an increasing trend towards bio-based process oils. One such newly developed 

oil is the Vivamax 5000 which is more polar than the conventional TDAE and hence 

gives better compatibility with S-SBR. To understand the influence of the process oils 

in detail the challenge is that the commonly used S-SBR / BR based tread compound 

shows only a single Tg, which makes it difficult to distinguish the degree of influence 

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

determining blend dynamics.  

Another factor influencing the tire tread formulation is the filler system. In the 

European market, a commonly used tire tread is composed of a silica - bi-functional 

silane system, as described by Rauline et al. in the green tire tread formulation [20]. 

The silica - bi-functional silane filler system has a different reinforcement mechanism 

from the previously used carbon black filler. The silanol groups on the surface of the 

silica can react with the bi-functional silane, which can in turn make a coupling reaction 

which the rubber chains [21-23]. Following this way, rubber chains can be chemically 

bound to the surface of the silica filler to form an immobilized layer around the silica 

particle. Rubber chains can also be physically adsorbed at the filler surface to create 

a layer of restricted mobility. This leads to a two layer bound rubber formation in the 

silica - bi-functional silane system: a chemically bound layer and a physically bound 
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layer, while in the carbon black filler system there is only a physically bound rubber 

formation [24]. Furthermore, there is a 3 layer reinforcement model for the silica - bi-

functional silane system containing a chemically bound rubber layer, a physically 

bound rubber layer and additionally a bulk layer that remains unaffected by the filler 

system [23]. 

An additional problem in blend systems is 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 applied 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 distribution of mineral-based process oil / bio-

based Vivamax 5000: TDAE in unfilled S-SBR / BR blend relaxation dynamics,  

ii) develop an understanding of the influence of the silica-bi-functional silane filler 

system on the relaxation dynamics of the oil-filled S-SBR and S-SBR / BR compounds, 

and 

iii) estimate the WSR indicator with the high frequency testing of the viscoelastic 

behavior of the tire tread compounds using Broadband Dielectric Spectroscopy (BDS). 

 

3. CONCEPT OF THE THESIS 

The present work is divided into 4 parts:  

Part 1: Literature study 

The literature study which is presented in Chapter 2 gives an overview of the 

blend technology and the process oils used in passenger car tire application. The main 

characterization methods which can be used to characterize elastomer blends and 

process oil are also elaborated upon. In the following parts the experimental part of 

the work is addressed. An overview of the structure of the thesis can be seen in the 

Figure 1.1. 
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Figure 1.1 An overview of the structure of the experimental part of the 

thesis. 

 

Part 2: Study of pure polymer(s) and blend relaxation dynamics to evaluate the 

influence of process oils: mineral-based TDAE / bio-based Vivamax 5000 (V5000) 

on each component polymer of the S-SBR / BR blends.  

 In this part only unfilled compounds are examined. The pure polymers High 

Vinyl and Low Styrene (HVLS) S-SBR, Low Vinyl and High Styrene (LVHS), high cis-

BR, HVLS S-SBR / high cis-BR and LVHS S-SBR / high cis-BR blends in 70 / 30 and 50 

/ 50 wt. ratios are studied by means of Dynamic Mechanical Analysis (DMA), 

Broadband Dielectric Spectroscopy (BDS) and Positron Annihilation Lifetime 

Spectroscopy (PALS): see Table 1.1 for the microstructure of the polymers used. DMA, 

BDS and PALS have different governing principles, which provides an opportunity to 

study individual relaxation dynamics of the blend components through different 

approaches [28].  

 This part has been divided into 4 chapters as follows: 
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Table 1.1 Analytical properties of S-SBR(s), BR, TDAE oil and Vivamax 5000 

oil used in this study 

 LVHS 

S-SBR 

HVLS 

S-SBR 

High 

Cis-BR 

TDAE  

oil 

Vivamax  

5000 oil 

Functionalization - Chain end - - - 

1,2-vinyl (%) 14 49 <1 - - 

Cis-1,4 (%) 17 13 >96 - - 

Trans-1,4 (%) 29 17 2 - - 

Styrene (%) 40 21 - - - 

Tg (°C) -36 -25 -109 -49 -52 

Solubility 

parameter δ 

(MPa0.5) 

18.2 17.3 17.2 17.2 17.7 

Density (g/cm3) 0.95 0.93 0,91 0.94  

(at 15 °C) 

1.01 

(at 15 °C) 

All data were delivered from the suppliers except the solubility parameters which are 

calculated according to the group contribution method [29]. 

 

Chapter 3.1 (Relaxation Dynamics of Miscible S-SBR / BR Blends) 

deals with understanding the relaxation dynamics of pure HVLS S-SBR, high cis BR 

and that of the component polymers in miscible blends of HVLS S-SBR with high cis-

BR in  70 / 30 and 50 / 50 wt. ratios. Dynamic Mechanical Analysis (DMA) and 

Broadband Dielectric Spectroscopy (BDS) are employed for this study.  

 

Chapter 3.2 (Comparison of the Relaxation Dynamics of Miscible and 

Immiscible S-SBR / BR Blends) deals with a similar study (as in chapter 3.1) with 

pure LVHS S-SBR, high cis BR and immiscible blends of LVHS S-SBR with high cis-BR 

in 70 / 30 and 50 / 50 wt. ratios. The essential differences between the relaxation 

dynamics of the miscible (from Chapter 3.1) and the immiscible S-SBR / BR blends are 

highlighted. A better understanding of the molecular origin of these differences is 

developed with the theoretical basis from the Flory-Huggins consideration for S-SBR / 

BR blends [30, 31]. 

Chapter 4 (Influence of TDAE on S-SBR, BR and Miscible S-SBR / BR 

Blends) focuses on the understanding of the influence of a mineral-based aromatic 

oil TDAE (0, 10 and 20 phr) on the segmental dynamics of the pure polymers HVLS S-

SBR, high cis-BR and the component polymers in the HVLS S-SBR / BR 70 / 30 and 50 

/ 50 wt. ratios, and its preference for one polymer. Dynamic Mechanical Analysis 

(DMA), Broadband Dielectric Spectroscopy (BDS) and Positron Annihilation Lifetime 
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Spectroscopy (PALS) are employed to evaluate the shift in the glass transition Tg on 

the addition of TDAE.  

Chapter 5 (Influence of Vivamax 5000 on S-SBR, BR and Miscible S-

SBR / BR Blends) deals with a similar study (as in chapter 4) to understand the 

influence of a bio-based Vivamax 5000 oil (V5000) (0, 10 and 20 phr) on the segmental 

dynamics of the pure polymers HVLS S-SBR, high cis-BR and the component polymers 

in the HVLS S-SBR / BR 70 / 30 and 50 / 50 wt. ratios, and its preference for one 

polymer. The same investigation methods as in chapter 4 are adapted here. 

 

Part 3: Influence of the silica - bi-functional silane filler system on the relaxation 

dynamics of the S-SBR and S-SBR / BR compounds 

In this part silica – bi-functional silane filled compounds with High Vinyl Low 

Styrene (HVLS) S-SBR, Low Vinyl High Styrene (LVHS), high cis-BR, HVLS S-SBR / high 

cis-BR and LVHS S-SBR / high cis-BR blends in 70 / 30 wt. ratios are studied by means 

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

This part contains 2 chapters, as follows: 

In Chapter 6.1 (Silica-Filled Miscible S-SBR / BR Blends) the effect of 

the addition of reinforcing silica – bi-functional silane filler system on the HVLS S-SBR 

and  HVLS S-SBR / high cis-BR 70 / 30 blends is investigated. The emphasis in this 

chapter is on the understanding of the reinforcement effect of the silica - bi-functional 

silane system on these compounds in terms of the 3-layer reinforcement model [23]. 

Chapter 6.2 (Silica-Filled Immiscible S-SBR / BR Blends) deals with the 

effect of the addition of reinforcing silica – bi-functional silane filler system to the LVHS 

S-SBR and  LVHS S-SBR / high cis-BR 70 / 30 blends. The emphasis in this chapter 

(similar to chapter 6.1) is on the understanding of the reinforcement effect of the silica 

- bi-functional silane system on these compounds in terms of the 3-layer reinforcement 

model [23]. 

 

Part 4: Development of an indicator for WSR prediction using high frequency 

testing with BDS. 

 In this part filled tire tread compounds are evaluated. The discussion in this 

part has been divided into 2 chapters, as follows: 

 Chapter 7 (Wet Skid Resistance with Broadband Dielectric 

Spectroscopy: Concept) discusses the mechanism behind the skidding behavior, 

the limitations in the existing methods to predict WSR of tire tread compounds and 

introduces BDS as a more realistic tool to estimate the WSR performance. The silica - 

bi-functional silane filled HVLS and LVHS S-SBR / high cis-BR compounds in 100 / 0; 

90 / 10; 80 / 20; 70 / 30; 60 / 40 wt. ratios are evaluated using the DMA and the BDS 
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method. The advantage of the BDS method in terms of the ability to test viscoelastic 

properties at frequencies of skidding 104-106 Hz is highlighted here. 

 Chapter 8 (Wet Skid Resistance with Broadband Dielectric 

Spectroscopy: Application) presents a correlation of the viscoelastic measurement 

data at high frequencies from BDS with the real tire test data. The compounds studied 

within this chapter are summer tire tread compounds kindly provided by The 

Yokohama Rubber Co, Ltd.  
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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 2.1. 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. 

  

 

 

 

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) 

Figure 2.1 A Typical Tire Assembly [1] 
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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 2.2)  (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 opposite 

sides,  (iii) vinyl-1,2: first and second carbon atoms participate in the polymer 

backbone; third and fourth carbon atoms are pendant.  

 

 

Figure 2.2 Polymer Microstructure: possible configurations for butadiene in 

SBR and BR [7] 
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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 2.1. 

 

Table 2.1 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 classify 

general properties of the SBR. This classification is governed by the International 

Institute of Synthetic Rubber Producers (IISRP) [8]. Table 2.2 illustrates the general 

numbering used by IISRP. 

 

Table 2.2 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 



                                                                                                             Literature Study     

17 

 

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 

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 
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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: IR / 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. 

 

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 
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combinations 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 2.1 

 

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: 

 

∆Gm

RT
=

φA ln φA 

xA
+

φB lnφB

xB
+ φA φB χ 

Equation 2.2 

 

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) 
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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 2.3 

 

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 

Equation 2.4 

 

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 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 2.3: 

χVS = 1,2-BR/Styrene 

χBS = 1,4-BR/Styrene 

χVB = 1,2-BR/1,4-BR 
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Figure 2.3 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[24] 

 

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 . 

 

χblend = kφSχVS +  (φS − k)φSχBS − k(φS − k)χVB Equation 2.5 

 

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 2.4: 
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χVS = 56.5 × 10−3 + 5.62 T⁄  

χBS = 8.43 × 10−3 + 10.2 T⁄  

χVB = 2.69 × 10−3 + 1.87 T⁄  

 

 

Figure 2.4 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. 
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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 2.5: 

 Paraffinic: predominantly branched and linear aliphatic hydrocarbons; 

 Naphthenic: predominantly compounds with saturated ring structures; 

 Aromatic: predominantly aromatic ring structures. 

 

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 [35]. 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 
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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. 

 

 

 

Figure 2.5 Typical molecules in process oils: Paraffinic, Naphthenic and 

Aromatic [36] 

 

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 

2.3. 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. 
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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 [35] 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 aniline and 

elastomers with phenyl rings such as SBR. It is also notable that VGC and aniline point 

are inversely related. 

 

Table 2.3 Properties of TDAE as analyzed by the supplier Hansen & 

Rosenthal, KG (Hamburg, Germany) [36] 

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 

 

2.3 MECHANISM OF ACTION OF PROCESS OILS  

The process oil acts as a plasticizer in a rubber compound. The plasticization 

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, 
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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 2.6 Mechanism of plasticization based on free volume theory[39, 40]. 

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

external plasticizer motion 

 

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 [41]. 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 2.7. 

These PAHs can be released back to the environment by tire wear. A KEMI report 
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presented that the PAHs are bio-concentrated in invertebrates in the aquatic 

environment and are enriched in the food chain [42]. The health and environmental 

risks associated with the PAH content in process oils lead to the issuance of European 

Union legislation No. 552/2009 [43]. 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 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. 

 

Figure 2.7 The eight polycyclic aromatic hydrocarbons (PAHs) listed as 

carcinogens [36] 

 

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 [44]. The manufacture of these oils is schematically depicted in 

Figure 2.8. 

Furthermore, there are new bio-based process oils available on the market 

these days. The bio-based oils are derived from plant sources [45]. This makes them 

more environmentally friendly and sustainable than the petroleum-based oils. The 

plant-based (bio-based) oils can be broadly classified into two classes based on their 
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biochemical origin [45]: i) fatty acids and glycerides-based oils: used for bulk materials 

synthesis, and ii) isoprenoid-based oils: used in perfume and fragrance industry.  

The bio-based oils in their original and modified form can be used to replace 

petroleum-based mineral oils. The free fatty acids and the phenolic structures present 

in almost all plant-based oils give additional advantageous properties such as stability 

against oxidation to the rubber compounds [46]. 

 

 

Figure 2.8 General refining technologies [44] 

 

Several plant-based oils such as rice bran oil [47], coconut oil [48], soybean oil [49] 

and palm oil [50] in their original and modified form have been reported to improve 

physical, mechanical and low temperature properties of the rubber compounds. Many 

tire producers have been moving towards a “go green” strategy and using plant-based 

oils as a replacement for the mineral based oils. A few examples are the use of 

sunflower oil by Michelin, soybean oil by Goodyear, canola oil by Nokian and the 

orange peel oil by Yokohama [51]. Additionally, the fatty acids-based and ester-based 

plant-based oils have higher polarity compared to the hydrocarbon based mineral 

process oils. The higher polarity of the plant-based oils leads to their better 

compatibility with the new generation of the functionalized polymers which tend to be 

more polar than their unfunctionalized counterparts. 

Vivamax 5000 is a newly developed partially bio-based oil from Hansen & 

Rosenthal, KG. It has been developed to have higher compatibility with the new 

generation of functionalized SBR’s. The Vivamax 5000 has a higher polarity than the 
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mineral-based TDAE. This leads to a better compatibility of the Vivamax 5000 with the 

functionalized SBR’s with higher polarity due to the additional chain end and/or back 

bone functional groups. The general characteristics of the Vivamax 5000 are presented 

in Table 2.4. 

Table 2.4 Properties of Vivamax 5000 (V5000) as analyzed by the supplier 

Hansen & Rosenthal, KG (Hamburg, Germany) 

Properties Standard test method V5000 

Density at 15 0C g/cm3 DIN 51757 1,01 

Kin. Viscosity at 100 0C, mm2/s DIN 51562 T.1 14 

Flash point, °C DIN ISO 2592 212 

Pour point, °C ASTM 5985 -12

Glass transition temperature, °C DIN 53765 -52

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 plasticiz ing effect [37]. 

A common approach to characterize oil-extended rubber compounds is thus  

to determine the Tg of the compounds containing various concentrations of 

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

the efficiency of o il 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 [35]. The Tg of oil-extended compounds can be 

calculated from the weighted average of the T g of the polymer and the oil 

using an advanced form of the Fox Equation [52]: 

1

Tg
OE−R

=
Woil

Tg
oil

+
WR

Tg
R

Equation 2.6 

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 
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and WSR [35, 53-55]. 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 2.9.  

 

 

Figure 2.9 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. Redrawn from [56] 

 

Figure 2.9 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 [57]. 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]. 
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Tg can be estimated via a variety of techniques. The most widely used 

techniques are: Differential Scanning Calor imetry (DSC) and Dynamic 

Mechanical Analysis (DMA). A more sensitive method for determination of Tg 

is the Broadband Dielectr ic Spectroscopy (BDS). The above -mentioned 

techniques work are based on different governing principles, the most 

important differences amongst these techniques are discussed below.  

 

Differential Scanning Calorimetry (DSC)  

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) [58]. 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 [58, 59]. This 

is due to the observed variation of the Tg value with the heating or cooling rate. Tg is 

also referred to as the α-relaxation or segmental relaxation of the polymer. In terms 

of the relaxation time, Tg is conventionally defined as the temperature at which the 

segmental relaxation time (τα) of a polymeric material equals 100 seconds [60]. The 

relaxation times can be measured by a variety of experimental methods such as DMA 

or BDS.  

 

Dynamic Mechanical Analysis (DMA)  

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 [61]. 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 viscoelastic characteristics. The ratio of loss 

modulus to storage modulus, which is defined as tan δ 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.  

 

Broadband Dielectric Spectroscopy (BDS) 
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In contrast to the limitation of the frequency range of the measurement in the 

DMA method, the BDS has the ability to cover a broad dynamic range between 10-2 

to 109 Hz in one single run [62, 63]. In that respect, BDS is expected to be a more 

efficient and sensitive technique compared to both, DSC and DMA.  

 

Principle of BDS measurement 

BDS allows the investigation of various relaxation processes in a polymeric 

system, which take place on extremely different time scales in a broad frequency and 

temperature 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 2.10.  

 

Figure 2.10 Scheme showing generation of net dipole moment when an 

electric field E is applied to a thin polymer film [64] 

 

These fluctuations can be related to the molecular mobility of monomer level 

functional groups, segments or whole polymer chains, which can be observed as 

different relaxation processes [62, 65]: see Figure 2.11.  

 



                                                                                                             Literature Study     

33 

 

 

Figure 2.11 An illustration of various relaxation processes at different 

length-scales in a polymeric system [65] 

 

Schematic of BDS measurement 

The dielectric measurement is done in a capacitor geometry as shown in Figure 2.12. 

In the BDS method, a sinusoidal electric field (E* (ω)) with an angular frequency ω is 

applied and the polarization current (I*(ω)), in response to it, is measured. 

 

 

Figure 2.12 An illustration for the sample holder geometry in Broadband 

Dielectric Spectroscopy 

 

Mathematical background of BDS data 

The applied complex sinusoidal electric field E* (ω) can be written as follows 

[65]: 

 

E∗(ω) =  E0 exp (iωt) Equation 2.7 
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Where Eo is the strength of the electric field within linear response and is for most 

materials ≤ 106 V cm-1. The polarization current (I*(ω)) is a result of the dielectric 

displacement (D*(ω)) [66], which can be written as follows: 

 

D∗(ω) =  D0 exp (iωt −  δ) Equation 2.8 

 

Where Do is the dielectric displacement within linear response and δ is the phase lag 

between the applied electric field and the dielectric displacement in response to it. The 

complex impedance (Z* (ω)) can be calculated from these quantities as per the 

following equation: 

 

Z∗(ω) =
E∗(ω)

I∗(ω)
 

Equation 2.9 

 

 

The complex capacitance (C*(ω)) when the sample holder is filled with a material is 

related to the complex dielectric permittivity (ε*(ω)) of the material as follows:  

 

ε∗(ω) = ε׳(ω) − 𝜀 "(ω) =
C∗(ω)

C0
 

Equation 2.10 

 

Where C0 is the vacuum capacitance of the sample holder, ω is the angular frequency 

with ω = 2𝝅ν = 2𝝅T-1 with T as the time for one period. ε׳ and ε" as the real and 

imaginary part of the complex dielectric permittivity. Therefore, from an applied 

sinusoidal electric field (E* (ω)) and the estimated complex impedance (Z* (ω)) of the 

material, the complex dielectric permittivity (ε*(ω)) is obtained as follows: 

 

ε∗(ω) = ε׳(ω) − ε"(ω) =
1

𝑖𝜔Z∗(ω)C0
 

Equation 2.11 

 

The response of a polymer chain to the applied electric field depends on the 

dipoles associated with the chain bonds. The dipoles act as markers to monitor the 

movement of the polymer chains as a function of the frequency of the applied electric 

field. When an electric field is applied, the orientational distribution changes. A finite 

amount of time is required to reach a new equilibrium as the intermolecular forces 

hinders the movement of the reoriented dipoles. In the case of independent units 

(monomer level), it can be described as a rotational movement leading to a complete 

reorientation to a new equilibrium in a characteristic relaxation time, 𝜏. In the case of 

interacting dipoles (segment level), the movement to achieve a new equilibrium is 
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characterized by a distribution of relaxation times. After allowing time (t=∞), the 

maximum polarization or the highest observable dielectric constant is achieved in a 

material: see Figure 2.10. The highest observed dielectric constant is called a static 

dielectric constant, εS. Similarly, if the dielectric constant is measured immediately 

after the application of the electric field there is no time for the reorientation of the 

dipoles to reach a new equilibrium. This measurement value is called the 

instantaneous dielectric constant, ε∞. The ε∞ is a result of only the deformational effects 

and has a lower value compared to the εS: see Figure 2.13 for an illustration of the 

static εS and instantaneous ε∞ dielectric constant on a typical Debye relaxation process.  

 

Models for fitting BDS data 

Debye developed a model to describe the dielectric relaxation obtained as a 

result of orientational polarization. A typical Debye relaxation is a symmetric dielectric 

relaxation which can be described by the following Equation [67]: 

  

ε∗(ω) = 𝜀∞ +
∆ε

1 + 𝑖𝜔τD
 

Equation 2.12 

 

Where Δε corresponds to the difference between the static εS and the instantaneous 

ε∞ dielectric constant. 𝜏D is the characteristic Debye relaxation time that corresponds 

to the most probable relaxation time at the angular frequency of the maximum loss, 

ωmax. 

 

Figure 2.13 The real ε׳ and the imaginary ε" part of the complex dielectric 

permittivity ε* on a frequency scale for a typical Debye relaxation process 

[65] 
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Δε is referred to as the dielectric strength of the relaxation process and is quantified 

as the area under the peak of the imaginary ε" part of the complex dielectric 

permittivity ε* as follows [65]: 

 

∆ε = 𝜀𝑆 − 𝜀∞ =
2

𝜋
∫ 𝜀 "

+∞

−∞

(𝜔). 𝑑(ln 𝜔) 
Equation 2.13 

 

However, most polymeric relaxations are much broader, asymmetric and show 

lower values of ε" than the predicted value from the typical Debye relaxation function 

[65, 66]. They are called non-Debye relaxations: see Figure 2.14 for a non-Debye 

relaxation. There are several models available that can adequately describe the non-

Debye relaxations, such as the Kohlrausch/ Williams/ Watts (KWW) function [68, 69], 

the Cole/ Cole (CC) function [70], the Cole/ Davidson (CD) function [71, 72], the 

Fuoss/ Kirkwood function [73], the Havriliak-Negami (HN) function [74] and the 

Cluster-Model of Dissado and Hill [75]. A detailed account of all the relaxation 

functions can be found elsewhere [67].  

The HN equation introduces two shape parameters to account for the 

asymmetric broadening of the dielectric response of the polymers. The HN equation 

is written as follows: 

 

εHN
∗

 (ω) = 𝜀∞  + 
Δε

[1 +  (iωτHN)b]c 
Equation 2.14 

 

where 𝜏HN is the characteristic HN relaxation time, which represents the most probable 

relaxation time from the relaxation time distribution function, ω is the angular  

frequency, Δε is the relaxation strength (Δε = εS – ε∞) where εS and ε∞ are related to 

the the static εS and the instantaneous ε∞ dielectric constants at low and high 

frequencies, respectively: see Figure 2.14, ε*
HN(ω) is the frequency dependent 

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

(normally in the range 0 < b, c ≤ 1) which describe the symmetric and asymmetric 

broadening of the relaxation time distribution function, respectively.  

The 𝜏HN is related to the frequency of maximum loss [76], fmax =  1 2𝜋𝜏max⁄  by the 

following equation: 

 

τmax =  
1

2πfmax
 =  τHN [ sin

bπ

2 + 2c
]

−
1
b

[sin
bcπ

2 + 2c
]

1
b

 

 

Equation 2.15 

 

Where, fmax is the frequency of the maximum loss, which is related to 𝜏max, the 
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relaxation time of the maximum loss. The 𝜏HN and 𝜏max will coincide when the relaxation 

function is symmetric, c=1. 

In many cases, a conductivity contribution can be found at lower frequencies 

which corresponds to a longer relaxation time, based on the inverse relationship of 

the frequency and the relaxation time.  

 

Figure 2.14 The real ε׳ and the imaginary ε" part of the complex dielectric 

permittivity ε* on a frequency scale for a non-Debye relaxation process [65] 

 

The conductive process can be of electronic origin. Here,  the induced dipoles 

are due to the distortion of the electron cloud of each atom. This is in contrast to the 

orientational origin where the dipoles are induced due to the reorientation of the 

permanent dipoles on the polymer chain in the direction of the electric field. The 

relaxation process of electronic origin does not contribute to ε׳. The ε" corresponding 

to this conductivity contribution is written as [67]: 

 

𝜀𝜎
" =  

𝜎𝐷𝐶

2𝜋ν𝜀0
 

Equation 2.16 

 

Where σDC is the DC conductivity of the material, ε0 is the dielectric permittivity of the 

vacuum (ε0 = 8.854*10-12 As V-1m-1)[66] and 2𝝅ν (= ω) corresponds to the angular 

frequency. 

Therefore, the dielectric response on the frequency scale can be fitted with the 

following equation [67, 74]: 

 

εHN
∗

 (ω) = − i (
𝜎𝐷𝐶

𝜔𝜀0
)  + 

Δε

[1 +  (iωτHN)b]c 
Equation 2.17 
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An example of the fitting of the dielectric loss spectrum for poly(chlorostyrene) at 

428.6 K is presented in Figure 2.15 [67]. The ε" versus frequency (ν) curve for poly 

(chlorostyrene) has been fitted with the Cole-Cole (CC) function, the Cole-Davidson 

(CD) function and the Havriliak-Negami (HN) function. The additional tail of the ε" 

versus frequency (ν) curve is the conductivity contribution which has been fitted as 

per equation 2.15. It can be seen in Figure 2.15 that the HN function gives the most 

adequate fitting of the main relaxation peak on the dielectric spectrum (ε" versus ν). 

The main advantage of the HN function is the introduction of the b and c shape 

parameters which describe the symmetric and asymmetric broadening of the 

relaxation peak, respectively. 

 

Figure 2.15 The dielectric loss ε" (  ) versus frequency curve for 

poly(chlorostyrene) at T = 428.6 K. The conductivity contribution at the 

lower frequencies is fitted with equation 2.15 (dotted line). The main 

relaxation peak is fitted with the Cole-Cole (dashed line), the Cole-Davidson 

(dashed-dotted-dotted-dashed line) and the Havriliak-Negami (HN) 

(dashed-dotted-dashed) functions [67] 

  

 The determination of 𝜏max allows to estimate the temperature dependence of 

the relaxation process which normally follows a Vogel-Fulcher-Tamman (VFT) or the 

Vogel--Fulcher-Tamman-Hesse (VFTH) dependency [77-79]. The VFT equation has 
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been developed with the consideration of the free volume model of the glass transition 

[80-83]. Therefore, the main features of the VFT equation can be explained using the 

free volume model. A polymer molecule occupying a certain volume “v” is restricted 

in its motion within this volume by its nearest neighbors. When the “v” reaches a 

critical value “vc”, the excess volume is considered as the free volume “vf”. For a 

segment of a polymer chain to move from one site to the other, the free volume needs 

to be greater than the minimum volume required for the segment. 

The VFT equation (see equation 2.19) is derived by using assumptions from the 

William-Landel-Ferry (WLF) concept such as [61, 84]: 

 

f =  
vf

v
= f0 + αf(T − T0) 

Equation 2.18 

 

Where f (=vf/v) is the fractional free volume, αf is the thermal expansion coefficient, 

T0 is the vanishing temperature of the vf, f0 is the fractional free volume at T0, which 

is actually zero. Thus, the f0 term in equation 2.18 can be ignored.  

The VFT equation is basically a modified form of the Arrhenius equation which 

describes the temperature dependency of the relaxation times. It can be 

mathematically expressed as follows: 

 

τmax =  τ0  exp (
B

T − T0
) 

Equation 2.19 

 

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. 

The parameter B can be represented as B = DT0, where D is an indicator of the 

fragility of the polymer. The polymers with high deviation from the Arrhenius behavior 

are called “fragile”, while those with low deviation from the Arrhenius behavior are 

called “strong”. In a physical sense 𝜏0 is a microscopic quantity related to the frequency 

of attempts to cross some barrier opposing the rearrangement of particles involved in 

relaxation or the time a molecule needs to move in some free space. The 𝜏0 is expected 

to have a lifetime of 10-14 s, similar to the lifetime of a phonon. Therefore a universal 

value of log 𝜏0 = -14 was adapted for the data fitting using the VFT equation [85]. 

The VFT equation considers that the relaxation rate increases rapidly at lower 

temperatures due to the reduction of free volume [86]. It was noted by Kauzmann 

that on extrapolation of the VFT equation at the lower temperatures negative 

entropies of the system are encountered [87]. This is called the Kauzmann’s paradox 

since it is unrealistic to have a negative entropy. The work of Gibbs and DiMarzio [88-

90] resolved the Kauzmann’s paradox of negative entropy by consideration of a 
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second-order transition at the lower temperature of T0. It was concluded from the 

work of Gibbs and DiMarzio that below T0, the entropy remains zero rather than going 

to unrealistic negative values [61]. Another theoretical approach to justify the VFT 

equation is the Adam-Gibbs approach which is based on the concept of “Cooperatively 

Rearranging Regions (CRR)” [91]. The Cooperatively Rearranging Regions (CRR) is 

defined as the smallest volume that can change its configuration independent of it 

neighboring regions. The absolute size of the CRR at Tg is not described in the model. 

Similar to the free volume approach, the T0 is described as the temperature at which 

the entropy vanishes [92]. Therefore, it is understood that the T0 is a temperature 

below the Tg where the free volume or the entropy becomes zero instead of going 

again to unrealistic negative values, as might be predicted by the extrapolation using 

the VFT equation [91, 93-96]. At the calorimetric glass transition Tg (Tg
DSC) the 

frequency at the Tg reaches a typical value of ~10-2 Hz [92]. Therefore, the 

corresponding Tg for each system can be estimated by extrapolation using VFT 

equation based fittings as the temperature at 𝜏max = 100 s (~10-2 Hz), which is the 

convention for estimating Tg by BDS (Tg
BDS) [60]: see Figure 2.16  for the link between 

Tg
DSC and Tg

BDS [92]. 

 

Figure 2.16 An illustration showing the link between the Tg from a) 

activation plot (relaxation time 𝜏 versus inverse of temperature) : the 𝜏 is 

the 𝜏HN obtained by the Havriliak-Negami (HN) fittings of the dielectric loss 

peak at various temperatures, and b) calorimetric Tg from a heat capacity 

versus inverse of temperature curve: change in the heat capacity is noted 

from a measurement done at a certain cooling rate [92] 
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CHAPTER 3.1 

RELAXATION DYNAMICS OF MISCIBLE S-SBR 

/ BR BLENDS 
 

Summary 

S-SBR (Solution Styrene-Butadiene rubber) / BR (Butadiene Rubber) blends are widely 

used in specialized applications such as tires, but little is known about the component 

segmental dynamics arising from local morphological variations. Information about the 

segmental dynamics of the two components in the blends is crucial for further 

developments. The chapter aims to understand the relaxation dynamics of the pure 

High Vinyl and Low Styrene (HVLS) S-SBR, high cis-BR and the component polymers 

in miscible blends of HVLS S-SBR and high cis-BR in 70 / 30 and 50 / 50 wt. ratios. 

Dynamic Mechanical Analysis (DMA) and Broadband Dielectric Spectroscopy (BDS) are 

employed for this study.  
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1. INTRODUCTION 

S-SBR / BR blends in various ratios are widely used in tire applications due the 

advantageous set of Rolling Resistance (RR), Abrasion Resistance (AR) and Wet Skid 

Resistance (WSR) properties. The isomer content: cis-1,4 butadiene, trans-1,4 

butadiene, 1,2 butadiene (vinyl) and styrene for S-SBR; cis-1,4 butadiene, trans-1,4 

butadiene, 1,2 butadiene (vinyl) for BR influence the performance as well as the 

miscibility of the blends. In general, the miscible S-SBR / BR blends have better RR 

and AR, whereas the immiscible S-SBR / BR blends have better WSR. A detailed 

account of the effect of the isomer content on the blend performance and miscibility 

is given in Section 1 / Chapter 2. 

A miscibility study is done in this work with two S-SBR’s with different isomer 

contents with BR. The study is divided into two parts: Part 1 (addressed in the current 

Chapter 3.1) – deals with the effect of blending High Vinyl Low Styrene (HVLS) S-SBR 

with BR and Part 2 (addressed in Chapter 3.2) – deals with the effect of blending Low 

Vinyl High Styrene (LVHS) S-SBR with BR. In this chapter the miscibility characteristics 

of unfilled blends of HVLS S-SBR and BR are studied. The experimental detection of a 

single tan δ peak in Dynamic Mechanical Analysis (DMA) indicates homogeneity / 

miscibility in blends. The judgement on miscibility depends to a large extent on the 

length scale probed by the experimental technique. DMA typically operates at a range 

of frequencies between 10-2 and 102 Hz. Other techniques such as Broadband 

Dielectric Spectroscopy (BDS) and Nuclear Magnetic Resonance (NMR) Spectroscopy, 

have a much broader operation frequency ranging from 10-2 to 1010 Hz. This allows 

detecting a broader range of molecular length scales from less than 1 nm (approximate 

length scale of a monomer) to almost 100 nm (approximate length scale of a whole 

polymer chain) [1-14]. It is then possible to identify the relaxation times related to 

either component / blended chains.  

In this chapter, the DMA method is used as the conventional technique to 

obtain data on the miscibility characteristics on a  larger length scale of the HVLS S-

SBR / BR blends. Additionally, the BDS method is adopted to gain insight into the 

nano-scale segmental dynamics of both components of the HVLS S-SBR / BR blends. 

 

2. EXPERIMENTAL 

Materials 

The materials used in this study are High Vinyl Low Styrene (HVLS) SPRINTAN™ 

SLR 4602 (Trinseo Deutschland GmbH, Schkopau, Germany); high cis-BR: BUNA CB24 

(Lanxess Deutschland GmbH, Leverkusen, Germany). Some important analytical 

properties of the HVLS S-SBR, BR are presented in Table 1.1 / Chapter 1. The curing 

system employed consists of zinc oxide (ZnO), stearic acid (SA) and sulfur (S) from 
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Sigma Aldrich (St. Louis, USA); N-cyclohexyl-2-benzothiazole sulfenamide (CBS) from 

Flexys (Brussels, Belgium). All chemical reagents were used as received. 

 

Mixing 

The basic formulation used for this study is presented in Table 3.1.1, expressed 

in parts per hundred parts of rubber (phr). 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 green compound in a second stage, carried out on a two-

roll mill: Table 3.1.2. There is no filler added in these compounds in order to study the 

blend behavior without additional interference from a filler.  

 

Table 3.1.1 Mixing Formulation. 

 

Table 3.1.2 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 

All compounds 

(min. s.) 

0.30 Add Polymers 

1.30 Add ZnO and Stearic acid 

4.00 Dump 

All compounds 

(min. s.) 

0.30 Add curatives 

5.00 Dump 

 

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 mins 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. 

Component Amount (in phr) 

S-SBR 100 / 70 / 50 / 0 

BR 0 / 30 / 50 / 100 

ZnO 4 

SA 3 

CBS 2.5 

S 1.6 
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Dynamic mechanical analysis 

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

in tension mode in a Metravib DMA2000 dynamic spectrometer. 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 on samples of (25*5*2) mm. The accuracy of the 

temperature controller is ±0.1 °C, phase angle is ±0.1° and frequency is ±0.01%. 

The accuracy of the determination of Tg was ±1 °C in each case. 

 

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. The complex dielectric 

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

part (see Section 3 / Chapter 2 for the details of the background of the measured 

dielectric permittivity), was measured by performing consecutive isothermal frequency 

sweeps, from 10-1 to 106 Hz in the temperature range from -120 °C to +80 °C in steps 

of 5 °C. The temperature was controlled to better than 0.1 oC with a Novocontrol 

Quatro cryosystem; the error of the ALPHA impedance measurement was less than 

1%. 

 

3. RESULTS AND DISCUSSION 

Effect of wt. ratio on the relaxation dynamics of HVLS S-SBR / BR blends 

Figure 3.1.1-A and B show tan  and dielectric loss (”) temperature sweep 

curves at 1 Hz for pure HVLS S-SBR, BR polymers and their blends in the 70 / 30 and 

50 / 50 wt. ratios. These curves are normalized to their highest value for the ease of 

comparison. For BR, in addition to the lower temperature peak corresponding to the 

Tg of the freely mobile amorphous chains, a distinct crystallization peak can be seen 

between −60 and −40 °C. It is due to the ability of the long BR polymer chain 

molecules having a high-cis content to rearrange and form spherulites [15]. The 

presence of these crystallizable units in BR is the reason for its semi-crystalline nature. 

It leads to the presence of two phases within the pure BR: an amorphous phase, III 

(consisting of more mobile chains – expresses as a lower temperature transition) and 

a crystalline phase, II (consisting of spherulites which are surrounded by more mobile 

amorphous chains – the amorphous chains in contact with the spherulites have slowed 

down the relaxation dynamics, hence expressing a higher, II): see the yellow curves 

in Figure 3.1.1. For HVLS S-SBR (I), a single peak corresponding to the Tg of the 

polymer is seen: see the blue curves in Figure 3.1.1. 
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Figure 3.1.1 Normalized tan δ at A) 1 Hz from dynamic mechanical 

measurements for HVLS S-SBR / BR and normalized ε" from dielectric 

measurements at B) 1 Hz, C) 103 Hz and D) 106 Hz 

  

 

A further examination of the BDS temperature sweep curves at 103 and 106 Hz 

gather more information about the smaller scale segmental relaxations. The peaks 

corresponding to the BR and the HVLS S-SBR move to higher temperatures, at higher 

frequencies increased: see Figure 3.1.1-C and D. This is the normal response of a 

polymeric material as per the Time-Temperature Superposition principle [16, 17]. The 

blends of 70 / 30 and 50 / 50 wt. ratios present a single, broad peak on the DMA and 

BDS temperature sweep curves indicating the formation of a homogenous, miscible 

blend: see Figure 3.1.1. For the 70 / 30 and 50 / 50 miscible blends the temperature 

sweep peak broadens up to 103 Hz and then starts forming a shoulder on the low 

temperature (~ −60 °C) side:  see Figure 3.1.1-C and D. The shoulder is almost 

negligible on the 70 / 30 blend but increases in intensity for the 50 / 50 blend. The 

location of this shoulder is almost the same as the Tg of BR at 106 Hz and is ascribed 

as the contribution of the self-concentrated cis-butadiene segments. The self-

concentration of segments is often seen for blends of co-polymers (-AB-) with the 

respective homo-polymers (-AA- / -BB-) [1, 18]. The blends of HVLS S-SBR and BR 

 SBR / BR:              0 / 100              50 / 50              70 / 30               100 / 0  
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can be regarded as blends of a tetra-polymer (cis-1,4 butadiene, trans-1,4 butadiene, 

1,2 butadiene (vinyl) and styrene) and a ter-polymer (cis-1,4 butadiene, trans-1,4 

butadiene, 1,2 butadiene (vinyl)) based on their microstructural constitution. Due to 

the presence of cis-1,4 and trans-1,4 butadiene (BR) units in both polymers, the self-

concentration of these units happens in the blends. Since high frequencies correspond 

to small length scales (based on the inverse relationship of frequency and 

wavelength), the peak corresponding to the small-scale self-concentration of the 

cis/trans BR units is seen only at higher frequencies. As the extent of the self-

concentration increases, the frequency at which the self-concentration peak can be 

seen gets lower: see the results for Low Vinyl and High Styrene (LVHS) S-SBR / BR 

blends in the chapter 3.2 on Figure 3.2.1. 

At the frequency sweep curves, two relaxations occurring in different 

temperature regions: a segmental relaxation and an additional relaxation are 

identified: see Figure 3.1.2. The additional relaxation is always noticed at lower 

temperatures than the segmental relaxation. The segmental relaxation corresponds to 

the glass transition process Tg in all compounds. The segmental relaxation of the BR 

at -80 °C appears to have two maxima in the frequency sweep. The higher frequency 

maximum corresponds to the more mobile amorphous-rich phase and the lower 

frequency maximum corresponds to the less mobile crystallite-rich phase: see Figure 

3.1.2-A. The crystallite-rich phase is located at a lower frequency for the same reason 

as explained for the temperature sweep curves that the relaxations taking place at the 

surface of the BR microcrystals are slowed down due to surface interactions compared 

to the more mobile amorphous polymer chains. The single peak is caused by the 

segmental relaxation of the HVLS S-SBR at 0 °C in the frequency sweep: see Figure 

3.1.2. The single, broad peak of the 70 / 30 and the 50 / 50 blends at -30 °C and -40 

°C, respectively is a indicating that the segmental dynamics of the component 

polymers remains coupled in the frequency range of the measurement: see Figure 

3.1.2-B and C. An additional relaxation at temperatures lower than the respective 

segmental relaxations is seen for all compounds: see Figure 3.1.2. These relaxations 

are attributed to the monomer level intra and intermolecular vibrational and rotational 

motions: see Figure 3.1.3 for an illustration differentiating the segmental level and 

monomer level relaxations. These will be referred as β-relaxations further on in this 

chapter. In the literature such relaxations have been noted for BR and HVLS S-SBR as 

well. In BR they were referred as Johari-Goldstein (JG) relaxations and concluded to 

be due to the intermolecular rotations of cis and trans units [19-21]. Therefore, the 

observed β-relaxation in BR is ascribed as the monomer level relaxation originating 

from the cis and trans units: see Figure 3.1.2-A. In HVLS S-SBR they were found to 

be due to the vibrational and rotational motions of the bulky styrene or 1,2-butadiene 
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(vinyl). Depending on the percentage of the styrene and the vinyl in the S-SBR, the 

origin of the β-relaxations in S-SBR can vary. It has been described in literature that 

the amount of styrene and vinyl has to be at least 40 % before the β-relaxation can 

be detected [6, 21-23]. In the HVLS S-SBR there is 49 % vinyl which means that the 

observed β-relaxation has to be due to the vinyl groups: see Figure 3.1.2-D. 

 

  

  
 

Figure 3.1.2 Log ε" vs. frequency curves for HVLS S-SBR / BR blends in A) 0 

/ 100, B) 50 / 50, C) 70 / 30 and D) 100 / 0 wt. ratios 

 

 

In the LVHS S-SBR with 40 % styrene content any observed β-relaxation should 

be primarily due to the styrene groups (this will be discussed in further detail in 

Chapter 3.2). The β-relaxation is also observed for the 70 / 30 and the 50 / 50 blends: 

see Figure 3.1.2-B and C. It is likely that the origin of the β-relaxation in blends is 

either due to the β-relaxation of BR or that of the HVLS S-SBR. It is also possible that 

it is due to the relaxation of the self-concentrated cis/trans-BR units. A more detailed 

examination of the β-relaxations for the BR, HVLS S-SBSR and the 70 / 30 and the 50 

/ 50 blends will be done in the next section with the Havriliak-Negami (HN) fittings of 

the compounds. 

S-SBR / BR:                0 / 100              50 / 50              70 / 30              100 / 0  
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Figure 3.1.3 Illustration depicting the origin of the segmental level and the 

various monomer level relaxations in S-SBR and BR 

 

Havriliak-Negami Analysis 

In order to correlate the measured dielectric permittivity (ε*) from BDS with 

the molecular properties of the polymer, 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 [24], 

 

εHN
∗

 (ω) = ε∞ + 
Δε

[1 + (iωτHN)b]c
 

Equation 3.1.1 

 

where 𝜏HN is the characteristic HN relaxation time, which represents the most probable 

relaxation time from the relaxation time distribution function, ω is the angular  

frequency, Δε is the relaxation strength (Δε = εS – ε∞) where εS and ε∞ are related to 

the complex dielectric function at low and high frequencies respectively, ε*
HN(ω) is the 

frequency dependent Havriliak-Negami complex dielectric permittivity, and b and c are 
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shape parameters, which describe the symmetric and asymmetric broadening of the 

relaxation time distribution function, respectively. Δε increases with the number 

density of the polarizable species between the electrodes. It also has a linear 

correlation to the end-to-end distance vector <r> or the radius of gyration Rg of the 

polarized polymer segments [25]. It is influenced by many experimental factors like 

sample thickness, pressure, contact area, etc.  

The 𝜏HN is related to the frequency of maximum loss [26], Fmax =  1 2𝜋𝜏max⁄  by 

the following equation: 

 

τmax =  
1

2πFmax
 =  τHN [ sin

bπ

2 + 2c
]

−
1
b

[sin
bcπ

2 + 2c
]

1
b

 

 

Equation 3.1.2 

 

Where, Fmax is the frequency of the maximum loss, which is related to 𝜏max, the 

relaxation time of the maximum loss. The temperature dependence of the 𝜏max 

normally follows a Vogel-Fülcher-Tamman (VFT) dependency [27-29]. The VFT 

equation is a modified form of the Arrhenius equation which describes the temperature 

dependency of the relaxation times. It is mathematically expressed as follows: 

 

τmax =  τ0  exp (
B

T − T0
) 

 

Equation 3.1.3 

 

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. In a physical sense 𝜏0 is a 

microscopic quantity related to the frequency of attempts to cross some barrier 

opposing the rearrangement of particles involved in relaxation or the time a molecule 

needs to move in some free space. It is expected to have a lifetime of 10-14 s, similar 

to the lifetime of a phonon. Therefore a universal value of log 𝜏0 = -14 was adapted 

for the data fitting using the VFT equation [30]. The VFT equation considers that the 

relaxation rate increases rapidly at lower temperatures due to the reduction of free 

volume [31]. Based on the universality of the VFT equation significant importance has 

been given to the T0 in literature even though its physical meaning debatable [32-36]: 

see Section 3 / Chapter 2 for a detailed explanation. In some cases the obtained T0 

from the VFT fittings is used for the estimation of the Tg of the measured compounds. 

in other cases, Tg is estimated by extrapolation of the fitting data from the VFT 

equation over the entire range of the relaxation time. The temperature at 𝜏max = 100 

s (~10-2 Hz) is taken as the Tg. This way is adopted by many researchers as the 

convention for obtaining Tg from BDS because it is well-correlated with the Tg from 

DSC measurements [37]: see Figure 2.11 / Chapter 2 for an illustration from literature. 



Chapter 3.1 
 

56 

 

Single HN equation based fittings 

HVLS S-SBR, BR and their 70 / 30 and 50 / 50 wt. ratio blends 

All the experimentally obtained ε″ vs frequency spectra for HVLS S-SBR, BR and 

their 70 / 30 and 50 / 50 wt. ratios are fitted using the Havriliak-Negami (HN) equation. 

This preliminary fitting is done with the WINFIT software from Novocontrol 

technologies. The fitting parameters: Δε, b, c and 𝜏HN with a relative error of less than 

4% were obtained: see Table 3.1.3. Δε is related to the number density of the 

polarizable species between the electrodes, depending on many experimental factors 

like sample thickness, pressure, contact area, etc.  

 

Table 3.1.3 HN-fitting parameters for the fittings of the peak of segmental 

relaxation of HVLS S-SBR (I), BR (II and III) and their blends in 70 / 30 

(IV) and 50 / 50 (V) wt. ratios 

Compound Temp.  Δε b C      𝜏HN 

HVLS S-SBR (I) 0 °C 0.34 0.47 0.58 7.65 × 10-4 

70 / 30 (IV) -30 °C 0.26 0.34 0.49 2.91 × 10-2 

50 / 50 (V) -40 °C 0.27 0.35 0.42 4.33 × 10-3 

Amorphous-

rich BR (III) 

-80 °C 0.15 0.53 0.38 7.21 × 10-6 

Crystallite-rich 

BR (II) 

-80 °C 0.25 0.42 0.43 4.62 × 10-2 

 

To compare the temperature dependence of the studied compounds, 𝜏max is calculated 

(as per the Equation 3.2) from the 𝜏HN obtained from the HN fittings.  The 𝜏max can 

then be plotted versus the inverse of the temperature (activation plot): see Figure 

3.1.4. In general a higher frequency means a shorter relaxation time and hence faster 

segmental dynamics. It is possible to see the inherent differences in the segmental 

dynamics of each compound in the activation plot. At the same 𝜏max the trend in the 

location of the segmental dynamics of the studied compounds is as follows (in the 

order of decreasing temperature): HVLS S-SBR (I) > 70 / 30 (IV) > 50 / 50 (V) > 

Crystallite-rich BR (II) > Amorphous-rich BR (III). The HVLS S-SBR is evidently the 

most restricted one in terms of segmental dynamics while the amorphous-rich phase 

of the BR is the least restricted. The segmental dynamics of the blends becomes less 

restricted with the increase in the wt. fraction of the BR in the blends. 
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Figure 3.1.4 Temperature dependence of the maximum relaxation times of 

HVLS S-SBR (I), BR (II and III) and their blends in the 70 / 30 (IV) and 50 

/ 50 (V) wt. ratios 

 

 

The S-SBR consists of a variation of isomer units: cis-1,4-butadiene, trans-1,4-

butadiene, 1,2 butadiene (vinyl) and styrene, which play a detrimental role in the 

segmental dynamics due to the steric hindrance: see Table 1.1 / Chapter 1 for the 

details about the microstructure. It is crucial to remember that this S-SBR is a 

functionalized polymer with additional polar groups in the main chain. The S-SBR 

polymer chain was modified by a mercapto silane which leads to the presence of 

triethoxysilyl groups at the polymer chain [38, 39]. This further slows down the 

segmental dynamics of this polymer. As the wt. fraction of BR is increased in the 

blends, the net wt. fraction of the styrene, vinyl and the functional groups is reduced. 

This increases the net wt. fraction of the more mobile microstructural units and thus 

shifts the segmental dynamics to lower temperatures. At the same temperature the 

trend in 𝜏max is as follows (in the order of decreasing 𝜏max): HVLS S-SBR > 70 / 30 > 

50 / 50. The segmental relaxation of the BR (both the amorphous-rich and the 

crystallite-rich phases) occurs at much lower temperatures than that of the HVLS S-

SBR and the blends. At the same temperature the relaxation time of the amorphous-

    HVLS S-SBR           70 / 30        50 / 50        BR             
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rich phase is much shorter than the crystallite-rich phase. The amorphous-rich phase 

of BR has a shorter relaxation time due to the high concentration of cis-butadiene 

segments with very little steric hindrance. The crystallite-rich phase has a longer 

relaxation time due to the reduced mobility of the BR chains relaxing at the surface of 

the crystallites. The segmental dynamics of the two blends in the 70 / 30 and 50 / 50 

wt. ratios are located in between the two constituent polymers. This is an indication 

for the homogeneity at the segmental level in the blends. 

As explained earlier, there is a β-relaxation at temperatures lower than the segmental 

relaxation for all measured compounds: see the frequency sweep BDS curves in Figure 

3.1.2. The β-relaxation of the S-SBR and that of the BR is clearly originated from the 

monomer level rotational and vibrational motions of the vinyl and the cis/trans-BR 

units, respectively: see Figure 3.1.3 for an illustration of the monomer level 

relaxations. However, the origin of the additional relaxations in the 70 / 30 and the 50 

/ 50 blends is not obvious as it could be from either component of the blend. To further 

explore the origin of these relaxations, HN fittings were done. The fitting parameters 

are presented in Table 3.1.4.  

 

Table 3.1.4 HN-fitting parameters for the β-relaxation of HVLS S-SBR, BR 

and their blends in 70 / 30 and 50 / 50 wt. ratios. 

Compound Temp. Δε b C      𝜏HN 

HVLS S-SBR -80 °C 0.09 0.27 0.11 3.53 × 10-4 

70 / 30 -100 °C 0.04 0.30 0.57 4.99 × 10-4 

50 / 50 -100 °C 0.05 0.26 1 8.65 × 10-5 

BR -120 °C 0.06 0.37 0.51 1.12 × 10-2 

 

The β-relaxation of the blends is seen to be located in between that of the β-

relaxation of the constituting S-SBR and that of the BR. The β-relaxation of the 70 / 

30 blend has an overlap with the β-relaxation of the BR on the lower temperature side 

and with the β-relaxation of the S-SBR on the higher temperature side. It is likely that 

both the constituting polymers are able to express the vibrational and rotational 

motions at the monomer-level. Hence the overall contribution of the β-relaxation for 

the blends is in between that of the constituting polymers. The β-relaxation of the 50 

/ 50 blend is located close to the amorphous-rich component of pure BR on the higher 

temperature side (see this area circled in red in Figure 3.1.4) and is overlapping with 

the β-relaxation of the S-SBR and the BR at the lower temperature side. From the 

temperature sweep curve of the 50 / 50 blend it can be also seen that the lower 

temperature side shoulder of the blend overlaps with the amorphous-rich component 

of pure BR: see Figure 3.1.1. These observations are coherent and could be an 
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indication for the presence of the self-concentrated amorphous BR units. Further 

examination of the possible two phase behavior of the 50 / 50 blend with a blend 

phase and a self-concentrated BR phase is described in the next section. The β-

relaxation of the 50 / 50 blend at the lower temperature side is similar in slope to that 

of the 70 / 30 blend. Therefore, the origin of the β-relaxation in the 50 / 50 blend is 

also concluded to be due to the monomer-level rotational and vibrational motions of 

the vinyl and the cis/trans-BR units of the S-SBR and the BR, respectively. 

 

Multiple HN equations based fittings for the blends 

Two phase behavior in HVLS S-SBR / BR 50 / 50 blend 

As discussed earlier, the 50 / 50 blend which has a single, broad dielectric loss 

ε" peak at lower frequencies splits into a main peak (at higher temperatures) and a 

shoulder peak (at lower temperatures): see the grey curves in Figure 3.1.1. The 

shoulder at lower temperatures overlaps with the amorphous-rich (III) of the pure BR: 

compare the yellow and grey curves in Figure 3.1.1-D. Furthermore, the segmental 

and the β-relaxations of the blend were fitted with two HN equations. The segmental 

relaxation of the 50 / 50 blend was located in between the pure S-SBR and the BR: 

see Figure 3.1.4 grey points at the higher temperature side. The β-relaxation in this 

case was partially located in close proximity to the amorphous-rich component of the 

pure BR (circled in red in Figure 3.1.4) and partially close to the β-relaxation of the S-

SBR and BR (similar to the 70 / 30 blend). The existence of a portion of the 50 / 50 

blend overlapping with the amorphous-rich pure BR can mean the presence of a self-

concentrated like segments: cis/trans-BR units. Since in the frequency sweep BDS 

curves it is not possible to see a separate peak or shoulder corresponding to the self-

concentrated cis/trans-BR units (see Figure 3.1.2-B), it is assumed that the single, 

broad εʺ peak consists of both phases, the blend phase and the self-concentrated BR 

phase. Therefore, a fitting protocol using two HN-equations was applied to the 

segmental relaxation of the 50 / 50 blend with the aim of finding two relaxation 

processes [14, 40]. The two relaxation processes are referred to as  for a fast (self-

concentrated BR or BR-rich phase) and ' for a slow (blend-rich phase) relaxation. At 

-30 °C the dielectric loss εʺ peak is clearly observable in the frequency sweep: see 

Figure 3.1.5. Therefore, this temperature is chosen to show the de-convolution of the 

and the ' phase. The dielectric loss ε  ̋ can be de-convoluted into two individual 

relaxation processes depicted as dashed lines: see Figure 3.1.5-B. Conductivity is used 

as an adjustable parameter in the fitting protocol to achieve a better fit of the low 

frequency tail of the dielectric spectra: see the dotted line in Figure 3.1.5-B. The 

relaxation parameters Δε, b, c, 𝜏HN for each contribution are shown in Table 3.1.5.  
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Figure 3.1.5 Normalized ε" vs. frequency curves at -30 °C showing: A) single 

HN; and B) two HN equations based fittings of HVLS S-SBR / BR in 50 / 50 

wt. ratio 

 

Figure 3.1.6 shows 𝜏max for the  and ′ relaxation processes plotted as a 

function of the inverse temperature. The relaxation time curves of the two processes 

(indicated as blend-rich phase and BR-rich phase in Fig. 3.1.5) are located apart from 

each other and seem to converge at higher temperatures, as the mobility of the 

polymer chains becomes comparable [40]: see Figure 3.1.6.  
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Table 3.1.5 HN-fitting parameters with two HN equations to deconvolute 

the fast  and the slow ′ process for the 50/50 blend 

Compound Temp. Δε b C      𝜏HN 

BR-rich  -30 °C 0.25 0.63 0.11 1.52 × 10-4 

Blend-rich ′ -30 °C 0.09 0.44 1 5.87 × 10-4 

 

 

 

Figure 3.1.6 Temperature dependence of the average relaxation times of 

the BR-rich and Blend-rich phase in the 50 / 50 wt. ratio blend 

 

 

The BR-rich phase of the blend originates from the self-concentration of the 

cis/trans-BR units which have a higher mobility compared to the blend phase with 

more restrictions and entanglements from the S-SBR and the BR chains. This is why 

the BR-rich is observed at higher frequency than the blend-rich phase: see Figure 

3.1.5. In the activation plot the BR-rich and the blend-rich phase are located at the 

two sides of the data obtained from one HN equation fittings of the 50 / 50 blend: see 

Figure 3.1.6. The BR-rich phase is located closer to the crystallite-rich phase of the 

pure BR, while the blend-rich phase is located at the side of the pure S-SBR. From the 

temperature sweep BDS curves it can also be seen that the higher temperature peak 

    S-SBR         Blend phase       One HN 50 / 50           BR phase        BR   
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of the 50 / 50 blend is partially overlapping with the crystallite-rich shoulder of the 

pure BR: see Figure 3.1.1-D. The shape of the BR-rich phase in the activation plot is 

similar to that of the crystallite-rich phase of the pure BR. While the shape of the 

blend-rich phase is similar to that of the data corresponding to one phase assumption 

of the 50 / 50 blend. These observations can be corroborated with the theories about 

dynamical heterogeneities of miscible blends. For instance, the Lodge and McLeish 

(LM) model states that in a miscible mixture of a copolymer (AB) and a homopolymer 

(A), the lower Tg component tends to experience its own inherent Tg, whereas the 

higher Tg component tends to experience a blend environment, based on a self-

concentration of the like segments [18]. In the present case, the BR is the low Tg 

polymer which experiences its own inherent Tg and the S-SBR is the high Tg 

component which experiences a blend environment.  

An extrapolation of the measurement data in the activation plot with VFT 

fittings leads to the values of temperature at 10-2 Hz (corresponds to the temperature 

at -2 on y-axis of Figure 3.1.6). This temperature is accepted as the glass transition 

temperature from BDS (Tg
BDS): see Figure 2.11 / Chapter 2. Therefore, the Tg

BDS of 

the BR-rich  and the Blend-rich ' phase in the blend are: -97 and -72 °C, 

respectively. The value of Tg
BDS of the blend-rich phase is closer to the Tg

BDS of the 

total blend: -74 °C, whereas the Tg
BDS of the BR-rich phase is closer to the Tg

BDS of 

BR: -105 °C.  

 

4. CONCLUSIONS 

Pure HVLS S-SBR, high cis-BR and their blends in the 70 / 30 and 50 / 50 wt. 

ratios have been examined using DMA and BDS measurements. Through DMA 

temperature sweep measurements only the segmental relaxation (in other words, the 

glass transition process, Tg) could be identified, while through the BDS measurements 

the segmental relaxation and the monomer level β-relaxations could be identified. 

Some of the main conclusions from this chapter are presented in Table 3.1.6. 

From the DMA temperature sweep (-120 to 80 °C) measurements done at a 

fixed frequency of 1 Hz, there was one tan δ peak noted for all compounds. In the 

BDS measurements simultaneous temperature sweep (-120 to 80 °C) at different 

frequencies and frequency sweep (10-1 to 106 Hz) at different temperatures were 

done. From the BDS temperature sweeps at varying frequencies, it was noted that 

homogeneity varies with the frequency. Since the frequency is inversely proportional 

to the wavelength, this means that the homogeneity is length-scale dependent.  
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Table 3.1.6 Conclusions 

 HVLS S-SBR BR HVLS S-SBR / 

BR 

70 / 30 

HVLS S-SBR / 

BR 

50 / 50 

Segmental relaxation, Tg 

BDS 

temp. 

sweep 

Homogeneous 

(1 peak) 

1 to 106 Hz 

Inhomogeneous 

(2 peaks) 

1 to 106 Hz 

Homogeneous 

(1 peak) 

1 to 105 Hz 

Inhomogeneous 

(2 peaks) 

106 Hz 

Homogeneous 

(1 peak) 

1 to 103 Hz 

Inhomogeneous 

(2 peaks) 

103 to 106 Hz 

Reason  Crystallizable 

high cis-BR units 

Very small 

length scale self-

concentration of 

cis/trans-BR 

units 

Small length 

scale self-

concentration of 

cis/trans-BR 

units 

β-relaxation 

Presence Yes Yes Yes Yes 

Reason - Vinyl groups - Cis/trans 

groups 

- Vinyl groups 

- Cis/trans 

groups 

- Vinyl groups 

- Cis/trans 

groups 

- Self-

aggregated 

cis/trans-BR 

Havriliak-Negami (HN) equation based fitting 

1 HN 

equation 

Yes No Yes – 

1 HN equation 

to fit the single 

peak of the 

segmental 

relaxation of the 

blend 

Yes – 

1 HN equation 

to fit the single 

peak of the 

segmental 

relaxation of the 

blend 

2 HN 

equations 

No Yes – 

Fitting the 

segmental 

relaxation peak 

with 2 HN 

equations 

No Yes – 

Deconvolution of 

the segmental 

relaxation peak 

with 2 HN 

equations 
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From the BDS temperature sweep measurements, the homogeneity was seen 

to have a decreasing trend as follows: HVLS S-SBR (1 peak) > 70 / 30 > 50 / 50 > 

BR (2 peaks: crystallite-rich and amorphous-rich). The pure HVLS S-SBR was found to 

show one dielectric loss ε" peak in the temperature sweep measurements at all 

frequencies. The peak of ε" for HVLS S-SBR moves to higher temperatures with higher 

frequency. This is in accordance to the standard Time-Temperature-Superposition 

(TTS) principle for polymers. The pure BR showed a ε" peak with two maxima due to 

the fact that the high amount of cis-BR units can rearrange to form spherulites. This 

leads to a two phase morphology in BR consisting of crystallite-rich and amorphous-

rich phases. The 70 / 30 blend showed one maximum in the ε" in the temperature 

sweep up to frequency of 105 Hz. At 106 Hz, a shoulder appears at the lower 

temperature side of the 70 / 30. This shoulder overlaps with the peak of the 

amorphous-rich phase of pure BR: see Figure 3.1.1-D 106 Hz. Similarly, the 50 / 50 

blend showed one maximum in the ε" in the temperature sweep up to frequencies of 

103 Hz. From 103 to 106 Hz, a shoulder appears and increases in its intensity with 

increasing frequency. The location of the shoulder is the same as that in the 70 / 30 

blend. Since the shoulder in the 70 / 30 and the 50 / 50 blends overlaps with the peak 

of the amorphous-rich phase of the pure BR, the origin of the shoulder is related to 

the presence of segments of mobile cis/trans-BR units aggregated together. This has 

also been described in literature as a self-concentration effect of like segments [18]. 

The extent of the self-concentration of the cis/trans-BR units is visible in the 70 / 30 

and the 50 / 50 blend  at different frequencies. In the 70 / 30 blend the shoulder is 

seen only at 106 Hz, while in the 50 / 50 blend it can be seen already at frequencies 

above 103 Hz. This means that there is a more pronounced self-concentration of BR 

in the 50 / 50 blend than the 70 / 30 blend.  

At temperatures lower than the segmental relaxation, there is a β-relaxation present 

in all compounds. The origin of these β-relaxations is from the rotational and 

vibrational motions at the monomer level. In the S-SBR they were ascribed to be due 

to the presence of 1,2-vinyl units and in the BR due to the cis and trans-1,4 units: see 

Figure 3.1.4 for an illustration of the origin of the β-relaxations. The β-relaxation in 

the 70 / 30 seems to originate from a combination of the 1,2-vinyl and cis and trans-

1,4 units, while that of the 50 / 50 blend is a combination of the 1,2-vinyl and cis and 

trans-1,4 units and self-concentrated BR chains.  

Furthermore, Havriliak-Negami (HN) fittings of the ε" frequency sweeps were 

done to clarify the extent of the homogeneity of the segmental relaxation, especially, 

in the 50 / 50 blend. All compounds except the pure BR show one maximum of ε" in 

the frequency sweep. So, all compounds could be primarily fitted with one HN equation 

except BR for which two HN equations were applied to obtain a crystallite-rich and an 
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amorphous-rich phase contribution. The segmental dynamics of the compounds  

follow an increasing trend in mobility as follows: HVLS S-SBR < 70 / 30 < 50 / 50 < 

Crystallite-rich BR < Amorphous-rich BR. On the one hand, the HVLS S-SBR has the 

highest restriction due to the steric hindrance from bulky styrene and vinyl groups 

which leads to low mobility. On the other hand, the amorphous-rich BR has the least 

restriction due to the presence of highly mobile cis/trans-BR units.  

The 50 / 50 blend was studied in further detail with the application of two HN 

equations to account for the frequency-dependent inhomogeneity. Doing this, it was 

found that the 50 / 50 blend could be de-convoluted to a lower frequency and a higher 

frequency contribution: see Figure 3.1.5. The lower frequency contribution has been 

ascribed as the blend-rich phase as it was located closer to the segmental dynamics 

of the one HN equation based fittings (considering only one contribution – the blended 

S-SBR and BR chains) of the 50 / 50 blend. The higher frequency contribution has 

been ascribed as the BR-rich phase due to its proximity to the crystallite-rich phase of 

pure BR. The de-convolution approach is well-corroborated with the Lodge and 

McLeish (LM) model for miscible blends.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3.1 
 

66 

 

REFERENCES 

1. Shenogin, S., et al., Dynamics of Miscible Polymer Blends:  Predicting the 
Dielectric Response. Macromolecules, 2007. 40(16): p. 5767-5775. 

2. Colmenero, J. and A. Arbe, Segmental dynamics in miscible polymer blends: 
recent results and open questions. Soft Matter, 2007. 3(12): p. 1474-1485. 

3. Madbouly, S.A., Broadband Dielectric Spectroscopy for Poly(methyl 
methacrylate)/ Poly(α-methyl styrene-co-acrylonitrile) Blend. Polymer Journal, 
2002. 34(7): p. 515-522. 

4. Boese, D. and F. Kremer, Molecular Dynamics in Bulk cis-Polyisoprene As 
Studied by Dielectric Spectroscopy. Macromolecules, 1990. 23(3): p. 829-835. 

5. Sauer, B.B., P. Avakian, and G.M. Cohen, Studies of phase separated copolymer 
blends using thermally stimulated currents and dielectric spectroscopy. 
Polymer, 1992. 33(13): p. 2666-2671. 

6. Cerveny, S., et al., Dielectric R- and -Relaxations in Uncured Styrene 

Butadiene Rubber. Macromolecules, 2002. 35(11): p. 4337-4342. 
7. Litvinov, V.M., EPDM / PP Thermoplastic Vulcanizates As Studied by Proton NMR 

Relaxation: Phase Composition, Molecular Mobility, Network Structure in the 
Rubbery Phase, and Network Heterogeneity. Macromolecules, 2006. 39(25): p. 
8727-8741. 

8. Saalwächter, K. and A. Heuer, Chain Dynamics in Elastomers As Investigated 
by Proton Multiple-Quantum NMR. Macromolecules, 2006. 39(9): p. 3291-
3303. 

9. He, Y., T.R. Lutz, and M.D. Ediger, Comparison of the Composition and 
Temperature Dependences of Segmental and Terminal Dynamics in 
Polybutadiene/Poly(vinyl ethylene) Blends. Macromolecules, 2004. 37(26): p. 
9889-9898. 

10. Chung, G.C., J.A. Kornfield, and S.D. Smith, Component Dynamics in Miscible 
Polymer Blends: A Two-Dimensional Deuteron NMR Investigation. 
Macromolecules, 1994. 27(4): p. 964-973. 

11. Luo, H., M. Klüppel, and H. Schneider, Study of Filled SBR Elastomers Using 
NMR and Mechanical Measurements. Macromolecules, 2004. 37(21): p. 8000-
8009. 

12. Saalwachter, K., et al., Chain Order in Filled SBR Elastomers: a Proton 
MultipleQuantum NMR Study. Applied Magnetic Resonance, 2004. 27: p. 401-
417. 

13. O'brien, J., et al., An NMR Investigation of the Interaction between Carbon 
Black and cis-Polybutadiene. Macromolecules, 1976. 9(4): p. 653-660. 

14. Zhang, P.C. Painter, and J. Runt, Coupling of Component Segmental 
Relaxations in a Polymer Blend Containing Intermolecular Hydrogen Bonds. 
Macromolecules, 2002. 35(25): p. 9403-9413. 

15. Mandelkern, L., Crystallization of Polymers. Vol. 2. 2004, Cambridge: 
Cambridge University Press. 

16. Williams, M.L., R.F. Landel, and J.D. Ferry, The Temperature Dependence of 
Relaxation Mechanisms in Amorphous Polymers and Other Glass-forming 
Liquids. Journal of the American Chemical Society, 1955. 77(14): p. 3701-3707. 

17. Ferry, J.D., Viscoelastic Properties of Polymers. 2nd Edition ed. 1970: John 
Wiley & Sons, Inc. 307-318. 



                                                             Relaxation Dynamics of Miscible S-SBR / BR Blends 

67 

 

18. 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. 

19. Casalini, R., et al., α- and β-Relaxations in neat and antiplasticized 
polybutadiene. Journal of Polymer Science Part B: Polymer Physics, 2000. 
38(14): p. 1841-1847. 

20. Roland, C.M., Viscoelastic Behavior of Rubbery Materials. 2011, New York: 
Oxford University Press Inc. 

21. Souillard, C., et al., On the β relaxations in poly(butadiene) and poly(styrene-
butadiene) rubbers. Polymer, 2019. 168: p. 236-245. 

22. Cerveny, S., et al., Glass-transition and secondary relaxation in SBR-1502 from 
dynamic mechanical data. Polymer, 2000. 41(6): p. 2227-2230. 

23. Ni, S., et al., Multiple transitions in atactic 1,2-polybutadienes observed from 
dynamic mechanical and dielectric relaxation data. Journal of Applied Polymer 
Science, 1989. 37(3): p. 729-736. 

24. Havrilia.S and S. Negami, A Complex Plane Representation of Dielectric and 
Mechanical Relaxation Processes in some Polymers. Polymer, 1967. 8: p. 161-
210. 

25. Phillies, G.D.J., Phenomenology of Polymer Solution Dynamics. 2011, 
Cambridge: Cambridge University Press. 134-170. 

26. Richter, R. and C.A. Angell, Dynamics of glass-forming liquids. V. On the link 
between molecular dynamics and configurational entropy. Journal of Chemical 
Physics, 1998. 108: p. 9016-9026. 

27. Vogel, H., The law of the relation between the viscosity of liquids and the 
temperature. Phys. Z, 1921. 22: p. 645-646. 

28. Fülcher, G.S., Analysis of Recent Measurements of the Viscosity of Glasses. J. 
Am. Cer. Soc., 1925. 8: p. 339-355. 

29. Tammann, G. and W. Hesse, The Dependence of Viscosity upon the 
Temperature of Supercooled liquids. Z. Anorg. Allg. Chem., 1926. 156: p. 245-
257. 

30. Angell, C.A., Why C=16-17 in the WLF Equation is Physical and the Fragility of 
Polymers. Polymer, 1997. 38: p. 6261-6266. 

31. Dielectric Spectroscopy of Polymeric Materials, ed. J.P. Runt and J.J. Fitzgerald. 
1997, Washington D.C., U.S.A.: American chemical Society. 

32. Schmelzer, J.W.P. and T.V. Tropin, Glass Transition, Crystallization of Glass-
Forming Melts, and Entropy. Entropy, 2018. 20(2): p. 103. 

33. Schönhals, A., et al., Anomalies in the scaling of the α-relaxation studied by 
dielectric spectroscopy. Physica A: Statistical Mechanics and its Applications, 
1993. 201(1): p. 263-269. 

34. DiMarzio, E.A., Equilibrium Theory Of Glasses. Annals of the New York Academy 
of Sciences, 1981. 371(1): p. 1-1. 

35. Angell, C.A. and K.J. Rao, Configurational Excitations in Condensed Matter, and 
the ``Bond Lattice'' Model for the Liquid‐Glass Transition. The Journal of 
Chemical Physics, 1972. 57(1): p. 470-481. 

36. Adam, G. and J.H. Gibbs, On the Temperature Dependence of Cooperative 
Relaxation Properties in Glass‐Forming Liquids. The Journal of Chemical 
Physics, 1965. 43(1): p. 139-146. 



Chapter 3.1 
 

68 

 

37. Angell, C.A., Relaxation in Liquids, Polymers and  Plastic Crystals-strong/fragile 
patterns and problems. Journal of Non-Crystalline Solids, 1991. 131-133(Part 
1): p. 13-31. 

38. Thiele, S., D. Bellgardt, and M. Holzleg, Polymer Functionalization: Novel 
Rubber for Tire Tread Application. Kautschuk. Gummi. Kunstst., 2008. 5: p. 
244-245. 

39. Thiele, S., et al., Silane-sulfide chain end modified elastomeric polymers. 2009, 
Dow Global Technologies Inc. 

40. Hernandez, M., et al., Role of Vulcanizing Additives on the Segmental Dynamics 
of Natural Rubber. Macromolecules, 2012. 45(2): p. 1070−1075. 

 

 



 
 

69 

 

CHAPTER 3.2 

Comparison of the Relaxation Dynamics of 

Miscible and Immiscible S-SBR / BR Blends  
 

Summary 

In this chapter an account of the relaxation dynamics of the Low Vinyl and High 

Styrene (LVHS) S-SBR, high cis-BR and their immiscible blends in the 70 /30 and 50 / 

50 wt. ratios is presented. The essential differences between the relaxation dynamics 

of the miscible (from Chapter 3.1) and immiscible S-SBR / BR blends are highlighted. 

Ultimately, a physical model of understanding of the molecular origin of these 

differences is presented. The physical model is developed using the theoretical basis 

from the Flory-Huggins theory for miscibility / immiscibility in blends and the 

experimentally obtained data [1, 2]. 
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1. INTRODUCTION 

A similar study as in Chapter 3.1 is presented here for the Low Vinyl and High 

Styrene (LVHS) S-SBR, high cis-BR and their immiscible blends in the 70 /30 and 50 / 

50 wt. ratios. The same set of techniques as Chapter 3.1 are used here: Dynamic 

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

comparison of the relaxation dynamics of the miscible and the immiscible S-SBR / BR 

blends is made for developing the understanding of the molecular basis of the 

miscibility / immiscibility. A theoretical approach based on the Flory-Huggins 

interaction parameter for the blends as per the interactions between the 

microstructural units of the S-SBR and BR is used to further this understanding. 

Conclusively, a physical model of the understanding of the miscibility in S-SBR / BR 

blends is presented. 

 

2. EXPERIMENTAL 

Materials 

The experimental section is the same as Chapter 3.1, except that instead of the 

SPRINTAN™ SLR 4602 (HVLS S-SBR), the SPRINTAN™ SLR 6430: Low Vinyl and High 

Styrene (LVHS) S-SBR (Trinseo Deutschland GmbH, Schkopau, Germany) is used. A 

detailed account of the microstructure can be found in Table 1.1 / Chapter 1. 

 

3. RESULTS AND DISCUSSION 

Effect of wt. ratio on the relaxation dynamics of LVHS S-SBR / BR blends 

Figure 3.2.1 A and B show tan  and dielectric loss (”) temperature domain 

curves at 1 Hz for pure LVHS S-SBR, BR polymers and their blends in the 70 / 30 and 

the 50 / 50 wt. ratios. These curves are normalized to their highest value for the ease 

of comparison. A single transition corresponding to the segmental relaxation or Tg of 

the LVHS S-SBR and the BR can be observed via DMA and BDS. An additional 

relaxation coming from the crystallite-rich component of BR can be seen as a right-

side shoulder on the temperature domain curves. This crystallite-rich component of 

BR has been described in detail in Section 3 / Chapter 3.1. The blends of the LVHS S-

SBR and BR in the 70 / 30 and the 50 / 50 wt. ratios present two separate peaks from 

DMA and BDS indicating the formation of a heterogeneous, immiscible blend: one from 

the LVHS S-SBR (S-SBR phase) and the other one from the high cis-BR (BR phase). 

On further examination of the BDS temperature domain curves at 103 and 106 Hz a 

broadening and shifting of the peak to higher temperatures is observed for all 

compounds with the increase in frequency.  
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Figure 3.2.1 Normalized tan δ at A) 1 Hz from dynamic mechanical 

measurements for LVHS S-SBR / BR and normalized ε" from dielectric 

measurements at A) 1 Hz, B) 103 Hz and 106 Hz 

 

 

The respective Tg
DMA’s of the immiscible LVHS S-SBR / BR blends in the 70 / 30 

and 50 / 50 wt. ratios are very similar to that of the pure LVHS S-SBR for the S-SBR 

phase and slightly higher than that of the pure BR for the BR phase: see Table 3.2.1. 

This suggests that the S-SBR phase in the blend keeps its inherent behavior and the 

BR phase experiences a higher Tg due to the restriction from the bulky S-SBR phase.  

 

Table 3.2.1 Tg values from DMA (Tg
DMA) for the LVHS S-SBR, the BR and the 

LVHS S-SBR / BR blends in the 70 / 30 and 50 / 50 wt. ratios 

 Tg
DMA (S-SBR) / °C Tg

DMA (BR) / °C 

LVHS S-SBR -20 --- 

70 / 30  -21 -87 

50 / 50 -20 -84 

BR --- -95 (I) 

              BR                S-SBR; S-SBR / BR:               50 / 50                70 / 30               
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Similarly, from the temperature sweep measurements from BDS it is noticed 

that for the 70 / 30 and the 50 / 50 blends there are two peaks corresponding to the 

component polymers BR and S-SBR in the blend at 1 Hz, which becomes three peaks 

at 103 Hz and then again two peaks at 106 Hz: see the grey and cyan curves on Figure 

3.2.1 B-D. As mentioned in section 3 / chapter 3.1, at higher frequency of 

measurement it is possible to see the small length scale contributions. In chapter 3.1, 

it has been observed that the self-concentration of the like segments of BR happens 

at high frequencies 104-106 Hz depending on the wt. ratio of the blends. At higher wt. 

ratio of BR in the blends, the self-concentration could be seen on lower frequencies: 

see Figure 3.1.1. In the same way, in the LVHS S-SBR / BR blends there is self-

concentration of the like BR segments on a larger length scale which makes it 

observable at even lower frequencies. In addition to the self-concentration, the 

immiscibility of the LVHS S-SBR with BR leads also to a phase separation of the BR 

phase in the blends. This will be explained in the further discussion. 

On the BDS frequency sweep curves, at least two relaxations (a segmental relaxation 

and a β-relaxation) occurring in different temperature regions are identified for all 

compounds: see Figure 3.2.2. The β-relaxations are always at lower temperatures 

than the segmental relaxation. The segmental relaxation corresponds to the glass 

transition process Tg in all compounds. As described in the section 3 / chapter 3.1, the 

segmental relaxation of the BR at -80 °C has two maxima in the frequency sweep. 

The higher frequency maximum corresponds to the more mobile amorphous-rich 

phase and the lower frequency maximum corresponds to the less mobile crystallite-

rich phase: see Figure 3.2.2-A. The crystallite-rich phase is at lower frequency for the 

same reason as explained for the temperature sweep curves: the relaxations taking 

place at the surface of the BR microcrystals are slowed down due to surface 

interactions compared to the more mobile amorphous polymer chains. The segmental 

relaxation of the LVHS S-SBR at -10 °C is a single peak in the frequency sweep: see 

Figure 3.2.2-D. In the case of LVHS S-SBR / BR blends in the 70 / 30 and the 50 / 50 

wt. ratio, there are three different relaxations to be seen in specific temperature 

regions. These three relaxations are corresponding to: I - the segmental relaxation of 

the S-SBR phase, II - the segmental relaxation of the crystallite-rich BR phase and III 

- the segmental relaxation of the amorphous-rich BR phase. The segmental relaxation 

peak of the 70 / 30 and the 50 / 50 blends can be seen at -20 °C (S-SBR phase) / -60 

°C (BR phase) and -20 °C (S-SBR phase) / -70 °C (BR phase), respectively: see Figure 

3.2.2-B and C.  

The β-relaxations can be observed in the frequency sweeps for all compounds: 

see Figure 3.2.2. These β-relaxations are attributed to the monomer level intra and 

intermolecular vibrational and rotational motions: see Figure 3.1.3 / Chapter 3.1 for 
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an illustration differentiating the segmental level and monomer level relaxations. The 

origin of the β-relaxations has been described in section 3 / chapter 3.1. The β-

relaxation in BR is ascribed as the monomer level relaxation originating from the cis 

and trans units: see Figure 3.2.2-A. Depending on the percentage of the styrene and 

the vinyl in the S-SBR, the origin of the β-relaxations in S-SBR can vary. It has been 

described in literature that the amount of styrene or vinyl has be to at least 40 % to 

be able to show a measurable β-relaxation [3-6]. Therefore, in the LVHS S-SBR with 

40 % styrene content all observed β-relaxations should be primarily caused by the 

styrene groups: see Figure 3.2.2-D. There is a fluctuation at the low frequency side in 

the frequency sweep for the LVHS S-SBR due to a possible loss of contact between 

the sample and the electrode. The β-relaxation is also observed for the 70 / 30 and 

the 50 / 50 blends: see Figure 3.2.2-B and C. It is likely that the origin of the β-

relaxation in blends is either due to the β-relaxation of BR or of the HVLS S-SBR. A 

more detailed examination of the β-relaxations for the BR, LVHS S-SBSR and the 70 / 

30 and the 50 / 50 blends will be done in the next section with the Havriliak-Negami 

(HN) fittings of the compounds. 

  

  

Figure 3.2.2 Log ε" vs. frequency curves for LVHS S-SBR / BR blends in A) 0 

/ 100, B) 50 / 50, C) 70 / 30 and D) 100 / 0 wt. ratios 

               BR                S-SBR; S-SBR / BR:               50 / 50                70 / 30               
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For further evaluation of the segmental and the β- relaxations in the LVHS S-

SBR, the BR and their 70 / 30 and 50 / 50 wt. ratio blends, HN fittings are done as 

per the equation 3.1 described in Section 3 / Chapter 3.1. The fitting parameters for 

the segmental relaxations are listed in Table 3.2.2. The HN fitting parameters were 

used to determine 𝜏max as per equation 3.2 which allows to estimate the temperature 

dependence of the relaxation process which normally follows a Vogel-Fülcher-Tamman 

(VFT) dependency as per equation 3.3 for segmental dynamics: see section 3 / chapter 

2 and section 3 / chapter 3.1 for a detailed description of the fitting protocol. 

 

Table 3.2.2 HN-fitting parameters for the fittings of the peak of segmental 

relaxation of LVHS S-SBR, BR and their blends in 70 / 30 and 50 / 50 wt. 

ratios 

Compound Temp. Δε b C      𝜏HN 

LVHS S-SBR (I) -10 °C 0.26 0.49 0.72 2.69 × 10-3 

70 / 30 – S-SBR phase (I) -20 °C 0.28 0.50 0.29 4.92 × 10-1 

70 / 30 –  

Crystallite-rich BR phase (II) 

 

-60 °C 

 

0.13 

 

0.33 

 

0.57 

 

3.85 × 10-3 

70 / 30 –  

Amorphous-rich BR phase (III) 

 

-80 °C 

 

0.09 

 

0.36 

 

0.97 

 

4.89 × 10-7 

50 / 50 – S-SBR phase (I) -20 °C 0.17 0.47 0.27 3.40 × 10-1 

50 / 50 –  

Crystallite-rich BR phase (II) 

-70 °C 0.15 0.40 0.55 2.81 × 10-2 

50 / 50 –  

Amorphous-rich BR phase (III) 

 

-80 °C 

 

0.23 

 

0.46 

 

0.19 

 

7.89 × 10-5 

BR –Amorphous-rich (III) -80 °C 0.15 0.53 0.38 7.21 × 10-6 

BR –Crystallite-rich (II) -80 °C 0.25 0.42 0.43 4.62 × 10-2 

 

The temperature dependence of the segmental dynamics for all compounds 

was studied by plotting 𝜏max versus the inverse temperature (activation plot): see 

Figure 3.2.3. As mentioned in chapter 3.1, a higher frequency means a shorter 

relaxation time and hence faster segmental dynamics. It is possible to see the inherent 

differences in the segmental dynamics of each compound in the activation plot. At the 

same 𝜏max the trend in the location of the segmental dynamics of the studied 

compounds is as follows (in the order of decreasing temperature): LVHS S-SBR > 70 

/ 30 (S-SBR phase) ~ 50 / 50 (S-SBR phase) > 70 / 30 (Crystallite-rich BR phase) ~ 

50 / 50 (Crystallite-rich BR phase) > Crystallite-rich BR > 70 / 30 (Amorphous-rich BR 

phase) ~ 50 / 50 (Amorphous-rich BR phase) ~ Amorphous-rich BR.  



            Comparison of the Relaxation Dynamics of Miscible and Immiscible S-SBR / BR Blends 

75 

 

The LVHS S-SBR is evidently the most restricted one in terms of segmental dynamics 

while the amorphous-rich phase of the BR is the least restricted. The S-SBR consists 

of a variation of isomer units: cis-1,4-butadiene, trans-1,4-butadiene, 1,2 butadiene 

(vinyl) and additional styrene, which all play a detrimental role in the segmental 

dynamics due to the steric hindrance: see Table 1.1 / Chapter 1 for the details of the 

microstructure. The BR is mainly composed of cis-1,4-butadiene (<3 wt% of trans-

1,4-butadiene and 1,2 butadiene (vinyl)) which leads to a high mobility of the polymer. 

The segmental dynamics of the blends consists of two clear phases: the S-SBR phase 

and the BR phase. The segmental dynamics of the S-SBR phase in the blends is almost 

overlapping with that of the pure S-SBR. The segmental dynamics of the BR phase in 

the blends are located close to those of the crystallite-rich component of pure BR. The 

BR phase in the blends has slightly more restricted segmental dynamics than that of 

the crystallite-rich phase of pure BR. This can also explain the origin of the middle 

peak in the temperature sweep from BDS: compare with Figure 3.2.1-C and D. The 

middle peak on the temperature sweep of the blends almost overlaps with the 

crystallite-rich shoulder of the pure BR. This means that the middle peak from the 

temperature sweeps is actually the BR phase of the blends which has similar restricted 

segmental dynamics to the crystallite-rich BR phase of pure BR. 

 

Figure 3.2.3 Temperature dependence of the maximum relaxation times of 

LVHS S-SBR, BR and their blends in the 70 / 30 and 50 / 50 wt. ratios 

     LVHS S-SBR           70 / 30        50 / 50        BR             
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The segmental relaxation of the BR (both the amorphous-rich and the 

crystallite-rich phases) occurs at much lower temperatures than the LVHS S-SBR so it 

is not possible to compare them at the same temperature from the measurement data: 

see Figure 3.2.3. At the same temperature the relaxation time of the amorphous-rich 

phase is much shorter than the crystallite-rich phase. The amorphous-rich phase of 

BR has shorter relaxation time due to the high concentration of cis-butadiene 

segments with very little steric hindrance. The crystallite-rich phase has longer 

relaxation time due to the reduced mobility of the BR chains relaxing at the surface of 

the crystallites. The segmental dynamics of the S-SBR and the BR phase can be 

compared to the respective pure S-SBR and pure BR (crystallite-rich) at the same 

temperature. At the same temperature the LVHS S-SBR, the 70 / 30 (S-SBR phase) 

and the 50 / 50 (S-SBR phase) have almost the same segmental dynamics, while the 

70 / 30 (BR phase) and the 50 / 50 (BR phase) is shows more restriction than the 

pure BR (crystallite-rich). The presence of the individual contribution of the S-SBR and 

the BR phase to the segmental dynamics in the blends indicates inhomogeneity at the 

segmental level in the blends. 

As mentioned, there is a β-relaxation at temperatures lower than the segmental 

relaxation for all the measured compounds: see the frequency sweep BDS curves in 

Figure 3.2.2. The origin of the β-relaxation of the S-SBR and that of the BR is clear to 

be originating from the monomer level rotational and vibrational motions of the 

styrene and the cis/trans-BR units, respectively: see Figure 3.1.3 / Chapter 3.1 for an 

illustration of the monomer level relaxations. However, the origin of the additional 

relaxations in the 70 / 30 and the 50 / 50 blends is not obvious as it could be from 

either component (S-SBR or BR) of the blend. To further explore the origin of these 

relaxations, HN fittings were done. The fitting parameters are presented in Table 

3.2.3.  

 

Table 3.2.3 HN-fitting parameters for the β-relaxation of LVHS S-SBR, BR 

and their blends in 70 / 30 and 50 / 50 wt. ratios 

Compound Temperature Δε b C      𝜏HN 

LVHS S-SBR -120 °C 0.03 0.50 0.38 2.05 × 10-3 

70 / 30 -120 °C 0.05 0.42 0.40 3.49 × 10-3 

50 / 50 -120 °C 0.06 0.54 0.29 7.28 × 10-3 

BR -120 °C 0.06 0.37 0.51 1.12 × 10-2 

 

The β-relaxations in the blend are located in between the β-relaxations of the 

S-SBR and of the BR: see Figure 3.2.3. The β-relaxation of the 70 / 30 blend is 

overlapping more with the S-SBR as it is the majority phase in the blend. The one for 
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the 50 / 50 blend is overlapping more with the BR due to the higher percentage of BR 

in this blend compared to the 70 / 30 blend. The slope of the β-relaxation for the 70 

/ 30 and the 50 / 50 blend is very similar, but the location at the temperature scale is 

a bit different. The data corresponding to the β-relaxation of the 70 / 30 blend has 

more data points towards the β-relaxation of the pure S-SBR (due to 70 wt% S-SBR 

in the blend). While the data corresponding to the β-relaxation of the 50 / 50 blend 

has more data points towards the β-relaxation of the pure BR (due to a higher wt% 

of BR compared to the 70 / 30 blend). Therefore, it can be concluded that the β-

relaxation of the 70 / 30 blend is more influenced by the vibrational and rotational 

motion of the styrene groups of S-SBR, while β-relaxation of the 50 / 50 blend is more 

influenced by the rotation of cis and trans-1,4 units of pure BR. 

The next part of the discussion deals with the comparison of the miscibility / 

immiscibility characteristics of the miscible HVLS S-SBR / BR (presented in Chapter 1) 

and the immiscible LVHS S-SBR / BR blends. Based on the comparison of the miscible 

and the immiscible blends, a physical model of understanding is hypothesized.  

 

Correlating theoretical prediction of miscibility / immiscibility of S-SBR 

/ BR blends with experimental data 

In this part, a physical model of understanding of the miscible / immiscible 

behavior of the HVLS S-SBR / BR blends and the LVHS S-SBR / BR blends in the 70 / 

30 and the 50 / 50 wt. ratios is presented. The discussion presented here is based on:  

i) Experimentally obtained data 

ii) Theoretical prediction of thermodynamic miscibility / immiscibility 

A comparison is made between the experimental results of the miscible HVLS 

S-SBR / BR blends as reported in Chapter 3.1 and those obtained of the immiscible 

LVHS S-SBR / BR blends. As it is reported in Chapter 3.1, the 70 / 30 and the 50 / 50 

wt. ratio blends of the HVLS S-SBR and BR present a single peak in the DMA and BDS 

measurements as an evidence of miscibility: Figure 3.1.1. On the contrary, the blends 

of the LVHS S-SBR and BR present separate peaks for each component in the blend 

as a consequence of their immiscible nature: Figure 3.2.1.  

The extent of the miscibility (or homogeneity) / immiscibility (or inhomogeneity) 

is found to be wt. ratio and frequency (length-scale) dependent. At smaller frequencies 

(~larger length scales), the HVLS S-SBR / BR blends in the 70 / 30 and the 50 / 50 

ratio show a single peak in the temperature sweep indicating a homogeneity at these 

larger length-scales: see Figure 3.1.1. At higher frequencies (~smaller length scales), 

the blends show two peaks in the temperature sweep indicating an inhomogeneity at 

these smaller length-scales. In the HVLS S-SBR / BR 70 / 30 blends a change in the 
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frequency dependence was observed: from thermorheological simplicity (single peak) 

up to 104 Hz to thermorheological complexity (two peaks) at 106 Hz. In the HVLS S-

SBR / BR 50 / 50 blends a change in the frequency dependence was observed: from 

thermorheological simplicity (single peak) up to 103 Hz to thermorheological 

complexity (two peaks) from 104 Hz onwards. The origin of this thermorheological 

complexity arises from the dynamic heterogeneities from the self-concentration of the 

smallest segmental motions (which is measurable at the higher frequencies) of the BR 

units in the HVLS S-SBR and BR components. An illustration depicting the small-scale 

self-concentration of the cis/trans-BR units in the 70 / 30 and the 50 / 50 HVLS S-SBR 

/ BR blends is given in Figure 3.2.4. 

On the illustration it can be seen that there are two phases in the HVLS S-SBR 

/ BR blends: the main blend phase with possibly interpenetrating S-SBR and BR chains 

(in light green) and the self-concentrated cis/trans-BR units (in yellow). The main 

blend phase is the continuous phase and the self-concentrated cis/trans-BR units are 

depicted in the form of islands. There is also a small interface of interacting blend 

phase and the islands of BR (in grey). Depending on the size or length-scale of the 

islands corresponding to the self-concentrated BR units, they are measurable at 

different frequencies. As mentioned before, the frequency is inversely proportional to 

the wavelength which means that small islands of BR will be measurable only at higher 

frequencies. Thus, the smaller shoulder in the BDS temperature sweep at 106 Hz of 

the 70 / 30 blend is due to the smaller islands of self-concentrated BR. In the 50 / 50 

blend, there is a higher concentration of BR and hence higher amount of self-

concentrated of BR. This leads to the formation of larger islands which are measurable 

from a frequency of 104 Hz. 

Similarly, the immiscibility in the LVHS S-SBR / BR blends is also wt. ratio and 

frequency dependent. The LVHS S-SBR / BR 70 / 30 and 50 / 50 blends show at least 

two peaks at all frequencies indicating an inhomogeneity on a larger length scale: see 

Figure 3.2.1. When the phase separation in these blends is at a larger length scale, 

therefore, even at the lower frequencies (1-102 Hz) there are two peaks in the BDS 

temperature sweep. At a few frequencies (103-105 Hz), there are even three peaks in 

the BDS temperature sweep: see Figure 3.2.1-C for the three peaks I, II and III on 

the temperature sweep at 103 Hz. The intensity of the peaks II and III is higher in the 

50 / 50 blend compared to the 70 / 30 blend. By comparing the location of the peaks 

II and III with the crystallite-rich (II) and amorphous-rich (III) peaks of the pure BR 

in the temperature sweep, it can be noticed that the peak II of the blends located 

close to the crystallite-rich (II) phase of the pure BR and the peak III of the blends is 

at the same location as the amorphous-rich (III) phase of the pure BR. As described 

earlier, it has also been confirmed from the detailed analysis with HN fittings and 
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activation plots that the origin of the segmental relaxation at higher temperatures is 

from the LVHS S-SBR and that at lower temperatures is from the crystallite-rich BR. It 

was not possible to identify a third segmental relaxation from the HN equation-based 

evaluations of the frequency sweep data. 

 

 

 
Figure 3.2.4 Illustration of phase structure for the HVLS S-SBR / BR blends 

in the 70 / 30 and 50 / 50 wt. ratios. The respective interactions between 

the microstructural components are marked. A rough estimation of the 

number of microstructural units for each polymer is used by assuming a 

total of 10 units from the wt % of the respective units in each polymer. 

 

 

 

        HVLS S-SBR         BR                
        Mixed HVLS S-SBR and BR (Majority blend phase) 
        Small interface between islands of BR and blend phase 
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To explain the presence of the three peaks in the temperature sweep a physical 

model of understanding is proposed for the LVHS S-SBR / BR blends. It is assumed 

that the phase separated LVHS S-SBR / BR blends have spherical phases of BR (with 

an inner core of BR (II) and an outer core of BR (III) phase in the blends) in a 

continuous phase of LVHS S-SBR (I). An inner core that is more restricted and consists 

primarily of the crystallite-rich phase of BR (based on the close location in the 

temperature sweep and the HN equation-based analysis) and an outer layer that 

consists primarily of the amorphous-rich phase of BR (based on the same location of 

peak III with the amorphous-rich phase of pure BR). The outer layer consisting of the 

highly mobile cis and trans BR units (amorphous-rich phase) can also interact with the 

S-SBR bulk of the blends. Then it can be said that the peak II corresponds to the inner 

core of the crystallite-rich phase of BR and the peak III corresponds to the outer layer 

of the amorphous-rich phase of BR. Thus, the peak III gives an indication of the 

amount of the amorphous-rich BR (primarily cis/trans-BR units) and the possibly 

interacting S-SBR and the amorphous-rich BR chains (or the interface). The link to the 

peak III has been verified by making a correlation between the area under the peak 

III (obtained from Gaussian fittings from origin) and the total amount of cis/trans-BR 

units from the contribution in wt % of both the S-SBR and the BR (calculated from the 

microstructure): see Figure 3.2.5.  

 

 Figure 3.2.5 Correlation between the area under the peak III from the BDS 

temperature sweep at 104 Hz (obtained from Gaussian fittings from origin) 

and the total amount of cis/trans-BR units from the contribution in wt % 

of both the S-SBR and the BR (calculated from the microstructure) 
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In Figure 3.2.5, it can be seen that with decreasing wt. ratio of the S-SBR in 

the blends, there is an increase in the total amount of cis/trans-BR units. This is due 

to the high cis content in the BR used for this study. It is clear from the figure 3.2.5 

that there is a linear relationship between the area of the peak III and the total amount 

of cis/trans-BR units in the blends. The cis/trans-BR units are primarily present in a 

measurable form in the amorphous-rich BR. In the crystallite-rich BR the cis units can 

re-arrange to form a spherulitic morphology which is measured as a more restricted 

phase. Therefore, it is verified that the peak III originates from the cis/trans-BR units 

(or the amorphous-rich BR). It is due to the presence of the higher amount of the 

total cis/trans-BR units (from S-SBR + BR) and the interface in the 50 / 50 blend that 

the intensity of peak III is higher than in the 70 / 30 blend: see Figure 3.2.1-C. An 

illustration to depict the difference of the amount of the total cis/trans-BR units and 

the interface in the LVHS S-SBR / BR in the 70 / 30 and the 50 / 50 blends is given in 

Figure 3.2.6. On the illustration it can be seen that the LVHS S-SBR / BR blends in 

both 70 / 30 and 50 / 50 wt. ratios have S-SBR as the continuous phase (in violet) 

and BR as isolated phase separated in the form of spherical islands (in yellow). 

Additionally, there is a layer of BR that can interact with the S-SBR chains at the 

boundary of the islands of BR. This layer is considered as the more mobile BR phase 

(the amorphous-rich BR) which forms an interface (in light violet) between the S-SBR 

and the BR phase in the blends. The overall size of the BR islands (including the light 

violet and the yellow regions) is large enough to be measurable at lower frequencies 

like 1 Hz. This is why two peaks corresponding to the S-SBR and the BR phases can 

be seen from DMA and BDS temperature sweeps at 1 Hz: 3.2.1-A and B. The reason 

for the phase separation (or inhomogeneity or immiscibility) in the LVHS S-SBR / BR 

blends might be due to the lack of the possibility of interpenetration of the LVHS S-

SBR and BR. This idea will be developed in this section further on. 

The miscibility / immiscibility in the HVLS S-SBR / BR and LVHS S-SBR / BR 

blends can also be explained in terms of the microstructure of the respective polymers. 

The HVLS S-SBR has 49 wt% of vinyl and 21 wt% of styrene components which 

creates a great deal of repulsion in the main chain of this polymer due to the bulkiness 

of the vinyl and the styrene groups. It is possible to calculate this repulsive force 

between the chemically linked dissimilar monomeric units based on the microstructural 

distribution of these units using the Flory-Huggins interaction parameter according to 

the Equation 2.4 / Chapter 2. A detailed description of the Flory-Huggins interaction 

parameter χ is given in Section 1.2.1 / Chapter 2. The χ parameter describes the 

energetics of interaction between dissimilar monomeric units.  
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Figure 3.2.6 Illustration of phase structure for the LVHS S-SBR / BR blends 

in the 70 / 30 and 50 / 50 wt. ratios. The respective interactions between 

the microstructural components are marked. A rough estimation of the 

number of microstructural units for each polymer is used by assuming a 

total of 10 units from the wt % of the respective units in each polymer. 

 

 

 

If χ is negative, it suggests that there is an attraction and that the miscibility is 

thermodynamically favored, and vice versa. The χ parameters for the segmental 

interactions between SBR (cis-1,4-butadiene, trans-1,4-butadiene, 1,2-butadiene 

(vinyl) and styrene) and BR (cis-1,4-butadiene, trans-1,4-butadiene, 1,2-butadiene 

(vinyl)) microstructural components have been measured from SANS [2]. The three 

interaction parameters obtained from the SANS measurements are seen to follow a 

decreasing trend which describes the amount of repulsive forces as follows: χVS (1,2-

        LVHS S-SBR        BR (crystallite-rich BR)               
        Mixed LVHS S-SBR and amorphous-rich BR (Interface) 
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BR / Styrene) > χBS (1,4-BR / Styrene) > χVB (1,2-BR / 1,4-BR) [2]. The calculations 

of the respective effective Flory-Huggins parameter χeff are made for the specific 

polymers HVLS S-SBR, LVHS S-SBR and BR at 160 °C using the Equation 2.2 / Chapter 

2. The results of the calculation are presented in the Table 3.2.4 and 3.2.5.  

 

Table 3.2.4 The effective Flory-Huggins parameter 𝛘𝐞𝐟𝐟 for pure HVLS S-SBR 

(100 / 0), pure BR (0 / 100) and their blends in various wt. ratios 

S-SBR / BR / Wt. Ratio Amt. of S-SBR 𝛘𝐞𝐟𝐟 

100 / 0 1 7372.63 

90 / 10 0.9 4834.78 

80 / 20 0.8 3016.65 

70 / 30 0.7 1767.00 

60 / 40 0.6 953.31 

50 / 50 0.5 456.00 

40 / 60 0.4 188.21 

30 / 70 0.3 59.68 

20 / 80 0.2 11.93 

10 / 90 0.1 0.82 

0 / 100 0 0.01 

 

Table 3.2.5 The effective Flory-Huggins parameter 𝛘𝐞𝐟𝐟 for pure LVHS S-SBR 

(100 / 0), pure BR (0 / 100) and their blends in various wt. ratios 

S-SBR / BR / Wt. Ratio Amt. of S-SBR 𝛘𝐞𝐟𝐟 

100 / 0 1 2916.44 

90 / 10 0.9 1961.81 

80 / 20 0.8 1264.89 

70 / 30 0.7 769.94 

60 / 40 0.6 437.44 

50 / 50 0.5 226.26 

40 / 60 0.4 102.59 

30 / 70 0.3 38.14 

20 / 80 0.2 10.13 

10 / 90 0.1 1.33 

0 / 100 0 0.01 

 

There is a decreasing order in the χeff values for the pure polymers as follows: 

χHVLS S−SBR > χLVHS S−SBR > χBR. This means that the highest repulsive forces between 

the chemically linked monomeric units occurs inside the HVLS S-SBR and the least in 
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the BR. Since polymers exist as entangled coils, the higher amount of the internal 

repulsion of the chains can lead to a larger polymer coil to avoid the unfavorable 

interactions within one polymer chain (without involvement of another polymer chain). 

In this way, it can be expected that there is a decreasing trend in the radius of gyration 

(Rg) in the same order as that in the χeff: Rg
HVLS S-SBR > Rg

LVHS S-SBR > Rg
BR. 

Another way of estimation of the Rg of the polymer chains is from the BDS data 

analysis. From the HN equation based fittings of the BDS frequency sweep data, the 

dielectric relaxation strength Δε value is obtained which is directly proportional to the 

Rg of the polymer coil [7]. The same trend as suggested from χeff  values is obtained 

from the Δε (see data in Table 3.1.3 and 3.2.2) for the Rg: Rg
HVLS S-SBR > Rg

LVHS S-SBR > 

Rg
BR. This is taken as an additional proof that Rg decreases from HVLS S-SBR > LVHS 

S-SBR > BR. A correlation of the χeff and Δε values for an estimation of the Rg is shown 

on Figure 3.2.6. The χeff is related to the repulsive forces within one polymer chain as 

well as between two interacting polymer chains due to chemically bonded dissimilar 

monomer segments. This means that χeff gives an indication of the internal repulsion 

in the polymeric systems consisting of one polymer or of interacting polymers: see 

also the illustration of this in Figure 3.2.7.  

 

 

Figure 3.2.7 Illustration showing the relationship of the effective Flory-

Huggins parameter 𝛘𝐞𝐟𝐟 with the radius of gyration of a polymer coil Rg 

 

The Δε from the HN fittings has a linear relationship with Rg, therefore, it is used an 

additional quantity to estimate the Rg. A correlation between the two quantities to 

estimate the Rg: χeff and Δε can be seen in Figure 3.2.8. It is evident from this figure 

that the Rg increases with the predicted increase in internal repulsion (as indicated by 

χeff). 

In terms of miscibility, this can mean that HVLS S-SBR and BR are miscible due 

to the larger difference in their Rg which allows the interpenetration of these polymer 

chains into each other. While the LVHS S-SBR and BR are immiscible due to the lack 

of the possibility for interpenetration of these polymer chains: see the illustration in 

Figure 3.2.9. The illustration depicts in a simplified manner the two scenarios: one 

where the HVLS S-SBR coil has a large enough void to accommodate the 
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interpenetration of the BR and the other where the LVHS S-SBR coil does not have a 

large enough void for the BR to be able to interpenetrate. It is likely that the BR chain 

interpenetrates the HVLS S-SBR through a region of predominantly cis/trans-BR units 

as these are the least sterically hindered units. Also in the case of LVHS S-SBR and 

BR, there is a possibility of interaction of the cis/trans-BR units along the S-SBR chains 

with the BR. This kind of interaction is also assumed to happen in the interface of the 

LVHS S-SBR / BR blends (as shown in light violet in Figure 3.2.6).  

 

Figure 3.2.8 Correlation of the two quantities to estimate the Rg: effective 

Flory-Huggins parameter 𝛘𝐞𝐟𝐟 obtained from calculations and dielectric 

strength Δε obtained from HN fittings 

 

Using the Flory-Huggins theory as per Equation 2.4 / Chapter 2 it is also possible 

to obtain an indication of the thermodynamic favorability of miscibility / immiscibility 

for the blends in different wt. ratios [1, 2]. The calculated effective Flory-Huggins 

parameter χeff calculated as per equation 2.4 / Chapter 2 for the various wt. ratios of 

the HVLS S-SBR / BR and the LVHS S-SBR / BR blends are presented in the Tables 

3.2.4 and 3.2.5, respectively. The χeff values are plotted against the amount of S-SBR 

(φS) in the blends: see Figure 3.2.10. The value of χeff is seen to be reduced as the 

wt. fraction of the S-SBR in the blends is decreased. As mentioned before, a higher 

value of χeff means a higher amount of repulsion. In the series of HVLS S-SBR / BR 

blends, the repulsion is the highest for the pure HVLS S-SBR and reduced as the wt. 

fraction of HVLS S-SBR is reduced. It is due to the fact that the net fraction of the 

styrene and the vinyl units responsible for the repulsive forces are reduced as well. In 

the series of LVHS S-SBR / BR blends, the repulsion is again the highest for the pure 

LVHS S-SBR and reduced as the wt. fraction of the LVHS S-SBR reduced. It is also due 

0 2000 4000 6000 8000
0,10

0,15

0,20

0,25

0,30

0,35

0,40

BR

LVHS S-SBR




~
 R

g
 

eff ~ Internal repulsion

HVLS S-SBR



Chapter 3.2 
 

86 

 

to the fact that the net fraction of the styrene and the vinyl units responsible for the 

repulsive force is reduced. The surprising aspect is that an increase in the χeff which 

is a direct indication to the increase in the repulsive forces also seems to be directly 

correlated to the improvement in miscibility of the blends as observed from the 

experimental data: see Figure 3.2.11. The three compounds used for this correlation 

are the HVLS S-SBR / BR 70 / 30, HVLS S-SBR / BR 50 / 50 and the LVHS S-SBR / BR 

50 / 50 blends. The χeff values are seen to decrease in the following order:  HVLS S-

SBR / BR 70 / 30 > HVLS S-SBR / BR 50 / 50 > LVHS S-SBR / BR 50 / 50. The miscibility 

is seen to be increased in the exact opposite direction as follows: HVLS S-SBR / BR 70 

/ 30 < HVLS S-SBR / BR 50 / 50 < LVHS S-SBR / BR 50 / 50.  

 

 

Figure 3.2.9 Illustration of the miscibility / immiscibility for HVLS S-SBR / 

BR and LVHS S-SBR / BR based on the possibility of interpenetration of the 

polymer chains 
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The HVLS S-SBR / BR 70 / 30 blend with the highest value of χeff shows one 

peak with an insignificant shoulder on the dielectric loss ε" versus temperature curve. 

The HVLS S-SBR / BR 50 / 50 having a value of χeff lower than the 70 / 30 blend shows 

one peak with a significant shoulder on the dielectric loss ε" versus temperature curve. 

The LVHS S-SBR / BR 50 / 50 has the lowest value of χeff from the three compounds 

considered here. The LVHS S-SBR / BR 50 / 50 also shows two clear maxima of the 

dielectric loss ε" versus temperature curve. The increase in the significance of the 

shoulder with HVLS S-SBR / BR 70 / 30 to 50 / 50 blend indicates a lower miscibility 

at 106 Hz in the 50 / 50 blend. The presence of two clear maxima for the LVHS S-SBR 

/ BR 50 / 50 blends is a clear indication of immiscibility in the blend. Therefore, it 

seems that in the case of the HVLS S-SBR / BR and the LVHS S-SBR / BR blends 

studied here, there is an inverse relationship between the calculated χeff values and 

the miscibility / immiscibility characteristics.  

 

Figure 3.2.10 𝛘𝐞𝐟𝐟 plotted against the wt. fraction of S-SBR in the blends 

 

In fact, this conclusion supports the hypothesis stated earlier that the higher the Rg, 

more likely is the possibility of interpenetration of the S-SBR and the BR chains. The 

higher the χeff (indicating higher repulsion), the larger should be the Rg due to the 

higher internal repulsion within the S-SBR chain. The HVLS S-SBR with larger Rg can 

interpenetrate with the BR with smaller Rg making the HVLS S-SBR and the BR chains 

miscible. This is the case for the HVLS S-SBR / BR blends. The lower the χeff (indicating 

lower repulsion), the smaller should be the Rg due to the lower internal repulsion 

within the LVHS S-SBR chain. The LVHS S-SBR with smaller Rg cannot be 
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interpenetrated by the BR (with the smallest Rg of the three polymers) making the 

LVHS S-SBR and the BR chains immiscible. A similar inverse relationship between χeff 

and miscibility has been observed by another researcher by using an Adam-Gibbs (AG) 

extended model to deliver the χeff  from BDS data [8]. 

 

Figure 3.2.11 Correlation between the effective Flory-Huggins parameter 

𝛘𝐞𝐟𝐟 values at 160 °C (calculated) and the miscibility / immiscibility 

characteristics of the HVLS S-SBR / BR and the LVHS S-SBR / BR blends 

(experimentally obtained BDS temperature sweep data at 106 Hz) 

 

 

4. CONCLUSIONS 

In the first part, pure LVHS S-SBR, high cis-BR and their blends in the 70 / 30 

and 50 / 50 wt. ratios have been examined using DMA and BDS measurements. 

Through DMA temperature sweep measurements only the segmental relaxation (in 

other words, the glass transition process, Tg) could be identified, while through the 

BDS measurements the segmental relaxation and the monomer level β-relaxations 

could be identified. Some of the main conclusions from this chapter are presented in 

Table 3.2.6. 
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From the DMA temperature sweep (-120 to 80 °C) measurements done at a 

fixed frequency of 1 Hz, there was one tan δ peak noted for the pure LVHS S-SBR and 

two peaks for the pure BR, and the LVHS S-SBR / BR 70 / 30 and 50 / 50 blends. In 

the BDS measurements simultaneous temperature sweep (-120 to 80 °C) at range of 

frequencies and frequency sweep (10-1 to 106 Hz) at a range of temperatures are 

done. From the BDS temperature sweeps at a range of frequencies, it was noted that 

homogeneity / inhomogeneity varies with the frequency. Since the frequency is 

inversely proportional to the wavelength, this means that homogeneity / 

inhomogeneity is length-scale dependent.  

From the BDS temperature sweep measurements, inhomogeneity was seen to 

have an increasing trend as follows: LVHS S-SBR (1 peak) < 70 / 30 < 50 / 50 < BR 

(2 peaks: crystallite-rich and amorphous-rich). The pure LVHS S-SBR was found to 

show one dielectric loss ε" peak in the temperature sweep measurements at all 

frequencies. The peak of ε" for LVHS S-SBR moves to higher temperatures with higher 

frequency. This is in accordance to the standard Time-Temperature-Superposition 

(TTS) principle for polymers. The pure BR showed a ε" peak with two maxima due to 

the fact that the high amount of cis-BR units can rearrange to form spherulites. This 

leads to a two-phase morphology in BR consisting of crystallite-rich and amorphous-

rich phases. The 70 / 30 blend shows at least two maxima in the ε" in the temperature 

sweep in the entire frequency range. In the 103 – 105 Hz range, a total of three peaks: 

peak I, II and III can be identified on the BDS temperature sweep: see Figure 3.2.1-

C. Similar temperature dependence was seen for the 50 / 50 blend. From 103 to 106 

Hz, a shoulder appears and increases in intensity with increasing frequency. The origin 

of the three peaks have been concluded to be: peak I – continuous S-SBR phase (S-

SBR), peak II – inner core of the BR phase (crystallite-rich BR) and peak III – outer 

layer of BR phase that can interact with the S-SBR phase (amorphous-rich BR). 

At temperatures lower than the segmental relaxation, there is a β-relaxation 

present in all the compounds. The origin of these β-relaxations is from the monomer 

level rotational and vibrational motions. In the S-SBR they were ascribed to be due to 

the styrene groups and the BR to the cis and trans-1,4 units: see Figure 3.1.4 for an 

illustration of the origin of the β-relaxations. The β-relaxation in the 70 / 30 and the 

50 / 50 blends seems to originate from a combination of the styrene and cis and trans-

1,4 units.  

In the second part, a comparison of the miscibility characteristics of the HVLS 

S-SBR / BR blends and the immiscibility characteristics of the LVHS S-SBR / BR blends 

is discussed. Based on the comparison, a physical model of understanding of the 

molecular origin of the miscibility / immiscibility is presented. The overall miscibility / 

immiscibility in the blends was found to be dependent on the wt. ratio of blends and 
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the frequency (length-scale) of the measurement. The different length-scale motions 

were detected using the wide range of frequency 10-1 to 106 Hz in the BDS 

measurements.  

While the HVLS S-SBR / BR 70 / 30 blend is miscible on the entire frequency 

range, the 50 / 50 blend starts to show thermorheological complexity at higher 

frequencies like 104 Hz. The thermorheological complexity is due to the self-

concentration of the like cis/trans-BR units from both the component polymers. The 

LVHS S-SBR / BR 50 / 50 blend is more immiscible (or phase separated) than the 70 

/ 30 blend. This was concluded from the higher amount of the peak III in the 103 to 

105 Hz region in the 50 / 50 blend. The respective trends in miscibility / immiscibility 

were supported by the calculations from the Flory-Huggins treatment for blends [2]: 

see Figures 3.2.10 and 3.2.11. On a fundamental level the miscibility and immiscibility 

in the HVLS S-SBR / BR and the LVHS S-SBR / BR blends, respectively, is proposed to 

be due to the differences in the radius of gyration, Rg of the S-SBR and BR coils. It is 

hypothesized that there is a higher internal repulsion on the HVLS S-SBR chains due 

to the high amount of net repulsive force between the styrene and the vinyl units. 

This leads to a larger Rg for the HVLS S-SBR. While for the LVHS S-SBR the Rg is 

smaller than that of the HVLS S-SBR due to a lower amount of net repulsive force 

between the styrene and the vinyl units. The Rg is the lowest of the three polymers 

for the BR due to its high cis content. In the HVLS S-SBR / BR blends, an 

interpenetration of the S-SBR and BR chains is possible due to the bigger difference 

in Rg: see Figure 3.2.9. This leads to miscibility in the HVLS S-SBR / BR blends. In the 

LVHS S-SBR / BR blends, an interpenetration of the S-SBR and BR chains is not 

possible due to the smaller difference in Rg. This leads to immiscibility in the LVHS S-

SBR / BR blends. 
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Table 3.2.6 Conclusions 

 LVHS S-SBR BR LVHS S-SBR / 

BR 

70 / 30 

LVHS S-SBR / 

BR 

50 / 50 

Segmental relaxation, Tg 

BDS 

temp. 

sweep 

Homogeneous 

(1 peak) 

1 to 106 Hz 

Inhomogeneous 

(2 peaks) 

1 to 106 Hz 

Inhomogeneous 

(2 peaks) 

1 to 102 / 106 Hz 

Inhomogeneous 

(3 peaks) 

103 to 105 Hz 

Inhomogeneous 

(2 peaks) 

1 to 102 / 106 Hz 

Inhomogeneous 

(3 peaks) 

103 to 105 Hz 

Reason  Crystallizable 

high cis-BR units 

Phase separation 

of the S-SBR and 

the BR  

Phase separation 

of the S-SBR and 

the BR 

β-relaxation 

Presence Yes Yes Yes Yes 

Reason - Styrene 

groups 

- Cis/trans 

groups 

- Styrene groups 

- Cis/trans 

groups 

- Styrene groups 

- Cis/trans 

groups 

- Self-

aggregated 

cis/trans-BR 

Havriliak-Negami (HN) equation-based fitting 

1 HN 

equation 

Yes No Yes – 

1 HN equation 

for each the 

segmental 

relaxation of the 

S-SBR phase and 

the BR phase 

Yes – 

1 HN equation 

for each the 

segmental 

relaxation of the 

S-SBR phase and 

the BR phase 

2 HN 

equations 

No Yes – 

Fitting the 

segmental 

relaxation peak 

with 2 HN 

equations 

No No 
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CHAPTER 4 

INFLUENCE OF TDAE ON S-SBR, BR AND 

MISCIBLE S-SBR / BR BLENDS 
 

Summary 

The chapter aims at understanding the influence of a mineral-based aromatic oil TDAE 

(0-20 phr) on the segmental dynamics of the pure HVLS S-SBR, pure BR and their 

blends in the 70 / 30 and 50 / 50 wt. ratios. The focus is also on understanding the 

effect of the TDAE on the component polymers: the HVLS S-SBR and the BR in the 

blends and its preference for one polymer. The influence of the TDAE oil in these 

compounds is reflected through a shift in the glass transition temperature (Tg) of the 

compounds.  Dynamic Mechanical Analysis (DMA), Broadband Dielectric Spectroscopy 

(BDS) and Positron Annihilation Lifetime Spectroscopy (PALS) are employed to study 

the glass transition Tg process.  
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1. INTRODUCTION 

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

low styrene S-SBR / high cis-BR compounds in the pure HVLS S-SBR, the pure BR and 

their blends in the 70 / 30 and 50 / 50 wt. ratios. 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 [1]. Besides the 

improvement in the processability, an improvement in the low temperature properties 

(decrease of Tg) 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, a decrease of Tg can only be seen when the Tg 

of the oil is lower than that of the single polymer / blend itself. This is explained based 

on the Fox’s inverse rule of mixtures which states that the oil-extended compound will 

have a Tg in between that of the oil and the single polymer/ blend itself [2].  

The process oil used for this study is TDAE, which is a low PAH content aromatic 

oil: see Table 1.1 / Chapter 1 for more details on the oil. The investigations done in 

the present study are performed judging the compatibility of the TDAE oil and the 

polymers based on two considerations: (i) the degree of shift in the glass transition 

temperature (Tg) as expected from the Fox’s inverse rule of perfect mixtures, and (ii) 

the corresponding change in the free volume according to the free volume theory of 

plasticization [2-4]. This allows the understanding of the behavior of process oil in oil-

extended compounds.  

The experimentally obtained degree of the shift in the glass transition 

temperature (Tg) of oil-extended compounds is used as the criteria to compare the 

compatibility of the oil with the compounds [5]. The increase or decrease in the Tg of 

the compound on addition of TDAE oil depends on the Tg of the TDAE oil and of the 

constituting single polymer / blend. If the Tg of the TDAE oil is lower than the Tg of 

the single polymer / blend, there is a decrease in the Tg of the oil-extended compound 

giving a plasticization effect. If the Tg of the TDAE oil is higher than the Tg of the single 

polymer / blend, there is an increase in the Tg of the oil-extended compound giving 

an anti-plasticization effect [5, 6].  

In the current study, the determination of Tg of the pure TDAE oil is done using 

BDS while that of the oil- extended compounds is determined by using different 

techniques: DMA, BDS and Positron Annihilation Lifetime Spectroscopy (PALS). These 

three techniques are used to identify the Tg based on different governing 

principles. The most important differences amongst these techniques are 

discussed below. 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 [7]. A complex modulus (E*) is 
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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 it 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 [8, 9]. The BDS works on the 

principle of dipole polarization. The BDS is able to measure a phase shift between the 

applied electric field (sinusoidal) and the measured polarization current (sinusoidal) in 

response to the applied electric field at various frequencies. The polarization current 

(measured as a complex number) can be used to calculate a dielectric permittivity (ε*) 

which is the quantity that will be used for the further discussion and analysis in this 

chapter. A detailed description of the relation between the polarization current and 

the ε* can be found in Section 3 / Chapter 2. Another characterization technique which 

is used in the present study is the Positron Annihilation Lifetime Spectroscopy (PALS). 

PALS is an advanced technique that measures the amount and size of free volume in 

polymers [10-12]. The probe is the ortho-positronium (o-Ps) which gets trapped in 

the low electron density sites like voids / cavities in polymers. The lifetime until the o-

Ps is annihilated with an electron is correlated to the size of the free volume. The point 

of change in the size and concentration of these free volumes indicates the Tg. A 

corresponding free volume to the measured Tg is also obtained from the PALS method. 

This allows for a possibility to verify the effect of an increase in the free volume on 

addition of the oil.  

Overall, by using a combination of the DMA, the BDS and the PALS methods, 

the effect of the oil in terms of both the Tg and the free volume can be measured. The 

terminology which will be used within this chapter to describe the effect on Tg and the 

free volume is mentioned in the Table 4.1. 

 

Table 4.1 Terminology used for describing the effect of the oil on Tg and the 

free volume 

Effect on addition of the oil: Referred as: 

Decrease in Tg Plasticization effect 

Increase in Tg Anti-plasticization effect 
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2. EXPERIMENTAL 

Materials 

The materials used in this study are low styrene S-SBR: SPRINTAN™ SLR 4602 

(Trinseo Deutschland GmbH, Schkopau, Germany); high cis-BR: BUNA CB24 (Lanxess 

Deutschland GmbH, Leverkusen, Germany); 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 1.1 / Chapter 

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. 

 

Mixing 

The compounds are referred to in a simplified form in the text: see Table 4.2. 

 

Table 4.2 Designated naming system of the compounds in the text 

Compound Referred as in text: 

Single polymers: S-SBR and BR with 0 / 10 / 20 phr TDAE 

S-SBR  S-SBR_0; S-SBR_10; S-SBR_20 

BR: Amorphous-rich BR (BR-A) BR-A_0; BR-A_10; BR-A_20 

BR: Crystallite-rich BR (BR-C) BR-C_0; BR-C_10; BR-C_20 

S-SBR / BR 70 / 30 and 50 / 50 blends with 0 / 10 / 20 phr TDAE 

70 / 30 70 / 30_0; 70 / 30_10; 70 / 30_20 

50 / 50 50 / 50_0; 50 / 50_10; 50 / 50_20 

50 / 50 (BR-rich) BR-rich_0; BR-rich_10; BR-rich_20 

50 / 50 (Blend-rich) Blend-rich_0; Blend-rich_10; Blend-rich_20 

 

The addition of filler is excluded from this study to avoid any interference from 

the filler. Therefore, in this work, only small amounts of 10 and 20 phr of the TDAE 

oil are used as higher amounts of oil in unfilled compounds are difficult to incorporate 

into the polymer in the internal mixer. The basic formulation used for this study is 

presented in Table 4.3, the amounts of the different ingredients are expressed in parts 

per hundred parts of rubber (phr). The compounds were prepared following a 2-step 

mixing procedure, with a first stage in an internal mixer. The oil is added in small 

portions to ensure its incorporation in the unfilled polymer. The vulcanization system 

was added to the compound in a second stage, carried out on a two-roll mill: Table 

4.4.  
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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 mins 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. 

 

Table 4.3 Mixing Formulation 

 

Table 4.4 Mixing Protocol 

1st Stage: Internal Mixer 

Brabender Plasticorder 350S 

50 RPM; 50 °C; Fill factor: 0.7 

2nd Stage:  

Two-roll mill 

Polymix 80T 

Friction ratio: 

1.25:1; ca. 40°C 

0 phr TDAE 

(min. s.) 

0.30 Add 

polymers 

1.30 Add ZnO  

and stearic acid 

4.00 Dump 

10 phr TDAE 

(min. s.) 

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. s.) 

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. s.) 

0.30 Add curatives 

5.00 Dump 

 

 

 

Component Amount (in phr) 

Low styrene S-SBR 100 / 70 / 50  / 0 

High cis-BR 0 / 30 / 50 / 100 

Zinc Oxide (ZnO) 4 

Stearic Acid (SA) 3 

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

Sulfur (S) 1.6 

TDAE  0 / 10 / 20 
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Dynamic Mechanical Analysis 

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

in tension mode in a Metravib DMA2000 dynamic spectrometer. The measurements 

were performed from -120 °C to +80 °C in steps of five degrees at a dynamic strain 

of 0.5% and frequency of 1 Hz on samples of (25*5*2) mm. The accuracy of the 

temperature controller is ±0.1 °C, the phase angle is ±0.1° and the frequency is 

±0.01%. The accuracy of the determination of Tg was ±1 °C in each case. 

 

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, 10-1-106 

Hz in the temperature range from -120 °C to +80 °C in steps of 5 °C. The temperature 

was controlled to better than 0.1 oC with a Novocontrol Quatro cryosystem; the error 

of the ALPHA impedance measurement was less than 1%. 

 

Positron Annihilation Lifetime Spectroscopy 

The positron annihilation lifetime spectroscopy (PALS) measurements were 

performed using a digital lifetime spectrometer with a time resolution of 170 ps [13], 

where a 740 kBq 22Na positron source protected by 7.5 μm thick Kapton foil was 

sandwiched between two identical samples each 2 mm thick. This arrangement was 

wrapped in Al-foil and placed in the sample holder. The samples were measured in 

the temperature range of -140 to +60 °C. 5×106 counts were accumulated in each 

positron lifetime spectrum. The error in the measurement is less than 0.4 %. 

 

3. RESULTS AND DISCUSSIONS 

Influence of TDAE on the S-SBR and the BR compounds 

DMA measurements 

As mentioned before, based on the theoretical predictions from the Fox 

equation an improvement in low temperature properties (decrease in Tg) in the final 

compound can only be observed for polymers with a higher Tg value compared to that 

one of the process oil used. Since the Tg of BR is lower and the Tg of S-SBR is higher 

than the Tg of TDAE, it is expected that an improvement in the low temperature 

properties can only be seen for the TDAE extended S-SBR compounds. It is clear from 
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the DMA measurements that a decrease in the Tg of S-SBR compounds and an increase 

in the Tg of the BR compounds has indeed been observed on addition of the TDAE oil: 

see Figure 4.1. In addition to the Tg peak of BR a distinct crystallization peak can be 

seen between -60 and -40 °C on the DMA curve due to the ability of the long chain 

molecules to crystallize. In non-branched polymers such as high-cis BR the polymer 

chains can rearrange to form spherical semi-crystalline regions which are called 

spherulites [14]. The formation of the spherulites in the high cis-BR can be identified 

as the crystallization peak: see Figure 4.1-C.  

 

  

  

Figure 4.1 Normalized tan δ vs. temperature curves for the effect of the 

addition of 0 / 10 / 20 phr TDAE on A) S-SBR (-120 to 80 °C), B) S-SBR (in 

the range of Tg), C) BR (-120 to 80 °C), and D) BR (in the range of Tg) 

 

 

 

An increase in the height of the peak corresponding to the crystallization 

process can be seen with addition of 10 phr TDAE oil which decreases again on 

addition of further 10 phr. It is speculated that the addition of 10 phr TDAE results in 

an increase in the free volume which creates more space for the BR chains to move 

freely and rearrange to form spherulites. It is possible that the addition of further 10 

phr oil can create hindrance to the process of rearrangement of the BR chains to form 

      S-SBR_0           S-SBR_10                    S-SBR_20  
      BR_0           BR_10                    BR_20  
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spherulites. Thus, a decrease in the height of the peak corresponding to crystallization 

is seen from DMA measurements. 

The observed effect of TDAE on Tg of the pure S-SBR and pure BR compounds 

is in accordance with the Fox’s inverse rule of mixtures [2], which suggests that the 

shift in the Tg of the oil-extended polymer is towards the Tg of the additive (TDAE). 

Since the Tg of the TDAE (-49 °C) is lower than the Tg of S-SBR and higher than the 

Tg of the BR, it expected to decrease the Tg of the oil-extended S-SBR and increase 

the Tg of the oil-extended BR. 

 

Table 4.5 Tg from DMA for the oil extended pure S-SBR and pure BR 

compounds 

Amt. of TDAE / phr Tg (S-SBR) / °C Tg (BR) / °C 

0  -12 -95 

10  -15 -93 

20  -16 -92 

 

The main conclusion from the DMA measurements is that the addition of TDAE 

leads to a plasticization effect on S-SBR and an anti-plasticization effect on BR. In the 

oil-extended S-SBR, it is possible that the addition of the TDAE oil has the effect of 

pushing the chains apart to increase the net free volume which makes the segmental 

motion easier. In the oil-extended BR, it is possible that the addition of TDAE which 

contains ca. 25 wt% bulky aromatic compounds leads to a restriction in the segmental 

motion of the otherwise highly linear and mobile BR chains. These observations will 

be compared in the following part with the measurement results of Tg from BDS and 

PALS. Additionally, the effect of TDAE on the free volume will be evaluated by PALS 

measurements which can estimate the fractional free volume at the Tg of the oil-

extended compounds.  

 

BDS measurements 

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

SBR and BR compounds are fitted using the Havriliak-Negami (HN) equation: see 

Equation 3.1.1 /Chapter 3. The HN fittings are done at various temperatures where 

the peak of segmental relaxation is clearly observable. The fitting is done using the 

WINFIT software from Novocontrol technologies. The adjustable parameters obtained 

from the HN fitting are: the relaxation strength (Δε), which is related to the number 

density of the polarizable species between the electrodes; the characteristic HN 

relaxation time (𝜏HN), which represents the most probable relaxation time from the 

relaxation time distribution function; b and c are shape parameters, which describe 
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the symmetric and asymmetric broadening of the relaxation time distribution function, 

respectively (Table 4.5). The corresponding Tg for each system is calculated by 

extrapolation of the data points corresponding to the segmental dynamics using the 

fittings based on the Vogel-Fulcher-Tamman (VFT) equation (see Equation 3.1.3 / 

Chapter 3.1). The temperature corresponding to the value “-2” on the y-axis of figure 

4.2 is taken as the Tg from BDS [15]. The choice of the temperature is based on the 

correspondence of the value at “-2” (which means a frequency of 10-2 Hz) with the 

frequency associated with the measurement from Differential Scanning Calorimetry 

(DSC): see Figure 2.16 / Chapter 2. The further details of the VFT fitting protocol can 

be found in Section 3 / Chapter 3.1. 

 

Table 4.5 HN-fitting parameters for the fittings of the peak of segmental 

relaxation for the TDAE oil, S-SBR and BR with No Oil / 10 / 20 phr TDAE 

Compound Temp. Δε b C      𝜏HN 

TDAE -15 °C 0.41 0.60 0.82 2.57 × 10-4 

S-SBR _0 -15 °C 0.31 0.60 0.43 1.64 × 10-1 

S-SBR_10 -15 °C 0.19 0.62 0.55 1.16 × 10-1 

S-SBR_20 -15 °C 0.02 0.54 0.69 7.27 × 10-2 

BR-A_0 -80 °C 0.15 0.53 0.38 7.21 × 10-6 

BR-C_0 -80 °C 0.25 0.42 0.43 4.62 × 10-2 

BR-A_10 -80 °C 0.23 0.35 1 5.27 × 10-6 

BR-C_10 -80 °C 0.47 0.49 0.36 7.04 × 10-2 

BR-A_20 -80 °C 0.26 0.31 0.96 4.35 × 10-6 

BR-C_20 -80 °C 0.47 0.38 0.80 1.04 × 10-1 

 

As described in the Chapter 3.1, there are two types of relaxations present in 

the unfilled S-SBR and the BR compounds: the segmental level relaxation or the glass 

transition (Tg) process, and the monomer level relaxation or the β-relaxation. Although 

both relaxations are present in the oil-extended compounds, the focus here is on the 

effect of the oil on the segmental dynamics (Tg). The β-relaxation is not elaborated 

on here as these monomer-scale relaxations are not affected by the addition of oil. An 

activation plot showing the temperature dependence of the relaxation times of the 

TDAE oil, the non-oil-extended and TDAE oil-extended S-SBR and BR compounds was 

plotted: see Figure 4.2.  
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Figure 4.2 Temperature dependence of the average relaxation times of pure 

TDAE, A) S-SBR and B) BR compounds with 0 / 10 / 20 phr of TDAE oil 

 

 

 

From the activation plot, the effect of the TDAE oil on the segmental dynamics 

of the S-SBR and the BR compounds can be seen. In general, if the peak of the 

segmental dynamics moves to higher frequency of a BDS frequency sweep, it indicates 

that the relaxation time of the segments gets shorter. Therefore, a movement of the 

data points at a fixed temperature towards shorter relaxation times implies faster 
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segmental dynamics (improvement in low temperature properties). Similarly, at a fixed 

relaxation time, the data points corresponding to the segmental dynamics of a 

compound move to lower temperatures which means a lower restriction and hence 

faster segmental dynamics.  

The data points of the segmental dynamics of the S-SBR move to slightly 

shorter relaxation times (at a fixed temperature) and lower temperatures (at fixed 

relaxation time) inside the activation plot by adding TDAE. This indicates a decrease 

in Tg (see also Table 4.6) and an improvement in low temperature properties. This 

effect can be named as a plasticization effect. The effect of the TDAE on the BR 

compounds can be seen in the form of an individual effect on the amorphous-rich and 

the crystallite-rich phases of the BR. By adding TDAE, the data points corresponding 

to the segmental dynamics of the amorphous-rich phase do not follow a clear trend. 

However, on extrapolation using the VFT fittings, a decrease in Tg of the TDAE-

extended amorphous-rich BR compared to the non-oil-extended amorphous-rich BR 

can be seen: see Table 4.6. This indicates a plasticization effect on the amorphous-

rich BR phase. While by adding TDAE, the segmental dynamics of the crystallite-rich 

phase move to longer relaxation times (at a fixed temperature) and higher 

temperatures (at fixed relaxation time), an increase in Tg is observed which indicates 

a deterioration in low temperature properties: an anti-plasticization effect.  

 

Table 4.6 Tg from BDS obtained from the extrapolation of the data points 

corresponding to the segmental dynamics with the Vogel-Fulcher-Tamman 

(VFT) fittings 

Amt. of TDAE 

/ phr 

Tg (S-SBR)  

/ °C 

Tg (BR-A)  

/ °C 

Tg (BR-C)  

/ °C 

Tg (TDAE)  

/ °C 

0  -28 -105  -104 -50 

10  -30 -106 -104 

20  -31 -109 -100 

 

The main conclusion from the BDS measurements is that the addition of TDAE 

leads to a plasticization effect on the S-SBR and the amorphous-rich phase of BR and 

an anti-plasticization effect on the crystallite-rich phase of BR. As mentioned in the 

previous part with the DMA measurements, the effect of pushing the polymer chains 

apart by the addition of TDAE can explain the plasticization effect on the S-SBR and 

the amorphous-rich phase of BR. It is possible that the TDAE oil (containing ca. 25 

wt% bulky aromatic components) can further restrict the segmental dynamics of the 

BR chains interacting with the spherulites of BR. This might explain the anti-

plasticization of the crystallite-rich phase of BR by the addition of the TDAE oil. A 
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further clarification will be achieved by measuring the effect of the TDAE on the free 

volume at Tg of the S-SBR and the BR phase by PALS measurements.  

 

PALS measurements 

Positron Annihilation Lifetime Spectroscopy (PALS) generates a ‘counts versus 

time’ spectra by detecting the time between generation and annihilation of the 

positron. The raw positron lifetime spectra are analyzed by the lifetime LT 9 program 

[16]. The lifetime spectra are then resolved into three lifetime components: first 

lifetime 𝜏1, second lifetime 𝜏2 and the third lifetime 𝜏3 with corresponding intensities I1, 

I2 and I3: see also Section 3 / Chapter 2 for detailed description of the PALS 

measurement. The shortest lifetime 𝜏1 = 0.12-0.15 ns with intensity I1 is the response 

from the para-Positronium (p-Ps) and free positron annihilations. The second lifetime 

𝜏2 = 0.33-0.40 ns with intensity I2 is the response from annihilation of positrons with 

electrons present in the defects of the material. The third lifetime 𝜏3 = 1-3 ns with 

intensity I3 is the longest one arising from pick-off annihilation of the ortho-

Positronium (o-Ps) within the free volume sites in the amorphous region of the 

polymer. The lifetime (𝜏3) corresponds to the size of the free volume site and the 

intensity (I3) corresponds to the number of the free volume sites. The o-Ps lifetime 

can be related to the radius R of the free volume using the Tao-Eldrup model which 

assumes the free volume to be spherical [17]. 

 

τo−Ps = 0.5 ns [ 
∆R

R + ∆R
+

1

2π
sin (2π

R

R + ∆R
)]

−1

 

Equation 4.1 

 

Where 𝜏o-Ps is the lifetime of o-Ps, R is the radius of a free volume site and ∆R 

is the electron-rich layer where the pick-off annihilation takes place: see Figure 4.3 for 

a depiction of the quantities. ∆R is the electron layer thickness which equals 0.166 nm 

[17]. This allows the monitoring of the changes in the average free volume of sites 

(Vh) associated with the glass-to-rubber transition with change in temperature.  

 

Vh =
4

3
πR3

 
Equation 4.2 

 

The Vh can also be combined with I3 which is an indication for the number of 

free volume sites to give an overall account of the free volume. The combined form is 

referred to as fractional free volume, which has a linear relationship with the fractional 

free volume factor from the Dynamic Mechanical Analysis [18]. The fractional free 

volume (Fv) is expressed by the following relation: 
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Fv  =  A × Vh × I3 Equation 4.3 

 

Where Vh (in Å3) is the free volume of the sites calculated using R from the Tao-

Eldrup model, I3 (in %) is its intensity and A is a proportionality constant that is 

determined to be 0.0018 ± 0.002 from specific volume data for polymers [19, 20]. Fv 

is expressed in % and does not have the physical units of volume [21].   

 

Figure 4.3 Illustration showing the mechanism of the PALS measurement 

 

In amorphous polymers as the phase changes from glassy to rubbery there is 

an accompanied change in the free volume size and intensity, this point of change in 

the slope in the Fv vs temperature curves is taken as the glass transition temperature 

(Tg) [3]. The PALS measurement has also been done for the pure TDAE oil to estimate 

its Tg and the Fv associated with the Tg: see Figure 4.4. For the pure TDAE oil, there 

is one change of slope at the lower temperature (-47 °C) corresponding to the Tg. For 

the non-oil-extended S-SBR compound there is one change in the slope at the lower 

temperature side corresponding to the Tg: see Figure 4.5 A. For the non-oil-extended 

BR compound there are two identifiable phases similar to the results from DMA and 

BDS measurements: the amorphous-rich (~ -100 °C) and the crystallite-rich (~ -50 

°C) phase: see Figure 4.5 D. There is a change of slope at ca. -100 °C which follows 

a steep increase in the Fv: see Figure 4.5-D. This is considered the amorphous-rich BR 

phase undergoing the glass to rubber transition. With the increase in Fv up to 0.028 

at a ca. -50 °C, there is enough room for the BR chains to re-arrange into a spherulitic 

morphology: see Figure 4.5-D. This is the point where a part of the BR chains 
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crystallize to form a spherulitic morphology. The remaining part of the BR becomes 

more mobile accompanied by a still increasing Fv. There is an additional change of 

slope at ca. -10 °C. It is taken as the saturation temperature (TS) which is due to the 

quasi-saturation of 𝜏 3.  It happens either due to the fact that the matrix is too soft 

and hence the o-Ps cannot find rigid walls around it or it is due to the fact that 𝜏3 

becomes comparable to the relaxation time of molecular chains and cannot be clearly 

distinguished [10, 22, 23]. Ideally, in the range between Tg and TS the temperature-

dependent o-Ps lifetime increases linearly with the increase of the temperature 

indicating a direct correlation between the free volume size and the given temperature 

in fully amorphous systems [10].  

 

Figure 4.4 Fractional free volume Fv as a function of temperature for TDAE 

oil 

 

With the addition of the TDAE content a decrease in the Tg of the oil-extended 

S-SBR is observed. This is the same effect as seen from DMA and BDS measurements. 

The interesting detail from the PALS measurement data is that there is a slight increase 

in the fractional free volume (Fv) accompanying the shift in the Tg of the TDAE-

extended S-SBR compounds: see Fig 4.5 A-C / Table 4.7. The magnitude of the 

increase in the Fv for the oil-extended S-SBR compounds is of the order of 0.002. Since 

the measurement error is ± 0.00023 (less than 0.4%), this difference can be 

meaningful. Then, the increase in Fv at Tg can be explained by the presence of TDAE 

having the effect of pushing polymer chains apart, thus leading to an increase in Fv 

along with a decrease in Tg. This is in accordance with the free volume theory of 

plasticization [3]. Therefore, it can be concluded that an overall plasticization effect 

exists of the TDAE oil on the S-SBR chains. 
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In the case of TDAE-extended BR compounds the discussion can be divided 

into the effect of the TDAE on the amorphous-rich and the crystallite-rich phase. With 

the addition of 10 phr of TDAE oil, there is a slight increase in the Tg (without a change 

in Fv) of the amorphous-rich phase and no effect on the crystallization temperature 

(TC) of crystallite-rich phase: see Figures 4.5 D and E.  With further addition of a total 

of 20 phr of the TDAE, there is a slight decrease in the Tg (without a change in the Fv) 

of amorphous-rich phase and a decrease in the crystallization temperature (TC) of 

crystallite-rich phase: see Figures 4.5 D and F. The shift in the Tg of the amorphous-

rich BR phase on the addition of the TDAE oil is insignificant in terms of the absolute 

values. Since the glass to rubber transition is a process that happens over a range of 

temperatures, the observed change in the Tg in the oil-extended BR compounds can 

be considered within the limits of the glass transition (Tg) process. Therefore, it can 

be concluded from the PALS measurements that there is no effect from the addition 

of the TDAE oil on the amorphous-rich phase of BR. 

A more significant difference is observed between the cystallization temperature (TC) 

and the accompanying fractional free volume. With the addition of 10 phr of TDAE 

there is no effect on the absolute value of TC (~ -50 °C). However a decrease in the 

accompanying fractional free volume to the TC is observed: see Figures 4.5-D and E. 

With the further addition of a total of 20 phr of TDAE oil, the TC (~ -60 °C) is seen to 

shift to much lower temperatures and a further decrease in the accompanying 

fractional free volume is observed: see Figures 4.5 D-F. It seems that the incorporation 

of the TDAE oil slows down the increase in the fractional free volume between the Tg 

and the TC by occupying the free volume sites: see Figures 4.5 D-F. This could result 

in a net reduction in the fractional free volume of the oil-extended BR compounds. 

 

Discussion of the influence of the TDAE oil on the S-SBR and BR compounds 

In this part, the influence of the TDAE oil on the segmental dynamics or the Tg 

of the oil-extended S-SBR and BR compounds has been studied with three different 

techniques: DMA, BDS and PALS.  

In the oil-extended S-SBR, a slight decrease in the Tg is observed by the all 

three methods (DMA, BDS and PALS) on the addition of every 10 phr of the TDAE oil: 

see Figure 4.6-A. This is an expected result based on the Fox’s inverse rule of perfect 

mixtures considering the difference in the Tg of the S-SBR and the Tg of the TDAE oil. 

From the PALS measurement, an accompanying increase in the fractional free volume 

at the Tg could also be seen. Therefore, it is concluded that there is a plasticization 

effect of the TDAE on the S-SBR chains. 
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Figure 4.5 Fractional free volume Fv as a function of temperature for S-SBR 

with different amounts of TDAE A) 0 phr, B) 10 phr, C) 20 phr; and BR with  

different amounts of TDAE D) 0 phr, E) 10 phr, F) 20 phr 

 

 

 

In the oil-extended BR compounds, a slight increase in Tg is observed by the 

DMA method on addition of every 10 phr of the TDAE oil. This is an expected result 

based on the Fox’s inverse rule of perfect mixtures considering the difference in the 
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Tg of the S-SBR and the Tg of the TDAE oil. Therefore, an anti-plasticization effect of 

the TDAE is observed from the DMA method and supported by the theoretical 

prediction from Fox’s inverse rule for perfect mixtures: see Figure 4.6-B. From the BDS 

and the PALS methods, the influence of the TDAE oil is considered individually for the 

amorphous-rich and the crystallite-rich BR phases. By adding TDAE oil, a slight 

decrease in the Tg of the amorphous-rich BR can be observed with both methods, BDS 

and the PALS. However, the magnitude of this decrease is small and can be considered 

negligible. Also, it is crucial to recognize that the value of Tg from the BDS method is 

obtained through an extrapolation of the data points using the VFT fitting protocol: 

see Figure 4.2-B. In the case of the amorphous-rich BR phase, there are few points 

available for the VFT fitting which makes it challenging to achieve a reliable 

extrapolation of the data points. It is more reliable to consider the shift of the data 

points corresponding to the segmental dynamics of the amorphous-rich BR phase 

along the x-axis (inverse of temperature). On considering this shift to see the influence 

of the TDAE on the segmental dynamics (Tg) of the amorphous-rich BR phase, a slight 

restrictive effect of the oil is noticed: see Figure 4.2-B. From the PALS method, it was 

noted for the amorphous-rich BR that the fractional free volume at the Tg remained 

unchanged: Figure 4.5-D-F. For the sake of comparison, the influence of the TDAE on 

the crystallite-rich BR is also judged by considering the shift of the data points 

corresponding to the segmental dynamics of this phase along the x-axis (inverse of 

temperature). A slight restrictive effect is seen for the segmental dynamics of the 

crystallite-rich BR on the addition of the TDAE oil. Thus, from the BDS method, a 

plasticization of the amorphous-rich and an anti-plasticization of the crystallite-rich BR 

is observed. From the PALS method, it was noted for the crystallite-rich BR that the 

fractional free volume at the Tg decrease slightly: Figure 4.5-D-F. It is likely that the 

incorporation of the TDAE oil slows down the increase in the fractional free volume of 

the oil-extended BR compounds between the Tg and the TC by occupying the free 

volume sites: see Figures 4.5 D-F. This results in a net decrease in the fractional free 

volume of the oil-extended BR compounds. 

The influence of the TDAE oil on the BR compounds as observed from DMA, 

BDS and PALS has several contradictory inferences. However, the magnitude of all the 

observations (summarized in Figure 4.6-B and C and Table 4.7) is quite small. 

Therefore, it is concluded that there is no significant influence of the TDAE oil on the 

pure BR. 
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Figure 4.6 Comparison of the shift in Tg from DMA, BDS and PALS on the 

addition of the 0 / 10 / 20 phr pf TDAE oil to the S-SBR and BR 

 

Table 4.8 Tg values from DMA, BDS and PALS for BR and S-SBR compounds 

with 0 / 10 /20 phr of TDAE and Fv at Tg from PALS 

Compound Tg
DMA / °C Tg

BDS / °C Tg
PALS / °C Fv 

S-SBR_0 -12 -28 -28 0.031 

S-SBR_10 -15 -30 -32 0.032 

S-SBR_20 -16 -31 -31 0.033 

BR-A_0 -95 -105 -100 0.011 

BR-A_10 -93 -106 -98 0.011 

BR-A_20 -92 -109 -103 0.011 

BR-C_0 --- -104 -50 0.028 

BR-C_10 --- -104 -50 0.026 

BR-C_20 --- -100 -60 0.023 

 

Influence of TDAE on the S-SBR / BR 70 / 30 blend 

The same three techniques DMA, BDS and PALS are used to understand the 

influence of the TDAE oil on the S-SBR / BR 70 / 30 blends. 
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DMA measurements 

The DMA measurement data is presented in the form of a normalized tanδ vs. 

temperature curve: see Figure 4.7-A (entire range of temperatures from -120 to 80 

°C) and B (zoomed in the range of Tg). From the DMA method, a slight shift to lower 

temperatures is seen on the addition of the TDAE oil to the 70 / 30 blend. This can be 

expected based on the Fox’s inverse rule of perfect mixtures considering the difference 

in the Tg of the 70 / 30 blend from DMA (-34 °C) and the Tg of the TDAE oil (-49 °C). 

Thus, a plasticization effect of the TDAE oil on the 70 / 30 blend is observed from DMA 

and expected from the theoretical prediction using the Fox’s inverse rule for perfect 

mixtures. 

 

  

Figure 4.7 Normalized tan δ vs. temperature curves for the effect of the 

addition of 0 / 10 / 20 phr TDAE on the S-SBR / BR 70 / 30 blend A) in the 

entire range of -120 to 80 °C), B) zoomed in the range of Tg 

 

 

BDS measurements 

The analysis of the measurement data from BDS was done in the same way as 

explained in the previous part. The dielectric loss (ε") peaks at various temperatures 

in the range of the segmental dynamics of the non-oil-extended and the oil-extended 

70 / 30 blend could be fitted with a single HN equation as the blend expressed itself 

as a single peak on the BDS frequency and temperature sweeps: see Section 3 / 

Chapter 3.1 for a detailed explanation of the Havriliak-Negami (HN) fitting protocol for 

the non-oil-extended 70 / 30 blend. The different parameters obtained from the single 

HN fittings for the non-oil-extended and the oil-extended 70 / 30 blends are presented 

in Table 4.9. The results of the HN fit can also be translated to the activation plot: see 

Figure 4.8. On the activation plot the data points corresponding to the non-oil-

extended and the oil-extended 70 / 30 blends are seen to overlap. On extrapolation 
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using (VFT fitting) for obtaining the value of Tg also it is evident that the segmental 

dynamics of the non-oil-extended and the oil-extended 70 / 30 blends is the same.  

 

TABLE 4.9 HN-fitting parameters with one single HN equation of S-SBR/BR 

70 / 30 blends with varying concentrations of TDAE oil 

Compound Temp. Δε b C      𝜏HN 

70 / 30_0 -30 °C 0.26 0.34 0.50 2.91 × 10-2 

70 / 30_10 -30 °C 0.26 0.33 0.59 1.89 × 10-2 

70 / 30_20 -30 °C 0.23 0.35 0.58 2.05 × 10-2 

 

 

Figure 4.8 Temperature dependence of the average relaxation times of S-

SBR / BR 70 / 30 wt. ratio blends with 0 / 10 / 20 phr of TDAE oil 

 

 

PALS measurements 

PALS measurement data is treated in the same way as described in the previous 

section to obtain a Tg and a Fv for each compound: see Figure 4.8. Also from the PALS 

measurements, little or no shift on the Tg of the 70 / 30 blend is seen on addition of 

0, 10 and 20 phr the TDAE oil: see Figure 4.9. However, an increase in the fractional 

free volume Fv at Tg with the addition of 10 and 20 phr TDAE to the 70 / 30 blend is 

noticed. This means that although the value of the Tg does not change on addition of 

TDAE, there is still an increase in Fv to accommodate the oil molecules. It has been 

described in the physical model presented in Section 3 / Chapter 3.2 that the 70 / 30 

blend is of high miscibility. It is possible that the high miscibility of the S-SBR and BR 
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chains makes it difficult to modify the segmental dynamics of the blend with only 20 

phr of TDAE oil.  

 

  

 

 

Figure 4.9 Fractional free volume Fv as a function of temperature for S-SBR 

/ BR 70 / 30 wt. ratio blends with different amounts of TDAE A) 0 phr, B) 

10 phr, C) 20 phr 

 

 

Discussion of the influence of the TDAE oil on the S-SBR / BR 70 / 30 blend 

In this part, the influence of the TDAE oil on the segmental dynamics or the Tg 

of the oil-extended S-SBR / BR 70 / 30 blends has been studied with three different 

techniques: DMA, BDS and PALS.  

In the oil-extended S-SBR / BR 70 / 30 blend, a little or no effect of the addition 

of 10 and 20 phr of TDAE is observed on the Tg measured by all three methods (DMA, 

BDS and PALS): see Figure 4.10. A slight shift in the Tg of the oil-extended 70 / 30 

blend from the DMA method is an expected result based on the Fox’s inverse rule of 

perfect mixtures considering the difference in the Tg of the 70 / 30 from DMA (-34 °C) 

and the Tg of the TDAE oil (-49 °C). No significant shift in the Tg of the oil-extended 
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70 / 30 blends was observed from the BDS and the PALS methods: see Table 4.10. 

However, from the PALS measurements, an accompanying increase in the fractional 

free volume at the Tg could also be seen. It can be considered that the Tg of the oil-

extended 70 / 30 blend is the same for the non-oil-extended 70 / 30 blend due to the 

strong physical interactions between the blended (and possible interpenetrated) S-

SBR and BR chains which cannot be modified by the addition of 10 and 20 phr TDAE 

oil. However, the accompanying fractional free volume at Tg increases with the 

addition of the oil in order to accommodate the oil molecules. An overview of the Tg’s 

from the three measurement techniques and the fractional free volume at Tg is 

presented in Table 4.6. 

 

TABLE 4.10 Tg values for S-SBR / BR 70 / 30 wt. ratio with 0 / 10 / 20 phr 

TDAE from DMA, BDS and PALS 

 

 

Figure 4.10 Comparison of the shift in Tg from DMA, BDS and PALS on the 

addition of the 0 / 10 / 20 phr pf TDAE oil to the S-SBR / BR 70 / 30 blend 

 

Influence of TDAE on the S-SBR / BR 50 / 50 blend 

The same three techniques DMA, BDS and PALS are used to understand the 

influence of the TDAE oil on the S-SBR / BR 70 / 30 blends. 

Compound Tg
DMA / °C Tg

BDS / °C Tg
PALS / °C Fv 

70 / 30_0 -34 -52 -50 0.025 

70 / 30_10 -36 -54 -50 0.028 

70 / 30_20 -36 -53 -50 0.028 



                                           Influence of TDAE on S-SBR, BR and Miscible S-SBR / BR Blends 

115 

 

DMA measurements 

The DMA measurement data is presented in the form of a normalized tanδ vs. 

temperature curve: see Figure 4.11-A (the entire temperature ranges from -120 to 80 

°C) and B (zoomed in the area around Tg). From the DMA method, a slight shift to 

higher temperatures is seen by adding TDAE oil to the 50 / 50 blend. This can be 

expected based on the Fox’s inverse rule of perfect mixtures considering the difference 

in the Tg of the 50 / 50 blend from DMA (-54 °C) and the Tg of the TDAE oil (-49 °C). 

Thus, an anti-plasticization effect of the TDAE oil on the 50 / 50 blend is observed 

from DMA and expected from the theoretical prediction using the Fox’s inverse rule 

for perfect mixtures. 

 

  

Figure 4.11 Normalized tan δ vs. temperature curves for the effect of the 

addition of 0 / 10 / 20 phr TDAE on the S-SBR / BR 50 / 50 blend A) in the 

entire range of -120 to 80 °C), B) zoomed in the range of Tg 

 

 

BDS measurements 

The analysis of the measurement data from BDS was done in the same way as 

explained in the previous part. The dielectric loss (ε") peaks at various temperatures 

in the range of the segmental dynamics of the 50 / 50 blend could be fitted with a 

single HN equation as the blend expressed itself as a single peak on the BDS frequency 

and temperature sweeps and a two HN equations (to de-convolute the single peak 

representing the combined dynamics of the S-SBR and the self-concentrated BR 

units): see Section 3 / Chapter 3.1 for a detailed explanation of the Havriliak-Negami 

(HN) fitting protocol for the 50 / 50 blend.  

 

The further discussion of the effect of the addition of 0, 10 and 20 phr of the 

TDAE oil is divided in two parts: 
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i) Effect of the TDAE when one HN eqn. is used to fit the frequency sweep data for 

the S-SBR / BR 50 / 50 blend:  

The BDS data from this part will be compared to the DMA data.  

ii) Effect of the TDAE when two HN eqns. are used to fit the frequency sweep data for 

the S-SBR / BR 50 / 50 blend (De-convolution approach):  

The de-convolution approach which was developed in the Section 3 / Chapter 3.1 for 

fitting two contributions within the broad peak of the dielectric loss ε" (at various 

temperatures in the temperature range of the segmental relaxation) in the frequency 

sweep. From this fitting protocol, two contributions are identified: one is the blend-

rich phase with a behavior similar to the one HN equation fitted 50 / 50 blend and the 

other is the BR-rich phase with a behavior similar to the crystallite-rich phase of the 

pure BR: see Figure 3.1.6 / Chapter 3.1. For more details of this fitting protocol and 

the discussion of the two phases, refer to Section 3 / Chapter 3.1. The BDS data from 

this part will be compared to the PALS data. 

 

i) Effect of the TDAE when one HN eqn. is used to fit the 50 / 50 blend  

The different parameters obtained from the single HN fitting are presented in 

Table 4.11. The results of the HN fit are translated to the activation plot: see Figure 

4.12. On the activation plot the data points corresponding to the non-oil-extended and 

the oil-extended 50 / 50 blends are almost overlapping. On addition of 10 phr TDAE 

oil, the data points corresponding to the segmental dynamics of the 50 / 50 blend 

extended with 10 phr of TDAE oil are almost overlapping with the non-oil-extended 

compound: see Figure 4.12 and Table 4.12. On addition of 20 phr TDAE oil, the data 

points corresponding to the segmental dynamics of the 50 / 50 blend extended with 

20 phr of TDAE oil are shifter towards a higher temperature (at a fixed relaxation time) 

on the x-axis and slightly higher relaxation time (at a fixed temperature) on the y-

axis: see Figure 4.12 and Table 4.12. This means that the segmental dynamics of this 

compound is more restricted than that of the non-oil-extended compound.  

 

TABLE 4.11 HN-fitting parameters with one single HN equation of S-SBR/BR 

50 / 50 blends with varying concentrations of TDAE oil 

Compound Temp. Δε b C      𝜏HN 

50 / 50_0 -30 °C 0.25 0.41 0.40 3.85 × 10-4 

50 / 50_10 -30 °C 0.74 0.42 0.41 4.81 × 10-4 

50 / 50_20 -30 °C 0.36 0.42 0.44 6.77 × 10-4 
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Figure 4.12 Temperature dependence of the average relaxation times of S-

SBR / BR 50 / 50 wt. ratio blends with 0 / 10 / 20 phr of TDAE oil 

 

 

Discussion of the influence of the TDAE oil on the S-SBR / BR 50 / 50 blend 

(one HN eqn. consideration) 

The conclusion from both, the DMA and the BDS (one HN equation) method, is 

that the Tg of this compound moves to higher temperatures with the addition of 20 

phr of TDAE oil: see Figure 4.13.  The Tg values from the DMA and the BDS method 

are presented in Table 4.12. It is also possible to explain this effect based on the Fox’s 

rule of perfect mixtures which indicates that the Tg of the oil-extended compound 

should be an inverse weighted average of the component Tg’s [2].  

 

Table 4.12 Tg values for the 50 / 50 blend with 0 / 10 / 20 phr TDAE oil from 

DMA and BDS measurements 
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Figure 4.13 Comparison of the shift in Tg from DMA and BDS (1 HN eqn. 

consideration) on the addition of the 0 / 10 / 20 phr pf TDAE oil to the S-

SBR / BR 50 / 50 blend 

 

ii) Effect of the TDAE when two HN eqns. are used to fit the 50 / 50 blend  

(De-convolution approach)  

To explore the effect of the TDAE oil on the separate components (the blend-

rich and the BR-rich) of the 50 / 50 blend the broad dielectric loss peak in the BDS 

frequency sweep can be de-convoluted into the blend-rich phase (α') and the self-

concentrated BR-rich phase (α): see Section 3 / Chapter 3.1 for a detailed description. 

The HN parameters: Δεα, Δεα′, b, b′, c, c′, 𝜏HN (α) and 𝜏HN (α′) for each contribution are 

shown in Table 4.13.  

 

TABLE 4.13 HN-fitting parameters for the de-convoluted dielectric loss peak 

in the frequency sweep of S-SBR/BR 50 / 50 blends with varying 

concentrations of TDAE 

Compound Temp. Δε b C      𝜏HN 

BR-rich_0 -30 °C 0.25 0.63 0.11 1.52 × 10-4 

Blend-rich_0 -30 °C 0.09 0.44 1 5.87 × 10-4 

BR-rich_10 -30 °C 0.64 0.65 0.49 1.51 × 10-4 

Blend-rich_10 -30 °C 0.26 0.14 0.90 8.68 × 10-4 

BR-rich_20 -30 °C 0.26 0.65 0.15 1.76 × 10-4 

Blend-rich_20 -30 °C 0.16 0.44 0.89 9.56 × 10-4 
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The HN parameters are then translated to the activation plot which shows the 

temperature dependence of the relaxation time for the α and α′ relaxation processes: 

see Figure 4.14. On the activation plots it is noticed that especially at lower 

temperatures there is an increase in the relaxation time for both oil-extended blend 

phases: the blend-rich and the BR-rich. This means that the addition of the TDAE oil 

leads to slow down the segmental dynamics of both phases, the blend-rich and BR-

rich ones. On extrapolation of the data points corresponding to the segmental 

dynamics of the non-oil-extended and the oil-extended blend phases using the VFT 

fittings, it is possible to obtain the value of Tg: see the Tg values presented in Table 

4.14.  

 

Figure 4.14 Temperature dependence of the average relaxation times of S-

SBR / BR 50 / 50 wt. ratio blends with 0 / 10 / 20 phr of TDAE oil 

 

 

 

 

PALS measurements 

PALS measurement data is treated in the same way as described in the previous 

section to obtain a Tg and a Fv for the individual blend-rich and BR-rich phase of the 

50 / 50 blend: see Figure 4.15. The Tg corresponding to the blend-rich phase and BR-

rich phase can be identified on these curves. The respective Tg of the blend (Blend-

rich) and the self-concentrated BR (BR-rich) in the blend are subsequently calculated: 

see Table 4.14. This supports the results from the de-convolution approach of BDS as 

well as gives an insight about the respective changes in the fractional free volume (Fv) 

associated with the Tg of each phase: see Figure 4.15.  
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Figure 4.15 Change in fractional free volume with temperature in S-SBR / 

BR 50 / 50 wt. ratio blend with 0 (A) / 10 (B) / 20 (C) phr TDAE compounds 

 

 

The Tg of both the blend-rich and the BR-rich phase increases with the addition 

of 10 and 20 phr TDAE. A detailed consideration of the changes on Fv at Tg shows that 

the Fv increases steadily for both the BR-rich as well as the blend-rich process with 

addition of the TDAE oil: see Table 4.14. The increase in the Fv is on the level of the 

third decimal point which is still a significant change in these measurements due to a 

measurement error of ±0.00023 (less than 0.4% error). The surprising point is that 

normally when the free volume increases, the Tg correspondingly decreases due to 

the higher amount of available space for the movement of polymer chains. In this 

case, the Tg decreases and the corresponding Fv increases which is a contradictory 

behavior. It is possible that the variety of molecules (paraffinic, naphthenic, aromatic) 

present in the TDAE oil especially aromatic molecules being bulky molecules can 

effectively increase the distance between the polymer chains due to steric hindrance. 

This effectively increases the free volume in a compound. A possible explanation for 

the shift in the Tg of the oil-extended compound is that the inclusion of these bulky 
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molecules in the blends restricts the segmental mobility thereby increasing the Tg. 

Another possibility is that based on the Fox’s inverse rule of mixtures an increase in 

the Tg of both phases is expected as the Tg of the both phases (-96 and -72 °C) in the 

non-oil-extended blend is lower than the Tg of the TDAE oil itself (-49 °C). 

 

Table 4.14 Tg / Fv of the Blend-rich and BR-rich processes, experimentally 

obtained from BDS and PALS measurements 

Compound  Tg
BDS / °C Tg

PALS / °C Fv 

50 / 50_0 BR-rich -97  -96 0.015 

Blend-rich -72  -73 0.021 

50 / 50_10 BR-rich -80  -82 0.018 

Blend-rich -61  -60 0.025 

50 / 50_20 BR-rich -75  -80 0.021 

Blend-rich -59  -60 0.027 

 

Discussion of the influence of the TDAE oil on the S-SBR / BR 50 / 50 blend 

(two HN eqn. consideration) 

The Tg values from the BDS (two HN eqn. consideration) and the PALS method 

are coherent for the blend-rich and the BR-rich phases: see Table 4.14 / Figure 4.16. 

The conclusion from these measurements is that by adding 10 and 20 phr TDAE 

oil to the 50 / 50 blend there is an increase in the Tg of both phases. The magnitude 

of this increase is higher in the BR-rich phase than in the blend-rich phase: see Table 

4.15 and Figure 4.16-A and B. Surprisingly, a steady increase in the Fv at Tg of each 

phase is noticed on the addition of the 10 and 20 phr oil to the 50 / 50 blend. A 

possible explanation for these observations is that the inclusion of the bulky TDAE oil 

molecules in the blends increases the fractional free volume by pushing the chains 

apart but restricts the segmental mobility thereby increasing the Tg. Additionally, 

based on the Fox’s inverse rule of mixtures an increase in the Tg of both phases is 

expected as the Tg of both phases (-96 and -72 °C) in the non-oil-extended blend is 

lower than the Tg of the TDAE oil itself (-49 °C). 

Overall, it is noticed from the magnitude of the increase in the Tg and the 

corresponding Fv at Tg that there is a slight preference of the TDAE oil for the BR 

phase of the blend: see Figure 4.16 and Table 4.15. 
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Figure 4.16 Comparison of the shift in Tg from BDS (2 HN eqn. 

consideration) and PALS on the addition of the 0 / 10 / 20 phr pf TDAE oil 

to the A) Blend-rich phase, B) BR-rich phase, and C) a shift on the fractional 

free volume of the both phases of the S-SBR / BR 50 / 50 blend 

 

Table 4.15 ΔTg / ΔFv of the BR-rich and the blend-rich phase from the BDS 

and the PALS measurements 

50 / 50  ∆Tg
BDS 

 (°C) 

∆Tg
PALS 

 (°C) 

∆Fv
PALS 

 (°C) 

0 phr TDAE BR-rich - - - 

 Blend-rich - - - 

10 phr TDAE BR-rich 17 14 0.003 

 Blend-rich 11 13 0.004 

20 phr TDAE BR-rich 22 16 0.006 

 Blend-rich 13 13 0.006 

NOTE: ∆Tg / ΔFv is calculated with regard to 50 / 50_0. 
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4. CONCLUSIONS 

The HVLS S-SBR, high cis-BR and their blends in the 70 / 30 and 50 / 50 wt. 

ratios have been studied for the influence of the addition of 0 / 10 / 20 phr of the 

TDAE on their Tg’s by using DMA, BDS and PALS. An effect of the oil on the free 

volume of the compounds can be seen using the PALS method. 

In S-SBR, the addition of TDAE leads to a decrease in the Tg of the compound 

and an increase in the Fv indicating an increase in mobility of the S-SBR chains as well 

as an extension of the free volume. This is an overall plasticization effect of the TDAE-

extended S-SBR compounds. In BR, the addition of the TDAE oil leads to an increase 

in the Tg of the compound without a change on the corresponding Fv at Tg indicating 

a loss in the mobility of the BR chains while having no effect on the free volume. This 

means an anti-plasticization effect on the segmental dynamics.  

In the 70 / 30 blend, the addition of the TDAE oil leads to nearly no effect on 

the Tg of the compound and an increase in the Fv. It is possibly because the 

interactions between the S-SBR and BR component in the 70 / 30 blend are strong 

enough (high miscibility) to prevent the change in segmental dynamics. There is only 

an increase in the fractional free volume of the 70 / 30 blend on addition of the TDAE 

oil.  

For the 50 / 50 blend, it is possible to see the effect of the TDAE oil based on: 

i) the one HN equation consideration and ii) the two HN equation consideration of the 

blend. In the one HN equation consideration, a slight increase in the Tg and a 

corresponding increase in the fractional free volume is seen on addition of the TDAE 

oil. In the two HN equation consideration, an increase in both the Tg and the 

corresponding Fv at Tg of each phase is noted. This means there is an anti-

plasticization effect on the segmental dynamics and an increase of the free volume. 

The same trend can be seen from the one HN equation and the two HN equation 

consideration. From the Δ Tg values from the two HN equation consideration, there is 

a preference for the BR-rich phase by the oil.  

Overall, the effect of the TDAE oil is seen to be governed by the Fox’s inverse 

rule of mixtures regarding the direction of shift of the Tg. It leads to plasticization or 

anti-plasticization effect on the segmental dynamics of the compounds depending on 

the difference in Tg of the oil and the polymers. Also, there seems to be a correlation 

between the change in the fractional free volume and the compatibility of the oil and 

the single polymer / blend system: see Figure 4.17. The change in the fractional free 

volume for the crystallite-rich phase of BR is in negative, which means that the free 

volume of the oil-extended system is lower than the non-oil extended one. In terms 

of thermodynamics, a reduction in the free volume indicates a decrease in the Gibb’s 

free energy which is a general criterion for a blend to be miscible and vice-versa [19]. 
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Therefore, it can be concluded from the figure 4.17 that the compatibility of the TDAE 

with the various systems studied in this chapter is as follows: Crystallite-rich BR > 

Amorphous-rich BR > S-SBR > S-SBR / BR 70 / 30 > S-SBR / BR 50 / 50. 

 

 

Figure 4.17 Correlation between the change in fractional free volume (ΔFv) 

and the different single polymer and blends studied in this chapter. The ΔFv 

(Fv of oil-extended system – Fv of non-oil extended system) is calculated by 

subtracting the Fv of the non-oil-extended single polymer / blend from the 

Fv of the TDAE-oil-extended single polymer / blend, respectively. 
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CHAPTER 5 

INFLUENCE OF VIVAMAX 5000 ON MISCIBLE 

S-SBR / BR BLENDS 
 

Summary 

This chapter aims at understanding the influence of a bio-based polar oil Vivamax 

5000 (0-20 phr) on the segmental dynamics of the pure HVLS S-SBR, pure BR and 

their blends in the 70 / 30 and 50 / 50 wt. ratios. The influence of the Vivamax 5000 

oil in these compounds is reflected through a shift in the glass transition temperature 

(Tg) of the compounds.  Dynamic Mechanical Analysis (DMA), Broadband Dielectric 

Spectroscopy (BDS) and Positron Annihilation Lifetime Spectroscopy (PALS) are 

employed to study the glass transition Tg process.  
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1. INTRODUCTION 

As described in the Chapter 4, 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 [1]. The main advantages of the addition of a process oil 

in a compound are the improvement in the processability and an enhancement in the 

low temperature properties (decrease of Tg). However, a decrease of Tg can only be 

seen when the Tg of the oil is lower than that of the single polymer / blend itself. This 

is explained based on the Fox’s inverse rule of mixtures which states that the oil-

extended compound has a Tg in between that of the oil and the single polymer/ blend 

itself [2].  

The chain end and backbone modification of the S-SBR with the addition of 

functional groups increases the polarity of the polymer chain. This increase in polarity 

of the S-SBR can reduce the compatibility of the conventional process oil: Treated 

Distillate Aromatic Extract (TDAE) with the S-SBR. Thus, this leads to the demand for 

a more polar process oil having a good compatibility with the new generation of 

functionalized S-SBR. The Vivamax 5000 (V5000) is a newly developed process oil for 

a better compatibility with the new generation of the functionalized S-SBR’s. The 

V5000 oil is a bio-based oil with a higher polarity compared to the TDAE oil: see Table 

1.1 / Chapter 1 for more details about the oil. In this chapter, a better understanding 

of the effect of bio-based Vivamax 5000 on the pure High Vinyl and Low Styrene 

(HVLS) S-SBR, the pure BR and their blends in the 70 / 30 and 50 / 50 wt. ratios. will 

be developed. 

The investigations done in this chapter are on the same line as in Chapter 4. 

The compatibility of the V5000 oil and the polymers is judged based on two 

considerations: (i) the degree of shift in the glass transition temperature (Tg) as 

expected from the Fox’s inverse rule of perfect mixtures, and (ii) the corresponding 

change in the free volume according to the free volume theory of plasticization [2-4]. 

This allows the understanding of the behavior of the process oil in oil-extended 

compounds.  

The experimentally obtained degree of the shift in the glass transition 

temperature (Tg) of oil-extended compounds is used as the criteria to compare the 

compatibility of the oil with the compounds [5]. The increase or decrease in the Tg of 

the compound on addition of V5000 oil depends on the Tg of the V5000 oil and of the 

constituting single polymer or polymer blend. If the Tg of the V5000 oil is lower than 

the Tg of the single polymer or polymer blend, there is a decrease in the Tg of the oil-

extended compound giving a plasticization effect. The opposite is true as well: If the 

Tg of the V5000 oil is higher than the Tg of the single polymer or polymer blend, there 
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is an increase in the Tg of the oil-extended compound giving an anti-plasticization 

effect [5, 6].  

In this chapter, the determination of Tg of the pure V5000 oil is carried out 

using BDS while that of the oil-extended compounds is done by using different 

techniques: Dynamic Mechanical Analysis (DMA), BDS and Positron Annihilation 

Lifetime Spectroscopy (PALS). These three techniques are used to identify the 

Tg based on different governing principles. The most important differences 

amongst these techniques are discussed in Section 1 / Chapter 4.  

Overall, by using a combination of the DMA, the BDS and the PALS methods, 

the effect of the oil in terms of both the Tg and the free volume can be measured: see 

Section 1 / Chapter 4 for a detailed description of the measurement of the free volume 

by PALS. The terminology which will be used within this chapter to describe the effect 

on the Tg and the free volume is mentioned in the Table 5.1. 

 

Table 5.1 Terminology used for describing the effect of the oil on the Tg and 

the free volume 

Effect on addition of the oil: Referred as: 

Decrease in Tg Plasticization effect 

Increase in Tg Anti-plasticization effect 

 

2. EXPERIMENTAL 

The bio-based oil: VIVAMAX 5000 (Hansen & Rosenthal KG, Hamburg, Germany) 

is used in this study. It will be referred to as V5000 here onwards. The rest of the 

experimental procedure is the same as already described in Chapter 4. The compounds 

are referred to in a simplified form in the following text: see Table 5.2. 

 

Table 5.2 Used naming system of the compounds in the text 

Compound Referred as in text: 

Single polymers: S-SBR and BR with 0 / 10 / 20 phr V5000 

S-SBR  S-SBR_0; S-SBR_10V; S-SBR_20V 

BR: Amorphous-rich BR (BR-A) BR-A_0; BR-A_10V; BR-A_20V 

BR: Crystallite-rich BR (BR-C) BR-C_0; BR-C_10V; BR-C_20V 

S-SBR / BR 70 / 30 and 50 / 50 blends with 0 / 10 / 20 phr V5000 

70 / 30 70 / 30_0; 70 / 30_10V; 70 / 30_20V 

50 / 50 50 / 50_0; 50 / 50_10V; 50 / 50_20V 
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3. RESULTS AND DISCUSSIONS 

Influence of Vivamax 5000 on the S-SBR and the BR compounds 

DMA measurements 

V5000 (δ=17.7 MPa0.5) is a bio-based oil with higher polarity than the mineral-

based TDAE (δ=17.2 MPa0.5) oil as well as the polymers (δ=17.3 (S-SBR) / 17.2 (BR) 

MPa0.5) used in this study. The solubility parameters are only a first indication and are 

calculated according to the group contribution method from Schuster et al. [7]. Since 

the Tg of BR is lower and the Tg of S-SBR is higher than the Tg of V5000, it is expected 

from the Fox’s inverse rule of mixtures that an improvement in the low temperature 

properties can only be seen for the V5000 extended S-SBR compounds.  

From the DMA measurements it can be concluded that there is a decrease in 

the Tg of V5000-extended S-SBR compounds and an increase in the Tg of V5000-

extended BR compounds: see Figure 5.1 and Table 5.3 for the Tg values.  

  

  

Figure 5.1 Normalized tan δ vs. temperature curves for S-SBR with 0 / 10 / 

20 phr V5000 A) in the range -120 to 80 °C, B) zoomed in the range of the 

Tg, and BR with 0 / 10 / 20 phr V5000 C) in the range -120 to 80 °C, D) 

zoomed in the range of the Tg 

 

 

      S-SBR_0            S-SBR_10V                   S-SBR_20V  
      BR_0           BR_10V                   BR_20 V 
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As described in Section 3 / Chapter 4, there is a distinct crystallization peak 

−60 and −40 °C corresponding to the BR on the DMA curve due to the ability of the 

long chain molecules within high-cis content BR to rearrange and form a spherulitic 

morphology [8]. A decrease in the height of the peak corresponding to a less 

pronounced crystallization process can be seen with addition of every 10 phr of V5000 

oil. It is possible that the addition of the V5000 oil can create a hindrance of the 

process of rearrangement of the BR chains to form spherulites. This is in contrast to 

the effect of the TDAE oil which led to a more pronounced crystallization process in 

the TDAE-extended BR compounds: see Figure 4.1-C / Chapter 4. 

Therefore, from the DMA measurements, the observed effect of the V5000 on 

the Tg of the S-SBR and the BR is the same as that of the TDAE. There is a plasticization 

effect on the S-SBR and an anti-plasticization effect on the BR. These observations 

will be compared in the upcoming discussion with the measurement of Tg from BDS 

and PALS. Additionally, the effect of the V5000 on the free volume will be evaluated 

by PALS measurements which can estimate the fractional free volume at the Tg of the 

oil-extended compounds.  

 

Table 5.3 Tg from DMA for the V5000 oil-extended pure S-SBR and pure BR 

compounds 

Amount of V5000 / phr Tg (S-SBR) / °C Tg (BR) / °C 

0  -12 -95 

10  -13 -91 

20  -14 -90 

 

BDS measurements 

The BDS measurement data is treated in the same way as described in the 

Section 3 / Chapter 4. The HN fittings (see Equation 3.1.1 / Chapter 3) are done at 

various temperatures where the peak of segmental relaxation is clearly observable 

using the WINFIT software from Novocontrol technologies. The adjustable parameters 

obtained from the HN fitting are: the relaxation strength (Δε), which is related to the 

number density of the polarizable species between the electrodes; the characteristic 

HN relaxation time (𝜏HN), which represents the most probable relaxation time from the 

relaxation time distribution function; b and c are shape parameters, which describe 

the symmetric and asymmetric broadening of the relaxation time distribution function, 

respectively: see Table 5.4. The corresponding Tg for each system is calculated by 

extrapolation of the data points corresponding to the segmental dynamics using the 

Vogel-Fulcher-Tamman (VFT) equation (see Equation 3.1.3 / Chapter 3.1) based 
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fittings. The temperature at which the 𝜏max = 100 s or 10-2 Hz (corresponds to value 

“-2” on the y-axis of Figure 5.2) is taken as the Tg from BDS [9]: see Section 3 / 

Chapter 2 for a detailed description. The further details of the VFT fitting protocol can 

be found in Section 3 / Chapter 3.1. 

 

Table 5.4 HN-fitting parameters for the fittings of the peak of segmental 

relaxation for the V5000 oil, S-SBR and BR with No Oil / 10 / 20 phr V5000 

Compound Temp. Δε b C      𝜏HN 

V5000 -15 °C 0.99 0.30 0.60 2.78 × 10-5 

S-SBR _0 -15 °C 0.31 0.60 0.43 1.64 × 10-1 

S-SBR_10V -15 °C 0.27 0.50 0.56 2.05 × 10-1 

S-SBR_20V -15 °C 0.31 0.43 0.60 1.64 × 10-1 

BR-A_0 -80 °C 0.15 0.53 0.38 7.21 × 10-6 

BR-C_0 -80 °C 0.25 0.42 0.43 4.62 × 10-2 

BR-A_10V -80 °C 0.13 0.41 0.70 1.12 × 10-5 

BR-C_10V -80 °C 0.40 0.44 0.43 8.57 × 10-2 

BR-A_20V -80 °C 0.14 0.53 0.26 2.28 × 10-5 

BR-C_20V -80 °C 0.42 0.36 0.43 1.46 × 10-1 

 

As described in Chapter 4, the oil can affect the segmental dynamics (Tg), but 

there is no effect of the oil on the monomer-level β-relaxations. Therefore, the β-

relaxation is not discussed in terms of the effect of the oil. An activation plot showing 

the temperature dependence of the relaxation times of the V5000 oil, the non-oil-

extended and V5000 oil-extended S-SBR and BR compounds was plotted: see Figure 

5.2. From the activation plot, the effect of the V5000 oil on the segmental dynamics 

of the S-SBR and the BR compounds can be seen. As described in the Section 3 / 

Chapter 4, a movement of the data points at a fixed temperature towards the shorter 

relaxation times and at a fixed relaxation time to lower temperatures, implies a faster 

segmental dynamics (improvement in low temperature properties).  

The effect of the addition of the V5000 to the segmental dynamics of the S-

SBR is the same as that of the TDAE oil. It can be observed on the activation plot that 

the addition of the V5000 to the S-SBR leads to a faster segmental dynamics of the 

V5000-extended S-SBR compounds. On extrapolation with the VFT fitting, this can be 

recognized as a decrease in Tg (see also Table 5.5) and an improvement in low 

temperature properties: a plasticization effect. 
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Figure 5.2 Temperature dependence of the average relaxation times of pure 

V5000, A) S-SBR and B) BR compounds with 0 / 10 / 20 phr of V5000 oil 

 

 

 

The effect of the V5000 on the amorphous-rich and the crystallite-rich BR 

compounds is also similar to that of the TDAE oil (see Section 3 / Chapter 4). On 

extrapolation of the data points corresponding to the amorphous-rich and the 

crystallite-rich phases of the BR with VFT fittings, a plasticization effect on the 

amorphous-rich BR phase and an anti-plasticization effect on the crystallite-rich BR 

phase is observed.  
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Thus, from the BDS measurements, the effect of the V5000 on the S-SBR and 

the BR is comparable to that of the TDAE oil: see the Tg from BDS presented in Table 

5.5 and the Table 4.6 / Chapter 4. To further examine the extent of similarity in the 

effect of the V5000 and the TDAE, the free volume at the Tg of the V5000-extended 

S-SBR and the V5000-extended BR compounds is evaluated by PALS measurements.  

 

Table 5.5 Tg from BDS obtained from the extrapolation of the data points 

corresponding to the segmental dynamics with the Vogel-Fulcher-Tamman 

(VFT) fittings 

Amt. of 

V5000 

/ phr 

Tg (S-SBR)  

/ °C 

Tg (BR-A)  

/ °C 

Tg (BR-C)  

/ °C 

Tg (V5000)  

/ °C 

0  -28 -105  -104 -55 

10  -28 -104 -102 

20  -29 -108 -102 

 

PALS measurements 

In amorphous polymers as the phase changes from glassy to rubbery there is 

an accompanied change in the free volume size and intensity, this point of change in 

the slope in the Fv vs temperature curves is taken as the glass transition temperature 

(Tg) from Positron Annihilation Lifetime Spectroscopy (PALS) [10]. The analysis of the 

PALS data has been done in the same way as in Section 3 / Chapter 4.  

The PALS measurement has also been done for the pure V5000 oil to estimate 

its Tg and the Fv associated with the Tg: see Figure 5.3. There are two changes of 

slope on the Figure 5.3: one at the lower temperature (-55 °C) corresponding to the 

Tg and the other at the higher temperature (~35 °C) corresponding to a saturation 

temperature (TS). The saturation temperature (TS) corresponds to the quasi-saturation 

of the 𝜏 3 which is due to the matrix being too soft in the rubbery region [11-13]: see 

Section 3 / Chapter 4 for a detailed description. 

The non-oil-extended S-SBR and the non-oil-extended BR compound has one 

and two identifiable change of slopes (corresponding to the Tg), respectively from the 

PALS measurement: see Figures 5.4 A and D. The two change of slopes in the non-

oil-extended BR correspond to the amorphous-rich (~ -100 °C) and the crystallite-rich 

(~ -50 °C)  phases of the BR: see Figure 5.4-D. There is an additional saturation 

temperature (TS) [13] in the non-oil-extended BR which has been elaborated further 

in the Section 3 / Chapter 4.  
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Figure 5.3 Fractional free volume Fv as a function of temperature for V5000 

oil 

 

With an increase in the V5000 content, a decrease in the Tg of the V5000-

extended S-SBR is observed. This is the same effect as seen for the TDAE-extended 

S-SBR compounds. With the addition of only 10 phr V5000 oil, there is a significant 

decrease in the Tg without a meaningful change on the fractional free volume: see 

Figure 5.4-B. Surprisingly, there is a slight decrease in the fractional free volume (Fv) 

accompanying the shift in the Tg of the 20 phr V5000 oil-extended S-SBR compound: 

see Fig 5.4 A-C / Table 5.6. This is an opposite effect to that of the 20 phr TDAE-

extended S-SBR compound. In the 20 phr TDAE-extended compound, the Fv was seen 

to increase as per the free volume theory of plasticization [10]. The magnitude of the 

decrease in the Fv for the 20 phr V5000-extended S-SBR compound is of the order of 

0.004. Since the measurement error is ±0.00023 (less than 0.4%), this difference is 

considered meaningful. This observed decrease in the Fv at Tg for the 20 phr V5000-

extended S-SBR compound can be because of the matching polarity and hence better 

compatibility of the V5000 and the S-SBR (end-chain functionalized with sulfide 

silane). Therefore, it can be concluded that there is a plasticization effect (in terms of 

the decrease in Tg) of the V5000 oil on the S-SBR chains. While the net fractional free 

volume reduces due to the better compatibility of the V5000 oil and the S-SBR with 

end chain sulfide silane modification. 
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Figure 5.4 Fractional free volume (Fv) versus temperature curve for S-SBR 

with different amounts of V5000 A) 0 phr, B) 10 phr, C) 20 phr; and BR with 

different amounts of V5000 D) 0 phr, E) 10 phr, F) 20 phr 

 

 

 

The addition of the V5000 has a similar effect as TDAE on the non-oil-extended 

BR. There is a decrease in the Tg of the amorphous-rich phase of the V5000-extended 
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Tg and the accompanying Fv. While there is a decrease in the TC with a accompanying 

decrease in the Fv corresponding to the crystallite-rich phase: see Table 5.6. 

Therefore, it can be concluded that there is a plasticization effect on both the 

amorphous-rich phase of BR and the crystallite-rich phase of BR. It is also noticed that 

the incorporation of the V5000 oil slows down the increase in the fractional free 

volume between the Tg and the TC (as seen from the steepness of the slope between 

the Tg and the TC) by occupying the free volume sites: see Figures 5.4 D-F. This could 

result in a net reduction in the fractional free volume of the oil-extended BR 

compounds. 

 

Discussion of the influence of the V5000 oil on the S-SBR and BR compounds 

In this part, the influence of the V5000 oil on the segmental dynamics or the 

Tg of the oil-extended S-SBR and BR compounds has been studied with three different 

techniques: DMA, BDS and PALS. Also, a comparison is made to the effect observed 

for the TDAE-extended S-SBR and BR compounds, as studied in Chapter 4. 

In the oil-extended S-SBR compounds, a marginal decrease in the Tg is 

observed by the all three methods (DMA, BDS and PALS) on the addition of both the 

V5000 oil and the TDAE oil: see Table 4.8 / Chapter 4 and Table 5.6 for the results for 

the TDAE-extended S-SBR compounds and the V5000-extended S-SBR compounds, 

respectively. This is an expected result based on the Fox’s inverse rule of perfect 

mixtures considering the difference in the Tg of the S-SBR and the Tg of the TDAE and 

the V5000 oil. From the PALS measurement, an increase of the Fv associated with the 

Tg is observed for the TDAE-extended S-SBR compounds whereas, a decrease in the 

Fv associated with the Tg is observed for the V5000-extended S-SBR compounds. The 

increase in the Fv accompanying the decrease in Tg for the TDAE-extended compounds 

is in accordance to the free volume theory of plasticization [10]. The decrease in the 

Fv has been understood as a result of the good compatibility of the V5000 and the S-

SBR chains. To summarize, it can be said that there is a plasticization effect (in terms 

of Tg) of the V5000 on the S-SBR chains: see Figure 5.5-A. 

In the oil-extended BR compounds, a slight increase in Tg is observed by the 

DMA method on addition of every 10 phr of either the V5000 oil or the TDAE oil. This 

is an expected result based on the Fox’s inverse rule of perfect mixtures considering 

the difference in the Tg of the BR and the Tg of the V5000 oil / TDAE oil. Therefore, 

an anti-plasticization effect of the V5000 oil / TDAE oil is observed from the DMA 

method and supported by the theoretical prediction from Fox’s inverse rule for perfect 

mixtures: see Table 4.8 / Chapter 4 and Table 5.6 for the results for the TDAE-

extended BR compounds and the V5000-extended BR compounds, respectively.  

 



Chapter 5 
 

138 

 

  

 

 

Figure 5.5 Comparison of the shift in Tg from DMA, BDS and PALS on the 

addition of the 0 / 10 / 20 phr pf V5000 oil to the S-SBR and BR 

From the BDS and the PALS methods, a slight decrease in the Tg of the 

amorphous-rich BR is seen with the addition of either the V5000 oil or the TDAE oil. 

From the BDS measurements, the magnitude of this decrease is small and can be 

considered negligible. Also, it is crucial to recognize that the value of Tg from the BDS 

method is obtained through extrapolation of the data points using the VFT fitting 

protocol: see Figure 4.2-B / Chapter 4 and Figure 5.2-B. In the case of the amorphous-

rich BR phase, there are few points available for the VFT fitting which makes it 

challenging to achieve a reliable extrapolation of the data points. Therefore, it is more 

reliable to consider the shift of the data points corresponding to the segmental 

dynamics of the amorphous-rich BR phase along the x-axis (inverse of temperature), 

which suggests a slight restrictive effect of the V5000 oil and the TDAE oil: see Figure 

4.2-B / Chapter 4 and Figure 5.2-B. From the PALS method, it was noted for the 

amorphous-rich BR that the fractional free volume at the Tg remained unchanged on 

the addition of either the V5000 oil or the TDAE oil: see Table 4.8 / Chapter 4 and 

Table 5.6 for the results for the TDAE-extended BR compounds and the V5000-

extended BR compounds, respectively.  
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Table 5.6 Tg values from DMA, BDS and PALS for BR and S-SBR compounds 

with 0 / 10 /20 phr of V5000 and Fv at Tg and TC from PALS 

Compound Tg
DMA / °C Tg

BDS / °C Tg
PALS / °C Fv 

S-SBR_0 -12 -28 -28 0.031 

S-SBR_10V -13 -28 -32 0.032 

S-SBR_20V -14 -29 -31 0.027 

BR-A_0 -95 -105 -100 0.011 

BR-A_10V -91 -104 -108 0.011 

BR-A_20 -90 -108 -110 0.011 

BR-C_0 --- -104 -50 0.028 

BR-C_10V --- -102 -60 0.017 

BR-C_20V --- -102 -60 0.017 

 

From the BDS measurements, the influence of the V5000 oil and the TDAE oil 

on the crystallite-rich BR is also judged by considering the shift of the data points 

corresponding to the segmental dynamics of this phase along the x-axis (inverse of 

temperature). A slightly higher restrictive effect of the TDAE oil is seen on the 

segmental dynamics of the crystallite-rich BR than that of the V5000 oil: see Figure 

4.2-B / Chapter 4 and Figure 5.2-B. Overall, from the BDS method, a plasticization (in 

terms of Tg) of the amorphous-rich and an anti-plasticization of the crystallite-rich BR 

is observed for both the V5000-extended and TDAE-extended BR compounds. From 

the PALS method, it was noted for the crystallite-rich BR that the fractional free volume 

at the Tg decreases a little with the addition of either the V5000 or the TDAE oil: see 

Table 4.8 / Chapter 4 and Table 5.6. It is possible that the incorporation of either the 

V5000 or the TDAE oil can slow down the increase in the fractional free volume of the 

oil-extended BR compounds between the Tg and the TC by occupying the free volume 

sites: see Figures 4.4 D-F / Chapter 4 and Figures 5.4 D-F. This results in a net 

decrease in the fractional free volume of the crystallite-rich phase of the oil-extended 

BR compounds. Also, the magnitude of the decrease in the Fv corresponding to the 

TC is higher in V5000-extended BR compounds than in the TDAE-extended 

compounds.  

Similar to the influence of the TDAE oil, the influence of the V5000 oil on the 

BR compounds as observed from DMA, BDS and PALS has several contradictory 

inferences. However, the magnitude of all the observations (summarized in Figure 5.5-

B and C and Table 4.7) is quite small. Therefore, it is concluded that there is no 

significant influence of the V5000 oil on the pure BR. 
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Influence of V5000 on the S-SBR / BR 70 / 30 blend 

The same three techniques DMA, BDS and PALS are used to understand the 

influence of the V5000 oil on the S-SBR / BR 70 / 30 blends. 

DMA measurements 

The DMA measurement data is presented in the form of a normalized tanδ vs. 

temperature curve: see Figure 4.6-A (complete range of temperatures form -120 to 

80 °C) and B (zoomed in the range of Tg). From the DMA method, no change is seen 

on the Tg on the addition of the V5000 oil to the 70 / 30 blend.  

 

  

Figure 5.6 Normalized tan δ vs. temperature curves for the effect of the 

addition of 0 / 10 / 20 phr V5000 on the S-SBR / BR 70 / 30 blend A) in the 

entire range of -120 to 80 °C), B) zoomed in the range of Tg 

 

 

BDS measurements 

The analysis of the measurement data from BDS was done in the same way as 

explained in the previous part. The dielectric loss (ε") peaks at various temperatures 

in the range of the segmental dynamics of the non-oil-extended and the oil-extended 

70 / 30 blend could be fitted with a single HN equation as the blend expressed itself 

as a single peak on the BDS frequency and temperature sweeps: see Section 3 / 

Chapter 3.1 for a detailed explanation of the Havriliak-Negami (HN) fitting protocol for 

the non-oil-extended 70 / 30 blend. The different parameters obtained from the single 

HN fittings for the non-oil-extended and the oil-extended 70 / 30 blends are presented 

in Table 5.7. The results of the HN fit can also be translated to the activation plot: see 

Figure 5.6. On the activation plot the data points corresponding to the non-oil-

extended and the oil-extended 70 / 30 blends are seen to overlap. On extrapolation 

using (VFT fitting) for obtaining the value of Tg also it is evident that the segmental 
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dynamics of the non-oil-extended and the oil-extended 70 / 30 blends is almost the 

same. 

 

TABLE 5.7 HN-fitting parameters with one single HN equation of S-SBR/BR 

70 / 30 blends with varying concentrations of V5000 oil 

Compound Temp. Δε b C      𝜏HN 

70 / 30_0 -30 °C 0.26 0.34 0.50 2.91 × 10-2 

70 / 30_10V -30 °C 0.35 0.30 0.56 4.26 × 10-2 

70 / 30_20V -30 °C 0.36 0.35 0.42 3.68 × 10-2 

 

 

Figure 5.6 Temperature dependence of the average relaxation times of S-

SBR / BR 70 / 30 wt. ratio blends with 0 / 10 / 20 phr of V5000 oil 

 

 

PALS measurements 

PALS measurement data is treated in the same way as described in the previous 

section to obtain a Tg and a Fv for each compound: see Figure 4.8. Also from the PALS 

measurements, little or no shift on the Tg of the 70 / 30 blend is seen on addition of 

0, 10 and 20 phr the V5000 oil: see Figure 4.8. However, an increase in the fractional 

free volume Fv at Tg with the addition of 10 and 20 phr V5000 to the 70 / 30 blend is 

noticed. This means that although the value of the Tg does not change on addition of 

the V5000 there is a decrease in the Fv indicating good compatibility of the oil with 

the 70 / 30 blend.  
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Figure 5.7 Fractional free volume (Fv) versus temperature curve for S-SBR 

/ BR 70 / 30 wt. ratio blends with different amounts of V5000 A) 0 phr, B) 

10 phr, C) 20 phr 

 

 

As mentioned in the chapter 4,  a decrease in free volume means a decrease 

in the Gibb’s free energy which in turn leads to miscibility / compatibility [14]. It has 

been described in the physical model presented in Section 3 / Chapter 3.2 that the 70 

/ 30 blend is of high miscibility. It is possible that the Tg does not change due to the 

fact that the effect of blending overshadows the effect of the addition of V5000 oil in 

the oil-extended S-SBR /BR 70 / 30 blends. 

 

Discussion of the influence of the V5000 oil on the S-SBR / BR 70 / 30 blend 

In this part, the influence of the V5000 oil on the segmental dynamics or the 

Tg of the oil-extended S-SBR / BR 70 / 30 blends has been studied with three different 
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techniques: DMA, BDS and PALS. Also, a comparison is made to the effect observed 

for the TDAE-extended S-SBR / BR 70 / 30 compounds, as studied in Chapter 4. 

For both the V5000-extended and the TDAE-extended S-SBR / BR 70 / 30 

blends, a little or no effect of the addition of 10 and 20 phr of the oil is observed on 

the Tg measured by all three methods (DMA, BDS and PALS): see Table 4.10 / Chapter 

4 and Table 5.8.  

 

  

Figure 5.8 Comparison of the shift in A) the Tg from DMA, BDS and PALS, 

and B) the fractional free volume (Fv) from PALS on the addition of the 0 / 

10 / 20 phr of V5000 oil to the S-SBR / BR 70 / 30 blend 

 

It is assumed that the Tg of the oil-extended 70 / 30 blend is the same as that 

of the non-oil-extended 70 / 30 blend due to the high miscibility (possibly due to 

interpenetration of the S-SBR and the BR chains) between the S-SBR and BR chains 

which cannot be modified by the addition of 10 and 20 phr V5000 oil. However, from 

the PALS measurements, a decrease in the fractional free volume at the Tg is observed 

for the V5000-extended S-SBR / BR 70 / 30 blends. This is in contrast to the increase 

in the fractional free volume at the Tg for the TDAE-extended S-SBR / BR blends. The 

accompanying fractional free volume at the Tg decreases with the addition of the oil 

due to the good compatibility of the V5000 with especially the S-SBR component of 

the S-SBR / BR 70 / 30 blend. It suggests that the V5000 oil improves the miscibility 

properties of the 70 / 30 blend. An overview of the respective Tg’s of the TDAE-

extended and V5000-extended S-SBR / BR 70 / 30 blends from the three measurement 

techniques and the fractional free volume at Tg is presented in Table 4.10 / Chapter 4 

and Table 5.8. 
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TABLE 5.8 Tg values for S-SBR / BR 70 / 30 wt. ratio with 0 / 10 / 20 phr 

V5000 from DMA, BDS and PALS 

 

Influence of V5000 on the S-SBR / BR 50 / 50 blend 

The same three techniques DMA, BDS and PALS are used to understand the 

influence of the V5000 oil on the S-SBR / BR 50 / 50 blends. 

DMA measurements 

The DMA measurement data is presented in the form of a normalized tanδ vs. 

temperature curve: see Figure 5.9-A (entire range of temperatures form -120 to 80 

°C) and B (zoomed in the range of Tg). From the DMA method, there is almost no 

effect of the addition of the V5000 oil to the 50 / 50 blend. This can be explained 

based on the Fox’s inverse rule of perfect mixtures. The difference in the Tg of the 50 

/ 50 blend from DMA (-54 °C) and the Tg of the V5000 oil (-52 °C) is so small that it 

can be expected that there is no effect of the addition of the V5000 oil to this blend. 

 

  

Figure 5.9 Normalized tan δ vs. temperature curves for the effect of the 

addition of 0 / 10 / 20 phr V5000 on the S-SBR / BR 50 / 50 blend A) in the 

entire range of -120 to 80 °C), B) zoomed in the range of Tg 

 

 

BDS measurements 

The analysis of the measurement data from BDS was done in the same way as 

explained in the previous part. The dielectric loss (ε") peaks at various temperatures 

in the range of the segmental dynamics of the non-oil-extended and the oil-extended 

Compound Tg
DMA / °C Tg

BDS / °C Tg
PALS / °C Fv 

70 / 30_0 -34 -52 -50 0.025 

70 / 30_10V -35 -51 -50 0.021 

70 / 30_20V -34 -53 -48 0.022 
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50 / 50 blend could be fitted with a single HN equation as the blend expressed itself 

as a single peak on the BDS frequency and temperature sweeps: see Section 3 / 

Chapter 3.1 for a detailed explanation of the single Havriliak-Negami (HN) fitting 

protocol for the non-oil-extended 50 / 50 blend. The different parameters obtained 

from the single HN fittings for the non-oil-extended and the oil-extended 50 / 50 

blends are presented in Table 5.9. In the chapter 4, it was possible to use the de-

convolution approach for the 50 / 50 blend (as explained in Section 3 / Chapter 3.1) 

to evaluate the influence of the TDAE oil on the individual blend-rich and BR-rich 

phases. Such a deconvolution of the V5000-oil-extended 50 / 50 blend was not 

possible due to the lesser amount of peak separation even at the highest frequencies 

(or the smallest length-scales) in these blends: see Figure 5.10. This suggests that the 

V5000 oil increases the level of miscibility or compatibility in the S-SBR / BR 50 / 50 

blend. 

 

 

Figure 5.10 Normalized dielectric loss ε" versus temperature curves at a 

fixed frequency of 106 Hz for the S-SBR / BR 50 / 50 blend with 10 phr of 

TDAE oil (orange curves) and 10 phr of V5000 oil (green curves) 

 

The results of the HN fits can also be translated to the activation plot: see 

Figure 5.11. On the activation plot the data points corresponding to the non-oil-

extended and the oil-extended 50 / 50 blends are almost overlapping. On extrapolation 

using (VFT fitting) for obtaining the value of Tg also it is evident that the segmental 

dynamics of the non-oil-extended and the oil-extended 50 / 50 blends is very similar. 

The data points corresponding to the segmental dynamics of the 50 / 50 blend 

extended with 10 and 20 phr of V5000 oil are shifted towards higher temperature (at 
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a fixed relaxation time) on the x-axis and slightly higher relaxation time (at a fixed 

temperature, specifically the lower temperatures) on the y-axis: see Figure 5.11 and 

Table 5.9. This means that the segmental dynamics of the oil-extended compounds is 

more restricted than that of the non-oil-extended compound.  

 

TABLE 5.9 HN-fitting parameters with a single HN equation of the S-SBR / 

BR 50 / 50 blends with varying concentrations of the V5000 oil 

Compound Temp. Δε b C      𝜏HN 

50 / 50_0 -30 °C 0.25 0.41 0.40 3.85 × 10-4 

50 / 50_10V -30 °C 0.35 0.36 0.48 4.29 × 10-4 

50 / 50_20V -30 °C 0.38 0.36 0.38 8.37 × 10-4 

 

 

Figure 5.11 Temperature dependence of the average relaxation times of S-

SBR / BR 50 / 50 wt. ratio blends with 0 / 10 / 20 phr of V5000 oil 

 

 

PALS measurements 

PALS measurement data is treated in the same way as described in the previous 

section to obtain a Tg and a Fv for each compound: see Figure 5.12. Also from the 

PALS measurements, little or no shift in the Tg of the 50 / 50 blend is seen on addition 

of 10 and 20 phr of the V5000 oil: see Figure 5.12. However, a slight increase in the 

fractional free volume Fv at Tg with the addition of 20 phr V5000 to the 50 / 50 blend 

is noticed. Since the measurement error in the PALS method is ±0.00023 (less than 

0.4 %), this change can be considered significant. This means that although the value 
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of the Tg does not change on addition of the V5000 there is still an increase in the Fv 

to accommodate the oil molecules. It has been described in the physical model 

presented in Section 3 / Chapter 3.2 that the 50 / 50 blend is a miscible blend 

(depending on the length-scale being considered). It is possible that the tendency for 

miscibility of the S-SBR and the BR chains makes it difficult to modify the segmental 

dynamics (or Tg) of the blend with up to 20 phr of V5000 oil.  

 

  

 

 

Figure 5.12 Change in fractional free volume (Fv) with temperature in S-

SBR / BR 50 / 50 wt. ratio blend with 0 (A) / 10 (B) / 20 (C) phr V5000 

compounds 

 

 

Discussion of the influence of the V5000 oil on the S-SBR / BR 50 / 50 blend  

In this part, the influence of the V5000 oil on the segmental dynamics or the 

Tg of the oil-extended S-SBR / BR 50 / 50 blends has been studied with three different 
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techniques: DMA, BDS and PALS. Also, a comparison is made to the effect observed 

for the TDAE-extended S-SBR / BR 50 / 50 compounds, as studied in Chapter 4. 

From the discussion of the TDAE-extended 50 / 50 blends, the comparison of 

the V5000-extended 50 / 50 blends can only be made with the DMA and the BDS 

(based on the single HN consideration) results. The PALS measurement data of the 

TDAE-extended 50 / 50 blends has been analysed to find the two contributions 

corresponding to the blend-rich and the BR-rich phases. The common conclusion for 

the TDAE-extended and V5000-extended 50 / 50 blends from the DMA and the BDS 

(single HN consideration) method is that there is no significant effect on Tg of the 

addition of 10 and 20 phr of either the TDAE or the V5000 oil: see Table 4.12 / Chapter 

4 and Table 5.10. From the PALS measurements of the V5000-extended 50 / 50 

blends, it could be observed that there is no significant change on Tg values but there 

is a slight increase in the Fv at Tg on addition of 20 phr V5000: see Figure 5.13-B. It 

is possible the V5000 oil has the ability to push the blended S-SBR and BR chains apart 

from each other which leads to an increase in the Fv, while the Tg remains almost 

unaffected due to the closeness in the measured value of the Tg of the 50 / 50 blend 

(see Table 5.10) and the V5000 oil (-55 °C). 

 

Table 5.10 Tg  values from DMA, BDS and PALS measurements and the Fv at 

Tg from PALS for the 50 / 50 blend with 0 / 10 / 20 phr V5000 oil  

 

  

Figure 5.13 Comparison of the shift in A) the Tg from DMA, BDS and PALS, 

and B) the fractional free volume from PALS on the addition of the 0 / 10 / 

20 phr of V5000 oil to the S-SBR / BR 50 / 50 blend 

Compound Tg
DMA / °C Tg

BDS / °C Tg
PALS / °C Fv 

50 / 50_0 -54 -74  -65 0.020 

50 / 50_10V -54 -72 -64 0.019 

50 / 50_20V -54 -71  -66 0.022 
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4. CONCLUSIONS 

The HVLS S-SBR, high cis-BR and their blends in the 70 / 30 and 50 / 50 wt. 

ratios have been studied for the influence of the addition of 0 / 10 / 20 phr of the 

V5000 on their Tg’s by using DMA, BDS and PALS. An effect of the oil on the free 

volume of the compounds can be seen using the PALS method. The similarities and 

the differences in the TDAE-extended compounds (as studied in Chapter 4) and the 

V5000-extended compounds are also highlighted here. 

In S-SBR, the addition of either the TDAE oil or the V5000 oil leads to a decrease 

in Tg of the compound, with an accompanying increase and a decrease in the Fv at Tg, 

respectively. The decrease in Tg is in accordance with the Fox’s inverse rule of mixtures 

and indicates an improvement of the low temperature properties of the oil-extended 

S-SBR. This is a plasticizing effect (in terms of Tg) of the TDAE oil and the V5000 oil. 

The increase in the Fv at Tg happens due to the pushing apart of the S-SBR chains on 

addition of the TDAE. This is in accordance to the free volume theory of plasticization 

[10]. The decrease in the fractional free volume in the V5000-extended S-SBR 

compounds has been concluded to be due to the better compatibility of the V5000 oil 

with the S-SBR.  

From the DMA measurements, the addition of either the TDAE or the V5000 oil 

leads to an increase in the Tg of the oil-extended BR compounds. It can be explained 

based on the difference in the Tg’s of the V5000 oil (-52 °C, as received from the 

supplier) and the BR (-109 °C, as received from the supplier). This means an anti-

plasticizing effect of (in terms of Tg) of the TDAE oil and the V5000 oil. From the BDS 

measurements, a decrease in the Tg was noted for the amorphous-rich phase and a 

slight increase in the Tg of the crystallite-rich phase was noted on the addition of either 

the TDAE oil or the V5000 oil to the non-oil extended BR. From the PALS 

measurements, a decrease in the Tg of both the amorphous-rich and crystallite-rich 

phases of the oil-extended BR is observed. There is no accompanying change in the 

fractional free volume of the amorphous-rich phase but there is a decrease in the 

fractional free volume of the crystallite-rich phase on the addition of the oil. The 

decrease in the fractional free volume of the crystallite-rich phase is possibly due to 

the occupation of the free volume sites by the oil molecules. 

In the 70 / 30 blend, the addition of either the TDAE or the V5000 oil leads to 

little to no effect on the Tg of the compound. It is possibly due to the high miscibility 

(due to the interpenetration of the S-SBR and the BR chains) in the 70 / 30 blend 

which makes it difficult to modify its segmental dynamics (or Tg). There is an increase 

in the Fv accompanying the Tg of the TDAE-extended 70 / 30 blends and a decrease 

in the Fv accompanying the Tg of the V5000-extended 70 / 30 blends. The decrease 
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in the fractional free volume has been attributed to the higher compatibility of 

especially the S-SBR component in the S-SBR / BR 70 / 30 blend with the V5000 oil. 

In the 50 / 50 blend, the addition of either the TDAE or the V5000 oil leads to 

little to no effect on the Tg of the compound. Similar to the 70 / 30 blend, it is 

considered to be due to the miscibility in the 50 / 50 blend which makes it difficult to 

modify its segmental dynamics (or Tg). There is an increase in the Fv accompanying 

the Tg of the V5000-extended 50 / 50 blends. The increase in the fractional free 

volume can be attributed to: i) a reduction in the amount of the S-SBR component 

with the higher compatibility with the V5000 oil in the blend, ii) the possibility of the 

blended S-SBR and BR chains being pushed apart by the V5000 oil. In addition to the 

increase in the Fv (at Tg), there is a faster increase in the Fv (after Tg) of the V5000-

extended compounds than the non-oil-extended compounds as seen from the steeper 

slope of the Fv versus temperature curve for the V5000-extended compounds: see 

Figure 5.14. 

 

Figure 5.14 Combined representation of the fractional free volume (Fv) 

versus temperature curve of the non-oil-extended, 10 and 20 phr V5000-

extended S-SBR / BR 50 / 50 blend 

 

 

Overall, the effect of both the TDAE oil and the V5000 oil from the DMA method 

is seen to be governed by the Fox’s inverse rule of mixtures regarding the direction of 

shift of the Tg. It leads to plasticization or anti-plasticization effect on the segmental 

dynamics of the compounds depending on the difference in Tg of the oil and the 

polymers. As described in Chapter 4, there seems to be a correlation between the 

change in the fractional free volume and the compatibility of the oil and the single 
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polymer and/or the blend system: see Figure 5.15. The change in the fractional free 

volume for the crystallite-rich phase of BR is in negative, which means that the free 

volume of the oil-extended system is lower than the non-oil extended one. In terms 

of thermodynamics, a reduction in the free volume indicates a decrease in the Gibb’s 

free energy which is a general criterion for a blend to be miscible and vice-versa [14]. 

Therefore, it can be concluded from the Figure 5.15 that the compatibility of the V5000 

oil with the various systems studied in this chapter is as follows: Crystallite-rich BR > 

S-SBR > S-SBR / BR 70 / 30 > Amorphous-rich BR > S-SBR / BR 50 / 50. In general, 

the V5000 has higher compatibility than the TDAE oil, especially for the S-SBR, S-SBR 

/ BR 70 / 30 blend and the S-SBR / BR 50 / 50 blend: compare Figures 5.15 and 4.17 

/ Chapter 4.  

 

 

Figure 5.15 Correlation between the change in fractional free volume (ΔFv) 

and the different single polymer and blends studied in this chapter. The ΔFv 

(Fv of oil-extended system – Fv of non-oil extended system) is calculated by 

subtracting the Fv of the non-oil-extended single polymer / blend from the 

Fv of the V5000-oil-extended single polymer and/or the blend, respectively. 
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CHAPTER 6.1 

SILICA-FILLED MISCIBLE S-SBR / BR 

BLENDS 

 
Summary 

In this chapter, the effect of the addition of reinforcing silica filler to the 100% HVLS 

S-SBR and the miscible HVLS S-SBR / high cis-BR compounds in the 70 / 30 wt. ratios 

is studied. The reinforcing effect of the silica is enhanced by the use of a bi-functional 

silane coupling agent to make a chemical linkage between the polar hydroxyl groups 

on the surface of silica and the non-polar rubber chains. This chemical linkage leads 

to the formation of a three layer reinforcement consisting of a chemically bound rubber 

layer, a layer of loosely bound rubber chains (immobilized layer) which together 

increase the modulus of the filled compounds, and an unrestricted bulk layer [1-6]. 

Dynamic Mechanical Analysis (DMA) can be used to get an indication for these 

reinforcement layers in the filled compounds [7, 8]. Therefore, the filled HVLS S-SBR 

and the HVLS S-SBR / BR 70 / 30 compounds are investigated with DMA and 

additionally, by Broadband Dielectric Spectroscopy (BDS) measurements are 

performed to improve the understanding of the reinforcement effect on the segmental 

dynamics (or the glass transition process Tg) as well as the temperature and frequency 

dependence of the viscoelastic behavior of these blends. 
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1. INTRODUCTION 

The outer layer of a tire (the tread) establishes the only direct contact of the 

vehicle to the road surface. The tread has high performance requirements in order to 

maintain the safety, comfort and reliability of the vehicle: see Section 2 / Chapter 1 

for a detailed account of the performance requirements of a tire tread. An adequate 

tire tread performance is commonly achieved by using blends of two or three different 

types of elastomers. Both miscible and immiscible elastomer blends exhibit dissimilar 

advantages for tire performance: see Section 1.2 / Chapter 2 for detailed account. The 

study of silica filled compounds is divided into two parts: Part 6.1 – Silica filled Miscible 

HVLS S-SBR / BR Blends; Part 6.2 – Silica filled Immiscible LVHS S-SBR / BR Blends.  

This chapter deals with the first part where the silica filled HVLS S-SBR / BR 

blends were studied. HVLS S-SBR / BR blends are used as the state-of-the-art summer 

tire treads for their low Rolling Resistance (RR) and better Wet Skid Resistance (WSR). 

The low RR of these blends is typically achieved using chemically-coupled silica as 

reinforcing filler in combination with silane instead of the more traditional physically-

coupled carbon black [9]. The WSR of the silica filled HVLS S-SBR compounds is better 

than the carbon black filled compounds due to the match of polarity of the silica with 

that of the water. However, the glass transition temperature Tg of high-vinyl S-SBR is 

too high for an optimal Abrasion Resistance (AR), it has to be compensated by the 

blending with high-cis BR, with a Tg around -90 to -100 °C. The resulting HVLS S-SBR 

/ BR blend thus ends up with an optimal balance of the three main tire tread 

performance indicators: AR, RR and WSR. From the preliminary research done with a 

variety of silica filled compounds (also used in Chapter 7), it was established that the 

70 / 30 wt. ratio blend has the optimal balance in AR, RR and WSR [10].  

The reinforcement mechanism of the nano-filled polymers has been described 

as a three layer model, wherein these three layers are situated around the nano-filler: 

a tightly bound layer in which polymer motion is restricted by interactions with the 

surface, an intermediate loosely bound layer and the unrestricted bulk polymer [4, 11-

13]: see Figure 6.1.1. For the silica-bifunctional silane system, it has been suggested 

in literature that there is a layer of polymer with restricted dynamics between the 

chemically bound layer and the unrestricted bulk also contributes to the reduction of 

the attractive forces between silica particles [14, 15]. This layer of polymer physically 

adsorbed due to the attraction to functional groups on the silica surface is called the 

immobilized layer.  

In this chapter silica filled HVLS S-SBR / BR blends in 100 / 0 and 70 / 30 wt. 

ratios with two different process oils: mineral-based TDAE and bio-based V5000 are 

studied. A comparison of the viscoelastic behavior of the silica-filled compounds with 

the respective unfilled blends from chapter 3.1 is also made here. An investigation of 
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the reinforcement mechanism of these compounds is done using Rubber Process 

Analyzer (RPA), Dynamic Mechanical Analysis (DMA) and Broadband Dielectric 

Spectroscopy (BDS). 

 

 

Figure 6.1.1 Illustration depicting the three layer model of the reinforcing 

mechanism of silica in rubber 

 

2. EXPERIMENTAL 

Materials 

The silica ULTRASIL 7000 GR and the bifunctional silane 

bis(triethoxysilylpropyl) tetrasulfide (TESPT) from Evonik (Wesseling, Germany) are 

used as the filler system. The CTAB surface area and the moisture content for the 

ULTRASIL 7000 GR is 160 m2/g and 5.2 % respectively. All the other materials are the 

same as described in Section 2.1 / Chapter 3.1. 

 

Mixing 

The recipe is modified from the Michelin standard for silica-silane compounds 

[9]: see Table 6.1.1. The blends of HVLS S-SBR and high cis-BR in the g 100 / 0 and 

70 / 30 wt. ratios. with TDAE and Vivamax 5000 oil are prepared. The crosslinking 

package includes: Zinc oxide (ZnO), Stearic Acid (S.A.), Sulfur (S), N-cyclohexyl-2-

benzothiazole sulfenamide (CBS) and Diphenyl Guanidine (DPG). 
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The compounds were prepared in 2 stages:  

Stage 1: Internal mixer with tangential rotors (Brabender Measurement & 

Control Systems) 

In this stage the initial temperature of the mixer is set to 90 °C, speed is 80 

rpm, fill factor is 0.7 and the target temperature of 145 °C is achieved by varying the 

rotor speed manually. For the detailed mixing sequence see Table 6.1.2. 

Stage 2: Two roll mill with friction ratio 1.25 : 1 (Polymix 80T) 

In this stage the vulcanization system: S, CBS and DPG are added to the 1st 

mix compound at a temperature of 50 °C. 

 

Table 6.1.1 Mixing recipe 

 

Vulcanization 

The 2nd stage compounds are tested for the optimum vulcanization which is the 

time of 90 % cure (T90) using a Rubber Process Analyzer (RPA 2000, Alpha 

technologies). The results of these measurements can be seen in Table 6.1.3. The 2nd 

stage compounds are then vulcanized into sheets in a hydraulic compression press 

(Wickert Press WLP 1600) at 100 bar and 160 °C. Two thicknesses of the sheets are 

prepared: 2 mm sheets for DMA at Tc,90 + 2 mins; 0.2 mm sheets for BDS at T90. 

 

Rubber Process Analyzer (RPA) 

The measurement of the Payne effect is done with the Rubber Process Analyzer 

(RPA). The Payne effect (ΔG' = G'0 - G'∞) is the difference between the dynamic 

storage modulus at a very low strain (0.5 % strain, G'0) and the dynamic modulus at 

a high strain (90 % strain, G'∞). The samples are first cured at their respective Tc,90 in 

the RPA, followed by a strain sweep. During the strain sweep, a torsion shear is applied 

Component Amount (in phr) 

S-SBR 100 / 70  

BR 0 / 30  

Silica (ULTRASIL 7000 GR) 90 

Silane (TESPT) 7.9 

Oil (TDAE / Vivamax 5000) 30 

ZnO 2 

Stearic Acid 1 

S 1.4 

CBS 2 

DPG 2 
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to the sample and a reaction shear modulus is recorded at 100 °C / 0.5 Hz and 

increasing strain from 0.07 % up to 90 % [3]. 

 

Table 6.1.2 Mixing protocol 

Stage 1: Internal mixer  
 
Initial temp. 90 °C  
Speed 80 rpm / Fill factor 0.7 

Stage 2: Two roll mill  
 
Initial temp. 50 °C  
Friction ratio  1.25 : 1 

TIME  
(min . s.) 

SEQUENCE TIME  
(min . s.) 

SEQUENCE 

0.00 Add Polymer 0.00 Add 1st stage mix 

0.20 Mastication 2.00 Add S, CBS, DPG 

1.20 ½ Silica , Silane  7.00 Discharge 

1.50 Mixing  

2.50 ½ Silica , Oil , ZnO , S.A. 

3.10 Mixing up to target temp. 145 °C 

4.10 Ram Sweep 

4.15 Mixing at target temp. 145 °C 

6.40 Discharge 

 

Dynamic Mechanical Analysis (DMA) 

For DMA temperature sweep measurements, the rheometer MCR 501 (Anton 

Paar) was used. Temperature sweeps were done in torsion mode with 0.1 % strain in 

the range of -120 °C to +60 °C.  

 

Broadband Dielectric Spectroscopy (BDS) 

For BDS measurements Alpha-A High Performance Analyzer (Novocontrol 

Technologies) was used. Frequency sweeps were done in parallel plate geometry from 

0.1 to 106 Hz in a range of -120 °C to +80 °C.  

 

3. RESULTS AND DISCUSSIONS 

The effect of the addition of reinforcing silica filler along with a bi-functional 

silane, TESPT, on the 100% HVLS S-SBR and the HVLS S-SBR / BR 70 / 30 compounds 

can be seen on the DMA and the BDS curves: see Figures 6.1.2-6.1.4. On the Figure 

6.1.2-A, the normalized tan δ curves of the silica filled 100% HVLS S-SBR compound 

with TDAE or V5000 are compared to the respective unfilled systems. The peak of the 

tan δ for the silica filled 100% HVLS S-SBR compound is shifted slightly towards lower 

temperatures compared to the unfilled compound. There is also a broadening of the 

tan δ peak on the higher temperature side for the silica filled compounds. It leads to 
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a higher tan δ at higher temperatures for the silica filled 100% HVLS S-SBR 

compounds. In the unfilled HVLS S-SBR compounds, the tan δ drops to very low values 

after the glass-to-rubber transition as the rubbery phase has lower loss modulus (G") 

and storage modulus (G'): see Figure 6.1.3-A. In the silica filled 100% HVLS S-SBR 

compounds, the tan δ is higher in the rubbery region compared to the unfilled 

compounds due to the higher values of both, the loss modulus (G") and the storage 

modulus (G'): see Figure 6.1.3-A. From the tan δ as well as the G' and G" curves, an 

increase in the segmental mobility (or a decrease in Tg) is seen for the silica filled 

100% HVLS S-SBR compounds with both TDAE and V5000 compared to the unfilled 

system.  

 

  

 

 

 

 

 

 

In Figure 6.1.2-B, a very slight shift of the tan δ peak is seen for the HVLS S-

SBR / BR 70 / 30 compound with respect to the unfilled compound. In Figure 6.1.3-B, 

no effect of the addition of the filler is observed on the location of the peak of G". This 

means that the addition of filler to the 70 / 30 blend does not modify the segmental 

dynamics of the polymer chains (or the Tg). Similar to the silica filled HVLS S-SBR 

compounds, there is a broadening of the tan δ curves on the higher temperature side 

for the silica filled 70 / 30 blends compared to their unfilled counterparts. The 

magnitude of the broadening is higher in the 70 / 30 blend than in the 100% HVLS S-

SBR compounds. The broadening can be due to the small-scale heterogeneities that 

are introduced by adding the silica-TESPT filler system. As illustrated in Figure 6.1.1, 

there are three different components in the silica-TESPT filled compounds: chemically 

bound layer, immobilized polymer layer and unrestricted bulk layer. withal three have 

Figure 6.1.2 DMA temperature sweep curves showing tan δ at 1 Hz for 

unfilled , TDAE-extended and silica filled, and V5000-extended and silica 

filled A) 100 % HVLS S-SBR and B) HVLS S-SBR / BR 70 / 30 compound 

S-SBR:             Unfilled          TDAE and silica             V5000 and silica 

70 / 30:           Unfilled          TDAE and silica             V5000 and silica 
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a different segmental mobility with the following order: chemically bound layer < 

immobilized layer < unrestricted bulk layer. The presence of the layers of varied 

thickness (or length-scale) and different extent of mobility leads to the small-scale 

heterogeneities in the filled systems. 

 

  

 

 

 

 

 

 

 

 

The broadening at higher temperatures in silica filled compounds has been 

described in literature as the contribution of the filler-filler and filler-polymer network 

[12, 16]. In the case of an unfilled system in the rubbery region, there is a very high 

mobility of the polymer resulting in a low modulus (G" and G'). An upswing of the 

storage modulus at temperatures higher than 20 °C is observed for the unfilled 

compounds due to the slippage effect during the DMA measurement. In the case of a 

filled system in the rubbery region, even after the unrestricted polymer phase loses 

its strength (in terms of the modulus) there is still the filler-filler and the filler-polymer 

network which contributes to the measured modulus (G" and G'). Therefore, the 

broadening of the tan δ peak as well as the higher value for tan δ at higher 

temperatures compared to the unfilled compounds is concluded to be due to the 

presence of the small-scale heterogeneities coming from the 3 layers reinforcement 

and the contribution of the filler-filler network to the modulus.  

From the BDS frequency sweeps it is possible to see the broadening of the 

dielectric loss peak (corresponding to the segmental dynamics) with the addition of 

the silica-TESPT system when compared to the respective unfilled systems: see Figure 
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Figure 6.1.3 DMA temperature sweep curves showing G׳ and G" at 1 Hz for 

unfilled , TDAE-extended and silica filled, and V5000-extended and silica 

filled A) 100 % HVLS S-SBR and B) HVLS S-SBR / BR 70 / 30 compound 

S-SBR (G׳):           Unfilled         TDAE and silica               V5000 and silica 

S-SBR (G"):          Unfilled          TDAE and silica              V5000 and silica 

70 / 30 (G׳):         Unfilled          TDAE and silica              V5000 and silica 

70 / 30 (G"):        Unfilled          TDAE and silica              V5000 and silica 
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6.1.4. It is crucial to note that the absolute value of the dielectric loss ε" is related to 

the number density of the polarizable species between the electrodes, depending on 

many experimental factors like sample thickness, pressure, contact area, etc. In Figure 

6.1.4, the dielectric values are presented in the logarithmic scale to see the effect of 

the addition of filler on the segmental dynamics of the compounds. It is possible to 

get valuable information on the changes in the segmental dynamics through the 

location of the frequency of the maximum loss (fmax). However, due to the presence 

of a number of experimental factors that influence the height and the area under the 

peak of the dielectric loss, it is not possible to obtain meaningful information from 

these quantities. It can be seen from the Figure 6.1.4 that the frequency of maximum 

dielectric loss (fmax) is increasing with the addition of the filler system. This means that 

there is an increase in the segmental mobility of the bulk of the filled compounds. The 

addition of TDAE leads to a higher increase in mobility of the bulk compared to the 

V5000 in both 100 % HVLS S-SBR and HVLS S-SBR / BR 70 / 30 compounds.  

 

  

 

 

 

 

 

 

A possible reason can be that the TDAE (being less polar than the V5000) is 

present primarily in the polymer chains comprising the bulk (unrestricted layer). This 

leads to an enhanced plasticization of the polymer chains in the bulk and hence a 

lower Tg. While the V5000 (being more polar than the TDAE) has more affinity towards 

the silica surface. This leads to a higher localization of the V5000 in the close proximity 

of the silica surface. Based on the similarity in polarity of the V5000 and the silica 

surface, a physical interaction of the V5000 and the silanol groups on the surface of 

the silica via hydrogen bonding is also likely. Conclusively, there is less V5000 oil 

Figure 6.1.4 BDS frequency sweep curves for unfilled , TDAE-extended and 

silica filled, and V5000-extended and silica filled A) HVLS S-SBR at 0 °C and 

B) HVLS S-SBR / BR 70 / 30 blend at -30 °C 

S-SBR:             Unfilled          TDAE and silica             V5000 and silica 

70 / 30:           Unfilled          TDAE and silica             V5000 and silica 
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present in the bulk (unrestricted layer) which explains the little or no effect of the 

V5000 oil on the segmental dynamics of the 100 % HVLS S-SBR and HVLS S-SBR / BR 

70 / 30 compounds (as seen on figure 6.1.4). 

Additionally, there is a striking increase in the dielectric loss (ε") on the low 

frequency side of the frequency sweep curves for the filled compounds with both TDAE 

and V5000: see Figure 6.1.4. This is attributed to the Maxwell-Wagner-Sillars (MWS) 

effect which happens due to the interfacial polarization at the silica-polymer interface. 

In composites with materials with different dielectric constants like the silica-TESPT 

filled S-SBR / BR blends, the MWS relaxation refers to the frequency dependence of 

interfacial polarization / separation of charges / ion accumulation that occurs at the 

interface. Interfacial polarization is always present in materials comprised of more 

than one phase. This kind of polarization arising at the interfaces is due to the 

migration of charge carriers through different phases of the composite material 

resulting in differential charge accumulation at the interfaces [17]. The separation of 

charges has been described in literature to occur in the form of electrically charged 

double layers [18]. The electrically charged double layers are typically formed due to 

the partial blocking of charge carriers at the sample / electrode interface. This leads 

to the formation of a layer consisting of separated positive and negative charges. This 

layer has a very high capacitance and hence expresses as very high ε' and ε" values 

[19]. The relaxation process related to the charging and discharging of this electrical 

double layer is called the Electrode Polarization (EP) [20]. Based on this concept of 

EP, researchers have described a similar origin for the MWS polarization at the 

composite interfaces [18].  

On the application of an electric field (in BDS measurement) to a silica filled 

compound with a sulfide silane coupling agent, the insulating silica particle will absorb 

the charge that is applied. This is because the silica particle is not able to facilitate 

unlike the conducting carbon black particles where the transport of the charge can 

happen via a tunneling of electrons or a hopping of charges. This leads to a high 

electrochemical potential on the surface of the silica where SiO- and H+ form on the 

application of the electric field: see Figure 6.1.5-(b). Therefore for the equalization of 

the electrochemical potential there is a delocalization of the excess electrons from the 

silica surface (A) towards the polymer matrix (B) [18]. Due to this delocalization of 

the electrons away from the silica surface, there is a slight positive charge on the silica 

surface (A) and a slight negative charge on the polymer matrix (B). The double bonds 

(primarily vinyl and the styrene ring with delocalized electron ring) on the polymer 

chain get an induced polarization and a charging of the remaining mobile charges from 

the silanol groups (SiO- / H+) on the silica and the silane (RS- / H+). This leads to the 

formation of an electrically charged diffuse layer (also called the Gouy-Chapman layer) 



Chapter 6.1 
 

162 

 

which overlaps all three reinforcement layers [18, 21, 22]: see Figure 6.1.5-(a) from 

the work of Lewis, et al. [22].  

 

Figure 6.1.5 Nanointerface in a polymer (B)-inorganic silica particle (A) 

interface in case of an inorganic positively charged (a) a diffuse electric 

double layer is produced by charged silica particle A in a polymer B 

containing mobile ions or polarizable double bonds, (b) the electrochemical 

potential distribution over a distance (r) [22] 

 

From the BDS temperature sweeps at higher frequencies such as 106 Hz it is 

possible to see how the segmental dynamics at the smaller length scales (based on 

inverse relation of wavelength and frequency) is modified by the addition of filler: see 

Figure 6.1.6. The addition of the silica-TESPT filler system to S-SBR compounds has 

been described in literature as to involve the presence of a “silica process” at lower 

temperatures of approximately -60 to -80 °C [23, 24]. The presence of such a “silica 

process” has also been reported for S-SBR compounds with different silica-silane 

systems [24]. Meier et al. have attributed the “silica process” as two peaks: Silica Peak 

1 (SP1) and Silica Peak 2 (SP2)[24]. They have correlated SP1 to the amount of water 

and silanol groups of the precipitated silica, whereas SP2 was said to be due to the 

addition of silica and remained further unexplained. In the work of Fritzsche et al., 
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BDS measurements for the precipitated silica ULTRASIL 7000 GR (same grade as used 

in this work) without using silane have been reported. Amongst various other aspects 

such as the ion migration and EP effects at low frequencies and high temperatures, a 

well-developed peak was noted at 106 Hz and -80 °C which appears at the same 

location as silica filled elastomer composites [23]. This supports the conclusion from 

Meier et al. that the SP1 peak seems to be originated from the relaxation present in 

precipitated silica. 

 

  
 

 

 

 

 

 

 

At the BDS temperature sweep at 106 Hz for the silica-TESPT filled 100% HVLS 

S-SBR compound there is a peak of the segmental relaxation at the higher temperature 

which overlaps with the unfilled compound: see Figure 6.1.6. Similar to the findings 

from the literature, the filled 100% HVLS S-SBR also shows the peaks SP1 and SP2 in 

addition to the segmental relaxation. From the work of Fritzsche et al., it has been 

shown that the SP1 originates from the lower temperature relaxation peak of pure 

ULTRASIL 7000 GR [23]. As mentioned before this peak should be according to the 

literature from the chemisorbed water and the silanol groups on the surface of the 

silica [24]. However, it is assumed that there should not be any leftover water in the 

final mixed compounds due to the high temperatures involved in mixing. It is possible 

that the SP1 peak comes only from the vibrational and rotational motion of the silanol 

groups at the silica surface. The reaction of some of the silanol groups with TESPT 

leads to a reduction in the free rotation mobility of these groups at the surface of the 

silica and hence to a reduction in the peak height of SP1 [24]. Similarly, in the filled 
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Figure 6.1.6 BDS temperature sweep curves at 106 Hz for unfilled , TDAE-

extended and silica filled, and V5000-extended and silica filled A) 100 % 

HVLS S-SBR and B) HVLS S-SBR / BR 70 / 30 compound 

S-SBR:             Unfilled          TDAE and silica            V5000 and silica 

70 / 30:           Unfilled          TDAE and silica            V5000 and silica 
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70 / 30 blends there are in total 3 peaks: the SP1 peak, that of SP2 and additionally 

one peak caused by the segmental relaxation. The segmental relaxation of the 70 / 

30 blend remains unaffected by the addition of filler. The SP1 peak is likely to have 

the same origin as in the 100% HVLS S-SBR compound that is the rotational and 

vibrational motion of the silanol groups at the silica surface. The SP2 peak, which has 

been interpreted in literature as an effect of the addition of silica, remained 

unexplained any further [24]. A possible explanation for the origin of the SP2 peak is 

presented here. The response of the unfilled 70 / 30 compound (from Figure 3.1.1-D 

/ Chapter 3.1) is seen at the same location as in the filled compound: see Figure 6.1.6-

B. It is of a lower intensity in the unfilled compound. This leads to a possible 

explanation of the origin of the SP2 peak. In chapter 3.1 which deals with the study 

of unfilled HVLS S-SBR / BR compounds it was shown that this low temperature peak 

at almost -60 °C is caused by the self-concentration of 1,4-butadiene (cis/trans-BR) 

units and the β-relaxation coming from monomer level motions. Therefore, it is 

possible that the SP2 peak is based on the self-concentration of the cis/trans-BR units 

present in the filled 100 / 0 and 70 / 30 compounds. While it is easier to imagine such 

a self-concentration of similar segments of BR in the 70 / 30 compound, it is difficult 

to interpret a mechanism for this phenomenon in the 100 / 0 compound.  

 

A possible explanation for self-concentration of cis/trans-BR units in 100 / 0 

and 70 / 30 compounds is as follows: 

 

i) Self-concentration of cis/trans-BR units in the silica filled 100% HVLS S-SBR 

Compound: 

It is known from literature that the silanization reaction involves the reaction of 

primarily the butadiene segments from the butadiene fraction of S-SBR [25]. Sato et 

al. studied this with a model olefin system and found that there is a reduction in both 

the cis and vinyl configurations with the reaction by adding TESPT. While the formation 

of the chemically bound rubber layer may involve both cis and vinyl configurations, 

the immobilized layer is formed due to physical adsorption of polymer chains. The 

physical adsorption occurs by the polarization of the 𝜋-bonds of primarily the styrene 

and the vinyl groups in the polymer by the polar groups on the surface of the silica. 

This suggests that the immobilization of the polymer chains through physical 

adsorption is more likely for the styrene and the vinyl groups [26-30]. Additionally, 

the HVLS S-SBR used in this study is a functionalized polymer. There are indications 

that the HVLS S-SBR polymer chain is modified with a mercaptosilanes which leads to 

the presence of triethoxysilyl groups at the polymer chain. The triethoxysilyl groups 

are able to couple to the silanol groups on the silica surface leading to a direct chemical 
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bonding between the HVLS S-SBR chain and the silica. Moreover, the triethoxysilyl 

groups have  higher affinity to the surface of the silica. Therefore, it is likely that the 

HVLS S-SBR with the styrene, vinyl and the triethoxysilyl groups will be preferentially 

adsorbed at the surface of silica. This would result in a higher concentration of 

cis/trans-BR units in the unrestricted bulk layer. The higher concentration of the 

cis/trans-BR units in the unrestricted bulk layer can lead to a self-concentration of the 

cis/trans-BR microstructural units. This self-concentration of the cis/trans-BR units is 

then seen as the SP2 peak in the BDS temperature domain curves: see Figure 6.1.6. 

An illustration depicting a possible mechanism of such self-concentration of cis/trans-

BR units can be seen in Figure 6.1.7.  

 

ii) Self-concentration of cis/trans-BR units in the silica filled HVLS S-SBR / BR 70 / 

30 Compound: 

In the filled 70 / 30 compound there is the same three-layer reinforcement 

assumed as in the 100 / 0 compound. Ideally, the silane molecules attached to the 

surface of the silica can couple to both S-SBR and BR polymer chains because both 

chains contains a sufficient amount of double bonds [25]. However, as mentioned 

previously, the HVLS S-SBR has a higher polarity than the BR due to the styrene and 

the vinyl units in the main chain and the polar functional groups (possibly, triethoxysilyl 

groups) which can make the direct bond to silica surface. This makes the HVLS S-SBR 

more preferential than the BR chains to form chemically bound rubber and an 

immobilized layer. This would essentially increase the concentration of the BR chains 

in the unrestricted bulk layer. The SP2 peak (already seen in the unfilled 70 / 30 blend) 

is only amplified in the filled system due to the higher amount of cis/trans-BR units 

available in the unrestricted bulk to form the self-concentrated islands of BR: see 

Figure 6.1.7. Refer also to Section 3 / Chapter 3.1 for the origin of the self-

concentration of cis/trans-BR units in unfilled HVLS S-SBR / BR blends. 

The height of the SP1 and the SP2 peaks is higher in the TDAE compounds 

than in the V5000 compounds: see Figure 6.1.6. A higher SP1 peak means a higher 

number of unreacted silanol groups and a higher SP2 peak means a higher amount of 

self-concentration of the cis/trans-BR units in the TDAE compounds. In the silica-filled 

100% HVLS S-SBR compounds, there is not a significant difference between the SP1 

peak at -80 °C for the compounds with the TDAE and the V5000 oil: see Table 6.1.3., 

while there is a significant difference between the SP2 peak at -60 °C for the 

compounds with the TDAE and the V5000 oil. The height of the SP2 peak at -60 °C is 

lower for the V5000 compound indicating lesser self-concentration of the cis/trans-BR 

units. In the silica filled HVLS S-SBR / BR 70 / 30 compounds, there is a significant 
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difference between the SP1 peak at -80 °C and the SP2 peak at -60 °C for the 

compounds with the TDAE and the V5000 oil: see Table 6.1.3. 

 

 

Figure 6.1.7 Illustration showing a possible mechanism of formation of A) 

chemically bound layer, B) immobilized polymer layer with preferential 

adsorption of vinyl and styrene groups on the surface of silica leading to 

self-concentration of cis/trans-BR units (in red circles) in silica filled HVLS 

S-SBR compounds 

C – cis 1,4 butadiene; T – trans 1,4 butadiene; V – 1,2 butadiene;   

  – Styrene 
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The height of the SP1 peak at -80 °C is lower for the V5000 compound indicating a 

lower amount of remaining silanol groups and hence better hydrophobation of the 

silica surface. Since the V5000 oil is a more polar oil than the TDAE oil, it has a better 

interaction with the polar silica surface. The polar V5000 molecules interact with the 

silanol groups at the silica surface. But the functionalized HVLS S-SBR can compete 

with the V5000 due to its ability to make a chemical bond with the silanol groups at 

the silica surface. Based on the higher reduction in the silanol groups (based on the 

reduction in the height of SP1 on figure 6.1.6) compared to the TDAE compounds, it 

is concluded that the presence of the V5000 oil in the compounds actually improves 

the rubber coupling reaction. The functionalized HVLS S-SBR chain can directly couple 

to the silanol groups on the silica surface which leads to a further reduction in the 

remaining silanol groups. The presence of lesser filler-filler interactions is supported 

by the Payne effect measurements: see Figure 6.1.7. The height of the SP2 peak at -

60 °C is lower for the V5000 compound indicating lesser self-concentration of the 

cis/trans-BR units. The higher miscibility in the unfilled 70 / 30 blend with V5000 than 

in TDAE-extended blends has also been established in Chapter 5: compare the Figures 

5.16 and 4.16. The degree of compatibility (or miscibility) has been correlated to a 

decrease in the fractional free volume of the unfilled oil-extended compounds. Since 

V5000 is found to have more compatibility with the unfilled HVLS S-SBR / BR 70 / 30 

blend, it reduces the fractional free volume in the oil-extended blend.  

 

Table 6.1.3 The values of SP1 at -80 °C and SP2 at -60 °C for the HVLS S-

SBR and the HVLS S-SBR / BR 70 / 30 silica filled compounds with TDAE 

and V5000 

 S-SBR with 

TDAE and 

silica 

S-SBR with 

V5000 and 

silica 

70 / 30 with 

TDAE and 

silica 

70 / 30 with 

V5000 and 

silica 

SP1 at -80 °C 0.511 0.456 0.625 0.501 

SP2 at -60 °C 0.596 0.538 0.744 0.660 

    

Considering the magnitude of decrease in the Payne effect with the V5000 oil, 

especially for the 70 / 30 is too large to be explained by a lower amount of remaining 

silanol groups. Therefore, it is possible that the total reduction in the Payne effect is 

due to a higher degree of coupling reaction (leading to lower amount of silanol groups) 

resulting in a higher miscibility in the blend. The filler-filler interactions in the 100 / 0 

and 70 / 30 blends with V5000 are strikingly similar: see Figure 6.1.8. There is a slight 

deviation at higher strains (100 % strain) due to the difference in the improved 

polymer-filled coupling in the 100% HVLS S-SBR with V5000. It can additionally be 



Chapter 6.1 
 

168 

 

due to the difference in the crosslink density of the compounds as estimated by the 

difference between the highest and the lowest torque values from the cure curves: 

see Table 6.1.4. Although the delta torque is influenced from the filler-filler network 

in addition to the crosslink density, it is a reasonable estimation of the crosslinking 

density in this case as the amount and the type of the filler system is always the same. 

 

 

 

 

 

 

 

 

Table 6.1.4 Crosslinking density estimation with the delta torque ΔS 

(maximum torque – minimum torque) from the RPA cure characteristics 

measurements at 1.67 Hz and 13.95 % strain 

Compounds  

/ wt. ratio 

Maximum Torque 

(Smax) /dNm 

Minimum Torque 

(Smin) /dNm 

ΔS (Smax – Smin) 

/dNm 

TDAE 

100 / 0 34 6 28 

70 / 30 38 7 31 

V5000 

100 / 0 44 7 37 

70 / 30 35 9 27 

 

 

Figure 6.1.8 Payne effect for TDAE-extended and V5000-extended silica 

filled 100 % HVLS S-SBR and HVLS S-SBR / BR 70 / 30 compound 

S-SBR:                 TDAE and silica                       V5000 and silica 

70 / 30:               TDAE and silica                       V5000 and silica 
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4. CONCLUSIONS 

The silica-TESPT reinforced 100% HVLS S-SBR and HVLS S-SBR / high cis BR 

compounds 70 / 30 wt. ratio compounds with TDAE and V5000 were studied for their 

reinforcement behavior in context of the three layer reinforcement model with DMA 

and the BDS methods.  

Common conclusions for the TDAE and V5000 compounds 

The viscoelastic response of these filled compounds is compared with that of 

the respective unfilled blends from Chapter 3.1. The DMA temperature sweep 

measurements indicate a broadening of the filled compounds primarily towards the 

right side (higher temperatures) with respect to the unfilled compounds. This is due 

to the increase in small-scale heterogeneities (chemically bound and immobilized 

layer) on the addition of the filler. The BDS frequency sweep measurements show an 

increase in the segmental mobility of what is the main blend phase (unrestricted bulk 

layer). The BDS temperature sweeps show almost no difference in the main blend 

phase. However, there is an additional peak at the lower temperature side with 

contributions from the silanol groups (SP1) and the self-concentrated cis/trans-BR 

units (SP2). The SP1 peak is used to estimate the extent of the silanization reaction 

and the quality of hydrophobation of the silica surface as the silanol groups decrease 

with higher completion of this reaction. Although an higher amount of silane attached 

to the silica surface does not guarantee a higher amount of rubber coupling reaction, 

it does increase the chances of a possible polymer-filler coupling. The SP2 peak gives 

an indication for the extent of miscibility as the intensity of this peak is reduced with 

higher miscibility in the compounds. 

Differences between the TDAE and V5000 compounds 

On comparison of the TDAE and V5000 compounds, it is noticed that the peak 

height of the SP2 peak at -60 °C is lower for the V5000 compounds: see Figure 6.1.3. 

This means that this compound has a higher miscibility than the TDAE compounds. 

The same effect of the V5000 oil was also seen in the oil-extended unfilled compounds 

as described in chapter 5. The increase in the miscibility and the higher amount of 

rubber coupling reaction as seen from the reduction in SP2 peak and the SP1 peak, 

respectively, leads to a reduction of the Payne effect. A prominent effect of the 

improvement in the miscibility can be seen in the filler-filler interactions for the 70 / 

30 blend where the Payne effect in the blend is almost the same as in the pure S-SBR 

compound. Overall, the 100% HVLS S-SBR and the HVLS S-SBR / BR 70 / 30 

compounds with V5000 have the highest miscibility, the lowest amount of remaining 

silanol groups and the lowest filler-filler interactions. 
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Table 6.1.5 Comparison of the 100% HVLS S-SBR and HVLS S-SBR / BR 70 

/ 30 blends with TDAE and V5000 for the properties estimated by the BDS 

method and the Payne effect from RPA 

100% HVLS S-SBR and 70 / 30 blend TDAE V5000 

BDS   

Segmental mobility of main blend phase (bulk)  Higher Lower 

SP1 (Silanol groups)  More Less 

SP2 (self-concentrated cis/trans BR units)  More Less 

RPA – Payne Effect   

Filler-Filler interactions More Less 

OVERALL EFFECT  Preferred compounds: 

Lesser filler-filler 

interactions with higher 

miscibility 
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CHAPTER 6.2 

SILICA-FILLED IMMISCIBLE S-SBR / BR 

BLENDS 

 
Summary 

In this chapter, a similar framework as used in the Chapter 6.1 for a miscible system 

is adopted here to understand the reinforcement effect of a silica-silane system on 

100 % LVHS S-SBR and the immiscible LVHS S-SBR / high cis-BR compounds in the 

70 / 30 wt. ratios. As explained in Chapter 6.1, the use of a silica and a bi-functional 

silane leads to the formation of a three layer reinforcement in filled compounds. The 

chemical linkage of the silane to the surface of the silica on one end and the rubber 

chains on the other end leads to the formation of a chemically bound rubber layer. 

Beyond this chemically bound rubber layer is a layer of loosely bound rubber chains 

(immobilized layer) which also contributes to the increase in the modulus of the rubber 

blends. Finally, there is an unrestricted bulk layer which has no restriction in its 

mobility [1-6]. Measurements with DMA can be used to estimate the amount of these 

reinforcement layers in the blends [7, 8]. Therefore, the 100 / 0 and the 70 / 30 

compounds are studied with DMA and additionally with Broadband Dielectric 

Spectroscopy (BDS) measurements. The aim is to improve the understanding of the 

reinforcement effect on the segmental dynamics as well as the temperature and 

frequency dependence of the viscoelastic behavior of these blends. 
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1. INTRODUCTION 

This chapter is based on the same concept as Chapter 6.1 which presents a 

study of the reinforcement mechanism of the silica-silane system in the HVLS S-SBR 

and the miscible HVLS S-SBR / BR 70 / 30 blends. The silica-silane system has been 

described in literature to have a three layer reinforcement effect of the compounds by 

the formation of a chemically bound layer (chemically bound rubber), an immobilized 

layer with restricted mobility (physically bound rubber) and an unrestricted bulk layer 

[1-6]: see Figure 6.1.1 for an illustration of the 3 layer reinforcement model. The 

reinforcement mechanism has been investigated in the framework of the three layer 

reinforcement of the silica-silane filled compounds. The compounds studied in the 

Chapter 6.1 are based on the HVLS S-SBR. The HVLS S-SBR consists of the following 

ratio of isomers: 13% cis / 17% trans / 49% vinyl / 21% styrene. Due to its high vinyl 

content, it makes a miscible blend with the high cis-BR: see also Section 1.2.1 / 

Chapter 2 for a detailed account of the miscibility characteristics based on 

microstructure in SBR / BR blends. The presence of a single peak on the Dynamic 

mechanical Analysis (DMA) is a first indication to the miscibility in the HVLS S-SBR / 

BR blends: see Figure 3.1.1-A / Chapter 3.1 for unfilled blends and Figure 6.1.2 / 

Chapter 6.1 for filled blends. The LVHS S-SBR consists of a different ratio of isomers: 

17% cis / 29% trans / 14% vinyl / 40% styrene. The blends of the LVHS S-SBR with 

high cis BR show two peaks on the DMA indicating immiscibility in these blends: see 

Figure 3.2.1-A / Chapter 3.2. This chapter deals the study of the silica filled 100 % 

LVHS S-SBR and the LVHS S-SBR / BR 70 / 30 compounds. The silica filled LVHS S-

SBR / BR blends are known to be immiscible blends and are used in tread applications 

for a better balance of Wet Skid Resistance (WSR) and Abrasion Resistance (AR) [9, 

10]. In comparison to the HVLS S-SBR / BR blends, the LVHS S-SBR / BR blends show 

better AR at the same level of WSR (as predicted by tan δ at 0 °C). Abrasion of rubber 

results from mechanical removal of parts of the surface due to high local frictional 

stresses. Due to the entangled structure of the rubber chains, they can undergo 

considerable lateral deformation without fracture by stretching and twisting of chains  

[11, 12]. This lateral deformation is easier for highly linear cis-butadiene (cis-BR) 

compared to the other microstructural units in BR or S-SBR. Hence the increase in 

amount of cis-BR or the decrease in the amount of the bulky vinyl units leads to a 

lower Tg and a better AR [13]. 

In this chapter, the silica filled 100% LVHS S-SBR and LVHS S-SBR / BR 70 / 30 

compounds with mineral-based TDAE are studied. An investigation of the three layer 

reinforcement behavior of these compounds was carried out by using Dynamic 

Mechanical Analysis (DMA), Broadband Dielectric Spectroscopy (BDS) and Rubber 

Process Analyzer (RPA). 
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2. EXPERIMENTAL 

The experimental section is the same as described in Chapter 6.1 except that 

the compounds are composed of LVHS S-SBR and high cis-BR. 

 

3. RESULTS AND DISCUSSIONS 

The effect of the addition of reinforcing silica filler along with a bi-functional 

silane, TESPT on the 100% LVHS S-SBR and the LVHS S-SBR / BR 70 / 30 compounds 

can be seen on DMA and BDS curves: see Figures 6.2.1-6.2.3. On the Figure 6.2.1-A, 

the normalized tan δ curves of the silica filled 100% LVHS S-SBR compound with TDAE 

are compared to the respective unfilled systems. On the one hand, the peak of the 

tan δ for the silica filled 100% LVHS S-SBR compound is almost overlapping with that 

of the unfilled compound. On the other hand, there is a broadening of the tan δ on 

the higher temperature side in the silica filled compounds. It leads to a higher tan δ 

at the higher temperatures for the silica filled 100% LVHS S-SBR compounds. In the 

unfilled 100% LVHS S-SBR compounds, the tan δ drops to very low values after the 

glass-to-rubber transition as the rubbery phase has lower loss modulus (G") and 

storage modulus (G'): see Figure 6.2.2-A. In the silica filled 100% LVHS S-SBR 

compounds, the tan δ is higher in the rubbery region compared to the unfilled 

compounds due to the higher values of both the loss modulus (G") and the storage 

modulus (G'): see Figure 6.2.2-A. From the tan δ as well as the G' and G" curves, no 

significant effect on the segmental mobility (or the Tg) is seen for the silica filled 100% 

LVHS S-SBR compounds with TDAE compared to the unfilled system.  

 

  

 

 

 

 

Figure 6.2.1 DMA temperature sweep curves showing tan δ at 1 Hz for 

unfilled , TDAE-extended and silica filled A) 100 % LVHS S-SBR and B) LVHS 

S-SBR / BR 70 / 30 compound 

S-SBR:               Unfilled                 TDAE and silica               

70 / 30:             Unfilled                 TDAE and silica               
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On the Figure 6.2.1-B, a broad tan δ peak with a single maximum corresponding 

to the Tg is seen in the filled 70 / 30 compounds as opposed to the presence of two 

maxima in the unfilled counterparts. The maximum of the tan δ peak for the 70 / 30 

blend is almost at the same location as the maximum for the 100% LVHS S-SBR in 

the unfilled compound. A two-sided broadening of the 70 / 30 filled compound can be 

observed due to  the addition of the filler, influencing the higher temperature side, 

and the merging with the BR peak, influencing the lower temperature side. 

 

  

 

 

 

 

 

 

 

 

The broadening on the higher temperature side has also been noticed in the 

miscible compounds studied in Chapter 6.1. It is considered to be due to the small-

scale heterogeneities that are introduced by adding the silica-TESPT filler system. As 

illustrated in Figure 6.1.1, there are three different components in the silica-TESPT 

filled compounds: chemically bound layer, immobilized polymer layer and unrestricted 

bulk layer. The chemically bound layer, the immobilized layer and the unrestricted bulk 

layer with different extent of segmental mobility with the following order: chemically 

bound layer < immobilized layer < unrestricted bulk layer. The presence of the layers 

of varied thickness (or length-scale) and different extent of mobility leads to the small-

scale heterogeneities in the filled systems. The broadening at higher temperatures in 

silica filled compounds has also been described in literature as the contribution of the 

filler-filler and filler-polymer network [14, 15]. In the case of an unfilled system in the 

rubbery region, there is a very high mobility of the polymer resulting in a low modulus 

Figure 6.2.2 DMA temperature sweep curves showing G׳ and G" at 1 Hz for 

unfilled , TDAE-extended and silica filled A) 100 % LVHS S-SBR and B) LVHS 

S-SBR / BR 70 / 30 compound 

S-SBR (G׳):             Unfilled                  TDAE and silica               

S-SBR (G"):            Unfilled                   TDAE and silica  

70 / 30 (G׳):           Unfilled                   TDAE and silica               

70 / 30 (G"):          Unfilled                   TDAE and silica               
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(G" and G'). While in the case of a filled system in the rubbery region, even after the 

unrestricted polymer phase loses its strength (in terms of the modulus) there is still 

the filler-filler and the filler-polymer network which contributes to the measured 

modulus (G" and G'). Therefore, the broadening of tan δ as well as the higher tan δ 

at higher temperatures with respect to the unfilled compounds in both the 100% LVHS 

S-SBR and the LVHS S-SBR / BR 70 / 30 compound is concluded to be due to the 

presence of the small-scale heterogeneities coming from the three layers 

reinforcement and the contribution of the filler-filler network to the modulus.  

On the Figure 6.2.2-B, two step-like transitions are seen for G' and two maxima 

are seen for G" in the unfilled 70 / 30 compounds, whereas a broad step-like transition 

is seen for the G' and a broad maximum for the G" for the filled ones. A slight shift 

can be recognized towards the lower temperature side for the G" curve as a 

consequence of merging with the BR contribution. This surprising aspect of the 

viscoelastic behavior of the filled 70 / 30 blend may be explained based on the large 

length-scale associated with the DMA measurement at 1 Hz. As described in the 

Section 3 / Chapter 3.2, there is expected to be a clear separation of the LVHS S-SBR 

and the BR phases in the unfilled 70 / 30. The lack of the possibility of interpenetration 

of the LVHS S-SBR and the BR leads to a phase separation of a length-scale that is 

even measurable at 1 Hz: see Figure 6.2.3-A. In fact, at the higher frequencies such 

as 103 – 104 Hz there are up to three contributions (peak I, II and III) to the peak of 

dielectric loss in the unfilled 70 / 30 blends. The peak I is the contribution from LVHS 

S-SBR, peak II from the crystallite-rich component of the BR phase and peak III from 

the more mobile amorphous-rich component of the BR phase: see Section 2 / Chapter 

3.2 for a detailed account.  

The addition of 90 phr of the silica-silane system can disrupt this phase 

separation. The silica-TESPT filler system creates the three layers of reinforcement 

namely, the chemically bound layer, the immobilized layer and the unrestricted layer. 

As mentioned before, this leads to small-scale heterogeneities due to the presence of 

three layers of different level of thickness and mobility in the filled blend. The 

chemically bound layer has the least mobility and the immobilized layer has limited 

mobility. Therefore, in the filled LVHS S-SBR / BR 70 / 30 blend, phase separation can 

only happen in the unrestricted bulk layer. This changes the length-scale of the phase 

separation and makes it measurable only at frequencies of 100 Hz or higher: see 

Figure 6.2.3-B. 
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From the BDS frequency sweeps it is additionally possible to see the effect of 

the addition of the silica-TESPT system on the segmental dynamics of the 100 % LVHS 

S-SBR and the LVHS S-SBR / BR 70 / 30 compounds. As mentioned in Chapter 6.1, 

the absolute value of the dielectric loss ε" is related to the number density of the 

Figure 6.2.3 BDS temperature sweep curves showing normalized ε" from 1 

to 106 Hz for A) unfilled and B) TDAE-extended and silica filled LVHS S-SBR 

/ BR 70 / 30 compound 

70 / 30:            Unfilled                 TDAE and silica               
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polarizable species between the electrodes, depending on many experimental factors 

like sample thickness, pressure, contact area, etc. Due to the presence of a number 

of experimental factors that influence the height and the area under the peak of the 

dielectric loss ε", it is not possible to obtain meaningful information from these 

quantities. On the Figure 6.2.4, the dielectric loss ε" is presented on a logarithmic 

scale to see the effect of the addition of the filler on the segmental dynamics of the 

compounds. It is possible to see the effect of the filler on the segmental dynamics 

through observing any change in the location of the frequency of maximum loss (fmax).  

 

  

 

 

 

 

 

 

In the 100% LVHS S-SBR compound, the fmax remains unaffected by the 

addition of the filler: see Figure 6.2.4-A. In the 70 / 30 unfilled compound, there are 

two distinct ε" peaks in two distinct temperature regions. The peak at the temperature 

of -20 °C corresponds to the S-SBR phase and that at a temperature of -60 °C 

corresponds to the BR phase: see Figure 6.2.4-B. On addition of the filler to the 70 / 

30 compound, there is only one ε" peak which appears to have broadened over the 

entire frequency range from the fmax of S-SBR and the fmax of the BR phase of the 

unfilled compound. This could mean that there is a broad peak that consists of the 

contribution of both the S-SBR and the BR phases in the filled 70 / 30 blend. It is 

similar conclusion to the one from the BDS temperature sweeps at a range of 

frequencies 1 – 106 Hz where it was seen that the phase separation in the filled 70 / 

30 blend starts at a frequency of 100 Hz. In the filled blends, the formation of a 

separate BR phase is limited to the unrestricted bulk layer making it a smaller length-

scale process as compared to the unfilled blend. Thus, it is likely that the smaller-

Figure 6.2.4 BDS frequency sweep curves for unfilled, TDAE-extended and 

silica filled A) 100 % LVHS S-SBR at -10 °C and B) LVHS S-SBR / BR 70 / 30 

compound at -20 °C and -60 °C 

S-SBR:                Unfilled                TDAE and silica               

70 / 30:              Unfilled                TDAE and silica               



Chapter 6.2 
 

180 

 

length-scale phases are leading to small-scale heterogeneities in the blend which are 

expressed as a broad dielectric loss ε" peak on the frequency sweep. 

In addition to the broad peak corresponding to the segmental dynamics of the 

S-SBR and the BR chains in the 70 / 30 blend, there is a striking increase in the 

dielectric loss (ε") on the low frequency side of the frequency sweep curves for the 

filled 100 % LVHS S-SBR and LVHS S-SBR / BR 70 / 30 compounds: see Figure 6.2.4. 

A similar observation was made in Chapter 6.1 for the filled 100% HVLS S-SBR and 

the HVLS S-SBR / BR 70 / 30 compounds: see also Figure 6.1.4. It has been attributed 

to the Maxwell-Wagner-Sillars (MWS) effect which happens due to the interfacial 

polarization at the silica-polymer interface. In composites with materials with different 

dielectric constants like the silica-TESPT filled S-SBR / BR blends, the MWS relaxation 

refers to the frequency dependence of interfacial polarization / separation of charges 

/ ion accumulation that occurs at the interface. This kind of polarization arising at the 

interfaces is due to the migration of charge carriers through different phases of the 

composite material resulting in differential charge accumulation at the interfaces [16]. 

The separation of charges has been described in literature to happen in the form of 

electrically charged double layers. The electrically charged double layers are typically 

formed due to the partial blocking of charge carriers at the sample / electrode 

interface. This leads to the formation of a layer consisting of separated positive and 

negative charges. This layer has a very high capacitance and hence expresses as very 

high ε' and ε" values [17].  

On the application of an electric field (in BDS measurement) to a silica filled 

compound with a sulfide silane coupling agent, the insulating silica particle absorbs 

the charge that is applied. This is because the silica particle unlike the carbon black 

particles cannot transport the charge via tunneling of electrons or hopping of charges. 

This leads to a high electrochemical potential at the surface of the silica where SiO- 

and H+ ions are formed during the application of the electric field: see Figure 6.1.5-

(b) / Chapter 6.1. Therefore, for the equalization of the electrochemical potential there 

is a delocalization of the excess electrons from the silica surface (A) towards the 

polymer matrix (B) [18]. Due to this delocalization of the electrons away from the 

silica surface, there is a slight positive charge at the silica surface (A) and a slightly 

negative charge in the polymer matrix (B). The double bonds (primarily vinyl and the 

styrene ring with delocalized electron ring) at the polymer chain get an induced 

polarization and a charging of the remaining mobile charges from the silanol groups 

(SiO- / H+) of the silica and from the mercapto-group of the silane (RS- / H+): see 

Figure 6.1.5-(a) / Chapter 6.1 from the work of Lewis, et al. [19]. This leads to the 

formation of an electrically charged diffuse layer (also called the Gouy-Chapman layer) 

which overlaps all three reinforcement layers [18-20].  
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In order to better understand the effect of the addition of the filler on the 

segmental dynamics of the 70 / 30 compound, Havriliak-Negami (HN) fittings are done 

for the BDS frequency sweeps at various temperatures where the relaxation peak 

exists. The detailed description of the HN fitting protocol can be found in chapter 3.1 

/ section 3. The HN fittings are utilized here to identify the differences in the entire 

range of the relaxation dynamics of the unfilled and the filled 70 / 30 blends. As 

described in the Chapter 3.2, there are two types of relaxations present in the unfilled 

LVHS S-SBR / BR 70 / 30 compound: the segmental relaxation (or the Tg) which 

happens on the segmental level and the β-relaxation which happens on the monomer 

level: see Figure 3.1.3 / Chapter 3.1 and Table 3.2.6 / Chapter 3.2. Depending on the 

temperature range at which the HN fittings are done, it is possible to identify the 

segmental and the β-relaxation. 

 

Table 6.2.1 HN-fitting parameters for the fittings of the peak of segmental 

relaxation of unfilled: LVHS S-SBR, BR and the LVHS S-SBR / BR 70 / 30 

blend, and filled 70 / 30 blend 

Compound Temp. Δε b C      𝜏HN 

Unfilled compounds 

LVHS S-SBR -10 °C 0.26 0.49 0.72 2.69 × 10-3 

70 / 30 – S-SBR phase -20 °C 0.28 0.50 0.29 4.92 × 10-1 

70 / 30 – BR phase -60 °C 0.13 0.33 0.57 3.85 × 10-3 

BR –Amorphous-rich -80 °C 0.15 0.53 0.38 7.21 × 10-6 

BR –Crystallite-rich -80 °C 0.25 0.42 0.43 4.62 × 10-2 

Filled compounds 

70 / 30  -15 °C 0.65 0.20 0.74 9.94 × 10-4 

 

In the unfilled 70 / 30 blend, there are three temperature ranges where the 

relaxation peak is clear: -120 to -90 °C; -60 to -10 °C; -20 to 20 °C. The HN fittings 

have been done in the Chapter 3.2 for the relaxation peaks in the three different 

temperature ranges: see Table 3.2.2 / Chapter 3.2. The relaxation time (𝜏HN) obtained 

from the HN fittings is used to calculate the 𝜏max using Equation 3.1.2. An activation 

plot (logarithm of the 𝜏max versus the inverse of temperature) can then be plotted to 

see how the different relaxations are located: see Figure 6.2.5. The segmental 

relaxation (or the Tg) is seen to have two components: the segmental relaxation of 

the BR phase from the -60 to -20 °C temperature range and the segmental relaxation 

of the S-SBR phase from the -20 to 20 °C temperature range. The relaxation in the 

temperature range of -120 to -90 C corresponds to the β-relaxation. It is due to the 
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rotational and vibrational motions of the styrene groups from the S-SBR and the 

cis/trans-butadiene groups from the BR. 

 

Table 6.2.2 HN-fitting parameters for the β-relaxation of unfilled: LVHS S-

SBR, BR and the LVHS S-SBR / BR 70 / 30 blend, and filled 70 / 30 blend 

Compound Temp. Δε b C      𝜏HN 

Unfilled compounds 

LVHS S-SBR -120 °C 0.03 0.50 0.38 2.05 × 10-3 

70 / 30 -120 °C 0.05 0.42 0.40 3.49 × 10-3 

BR -120 °C 0.06 0.37 0.51 1.12 × 10-2 

Filled compounds 

70 / 30 -120 °C 0.26 0.28 0.56 8.87 × 10-3 

 

 

Figure 6.2.5 Temperature dependence of the maximum relaxation times of 

the unfilled: LVHS S-SBR, BR and the LVHS S-SBR / BR 70 / 30 and the 

filled: LVHS S-SBR / BR 70 / 30 blend 

 

 

 

In Figure 6.2.5, there are also the contributions from the segmental relaxations 

and the β-relaxations of the unfilled 100% LVHS S-SBR and the unfilled 100% BR. The 

unfilled 100% LVHS S-SBR has a segmental relaxation related to the Tg and a β-

relaxation from the vibrational and rotational motions of the styrene groups. The 

unfilled 100% BR has a crystallite-rich and an amorphous-rich component of the 

Unfilled:      LVHS S-SBR         BR          LVHS S-SBR / BR 70 / 30;  

Filled:        LVHS S-SBR / BR 70 / 30      
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segmental dynamics and a β-relaxation from the vibrational and rotational motions of 

the styrene groups. The crystallite-rich and the amorphous-rich components are fitted 

as two individual HN contributions at each temperature. It can be observed in the 

activation plot as two polymeric contributions separated by a few decades in the 

relaxation time: see Figure 6.2.5. The crystallite-rich component being more restricted 

is located at lower relaxation times than the amorphous-rich with higher mobility.  The 

further details of the fittings for the unfilled 100% LVHS S-SBR, the unfilled 100% BR 

and the unfilled LVHS S-SBR / BR 70 / 30 compounds are in Section 3 / Chapter 3.2.  

Based on the BDS frequency sweeps for the filled 70 / 30 blend, there is only 

one contribution to the segmental dynamics and a possible β-relaxation. The HN 

fittings have been done in the temperature range of the relaxation peak corresponding 

to the segmental dynamics and the β-relaxation. On the activation plot, the segmental 

dynamics of the filled 70 / 30 blend is almost overlapping with the S-SBR phase 

contribution of the unfilled 70 / 30 blend: see Figure 6.2.5. This indicates that the 

segmental dynamics of the filled 70 / 30 blend is representative of the S-SBR phase 

in the blend. The β-relaxation of the filled 70 / 30 blend is also almost overlapping 

with that of the unfilled 70 / 30 blend. The β-relaxation of the filled 70 / 30 blend 

should be from the same rotational and vibrational motions of the styrene and 

cis/trans-butadiene groups as in the unfilled blend. Therefore, there are only two 

contributions to the relaxation dynamics of the filled 70 / 30 blend: the segmental 

dynamics which is representative of the S-SBR in the blend and the β-relaxation which 

comes from the styrene groups of the S-SBR and the cis/trans-butadiene groups of 

the BR in the blend. However, there is no other contribution in the filled 70 / 30 blend 

in between the segmental dynamics and the β-relaxation. While in the unfilled 70 / 30 

blend there is the contribution of the segmental dynamics of the BR which is located 

in between the segmental dynamics of the S-SBR phase and the β-relaxation in the 

blend. This proves that in the filled 70 / 30 blend there is only one contribution to the 

segmental dynamics and a β-relaxation.  

The β-relaxation of the unfilled and the filled 70 / 30 blend is located very close 

(circled in red on Figure 6.2.5) to the amorphous-rich contribution of the BR giving an 

indication that it might be related to this contribution. It has been shown in literature 

that in a blend of a copolymer (–AB–) and a homopolymer (–A–), there can be self-

concentration of like –A– segments [21]. The HVLS S-SBR and LVHS S-SBR are 

composed of a different distribution of the same units: cis / trans / vinyl / styrene and 

the BR is composed of mainly cis and trans units. Therefore, a self-concentration of 

cis/trans-butadiene units can take place in the HVLS S-SBR / BR and LVHS S-SBR / BR 

blends in the 70 / 30 and the 50 / 50 wt. ratios: see Section 3 / Chapter 3.1 and 

Section 3 / Chapter 3.2 for more details. Therefore, it is likely that the points circled 
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in red in Figure 6.2.5 correspond to the self-concentration of cis and trans-BR units in 

the unfilled and filled LVHS S-SBR / BR 70 / 30 blend. The presence of self-

concentrated units will be further discussed in this section with the BDS temperature 

sweeps: see later the discussion of the SP2 peak in Figure 6.2.6. 

 

  

 

 

 

 

 

 

From the BDS temperature sweeps at higher frequencies such as 106 Hz it is 

possible to see how the segmental dynamics at the smaller length scales (based on 

inverse relation of wavelength and frequency) is modified by the addition of filler: see 

Figure 6.2.6. The addition of the silica-TESPT filler system to the 100 % LVHS S-SBR 

compounds has been described in literature and in the Chapter 6.1 to introduce SP1 

and SP2 peaks at lower temperatures around -60 °C to -80 °C and -80 °C to -100 °C, 

in addition to the segmental relaxation [22, 23]: see also Figure 6.1.6 / Chapter 6.1. 

As described in Chapter 6.1, the work of Fritzsche et al. described the  SP1 peak to be 

from the chemisorbed water and the silanol groups at the surface of the pure 

ULTRASIL 7000 GR [22, 23]. However, it is assumed that there should not be any 

leftover water in the final mixed compounds due to the high temperatures involved in 

mixing. Therefore, in this work it is suggested that the SP1 comes only from the 

vibrational and rotational motion of the silanol groups at the surface of silica. The 

reaction of some of the silanol groups with TESPT leads to a reduction in the free 

rotation mobility of these groups at the surface of the silica and hence to a reduction 

in the peak height of SP1 [23]. Similarly, in the filled 70 / 30 blends there are in total 

three peaks: the SP1, the SP2 and the segmental relaxation: see Figure 6.2.6-B. The 

segmental relaxation of the 70 / 30 blend also remains unaffected by the addition of 
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Figure 6.2.6 BDS temperature sweep curves at 106 Hz for unfilled, TDAE-

extended and silica filled A) 100 % LVHS S-SBR and B) LVHS S-SBR / BR 70 

/ 30 compound 
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the filler. The SP1 is likely to have the same origin as in the 100% LVHS S-SBR 

compound that is the rotational and vibrational motion of the silanol groups at the 

surface of the silica. The SP2 peak has been interpreted in literature as an effect of 

the addition of silica and remained unexplained any further [23]. A possible 

explanation for the origin of the SP2 peak has been presented in Chapter 6.1. The 

same explanation is adapted in this chapter. In the response of the unfilled LVHS S-

SBR / BR 70 / 30 compound (from Figure 3.2.1-D / Chapter 3.2) it is seen that there 

is a peak at the same location as in the filled compound: see Figure 6.1.6-B. It is of a 

lower intensity in the unfilled compound. This leads to a possible explanation of the 

origin of the SP2 peak. In chapter 3.2 which deals with the study of unfilled LVHS S-

SBR / BR compounds it was shown that this low temperature peak at almost -60 °C 

to -80 °C is a contribution of the self-concentration of 1,4-butadiene (cis/trans-BR) 

units and the β-relaxation coming from monomer level motions. Therefore, it is 

concluded that the SP2 might be the result of the self-concentration of the cis/trans-

BR units present in the filled 100% LVHS S-SBR and the 70 / 30 compounds. While it 

is easier to imagine such a self-concentration of similar segments of BR in the 70 / 30 

compound, it is difficult to interpret a mechanism for this phenomenon in the 100% 

LVHS S-SBR compound.  

A possible explanation for self-concentration of cis/trans-BR units in 100% 

LVHS S-SBR and the 70 / 30 compounds is as follows: 

 

i) Self-concentration of cis/trans-BR units in the silica filled 100% LVHS S-SBR 

Compound: 

The LVHS S-SBR chains have a high concentration of styrene groups with the 

de-localized 𝜋-electron ring which creates attractive forces between them and the 

functional groups on the surface of the silica. These attractive forces help to disperse 

silica particles in a better way and prevent a re-agglomeration of silica. Furthermore, 

the surface of the silica can attract more S-SBR chains due to the high amount of 

polarizable 𝜋-bonds (mainly styrene and vinyl groups) in the main chain. This increases 

the amount of the immobilized rubber (physically bound rubber). Based on the three 

layer reinforcement model as explained in the Section 1 / Chapter 6.1, there is still an 

unrestricted rubber layer beyond the chemically bound rubber and the immobilized 

rubber layer. Sato et al, have studied compounds with low and high styrene S-SBR’s 

to find higher physically and chemically bound rubber in the high styrene S-SBR 

compounds after the 1st mixing stage at the same mixing times [24]. A preferential 

interaction of the styrene and the vinyl groups with the silica surface would result in 

a higher concentration of cis/trans-BR units in the unrestricted bulk layer. The higher 

concentration of the cis/trans-BR units in the unrestricted bulk layer can lead to a self-
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concentration of the cis/trans-BR microstructural units. This self-concentration of the 

cis/trans-BR units is then seen as the SP2 peak on the BDS temperature domain 

curves: see Figure 6.2.6. An illustration depicting a possible mechanism of such self-

concentration of cis/trans-BR units can be seen in Figure 6.2.7.  

 

ii) Self-concentration of cis/trans-BR units in the silica filled LVHS S-SBR / BR 70 / 

30 Compound: 

In the filled 70 / 30 compound there is the same three layer reinforcement as 

in the 100% LVHS S-SBR compound. Ideally, the silane molecules attached to the 

surface of the silica can couple to both S-SBR and BR polymer chains because both 

chains contains a sufficient amount of double bonds [24]. However, as mentioned 

previously, the LVHS S-SBR has a higher polarity than the BR due to the styrene and 

the vinyl units in the main chain and a branched chain structure. This makes the LVHS 

S-SBR more preferential than the BR chains to form chemically bound rubber and an 

immobilized layer. It essentially increases the concentration of the BR chains in the 

unrestricted bulk layer. Hence, there is a higher possibility of the self-concentration of 

the cis/trans-BR units in the unrestricted bulk. The SP2 peak which is already seen in 

the unfilled 70 / 30 blend in Figure 6.2.6-B is amplified in the filled system due to the 

higher self-concentration. Refer also to Section 3 / Chapter 3.2 for the origin of the 

self-concentration of cis/trans-BR units in unfilled LVHS S-SBR / BR blends. 

From the strain sweep curves for the filled 100% LVHS S-SBR and LVHS S-SBR 

/ BR 70 / 30 compounds, an indication to the strength of the filler-filler interactions 

can be made by comparing the amount of drop in the storage (G') modulus: see Figure 

6.2.7. The drop in the G' from lower strain to higher strain values is referred to as the 

Payne effect. A higher Payne effect means higher filler-filler interactions. A reduction 

in filler-filler interactions is crucial for reducing the re-agglomeration tendency and 

improving the Rolling Resistance (RR) for tire tread compounds.  
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Figure 6.2.7 Illustration showing a possible mechanism of formation of A) 

chemically bound layer, B) immobilized polymer layer with preferential 

adsorption of vinyl and styrene groups at the surface of silica leading to 

self-concentration of cis/trans-BR units (in red circles) in silica filled LVHS 

S-SBR compounds 

C – cis 1,4 butadiene; T – trans 1,4 butadiene; V – 1,2 butadiene;   

  – Styrene 
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The Payne effect in the 100% LVHS S-SBR compound is lower than in the 70 / 30 

compound. This means that there are lesser filler-filler interactions in the 100% LVHS 

S-SBR compound. 

 

        

 

 

 

 

There are two possible reasons for the lower Payne effect in compounds with 

higher percentage of the LVHS S-SBR: 

 

i) Branched chain structure and high molecular weight of the LVHS S-SBR:  

The LVHS S-SBR has a higher molecular weight due to its branched chain 

structure. This creates a two-fold effect on the compound properties. On the one 

hand, the high molecular weight LVHS S-SBR has a high viscosity which leads to a 

generation of higher shear forces in the mixer. This effect leads to a better macro-

dispersion of the filler [25]. On the other hand, the branched S-SBR chain can cause 

more entanglements leading to a higher amount of immobilized rubber (physically 

bound rubber). A higher amount of immobilized layer hinders a re-agglomeration 

process of silica, resulting in a better micro-dispersion of the silica particles. Both these 

considerations together have the potential to lower the Payne effect due to the 

improved micro-dispersion [26]. 

 

ii) Better shielding of the silanol groups at the silica surface:  
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Figure 6.2.8 Payne effect for TDAE-extended and silica filled 100% LVHS S-

SBR and the LVHS S-SBR / BR blends in the 70 / 30 wt. ratios 
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The higher amount of polar groups (styrene and vinyl groups) in the chemically 

bound rubber and the immobilized rubber layer may lead to a better shielding of the 

silanol groups at the surface of the silica. The better the silanol groups are shielded 

the lower are the attractive forces amongst the silica particles. This prevents the re-

agglomeration of the silica particles and improves the micro-dispersion. Hence, the 

filler-filler interactions are lower. 

 

4. CONCLUSIONS 

The silica-TESPT reinforced LVHS S S-SBR / high cis BR compounds in the 100% 

LVHS S-SBR and 70 / 30 wt. ratios with TDAE were studied in context with the three 

layer reinforcement model using DMA and BDS.  

The viscoelastic response of the filled compounds is compared to that of the respective 

unfilled blends to understand the effect of the addition of the filler. The DMA 

temperature sweep measurements indicate an increase in the height and a broadening 

of the filled compounds on the right side (higher temperatures) with respect to the 

unfilled compounds. This is due to the filler-filler and the filler-polymer (chemically 

bound + immobilized rubber) network.  

The BDS frequency sweep measurements show the effect of the filler on the 

segmental dynamics of the unrestricted bulk layer. The segmental dynamics of the 

filled 100% LVHS S-SBR compound remains unaffected compared to the unfilled 

compound. The segmental dynamics of the filled LVHS S-SBR 70 / 30 compound shows 

only one contribution as opposed to two individual contributions from the S-SBR and 

the BR phase in the unfilled compounds. The single contribution of the filled 70 / 30 

compounds is closer in segmental dynamics behavior to the S-SBR phase contribution 

of the unfilled compound. In both unfilled and filled 70 / 30 compounds, the monomer 

level β-relaxation was observed. It is likely to be originating from a combination of the 

rotational and vibrational motions of the styrene groups of the LVHS S-SBR and the 

cis/trans-BR units in the BR. 

The BDS temperature sweeps show almost no difference on the main blend 

phase (segmental dynamics) but there are two additional peaks: SP1 and SP2 on the 

lower temperature side. SP1 is interpreted to originate from the vibrational and 

rotational motion of the silanol groups on the surface of silica. SP2 is concluded to be 

due to the self-concentration of like butadiene segments (cis/trans-BR units).  

The understanding from the viscoelastic measurements from the DMA and the 

BDS method can be combined with the indication of the strength of the filler-filler 

network from Payne effect measurements. The higher temperature broadening of the 

tan δ curve from DMA, the presence of the SP1 peak at 106 Hz from BDS temperature 

sweep and the Payne effect together give a good indication of the filler-filler 
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interactions: see Table 6.2.6. The height of the tan δ in the 20 to 80 °C gives an 

indication to the filler-filler and the filler-polymer interactions. An increase in the height 

of the tan δ in this temperature region can be due to an increase in the modulus due 

to a higher filler-filler or a stronger filler-polymer interaction. The height of the SP1 

peak at around -80 °C to -100 °C indicates the amount of the silanol groups. As the 

silanization of the surface of silica improves, the SP1 decreases in height [23]. This 

means a decrease in the SP1 peak can indicate a decrease in the filler-filler 

interactions. The Payne effect also indicates the strength of the filler-filler interactions. 

It can give an indication to the extent of hydrophobation of the surface of silica and 

the shielding effect of the silica surface by polar groups. Overall, all of these 

measurements consider various aspects of changes in filler-filler interactions. 

 

Table 6.2.3 Summary of all the indicators for estimating the filler-filler 

interactions in the filled 100% LVHS S-SBR and LVHS S-SBR / BR 70 / 30 

compounds 

Indicators for filler-filler interactions 100 / 0 70 / 30 

Tan δ (20 to 80 °C): see Figure 6.2.1 Lower Higher 

SP1 (-80 °C to -100 °C): see Figure 6.2.6 Lower  Higher 

ΔG' / kPa: see Figure 6.2.8 Lower  Higher 

OVERALL Lower filler-filler 

interactions 
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CHAPTER 7 

WET SKID RESISTANCE WITH BROADBAND 

DIELECTRIC SPECTROSCOPY: CONCEPT 
 

Summary 

Wet Skid Resistance (WSR) is a property that requires high energy dissipation at high 

frequencies. These requirements can be satisfied if the polymer responds within the 

glass-to-rubber transition zone (where it shows maximum mechanical hysteresis) at 

skidding conditions. For the prediction of WSR at the laboratory scale, a Dynamic 

Mechanical Analysis (DMA) based method is most commonly used. It utilizes the value 

of tan δ at 0 °C at low frequency as the WSR indicator. However, the DMA method is 

limited to measuring up to 102 Hz which makes it necessary to apply the principle of 

Time Temperature Superposition (TTS) to get physical properties at the typical 

skidding frequencies of 103 – 106 Hz. Considering the limitations in applicability of the 

TTS for filled and blended compounds [1, 2], Broadband Dielectric Spectroscopy (BDS) 

which is a complimentary technique to DMA, is used in this study. BDS has the ability 

to measure physical properties at a wide range of temperatures and frequencies 

between 10-1 and 106 Hz.  
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1. INTRODUCTION 

Driving safety is an important aspect 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 [3]. The outer most layer 

of a tire that is, the tire tread, is made of a viscoelastic rubber compound. The 

viscoelastic tire tread compound is able to show both viscous and elastic behavior, 

which can provide good Wet Skid Resistance (WSR) and good Rolling Resistance (RR) 

behavior, respectively: see Figure 7.1 for an illustration of how a viscoelastic rubber 

can give good RR and good WSR. A perfect elastic behavior at the low frequency (1 

Hz) can minimize the losses to give a good RR. A perfect viscous behavior at the high 

frequency (106 Hz) can maximize the losses to give a good WSR.  

 

 

Figure 7.1 An illustration to describe how a viscoelastic rubber compound 

can give good Rolling Resistance (RR) properties at low frequency (1 Hz) 

and good Wet Skid Resistance (WSR) properties at high frequency (106 Hz) 

 

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 friction acting on a 

skidding tire. When a braking force is applied, 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 – 106 Hz [4]. A wide 

frequency window of 103 – 106 Hz is associated with the wet skid process as the 

frequency is dependent upon the speed of the tire and the spacing of asperities. The 



                                 Wet Skid Resistance with Broadband Dielectric Spectroscopy: Concept 

195 

 

compounds with an optimal WSR are required to have a glass transition temperature 

at ambient temperatures at the frequency related to the deformations during skidding 

[5].  

There are some theories available that describe the wet skid process like the 

friction based theories [6, 7] and the linear viscoelastic spectrum (LVS) based theory 

[4]. The total friction force Ft that is generated at tire-road interface can be expressed 

as [8]: 

 

Ft =  Fa + Fmh Equation 7.1 

 

Where Fa is the frictional force due to the tread adhesion component and Fmh is the 

frictional force due to the tread micro-hysteresis component under sliding conditions: 

see Figure 7.2 for an illustration of both components of the frictional force. Fa is the 

contribution from the adhesive interaction at the tire-road interface that depends on 

the surface free energy of the bulk rubber and the rigid road surface. It is ignored in 

the tire-road interaction as it is assumed to be dominant only for relatively clean and 

smooth surfaces such as glass. Fmh is the contribution from the hysteretic energy 

losses arising from the deformation of the rubber by surface asperities [9, 10]. It is 

believed to govern the frictional forces in the tire-road interaction. The experiments 

of Grosch for unfilled compounds have shown the proportionality between friction and 

viscoelasticity of rubber via the construction of friction master curves using WLF 

transformation [11]. Therefore, a correlation of the physical properties of the polymers 

from Dynamic Mechanical Analysis (DMA) is commonly used for the prediction of WSR.  

 

 

Figure 7.2 An illustration of the two components of the frictional force: the 

adhesion force arising in the interfacial component and the deformational 

or micro-hysteresis force arising in the bulk component 
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The ratio of the loss modulus E″ and storage modulus E′ from a dynamic 

mechanical test is called the tan δ and the value of tan δ at 0 °C and low frequency, 

normally, 1-100 Hz is taken as an indicator of WSR as measurements above 100 Hz 

are not possible with the DMA [12-14]. The value at 0 °C is used based on the Time-

Temperature Superposition (TTS) principle which points out the equivalence between 

high frequency and low temperature / low frequency and high temperature. This 

means that the indicator is applicable for compounds where the TTS is valid like 

unfilled polymer compounds. But for filled and blended compounds, which are widely 

used in passenger car tire treads, the TTS is not applicable. A couple of more indoor 

laboratory techniques are available that can measure the friction coefficient of rubber 

specimens to give an indication of the WSR of a tire compound like the Pendulum 

Type Portable Wet Skid Tester [3] and the Laboratory Abrasion Tester (LAT) 100 [12, 

15]. The drawback of the Pendulum Type Portable Wet Skid Tester is that it can only 

measure the coefficient of friction in the longitudinal direction without giving an 

indication of the friction generated in the real conditions where a slip angle (angle of 

the direction of the wheel to the direction of motion of the vehicle) often exists. The 

LAT 100 is able to mimic the tire-road interaction with the possibility of a variable slip 

angle, load and speed, but it is a rather time consuming and a very expensive test 

method [16]. In addition to the indoor test equipment, there are some outdoor friction 

testers that are used for obtaining reliable data on the friction behavior like the locked 

wheel method and the side force method, both of which require the production of 

whole tires (test specimen) for obtaining the coefficient of friction. Hence, there is a 

requirement for an inexpensive indoor test method for prediction of WSR of the tire 

tread compounds. This requirement is addressed in this chapter using Broadband 

Dielectric Spectroscopy (BDS) measurements. The BDS method and the DMA method 

are complimentary techniques as they both measure the local segmental motions 

related to the glass transition temperature (Tg). The major difference between the 

DMA and the BDS method is that they are based on different principles: polarized 

dipole relaxation in BDS vs. mechanically stressed segmental relaxation in DMA. The 

main advantage of the BDS method in this case is the ability to measure at a range of 

desired temperatures and frequencies 10-2 – 106 Hz simultaneously thereby providing 

a 3-dimensional (3D) view of the progression of the Tg. This gives experimental data 

at the application WSR frequencies 103 – 106 Hz and temperature 40 - 80 °C thus 

mimicking the wet skidding conditions on the laboratory scale.  

In a previous work by the author, the ability of the BDS method to predict the 

WSR has been explored for the unfilled HVLS S-SBR / BR 30 / 70 , 50 / 50 and 70 / 

30 wt. ratio blends [17]. It has been shown for these unfilled HVLS S-SBR / BR 

compounds that the changes in glass to rubber transition peak at different frequencies 
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can be observed with the BDS temperature sweep curves. This made it very 

convenient to detect if a compound has the glass to rubber transition at the ambient 

conditions (to have the maximum hysteresis). From the unfilled compounds studied, 

the HVLS S-SBR / BR 70 / 30 blend was shown to have the best WSR [17]. The HVLS 

S-SBR / BR 70 / 30 is a commonly used blend ratio for tread compounds by tire 

producers. It is also known to have the best WSR from real tire tests amongst the 

other blend ratios studied. Therefore, it was established that there is a potential for 

exploring the ability of the BDS method to predict WSR at the laboratory scale. 

In this chapter, the potential of the BDS method for WSR prediction is further 

explored for a set of silica filled 100 % HVLS S-SBR and the HVLS S-SBR / BR 90 / 10, 

80 / 20, 70 / 30 and 60 / 40 compounds. There is a two-fold aim to be achieved with 

this chapter: 

 

i) To establish the DMA and the BDS method as complimentary techniques:  

It is done to clarify that the same phenomenon that is, the glass to rubber 

transition, is being investigated. To achieve this goal, a correlation of the DMA method 

with the BDS method for the measured compounds is derived. It is established how 

the difference in the principle behind each method manifests in the form of a frequency 

lag between the frequency of maximum loss (fmax) which is obtained. The temperature 

and the frequency dependence of each compound is reviewed using activation plots 

(logarithm of the frequency of maximum loss (fmax) versus the inverse of temperature). 

For the DMA method, the TTS has to be applied to obtain the values of fmax at various 

temperatures, whereas for the BDS method, the values of fmax at various temperatures 

are obtained as measurement results. Therefore, the activation plots can comment 

upon the applicability of the TTS for the measured silica filled compounds.  

 

ii) To develop a WSR indicator using the BDS method:  

It is done to obtain a reliable laboratory scale method for sufficiently predicting 

the WSR of newly developed tread compounds. 

 

2. EXPERIMENTAL SECTION 

The experimental section is the same as described in Chapter 6.1 except that 

there are more wt. ratios of compounds (HVLS S-SBR / BR 100 / 0, 90 / 10, 80 / 20, 

70 / 30 and 60 / 40) that are studied here. The compounds used in this chapter are 

TDAE-extended and silica filled. 
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Dynamic Mechanical Analysis (DMA) 

The DMA measurements are done on a Discovery Hybrid Rheometer-2 from TA 

Instruments at the Waters facility in Elstree Hertfordshire. The frequency sweeps in 

the range of 0.1 to 100 Hz from Dynamic Mechanical Analysis (DMA) have been 

obtained at isothermal conditions for a number of temperatures from 30 to -80 °C in 

steps of 5 °C. A displacement of 5*10-5 rad was used for these logarithmic frequency 

sweeps. 

 

3. RESULTS AND DISCUSSIONS 

Correlation of the DMA and the BDS method 

As mentioned before, the tan δ at 0 °C from DMA is an insufficient indicator of 

WSR due to the fact that the measurement is carried out at lower frequency than that 

one which is associated with wet skidding. The TTS principle established by William 

Landel and Ferry (WLF) is often used to predict the viscoelastic properties at higher 

frequencies by constructing master curves from the isothermal frequency sweep 

obtained from the DMA measurements. Master curves are constructed by superposing 

and shifting the isothermal data to a reference isotherm along a logarithmic frequency 

axis. The shift factor required for the superposing and shift is referred to as aT and 

described according to the equation below[18]. 

 

log aT =
−C1(T − TR)

C2 + T − TR
 

Equation 7.2 

 

Where T is the temperature, TR is the reference temperature to which all the isotherms 

are shifted, C1 and C2 are material constants which can differ from material to material. 

Some standard C1 and C2 values for common polymers can be found in literature[19]. 

TTS curve shifting is based on the following assumptions: 

i) exact matching of shapes of frequency domain curves measured at adjacent 

temperatures;  

ii) aT has the same value for all viscoelastic functions;  

iii) the temperature dependence of aT has a reasonable WLF form as per the equation 

7.2 [20].  

From the frequency sweep (0.1 to 100 Hz) measurements by the DMA method, 

a WLF master curve can be generated using the frequency sweeps at a number of 

temperatures: see Table 7.1 for the frequency of maximum loss (fmax) values at various 

reference temperatures (TR). From the frequency sweep (0.1 to 106 Hz) 

measurements by the BDS method, the fmax values at various temperatures (-120 to 

80 °C) can be obtained from the experimental data itself: see Table 7.1 for the 
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corresponding BDS experimental data to the DMA data from the WLF master curves 

at various reference temperatures. From the data presented in table 7.1, it is clear 

that there is a difference in the fmax (or a frequency lag) from the DMA and the BDS 

method at each TR. The fmax from the DMA method is at higher frequencies compared 

to that from the BDS method. As the relaxation time is the inverse of the frequency, 

it means that a shorter relaxation time is estimated from the DMA method as compared 

to the BDS method. It might be due to the different principle of each method. The 

mechanically stressed segments from the DMA method are likely to relax back in a 

shorter amount of time than the dipole polarized segments from the BDS method. The 

existence of such a frequency lag is also known from literature [21, 22]. 

 

Table 7.1 the frequency of maximum loss (fmax) from the DMA method, 

obtained from WLF master curves and the BDS method, obtained from 

experimentally obtained data at the respective reference temperatures 

Reference 

temperature (TR)  

/ °C 

fmax from DMA / Hz 

(from WLF master 

curves at TR) 

fmax from BDS / Hz 

(from exp. data of BDS 

freq. sweeps at TR) 

15 1778830 13016 

10 410388 4743 

5 160173 1235 

0 52179 321 

-5 11835 60 

-10 1503 8 

-15 100 1 

 

To examine the magnitude of the frequency lag for the compounds studied, 

the frequency sweeps from both methods are compared on an activation plot (fmax 

versus inverse of temperature): see Figure 7.3. The data points corresponding to the 

unfilled 100% HVLS S-SBR compound is fitted with the characteristic Vogel Fulcher 

Tamman equation (VFT): see Equation 3.1.3 / Chapter 3.1. The VFT equation is often 

used as a complimentary equation to the TTS principle introduced by William, Landel 

and Ferry (WLF) to study the temperature dependence of polymers [19]. The VFT can 

be written as follows for the fitting of the data points in Figure 7.5: 

 

fmax = f0 exp (
B

T − T0
) 

Equation 7.3 
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Where fmax is the frequency of maximum loss, f0 and B are empirical parameters, T0 is 

the ideal glass transition temperature or Vogel temperature, which is generally 30-70 

K below Tg: see Section 3 / Chapter 2 for further details. Since the above equation is 

another form of representation of the VFT equation, the value of log f0 will be 

considered to be 14 for the ease of fitting: see Section 3 / Chapter 3.1. Both sets of 

data points (on Figure 7.3) from the DMA and the BDS method could be fitted perfectly 

with the equation 7.3. This suggests that the TTS holds true in this case.  

 

Figure 7.3 Activation plot for comparison of temperature and frequency 

dependency of the DMA and the BDS method for an 100 / 0 unfilled SSBR / 

BR compound 

 

Two important conclusions can be drawn from this plot: 

i) The response of the BDS and the DMA method is parallel to each other. This means 

that the same temperature dependence by both methods.  

ii) The DMA method lags in frequency as compared to the BDS method by almost 90 

– 100 Hz.  

This establishes the DMA and the BDS methods are complimentary techniques, if there 

is consideration of the frequency lag. It means that there might not be a correlation 

between the two methods at the same frequency: see Figure 7.4-A. However, it is 

possible to have a direct linear correlation if the techniques are compared at, for 

instance, a frequency of 1 Hz from the DMA method and a frequency of 90 Hz from 

the BDS method, based on the consideration of the frequency lag: see Figure 7.4-B. 
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On the figure 7.4-A, it can be seen that when the DMA and the BDS method are 

compared at the same frequency of 1 Hz, there is a reasonable regression coefficient 

(R2) and slope for this correlation when fitted using linear fitting from origin.  

 

 

Figure 7.4 Correlation between the DMA method the BDS method: A) peak 

of Tan δ at 1 Hz versus peak of ε" at 1 Hz, B) peak of Tan δ at 1 Hz versus 

peak of ε" at 90 Hz 

 

On the figure 7.4-B, it can be seen that when the DMA and the BDS method 
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from figure 7.3) 1 Hz for DMA and 90 Hz for BDS, there is also a reasonable regression 

coefficient (R2) and slope for this correlation when fitted using linear fitting from origin. 

But there is a difference between the slope of the correlation presented on figure 7.4-

A and the figure 7.4-B. The slope on the Figure 7.4-A is less than 1 and that on the 

figure 7.4-B is almost 1. A slope of 1 means that for a unit change on the x-axis, there 

is also a unit change on the y-axis. This means a perfect linear correlation. Therefore, 

it can be concluded that there is a perfect linear correlation for the comparison of the 

DMA and the BDS method if the frequency lag between the methods is considered. 

Master curves at a TR of 5 °C are generated using the TRIOS software [23] for the 

TDAE-extended and silica-filled compounds. The obtained aT factor is plotted against 

temperature to see whether or not the WLF form is followed for the filled compounds 

as compared to the unfilled 100% HVLS S-SBR compound: see Figure 7.5. The unfilled 

100% HVLS S-SBR compound (shown as black circles on Figure 7.5) is seen to have 

a perfect WLF form. Thus, the TTS principle is applicable for the unfilled 100% HVLS 

S-SBR compound.  

 

Figure 7.5 WLF (log aT vs. Temperature) curves showing the deviation of 

silica-filled TDAE compounds from 100 % S-SBR unfilled compounds (   ) 

TDAE:        100 / 0         90 / 10        80 / 20        70 / 30        60 / 40 
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The filled 100% HVLS S-SBR and the HVLS S-SBR / BR 90 / 10 compounds 

(shown as solid black and red lines, respectively on Figure 7.5) are seen to overlap 

with the WLF form of the unfilled 100% HVLS S-SBR compounds. The filled HVLS S-

SBR / BR 80 / 20, 70 / 30 and 60 / 40 compounds (shown as solid green, dark blue 

and light blue lines, respectively on Figure 7.5) are seen to follow the WLF form up to 

10 Hz. Beyond 10 Hz and lower temperatures -5 °C onwards, there is a clear deviation 

in these filled compounds from the WLF form. Thus, it is concluded that the TTS 

principle is applicable for the TDAE-extended and silica filled 100% HVLS S-SBR and 

HVLS S-SBR / BR 90 / 10 compounds, while it is inapplicable for the HVLS S-SBR / BR 

80 / 20, 70 / 30 and 60 / 40 compounds. It is clear from the figure 7.5 that as the 

amount of BR increases in the blends there is more and more deviation from the TTS. 

The highest deviation is at the lower temperatures (>-5 °C) and higher frequencies 

(<10 Hz). It is due to the higher mobility of the BR (Tg of ca. -110 °C) which is in 

rubbery region at temperatures higher than -110 °C as compared to the HVLS S-SBR 

(Tg of ca. -25 °C) which has glassy conditions at those temperatures. At higher 

temperatures (<-5 °C) and lower frequencies (>10 Hz) there is least deviation as both 

BR and HVLS S-SBR are in the rubbery region. Therefore, the use of TTS to generate 

viscoelastic properties at temperatures below -5 °C) and frequencies higher than 10 

Hz is not reliable for the TDAE-extended and silica filled HVLS S-SBR / BR 80 / 20, 70 

/ 30 and 60 / 40 compounds. 

An alternative is to use the BDS method which can give 3D insights into the 

temperature and frequency dependence of physical properties of the filled compounds 

at frequencies up to 106 Hz: see Figure 7.6 for an example of the 3D temperature and 

frequency dependence of the filled HVLS S-SBR / BR 60 / 40 compound from the BDS 

method. For the TDAE-extended and silica filled HVLS S-SBR / BR 60 / 40 compound 

studied with the BDS method, it is noted that the peak relating to the segmental 

dynamics (or the glass transition, Tg) of the blend is expressed as a single peak at 1 

Hz. However, at the higher frequencies (<103 Hz) the peak starts to divide itself into 

two parts: one corresponding to the blend phase at relatively higher temperatures (-

20 to 20 °C) and the other corresponding to the self-concentrated cis/trans-BR units 

at lower temperatures (-60 to -80 °C): see Figure 7.6. It has been shown in literature 

that in a blend of a copolymer (–AB–) and a homopolymer (–A–), there can be self-

concentration of the similar –A– segments [24]. The HVLS S-SBR is composed of four 

different units: cis / trans / vinyl / styrene and the BR is composed of mainly cis and 

trans units. Therefore, a self-concentration of cis/trans-butadiene units can take place 

in the HVLS S-SBR / BR blends. The length-scale of the self-concentrated cis/trans-BR 

units depends on the wt. ratio of the HVLS S-SBR and the BR in the blends: see Section 

3 / Chapter 3.1 for more details. As the wt. ratio of the BR in the blend increases, the 
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size (or the length-scale) of the self-concentrated BR phase increases: see Figure 3.2.4 

/ Chapter 3.2 for an illustration of the increase in the size of the self-concentrated BR 

phase with an increase in the wt. ratio of the BR in the blend. 

 

Figure 7.6 Typical 3D view of the progression of the dielectric loss peak with 

increasing temperature and frequency for S-SBR / BR 60 / 40 blend with 

TDAE measured by BDS 

 

In general, low frequency corresponds to larger length-scales and vice-versa, 

based on the fact that frequency is inversely proportional to the wavelength (or length-

scale). At 1 – 102 Hz, a larger length-scale is probed, therefore, only one dielectric loss 

(ε") peak corresponding to the blended HVLS S-SBR and BR chains can be identified. 

At 103 – 106 Hz, a smaller length-scale is probed, therefore, two separate ε" peaks 

corresponding to the blend phase and the self-concentrated BR phase are identified. 

These observations from the BDS measurement data at the high frequencies (<10 Hz) 

make it obvious that the shape of the dielectric loss ε" peak does not remain the same 

over the frequency range. Therefore, a reliable estimation of the viscoelastic 

properties for the filled HVLS S-SBR / BR compounds at the higher frequencies (<10 

Hz) cannot be made using a WLF shift. 

 



                                 Wet Skid Resistance with Broadband Dielectric Spectroscopy: Concept 

205 

 

Using BDS as a WSR indicator 

It has been described in the previous section that the DMA method has two 

folds of limitations for a reliable prediction of the WSR. The limitations of the DMA 

method are: 

i) most DMA setups cannot experimentally measure above 100 Hz, 

ii) it is also not possible to apply the TTS principle on the filled compounds to obtain 

reliable prediction of viscoelastic properties above 10 Hz. 

An alternative is the BDS method which has been shown to successfully 

measure the viscoelastic properties up to 106 Hz. Therefore, in this section, a method 

for the prediction of WSR of the tire tread compounds with the BDS measurements is 

developed. As mentioned in the introduction, the main criteria for a good WSR is to 

maximize the hysteresis at the ambient conditions at the frequency of skidding at 103 

– 106 Hz. The ambient temperature is taken to be 60 °C as an estimate of the tire 

tread temperature during application. As mentioned in the Section 3 / Chapters 6.1 

and 6.2, the absolute value of the dielectric loss ε" is related to the number density of 

the polarizable species between the electrodes, depending on many experimental 

factors like sample thickness, pressure, contact area, etc. Due to the presence of a 

number of experimental factors that influence the height and the area under the peak 

of the dielectric loss ε", it is not possible to obtain meaningful information from these 

quantities. Therefore, the dielectric loss (ε") values have been divided by their peak 

value to normalize them for ease of comparison. In this work, the value of the 

normalized ε" (ε" / ε"max) at 106 Hz and 60 °C is taken as the BDS WSR indicator. This 

indicator has been used to compare the WSR performance of the TDAE-extended and 

silica filled 100% HVLS S-SBR and the HVLS S-SBR / BR 90 / 10, 80 / 20, 70 / 30 and 

60 / 40 compounds: see Figure 7.7. It can be seen from the figure 7.7 that as the wt. 

fraction of the HVLS S-SBR is increased, the value of the normalized ε" at skidding 

conditions 106 Hz and 60 °C increases. This is an expected trend with the increase in 

the wt. fraction of the HVLS S-SBR in blend because the HVLS S-SBR is known to have 

the better WSR properties than the BR. Therefore, it can be taken as a first indication 

that the BDS measurements has potential for the prediction of WSR of the tire tread 

compounds. In the chapter 8, further tests with more tire tread compound 

formulations and a correlation to the real tire test data is presented to fully understand 

the potential of the BDS measurements for the prediction of WSR.  
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Figure 7.7 Comparison of WSR performance of the TDAE-extended and 

silica-filled 100% HVLS S-SBR and the HVLS S-SBR / BR 90 / 10, 80 / 20, 

70 / 30 and 60 / 40 compounds using the normalized ε" (ε" / ε"max) at 106 

Hz and 60 °C as the indicator 

 

 

4. CONCLUSIONS 

In this chapter, the DMA and the BDS method are established as complimentary 

techniques and their potential to reliably predict the WSR of the tire tread compounds 

is explored. Using the frequency sweep data at various temperatures from both the 

DMA (with application of the TTS to obtain high frequency data) method and the BDS 

(experimentally obtained data) method, the frequency of maximum loss, fmax versus 

inverse of temperature (activation plot) is plotted for an unfilled 100% HVLS S-SBR 

compound. The data points corresponding to the both methods were seen to have the 

same shape characteristics and were located almost two decades apart. This 

demonstrated that the DMA and the BDS method measure the same temperature and 

frequency dependence. But there is a difference in the location of the fmax from each 

method. This difference is referred to as the frequency lag between the two methods 

[21, 22]. The frequency lag exists because of the different principles behind each 
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method. It is likely that the mechanically stressed segments can relax faster than the 

dipole polarized segments. Hence, the DMA and the BDS method were established as 

complimentary techniques with a frequency lag to be considered.  

The basic requirement for a good WSR is to maximize the hysteretic losses 

(viscoelastic properties) of the tire tread compounds at skidding conditions (106 Hz). 

The DMA method can only measure up to 100 Hz in frequency. To overcome this 

limitation, the TTS principle can be applied to the isothermal frequency sweep data 

from the DMA method to obtain the viscoelastic properties at high frequency (106 Hz). 

From the TTS application to the isothermal frequency sweep measurement data for 

the TDAE-extended and silica filled 100% HVLS S-SBR and the HVLS S-SBR / BR 90 / 

10, 80 / 20, 70 /30 and 60 / 40 compounds, it was found that the TTS has limited 

applicability in these compounds. The TTS is applicable only for the TDAE-extended 

and silica filled 100% HVLS S-SBR and the HVLS S-SBR / BR 90 / 10 compound. For 

the other compounds studied, the TTS is inapplicable. Thus, the DMA method (even 

with the application of the TTS principle) cannot be used to reliably predict the WSR 

performance of the filled compounds. An alternative to the DMA method is its 

complimentary counterpart, the BDS method which has the advantage of being able 

to experimentally measure the viscoelastic properties up to 106 Hz. Thus, it might give 

a more reliable prediction of WSR. The normalized dielectric loss modulus at the 

assumed skidding conditions (close to the real conditions during application) 106 Hz 

and 60 °C from the BDS method is suggested to be used as an indicator for WSR 

prediction. This fulfills the main requirement of estimating the hysteresis behavior of 

the compounds at skidding conditions to make a realistic WSR prediction. The 

proposed WSR indicator from the BDS method has been applied to the TDAE-extended 

and silica filled compounds studied in this chapter. A reasonable conclusion that the 

WSR performance increases with the increasing wt. fraction of the HVLS S-SBR in the 

compounds is achieved from the BDS WSR indicator. This is a promising result which 

shows that the BDS method has a potential to help understand the WSR performance 

of a filled compound. The potential of the BDS method for WSR prediction of the tire 

tread compounds is further explored in Chapter 8. 
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CHAPTER 8 

WET SKID RESISTANCE WITH BROADBAND 

DIELECTRIC SPECTROSCOPY: APPLICATION 
 

Summary 

In the Chapter 7, it was concluded that a prediction of Wet Skid Resistance (WSR) 

behavior at the appropriate frequency (103-106 Hz) is possible with understanding 

dielectric loss (ε") behavior from Broadband Dielectric Spectroscopy (BDS). In this 

chapter, a set of three real tire tread compounds from The Yokohama Rubber 

Company are studied for their ε" or the electric modulus (M") [1] behavior at 104-106 

Hz by BDS. The real tire tread compounds from The Yokohama Rubber Company have 

three different wt. fractions of silica / carbon back (70 / 10, 40 / 40 and 10 / 70) 

in the compounds. A comparison between the measured ε" or M" behavior at 104-106 

Hz and the real tire test results is made to judge the ability of the BDS measurements 

to predict WSR. Finally, a possible model of understanding of the relation of 

viscoelastic response (estimated with M" from BDS) to the coefficient of friction (from 

tire tests) is presented. 
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1. INTRODUCTION 

In this chapter, three typical passenger car summer tire tread compounds from 

The Yokohama Rubber Company are investigated. These compounds are composed 

of Solution polymerized Styrene Butadiene Rubber (S-SBR) / BR blends with different 

wt. fractions of silica / carbon black (70 / 10, 40 / 40 and 10 / 70) in the 

compounds. The dielectric permittivity ε properties of the polymeric materials can 

change by adding filler particles. In general, most polymers show segmental-level 

relaxation dynamics (Tg) and monomer-level β-relaxations. The addition of insulating 

silica filler leads to additional effects such as space charge accumulation effect 

(Maxwell-Wagner-Sillars (MWS) effect) on interfaces and electrode polarization[2, 3], 

as described in detail in Chapters 6.1 and 6.2. This MWS effect is more prominent at 

low frequencies as there is a higher relaxation time which makes it possible to see the 

effect of the accumulated space charge. The carbon black filled compounds composed 

of Natural Rubber (NR) and Styrene Butadiene Rubber (SBR) have shown the presence 

of two relaxations: one at low frequency – due to the diffusion of charge carriers on 

carbon black aggregates, and the other one at high frequency – due to tunneling of 

charge carriers through polymeric gaps between carbon black aggregates [4-7]. In 

carbon black filled compounds the segmental-level relaxation dynamics are 

overshadowed inside the dielectric permittivity ε curves by the above mentioned 

relaxations due to the presence of filler. To avoid these additional effects due to the 

silica as well as carbon black filler on the segmental-level relaxation dynamics the 

electric modulus can be used [1, 8, 9]. The electric modulus (M) was first introduced 

by McCrum et al. as an analogy to the mechanical modulus in the viscoelastic 

relaxation of polymers [10]: see Table 8.1.  

 

Table 8.1 Analogy between measured quantities from mechanical and 

dielectric measurements of viscoelastic properties of polymers 

MECHANICAL DIELECTRIC 

Stress σ Electric Field E 

Strain γ Displacement D 

Elastic compliance J 

γ=Jσ 

Permittivity ε 

D=εE 

Elastic modulus G 

σ=Gγ 

G=1/J 

Electric modulus M 

E=MD 

M=1/ε 

 

In general, electrical relaxation phenomena are analyzed in terms of the electric 

displacement vector D on application of a constant electric field E, which is the 
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definition of dielectric permittivity ε. However, in case of dielectrics with interfacial 

polarization and mobile charge carriers, it is more suitable to focus on the relaxation 

of an electric field E with a constant displacement vector D. The is the definition 

electric modulus M which then becomes the inverse of dielectric permittivity ε.  

The complex electric modulus M*, is defined by the following equation 

 

M∗ =
1

ε∗
=

1

ε′−ε′′
=

ε′

ε′2+ε′′2
+ j

ε′′

ε′2+ε′′2
= M′ + jM′′ ; j=(-1)1/2 Equation 8.1 

 

Where M' is the real and M" is the imaginary electric modulus, and ε' the real and ε" 

the imaginary permittivity. Since both ε' and ε" are in the denominator, M' and M"  

will be small when ε' and ε" are large. Therefore, the tendency of the large values of 

ε' and ε" to overshadow relaxation peaks is eliminated by using M* instead of ε*. 

Thus, by using M* it is possible to explore the relaxation properties free of additional 

effects [11]. In a nutshell, the difficulties with polarization at interfaces – the electrode 

polarization and the space charge accumulation (MWS effect) in silica filled and the 

conductive effects in carbon black filled compounds that lead to very high permittivity  

that overshadow relaxation in the ε expression can be solved. 

In this chapter, the primarily silica filled, the dual silica and carbon black filled, 

and the primarily carbon black filled S-SBR / BR blends are studied for their overall 

viscoelastic response from Dynamic Mechanical Analysis (DMA) (kindly provided by 

The Yokohama Rubber Company)and BDS. In the BDS measurements the electric 

modulus M is adopted to study the viscoelastic response. A correlation of the overall 

viscoelastic response is made with the tire test results (also kindly provided by The 

Yokohama Rubber Company). The focus in this chapter is on exploring the relation 

between the viscoelastic response at the skidding frequencies 103 – 106 Hz as 

measured with BDS and the coefficient of the friction μ under wet conditions from the 

tire testing. 

 

2. EXPERIMENTAL SECTION 

Mixing 

Three Solution Styrene Butadiene Rubber (S-SBR) / high cis-BR (BR) 

compounds with different ratios of silica-silane (Si69) and carbon black filler were 

prepared and supplied by The Yokohama Rubber Co, Ltd. The microstructural 

characteristics of the S-SBR and BR are presented in Table 8.2.  

The compounds will be referred to as Y1, Y2 and Y3 in this chapter. The Y1, Y2 and 

Y3 have a silica / Carbon Black (CB) ratio of 70 / 10, 40 / 40 and 10 / 70, 

respectively: see Figure 8.3 for the detailed formulation. The amount of silane is 

adjusted as per the amount of the silica in the compounds.  
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Table 8.2 Microstructure of S-SBR and BR [12] 

 Oil content 

(phr) 

Styrene 

(%) 

Cis-1,4 

(%) 

Trans-1,4 

(%) 

Vinyl-1,2 

(%) 

S-SBR 37.5 39 12 23 26 

BR - - 94 4 2 

 

Table 8.3 Mixing Formulation 

 

The amount of the Diphenylguanidine (DPG), N-cyclohexyl-2-

benzothiazolesulfenamide (CBS) and sulfur are also adjusted according to the amount 

of silica. The amount of oil is adjusted in the compounds to maintain hardness at a 

value of approximately 70. All compounds were mixed in total in three steps, the 1st 

and the 2nd steps are carried out in an 1.6L intermeshing type of banbury mixer, the 

final mixing stage was conducted on an open roll mill: see Table 8.4 for Mixing 

Protocol. 

 

 

 

 

 

 

 

  BRAND NAME SUPPLIER Y1 Y2 Y3 

S-SBR   37.5 phr oil  

extended 

 

NS522 Zeon  
110 106 98 

BR  Nipol 1220 Zeon 20 23 29 

Carbon Black (ISAF) Showblack N234 Cabot  10 40 70 

Silica  Zeosil 1165MP Solvay 70 40 10 

Oil  Extract 4 Showa Shell 13 11 9 

Processing aid Struktol HT 207 Schill+Seilacher  2 2 2 

Antioxidant Vulkanox 4020 Lanxess  3 3 3 

Wax Ozoace Nipon Seiro  2 2 2 

TESPT Si69 Evonik  5,6 3,2 0,8 

Stearic acid  NOF Corp. YR 2 2 2 

ZnO  Seido Chemical  3 3 3 

CBS Sanceler CM-G Sanshin Chemical  2,3 2,0 1,7 

DPG Sanceler D Sanshin Chemical 2,1 1,0 0,3 

Sulfur  Hosoi Chemical 2,1 2,3 2,3 
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Table 8.4 Mixing Protocol 

1st stage (Intermesh mixer (1.6L), revolution varied to keep 145 °C) 

 Total mixing time Action 

1 0 s Polymers  

2 20 s Fillers, Stearic Acid, Antioxidant, Silane, Oil 

3 70 s Ram up, Sweep, Ram down 

4 180 s Dump out 

2nd stage (Intermesh mixer (1.6L), 30 rpm (fixed)) 

1 0 s Batch 1st stage, ZnO 

2 25 s Ram up, Sweep, Ram down 

3 70 s Ram up, Sweep, Ram down 

4 115 s Dump out 

3rd stage (Two roll mill) 

Add curatives on a two roll mill 

 

Dynamic Mechanical Analysis (DMA) 

The tanδ at 0 °C value was measured for vulcanized compounds using a 

RheolographSolid from Toyo Seiki in tension mode with a frequency of 20 Hz, an initial 

static strain of 10 % and an amplitude of ± 2 %. 

 

Tire testing 

The tire tests have been performed on a Toyota Prius under wet road 

conditions. The Toyota Prius is fitted with an additional tire located at the center of 

the vehicle [13]. This test tire operates independently to the two front and the two 

back tires. There is a measuring hub attached to the test tire which measures the 

longitudinal friction force (X) as well as the slippage rate (G). The slippage rate (G) is 

the relation of the vehicle traveling velocity (or speed of vehicle) and the angular 

velocity of the rolling tire. It is expressed as follows: 

 

G =
(ω × R) − V

V
 

Equation 8.2 

 

Where, ω is the angular speed, R is the rolling radius, V is the vehicle traveling 

velocity (or speed of vehicle) and ωR is the angular velocity of the rolling tire. 

Using the measured quantities (X and G), a coefficient of friction (μ) is 

estimated. The μ gives an indication about the grip potential at a rubber-road 

interface. The higher μ, the higher is the grip potential (skid resistance). During the 

tire testing, the following parameters are controlled: micro-roughness of the road 
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surface, load on the test tire, driving/braking torque, tire inflation pressure, depth of 

the layer of water, speed an temperature. The measurements have been carried out 

at 25, 45 and 65 km/h with the track temperature controlled to 2-3 °C via the 

measuring hub which can monitor the real time temperature of the wet road track.  

 

Broadband Dielectric Spectroscopy (BDS) 

For BDS measurements Alpha-A High Performance Analyzer (Novocontrol 

Technologies) was used. Frequency sweeps were done in parallel plate geometry from 

1 to 107 Hz in a range of -120 °C to +80 °C. The vulcanized compounds with a 

thickness of ca. 0.6 mm were measured as received from The Yokohama Rubber 

Company. 

 

3. RESULTS AND DISCUSSIONS 

The viscoelastic measurements for the Emulsion Styrene Butadiene Rubber (S-

SBR) / Butadiene Rubber (BR) compounds with different ratios of Silica (S) / Carbon 

Black (CB) (Y1: 10 / 70; Y2: 40 / 40; Y3: 70 / 10) fillers are tested by The Yokohama 

Rubber Company. The discussion in this chapter is focused on the comparison of tan 

δ at 0 °C from DMA and the electric loss modulus (M") versus temperature 

measurements from BDS. The whole tan δ curves from the viscoelastic DMA 

measurements in the -60 °C to 20 °C range are shown in Figure 8.1.  

 

Figure 8.1 DMA tan δ versus temperature curves at 20 Hz for all three 

compounds with different ratios of S / CB Y1: 10 / 70, Y2: 40 / 40 and Y3: 

70 / 10 
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A slight shift in the peak of the tan δ towards lower temperatures is seen as the 

amount of the CB increases Y1 < Y2 < Y3: see Figure 8.1. 

The height of the tan δ curve also decreases in the same order as the amount 

of CB is increased in the compound. This is due to the lower storage (E') and loss (E") 

modulus of the compounds with higher amounts of CB: see Figure 8.2. The lower 

modulus of the compounds with higher amounts of CB is due to the difference in the 

reinforcement mechanism of the CB and the silica compounds. In CB compounds there 

is only a physical bound rubber formation, whereas in silica compounds there is both 

chemical (rubber coupling to the silane attached on the surface of silica) and physical 

bound rubber (layer of rubber with restricted mobility) formation. The formation of a 

dual layer of rubber (chemically + physically bound) around the silica surface leads to 

a higher level of reinforcement in the silica filled compounds compared to a single 

layer (physically bound) reinforcement of the CB filled compounds. 

 

Figure 8.2 DMA storage (E") / loss (E") modulus versus temperature curves 

at 20 Hz for all three compounds with different ratios of S / CB Y1: 10 / 70, 

Y2: 40 / 40 and Y3: 70 / 10 

 

The tan δ at 0 °C is used in the tire industry as an indicator of Wet Skid 

Resistance (WSR) for tire tread compounds. However, it often has little or no 

correlation to the coefficient of friction μ from the real tire test measurements under 

wet road condition. In the present case both tan δ at 0 °C and real tire test data at 

65, 45 and 25 km/h are available so a comparison could be made: see Figure 8.3 for 

a correlation curve and Table 8.3 for the summed up data from both measurements. 

The coefficient of friction μ at 65 km/h is used for all correlations in this chapter as 
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there is no significant change in the μ-value of the compounds studied for the lower 

speeds 45 and 25 km/h. The overall trend is similar: for the compounds with higher 

amounts of CB, the tan δ at 0 °C and the coefficient of friction both decrease.  

 

Table 8.3 Tan δ at 0 °C and tire test data for Y1, Y2 and Y3 
 

Y1 Y2 Y3 

Dynamic mechanical testing 

Tan δ at 0 °C 0,300 0,278 0,244  

Coefficient of friction from tire test under wet road condition 

μ at 65 km/h 0,84 0,76 0,75 

Real time track temp. 2 3 3 

μ at 45 km/h 0,87 0,78 0,77 

Real time track temp. 2 3 3 

μ at 25 km/h 0,83 0,81 0,82 

Real time track temp. 2 2 3 

 

 

Figure 8.3 Comparison of tan δ at 0 °C from DMA and the coefficient of 

friction μ from tire test measurements for compounds Y1, Y2 and Y3 

 

A closer look at the magnitude of this decrease is different from the tan δ at 0 

°C and the coefficient of friction μ from the tire test. From the tan δ at 0 °C (see Figure 

8.1) the viscoelastic response of the compound with higher amount of silica (Y1) is 

0,74 0,76 0,78 0,80 0,82 0,84 0,86
0,231

0,242

0,253

0,264

0,275

0,286

0,297

0,308

Y3

Y2

T
a

n
 

 a
t 

0
 

C
 (

D
M

A
)

Coefficient of friction  (Tire test)

Y1



                              Wet Skid Resistance with Broadband Dielectric Spectroscopy: Application 

219 

 

suggested to be closer in its viscoelastic behavior to the compound with dual silica and 

CB (Y2).  

While from the tire test data at 65 km/h it is seen that the coefficient of friction 

μ of the compound with higher amount of CB (Y3) is closer to the compound with 

dual silica and CB (Y2). A possible reason for this discrepancy from the DMA and the 

tire test measurements is the difference in the frequency of measurement. While the 

DMA measurement is done at 20 Hz, the tire test measurement at 65 km/h 

corresponds to a much higher frequency of 3.6 × 107 Hz: see Table 8.3 for the speed 

to frequency conversion. The following relation is used for the calculation of the 

frequency corresponding to the speed: 

 

Frequency (/sec) = Speed (m/s) / Micro-roughness (m) Equation 8.3 

 

Where the speed is the speed of the vehicle, the micro-roughness is the average 

roughness of the road surface and the frequency thus calculated is the frequency 

related to the skidding of the tire operating at that particular speed on the road surface 

of the specified micro-roughness. 

 

Table 8.4 Speed to frequency conversion at 65, 45 and 25 km/h with the 

micro-roughness of the road surface as 3.0 × 10-5 m 

Speed Frequency 

Km / h Hz 

65 3.6 × 107 Hz 

45 2.5 × 107 Hz 

25 1.4 × 107 Hz 

 

To overcome the limitations of the DMA low frequency measurements, viscoelastic 

measurements at a wider frequency range (1 to 107 Hz) using BDS are utilized here. 

The relaxation peak at 107 Hz appeared as an almost horizontal line, therefore, it could 

not be utilized for the further analysis. In spite of a frequency lag between the DMA 

and the BDS measurements (as described in chapter 7), it is still possible to study the 

viscoelastic properties of the compounds in the frequency range of skidding (104 to 

106 Hz). As discussed in the introduction section of this chapter, the electric loss 

modulus (M") is used to compare the viscoelastic properties at higher frequencies 104, 

105 and 106 Hz of the three tire tread compounds Y1, Y2 and Y3. There are two 

reasons for studying the M" at only 104, 105 and 106 Hz: i) the phenomenon of wet 

skidding is relevant at these frequencies, ii) the segmental relaxation is clearer as the 

additional effects such as electrode polarization and MWS effect are minimized at these 
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frequencies [1]. As mentioned in the Section 3 / Chapters 6.1, 6.2 and 7, the absolute 

value of the dielectric loss ε" is related to the number density of the polarizable species 

between the electrodes, depending on many experimental factors like sample 

thickness, pressure, contact area, etc. Due to the presence of a number of 

experimental factors that influence the height and the area under the peak of the 

dielectric loss ε", it is not possible to obtain meaningful information from these 

quantities. Similarly, it is not possible to obtain meaningful information from the M" 

values due to the same reasons. Therefore, the M" values have been divided by their 

peak value to normalize them for ease of comparison.  

 

  

 

 

Figure 8.4 Normalized electric loss modulus (M") versus temperature curves 

at A) 104 B) 105 and C) 106 Hz from the BDS measurements 

 

The Y1 compound at 104, 105 and 106 Hz is seen to have two maxima: see 

Figure 8.4. The both maxima are seen to increase in broadness and shift to higher 

temperatures with higher frequency. Since the Y1 compound is the majority silica 

filled compound, its viscoelastic response is very similar to that of the silica filled 

compounds from chapter 6.1 and 6.2: compare Figure 8.4-C and Figures 6.1.5 and 
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6.2.5. The segmental relaxation of the main blend phase containing higher amounts 

of SBR is seen at the higher temperatures 5 °C at 104 Hz / 20 °C at 105 Hz / 40 °C at 

106 Hz. The self-aggregated like segments (cis/trans-butadiene) of BR form a peak at 

lower temperatures -85 °C at 104 Hz / -75 °C at 105 Hz / -65 °C at 106 Hz. The 

monomer level rotational and vibrational motions of the silanol groups on the silica 

particles show a peak at -95 °C at 106 Hz. The Y2 and Y3 compounds have a single 

maximum which is seen to primarily increase in broadness with the increase in 

frequency. The shape of the peak for the Y2 and Y3 compounds is almost identical, 

especially at 106 Hz. This indicates a similar viscoelastic response at the higher 

frequencies of the Y2 and Y3 compounds. 

The observed viscoelastic response for the Y1, Y2 and Y3 compounds can be 

explained in terms of the dual layer of chemical and physical bound rubber formation 

in the primarily silica filled compounds and the singular layer of physical bound rubber 

in the primarily carbon black filled compounds. The Y1 compound consists primarily 

of the silica filler which has polar silanol groups on its surface. Even though ca. 25 % 

of the silanol groups on the surface of silica react with the bi-functional silane (TESPT), 

the ca. 75 % unreacted silanol groups remain on the surface of silica[14]. This makes 

the silica still very polar but partially shielded by the TESPT grafted on its surface. Due 

to this surface polarity of the silica particle, it tends to have a preference for the more 

polar SBR phase in the blend. It is also known from literature that the vinyl fraction of 

the butadiene is preferentially involved in the chemical bound rubber formation [15]. 

Therefore, there is a higher amount of SBR chemically attached to the silica surface 

via the rubber coupling reaction. Also, as mentioned in the Section 3 / Chapter 6.1, 

the physical adsorption occurs by the polarization of the 𝜋-bonds of the polymer chain 

by the polar groups on the surface of the silica. This suggests that the immobilization 

of the polymer chains through physical adsorption is more likely for the styrene and 

the vinyl groups [15-19]. Thus, it is likely that there is a higher amount of the SBR 

phase in physical bound rubber in the primarily silica filled compounds. The chemical 

and the physical bound rubber have limited mobility due to the presence of the 

chemical linkages and the immobilization by polarization by the silanol groups on the 

silica surface, respectively. There is an additional layer of polymer chains with 

unrestricted mobility in the primarily silica filled compounds. As there is higher amount 

of the SBR phase in the chemical and physical bound rubber layer, it leads to a higher 

amount of the BR phase in the unrestricted layer. A self-concentration of the cis/trans-

butadiene units from the SBR and BR can happen in the unrestricted layer. This 

redistribution of the polymeric phases is a consequence of the 3 layer reinforcement 

(chemically bound layer + physically bound layer + unrestricted layer) of the primarily 

silica filled compounds: see Figure 6.1.1 / Chapter 6.1. The size (or the length scale) 
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of the 3 layers is in the nanometer range which makes them identifiable at the higher 

frequencies such as 104 – 106 Hz [3, 20].   

The Y3 compound consists primarily of the non-polar CB filler. The CB particles 

are carbon based with very few functional groups on the edges of the graphitic planes 

on its surface [21]. The CB particles have almost no preference for the either blend 

phase due to its non-polarity. The CB reinforcement is only due to the physical bound 

rubber which involves long range van der Waals forces. Therefore, the presence of 

the single peak in the viscoelastic response of the Y3 compound can be attributed to 

the presence of the long range van der Waals forces.  

The Y2 compound consists of a dual silica and CB filler. Since both the silica 

and the CB fillers are in equal quantity in the Y2 compound, there can be a combined 

3 layer and 2 layer reinforcement effect by the silica and the carbon black, respectively. 

The long range van der Waals forces can overshadow the effect of the short range 

forces involved in the chemical and physical bound rubber formation by the silica. 

Thus, a more CB like response is seen for the dual silica-CB filled Y2 compound. 

The viscoelastic response of the Y1, Y2 and Y3 compounds from BDS suggests 

a similarity between the Y2 and Y3 compounds. This is the same observation as from 

the coefficient of friction μ values under wet conditions at 65 km/h from the tire test 

measurements: see Table 8.3. It suggests a better correlation between the high 

frequency viscoelastic behavior from BDS and the real tire test measurements. To 

evaluate this correlation further, a correlation curve between the broadness of the 

peak of M" at 106 Hz from BDS and the coefficient of friction μ from tire test 

measurements is made: see Figure 8.5.  

The broadness of the peak of M" at 106 Hz is estimated by taking the width of 

the peak at a fixed point of 0.9 on the y-axis: see Figure 8.4. The y-axis on the Figure 

8.5 is drawn in negative as the decrease in the broadness is directly related to the 

increase in coefficient of friction μ. This an indication to a possible correlation between 

the broadness of the peak of M" at 106 Hz from BDS and the coefficient of friction μ 

at 65 km/h from tire test measurements. With increasing broadness of the M" peak, 

there is a decrease in the coefficient of friction. This means that an increase in 

broadness of the peak indicates a worse WSR. From the broadness of the M" peak the 

trend in WSR is as follows: Y1>Y2>Y3. The same overall trend was achieved from 

the tan δ at 0 °C but these measurements from the DMA method overestimate the 

magnitude of the change in the WSR. The DMA data suggest that the WSR of the Y2 

compound is in between that of the Y1 and Y3: see Table 8.3. However, in reality the 

WSR of the Y2 is closer to that of the Y3 compound, as can be seen from the tire test 

data. Thus, the viscoelastic response at the frequency of skidding (104 to 106 Hz) using 

the BDS method delivers more reliable results in this case: see Figure 8.5. 
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Figure 8.5 Correlation between the broadness of the M" peak at 106 Hz from 

BDS and the coefficient of friction μ at 65 km/h from tire test measurements 

for all three compounds Y1, Y2 and Y3. 

 

A possible explanation of the observed relation between the broadness of the 

peak from the BDS method with the coefficient of friction μ data from the real tire test 

may be explained as follows. In the Y1 compound there are two peaks corresponding 

to the segmental dynamics: a main blend phase with higher amount of SBR chains 

and a self-concentrated BR phase. On the figure 8.5, the broadness contribution of 

the main blend phase with higher amount of SBR is adopted as this is the majority 

phase from this compound. This means that the least broad peak corresponding to 

the Y1 compound is in fact corresponding to its SBR-rich phase. It is accepted that 

the SBR chains (with higher Tg and higher internal friction[22]) causes better WSR 

properties to the tire tread compounds compared to the BR chains. Since in the 

broadness of the electric modulus consideration from the BDS method it is the SBR-

rich phase of the Y1 compound that gives the response, it can be expected that the 

WSR of the compound might be better. In the Y2 and Y3 compounds the long range 

van der Waals forces from the CB make a single, broad viscoelastic response peak 

from the SBR and the BR in the blend. In the single peak consisting of both the SBR 

and BR chains, the advantageous WSR properties of the SBR chains get diluted. Thus, 

a worse WSR is seen for the Y2 and Y3 compounds from the real tire test data. 
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4. CONCLUSIONS 

In this chapter, the real S-SBR / BR based tire tread compounds from The 

Yokohama Rubber Company with different wt. fractions of silica / carbon back (Y1: 

70 / 10, Y2: 40 / 40 and Y3: 10 / 70) have been studied. The tan δ at 0 °C (from 

DMA) and the coefficient of friction μ values are provided by The Yokohama Rubber 

Company.  

For the compounds studied (Y1, Y2 and Y3), it is noted that there is little or 

no correlation between the tan δ at 0 °C with the coefficient of friction μ. Especially, 

for the Y2 compound, it is seen that the tan δ at 0 °C overestimates the improvement 

in the WSR. The lack of a proper correlation between the tan δ at 0 °C and the 

coefficient of friction μ is attributed to the difference in the frequency of the 

measurement techniques. The DMA measurements have been performed at 20 Hz and 

the frequency corresponding to the coefficient of friction μ measurement is ca. 107 Hz 

(based on speed to frequency conversion). To overcome the difference in the 

frequency of measurement, BDS measurements in the range of 1 to 107 Hz and -120 

to 80 °C have been carried out for the three compounds. From the BDS temperature 

sweep measurements at 104, 105 and 106 Hz, it can be seen that there is a significant 

difference in the shape characteristics of the M" peak for the Y1, Y2 and Y3 

compounds. While the primarily silica filled Y1 compound shows two maxima, the dual 

silica and CB filled Y2 compound and the primarily CB filled Y3 compound show a 

single maximum on the BDS temperature sweeps at 104, 105 and 106 Hz. This has 

been explained through the dual (chemical + physical) bound rubber formation via 

polar silanol groups based on interactions in the primarily silica filled compounds and 

the physical bound rubber formation via long range van der Waals interactions in the 

primarily CB filled compounds. It was noted that with the increase in the frequency, 

the broadness of each peak increased: see Figure 8.4. From a correlation of the 

broadness of the M" peak at 106 Hz and the coefficient of friction μ, a linear relationship 

between these quantities is identified. This suggests a potential of the BDS method to 

predict the WSR more reliably at the laboratory scale. 
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CHAPTER 9 

SUMMARY  
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A passenger car tire tread compound is a complex mixture of rubber(s) (mostly 

S-SBR and BR), process aids, fillers and a vulcanization system. Thus, the performance 

of a tire tread compound in terms of its Rolling Resistance (RR), Abrasion Resistance 

(AR) and Wet Skid Resistance (WSR) is influenced by each constituent in the 

formulation. An important factor which can affect the tire tread performance is the 

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

Extract (TDAE). Nowadays there is an increasing trend towards renewable bio-based 

process oils. One such newly developed oil is the Vivamax 5000 (V5000) which is more 

polar than the conventional TDAE.  

It is crucial to understand the influence of the process oils in detail to be able 

to predict how the properties of the tread compound will be modified by replacing the 

TDAE by Vivamax 5000. The challenge is that the commonly used S-SBR / BR based 

tread compound shows only a single glass transition temperature (Tg) from Dynamic 

Mechanical Analysis (DMA) which makes it difficult to distinguish the degree of 

influence of the process oil on the individual blend components. To overcome this, 

first, in Chapters 3.1 and 3.2, the vulcanized unfilled (without reinforcing filler) 

compounds of High Vinyl and Low Styrene (HVLS) and/or Low Vinyl and High Styrene 

(LVHS) S-SBR with BR were investigated with Broadband Dielectric Spectroscopy 

(BDS). Unlike DMA where the measurements are done at a fixed frequency of 1 Hz, 

the BDS temperature sweeps (-120 to 80 °C) are carried out at a range of frequencies 

from 10-1 to 106 Hz. In Chapter 3.1, the pure HVLS S-SBR, the pure BR and the HVLS 

S-SBR / BR 70 / 30 and the 50 / 50 wt. ratio blends were investigated with BDS. From 

the BDS temperature sweeps, the pure HVLS S-SBR shows one dielectric loss ε" peak 

corresponding to the segmental relaxation (Tg) in the temperature sweep 

measurements at all frequencies. The pure BR shows a ε" peak with two maxima due 

to the fact that the high amount of cis-BR units can rearrange to form spherical semi-

crystalline regions called spherulites. This leads to a two-phase morphology in BR 

consisting of crystallite-rich and amorphous-rich phases. The 70 / 30 blend shows one 

maximum in the ε" in the temperature sweep curve up to a frequency of 105 Hz, while 

a shoulder appears at the lower temperature side at 106 Hz. This shoulder was seen 

to overlap with the peak of the amorphous-rich phase of pure BR. Similarly, the 50 / 

50 blend shows one maximum in the ε" in the temperature sweep curve up to a 

frequency of 103 Hz, while a shoulder appears in the 103 to 106 Hz frequency range. 

The location of this shoulder is the same as in the 70 / 30 blend. Since the shoulder 

in the 70 / 30 and the 50 / 50 blends overlaps with the peak of the amorphous-rich 

phase of the pure BR, the origin of the shoulder is related to the presence of a close 

packing of segments of mobile cis/trans-BR units. In the 70 / 30 blend the shoulder 

appears only at 106 Hz, while in the 50 / 50 blend it can be already observed at 
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frequencies above 103 Hz. This means that there is a more pronounced self-

concentration in the 50 / 50 blend than in the 70 / 30 blend. Thus, homogeneity or 

miscibility in the HVLS S-SBR / BR blends is seen to be wt. ratio and frequency 

dependent.  

Furthermore, a Havriliak-Negami (HN) equation which describes the ε" 

relaxation in the frequency sweep is used to fit the dielectric spectra of all compounds. 

All compounds except the pure BR show one maximum of ε" in the frequency sweep. 

So, all compounds could be primarily fitted with one HN equation except BR for which 

two HN equations were applied to obtain a crystallite-rich and an amorphous-rich 

phase contribution. The segmental dynamics of the compounds was seen to follow an 

increasing trend in mobility as follows: HVLS S-SBR < 70 / 30 < 50 / 50 < Crystallite-

rich BR < Amorphous-rich BR. On the one hand, the HVLS S-SBR chains have the 

highest restriction due to the steric hindrance from bulky styrene and vinyl groups 

which leads to low mobility. On the other hand, the amorphous-rich BR has the least 

restriction due to the presence of more mobile BR chains.  

The 50 / 50 blend was studied in further detail with the application of a fitting 

protocol based on two HN equations to evaluate the frequency-dependent 

inhomogeneity. By using two HN equations, the 50 / 50 blend was de-convoluted to a 

lower frequency and a higher frequency contribution. The lower frequency 

contribution has been described as the blend-rich phase and the higher frequency 

contribution has been described as the BR-rich phase.  

In Chapter 3.2, a similar study as in chapter 3.1 was done for the pure LVHS 

S-SBR and high cis-BR and the LVHS S-SBR / BR 70 / 30 and 50 / 50 wt. ratio blends. 

Since the LVHS S-SBR / BR 70 / 30 and 50 / 50 blends show at least 2 peaks 

corresponding to the individual LVHS S-SBR and BR components at all frequencies, 

they are concluded to be inhomogeneous / immiscible blends. The 70 / 30 blend shows 

at least two maxima in the ε" value of the temperature sweep in the entire frequency 

range. In the 103 – 105 Hz range, a total of three peaks can be identified in the BDS 

temperature sweep curve. A similar temperature dependence can be seen for the 50 

/ 50 blend. The origin of the three peaks has been concluded to be: peak I – 

continuous S-SBR phase (S-SBR), peak II – inner core of the BR phase (crystallite-rich 

BR) and peak III – outer layer of the BR phase that can interact with the S-SBR phase 

(amorphous-rich BR). 

Based on these findings, a physical model of understanding of the molecular 

origin of the miscibility in the HVLS S-SBR / BR blends and the immiscibility in the 

LVHS S-SBR / BR blends is presented. It is hypothesized that the HVLS S-SBR and the 

BR are miscible due to the possibility of an interpenetration of the HVLS S-SBR by the 

BR chains. The higher internal repulsion within the HVLS S-SBR from the high amount 
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of the bulky styrene and the vinyl units along the main chain creates enough space in 

the polymer coil for the BR chains to interpenetrate inside. While in the LVHS S-SBR / 

BR blends, an interpenetration of the S-SBR by BR chains is not possible due to the 

smaller voids in the polymer coil. This leads to the immiscibility of LVHS S-SBR and 

BR. 

 

 

 

With this understanding of the miscibility characteristics of the HVLS S-SBR / 

BR blends, in the next section, the effect of addition of two different process oils – 

TDAE and V5000 - is studied. In general, the effect of both TDAE oil and V5000 oil is 

governed by the Fox’s inverse rule of mixtures regarding the direction of the shift of 

the Tg. Its use leads to a plasticization (decrease of Tg) or anti-plasticization (increase 

of Tg) effect on the segmental dynamics of the compounds depending on the 

differences of the Tg of the oils: TDAE (-49 °C) and V5000 (-52 °C) and those of the 

polymers: HVLS S-SBR (-25 °C) and BR (-109 °C). Also based on the change in the 

void volume in the oil-extended compounds, the thermodynamic compatibility of the 

oils and the polymers can be judged. A reduction in the void volume means a decrease 

in the Gibb’s free energy which is a general criterion for a blend to be miscible and 

vice-versa. In Chapters 4 and 5, the TDAE as well as the V5000-extended compounds 

containing HVLS S-SBR, high cis-BR and the HVLS S-SBR / BR 70 / 30 and 50 / 50 wt. 

ratio blends were investigated using DMA, BDS and Positron Annihilation Lifetime 

Spectroscopy (PALS).  

In most cases, from the DMA and the BDS method, the shift in the Tg is seen 

to be in coherence with the predictions from the Fox’s inverse rule of mixtures. 

However, in the case of the TDAE-extended HVLS S-SBR / BR 50 / 50 blend, it was 

possible to apply the de-convolution approach as developed in Chapter 3.1. With this 
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approach it is seen that the TDAE oil affects the BR component in the blend more than 

the S-SBR component. 

An effect of the TDAE or V5000 oils on the void volume of the compounds can 

be studied using the PALS method. The PALS investigations confirmed a nearly three 

times higher void volume in the non-oil extended-HVLS S-SBR than the non-oil-

extended BR. This is due to the higher internal repulsion from the bulky pendant 

(styrene and vinyl) groups on the main chain of the HVLS S-SBR compared to BR with 

ca. 98% cis and trans units on the main chain. On blending the HVLS S-SBR and the 

BR, the void volume becomes a weighted average of the corresponding void volumes 

of the component polymers. This is an additional indication of the miscibility in the 

HVLS S-SBR / BR blends. With the addition of the TDAE oil to the pure polymers there 

is an increase in the void volume of the HVLS S-SBR without any change of the void 

volume of BR. In the HVLS S-SBR / BR 70 / 30 and 50 / 50 blends, the TDAE oil leads 

to an increase in the net void volume of the blends. While the V5000 also has no effect 

on the BR, it leads to reduction in the void volume of the S-SBR and the HVLS S-SBR 

/ BR 70 / 30 blend. However, the V5000 has a similar effect as the TDAE on the HVLS 

S-SBR / BR 50 / 50 blend. The V5000 leads to an increase in the void volume of the 

50 / 50 blend. Based on these PALS investigations, it is concluded that the V5000 has 

a higher compatibility to the polymers than TDAE oil, especially for the S-SBR and the 

S-SBR / BR 70 / 30 blend. It is a reasonable conclusion as the V5000 is developed to 

have a higher polarity than the TDAE and hence a better compatibility to the S-SBR. 
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Another factor influencing the tire tread performance is the reinforcing filler 

system. For achieving a low RR (better fuel efficiency), a silica – bi-functional silane 

filler system is used in tire tread compounds. In the silica – bi-functional silane filler 

system, there are two layers of bound rubber formed at the surface of the filler: a 

chemically bound layer and a physically bound layer. In addition to the two layers of 

bound rubber, there is an unrestricted bulk rubber in these compounds which leads to 

the concept of an overall 3-layer reinforcement. In Chapters 6.1 and 6.2, the effect of 

the silica – bi-functional silane filler system was studied using the HVLS S-SBR / BR 

and the LVHS S-SBR / BR compounds, respectively in context of the 3-layer 

reinforcement model. The viscoelastic response of these filled compounds has been 

compared to that of the respective unfilled blends from Chapter 3.1 (for HVLS S-SBR 

/ BR) and Chapter 3.2 (for LVHS S-SBR / BR). In Chapter 6.1, the DMA tan δ peak of 

the filled compounds is seen to be broader (primarily on the higher temperature side) 

than that of the unfilled compounds. The broadening is an effect of the chemically and 

physically bound rubber formation on the addition of the filler. Furthermore, the BDS 

temperature sweep at 106 Hz shows two peaks: one segmental dynamics or the Tg 

peak and a second silica peak. The segmental dynamics (Tg) peak corresponds to the 

main blend phase. The silica peak corresponds to the contributions from the silanol 

groups at the silica surface (SP1) and the self-concentrated cis/trans-BR units (SP2). 

The SP1 peak is used to estimate the extent of the silanization reaction and the quality 

of the hydrophobation of the silica surface as the amount of silanol groups decreases 

with higher completion of this reaction. The SP2 peak gives an indication for the extent 

of miscibility as the intensity of this peak is reduced with higher miscibility in the 

compounds.  

Similar to the observation for the TDAE or V5000-extended unfilled compounds, 

it is noticed that the filled V5000 compounds have a higher miscibility than the filled 

TDAE compounds. The increase in the miscibility and the higher amount of rubber 

coupling reaction as seen from the reduction in the SP2 peak and the SP1 peak, 

respectively, leads to a reduction of the filler-filler interactions (Payne effect). A 

prominent effect of the improvement in the miscibility can be seen in the filler-filler 

interactions for the 70 / 30 blend where the Payne effect in the blend is almost the 

same as in the pure S-SBR compound. Overall, the filled HVLS S-SBR and the filled 

HVLS S-SBR / BR 70 / 30 compounds with V5000 show the highest miscibility, the 

lowest amount of remaining silanol groups and the lowest filler-filler interactions. 

Similarly, in Chapter 6.2, the DMA tan δ peak of the filled compounds is seen 

to be broader (primarily on the higher temperature side) than that of the unfilled 

compounds. Especially, in the filled LVHS S-SBR / BR 70 / 30 blend, the DMA tan δ 

peak becomes one broad peak as opposed to two peaks corresponding to the LVHS 
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S-SBR and BR phases in the unfilled blend. This is due to a broadening of the tan δ 

peak corresponding to the LVHS S-SBR phase as well as to the BR phase in the filled 

blend. The BDS temperature sweep curves show the same peaks at 106 Hz as observed 

in the filled HVLS S-SBR and the filled HVLS S-SBR / BR 70 / 30 blend: the Tg peak 

and the silica peak.  

 

 

 

Finally, a method to predict WSR more reliably than the existing DMA method 

was developed using BDS. In Chapter 7, the limitation of the existing DMA method is 

highlighted and the applicability of the BDS as a method to predict the WSR is 

investigated. From the silica filled HVLS S-SBR and HVLS S-SBR / BR (90 / 10; 80 / 

20; 70 / 30; 60 / 40 wt. ratios) blends studied, it was observed that the DMA method 

(even with the application of the Time Temperature Superposition (TTS) principle) 

cannot be used to reliably predict the WSR performance. An alternative to the DMA 

method is the BDS method which has the advantage of being able to experimentally 

measure the viscoelastic properties up to 106 Hz. Thus, it might give a more reliable 

prediction of the WSR.  

A new method to predict WSR has been proposed using the normalized 

dielectric loss modulus at the assumed skidding conditions (close to the real conditions 

during application) of 106 Hz and 60 °C from the BDS temperature sweep 

measurements. This fulfills the main requirement of estimating the hysteresis behavior 

of the compounds at skidding conditions to make a realistic WSR prediction. A 

reasonable conclusion that the WSR performance increases with the increasing wt. 

fraction of the HVLS S-SBR in the compounds is achieved from the BDS WSR indicator. 

A proof of principle for this proposed BDS method for WSR prediction of the tire tread 

compounds is done in Chapter 8. 

In Chapter 8, three real E-SBR / BR based tire tread compounds from The 

Yokohama Rubber Company with different wt. fractions of silica / carbon back were 

studied. From the BDS temperature sweep measurements of electric loss modulus at 
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106 Hz, the primarily silica filled compound shows two maxima, while the dual silica 

and CB filled compound and the primarily CB filled compound show a single maximum. 

A linear relationship between the decrease in the broadness of the peak at 106 Hz 

from BDS and the coefficient of friction μ from the real tire tests was noted. Thus, a 

first verification of the BDS method for WSR prediction is achieved. 
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SAMENVATTING 

 

Het rubber mengsel (compound) voor het loopvlak van een 

personenwagenband is een complexe samenstelling van één of meerdere elastomeren 

(meestal S-SBR en BR), verwerkings hulpstoffen, vulstoffen en een vulkanisatíe 

systeem. Op die wijze wordt het gedrag van een bandenloopvlak compound met 

betrekking tot de RolWeerstand (RR), Slijtage Weerstand (AR) en Natte Slip Weerstand 

(WSR) beïnvloed door elke component in de formulering. Een belangrijke factor die 

het gedrag van het bandenloopvlak kan beïnvloeden is de verwerkings hulpstof, wat 

meestal een minerale olie is als Treated Distillate Aromatic Extract (TDAE). Vandaag 

de dag bestaat er een toenemende trend naar hernieuwbare proces oliën op bio-basis. 

Eén van zulke nieuw ontwikkelde oliën is de Vivamax 5000 (V5000), meer polair dan 

conventionele TDAE. 

Het is van doorslaggevend belang om de invloed van de procesolie in detail te 

begrijpen teneinde te voorspellen hoe de eigenschappen van het loopvlak compound 

verandert door het vervangen van de TDAE door Vivamax 5000. De uitdaging is dat 

het gebruikelijke op S-SBR / BR gebaseerde loopvlak compound slechts één enkele 

glasovergangstemperatuur (Tg) vertoont in Dynamisch Mechanische Analyse, hetgeen 

het moeilijk maakt om een onderscheid te maken tussen de mate van beïnvloeding 

van de individuele mengsel componenten door de proces olie. Om dit probleem te 

verhelpen zijn eerst in de Hoofdstukken 3.1 en 3.2 de gevulkaniseerde ongevulde 

(zonder versterkende vulstof) compounds van Hoog Vinyl en Laag Styreen (HVLS) 

en/of Laag Vinyl en Hoog Styreen (LVHS) S-SBR met BR onderzocht met Broadband 

Dielectric Spectroscopy (BDS). Verschillend van DMA waar de metingen worden 

uitgevoerd bij een vaste frequentie  van 1 Hz, worden de BDS temperatuur ‘sweeps’ 

(reeks testen over een breed traject, in dit geval de temperatuur van -120 tot +80 oC) 

uitgevoerd in een frequentiegebied van 10-1 tot 106 Hz. In Hoofdstuk 3.1 zijn zuiver 

HVLS S-SBR, zuivere BR en HVLS S-SBR / BR 70 / 30 en de 50 / 50 mengsels 

onderzocht met BDS. In de BDS temperatuur sweeps vertoont het zuivere HVLS S-SBR 

één dielectrische verlies piek ε”, die correspondeert met de segment relaxatie (Tg) in 

de temperatuur sweep metingen bij alle frequenties. Het zuivere BR vertoont een ε” 

piek met twee maxima vanwege het feit dat het hoge aandeel cis-BR eenheden zich 

kan herschikken om semi-kristallijne gebieden te vormen, sferulieten genaamd. Dit 

leidt tot een twee-fasen morfologie in de BR bestaande uit kristalliet-rijke en amorfe 

fases. Het 70 / 30 mengsel vertoont één maximum in de ε” in de temperatuur sweep 

curve tot aan een frequentie van 105 Hz, waarboven een schouder verschijnt aan de 

lage temperatuur kant bij 106 Hz. Deze schouder bleek een overlap te vertonen met 
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de piek van de amorf-rijke fase van de zuivere BR. Op vergelijkbare wijze vertoont het 

50 / 50 mengsel één maximum in de ε” in de temperatuur sweep curve tot aan een 

frequentie van 103 Hz, terwijl er een schouder verschijnt in het 103 tot 106 Hz 

frequentie gebied. De plaats van deze schouder is detzelfde als in het 70 / 30 mengsel. 

Aangezien de schouder in de 70 / 30 en 50 / 50 mengsels samenvalt met de piek van 

de amorfe fase in de zuivere BR, wordt de herkomst van de schouder gerelateerd aan 

de aanwezigheid van een dichte pakking van segmenten van beweeglijke cis/trans-BR 

eenheden. In het 70 / 30 mengsel verschijnt de schouder pas bij 106 Hz, terwijl deze 

in het 50 / 50 mengsel al kan worden waargenomen bij frequenties boven 103 Hz. Dit 

betekent dat er een meer uitgesproken zelf-concentratie optreedt in het 50 / 50 dan 

in het 70 / 30 mengsel. Derhalve blijkt de homogeniteit of mengbaarheid in de HVLS 

S-SBR / BR mengsels af te hangen van de gewichtsverhouding en de temperatuur.  

Vervolgens wordt een Havriliak-Negami (HN) vergelijking gebruikt, die de ε” relaxatie 

in de frequentie-sweep beschrijft, om de diëlectriche spectra van alle compounds te 

fitten. Alle compounds behalve het zuivere BR vertonen één ε” maximum in de 

frequentie-sweep. Alle compounds konden daarom voornamelijk worden gefit met één 

HN vergelijking, behalve BR waarvoor twee HN vergelijkingen werden toegepast om 

de bijdrage van een kristalliet-rijke en een amorfe fase te verkrijgen. De segment 

dynamica van de compounds bleek een toenemende trend in beweeglijkheid te volgen 

op de volgende wijze: HVLS S-SBR <  70 / 30 < 50 / 50 < Kristalliet-rijke BR < Amorfe 

BR. Eneerzijds worden de HVLS S-SBR ketens het meeste belemmerd in hun 

beweeglijkheid tengevolge van sterische hindering door volumineuze styreen en vinyl 

groepen, hetgeen tot lage mobiliteit leidt. Anderzijds heeft de amorfe BR de minste 

beperking in beweeglijkheid tengevolge van de aanwezigheid van mobielere BR 

ketens. 

Het 50 / 50 mengsel is in meer detail bestudeerd door de toepassing van een 

fitting protocol  gebaseerd op twee HN vergelijkingen om de frequentie-afhankelijke 

inhomogeniteit te evalueren. Met  gebruikmaking van twee HN vergelijkingen werd het 

50 / 50 mengsel ge- deconvolueerd in een lagere frequentie bijdrage en een bij hogere 

frequentie. De lagere frequentie-bijdrage werd beschreven als de mengsel-rijke fase, 

en de hogere als de BR-rijke fase.  

In Hoofdstuk 3.2 werd een vergelijkbaar onderzoek verricht als in Hoofdstuk 3.1 

voor het zuivere LVHS S-SBR en hoog cis-BR en voor de LVHS S-SBR / BR 70 / 30 en 

50 / 50 mengsels. Aangezien de LVHS S-SBR /BR 70 / 30 en 50 / 50 mengsels 

tenminste 2 pieken vertonen bij alle frequenties, corresponderend met de individuele 

LVHS S-SBR en BR componenten, wordt geconcludeerd dat het inhomogene/niet-

mengbare mengsels betreft. Het 70 / 30 mengsel vertoont tenminste 2 maxima in de 

ε” waarde bij de temperatuur sweep over het gehele frequentie-bereik. In het bereik 
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van 103 – 105 Hz kan een totaal van 3 pieken worden geïdentificeerd in de BDS 

temperatuur sweep curve. Een soortgelijke temperatuur-afhankelijkheid kan worden 

waargenomen voor het 50 / 50 mengsel. De oorsprong van deze drie pieken is 

vastgesteld als: piek I – continue S-SBR fase (S-SBR), piek II – binnenste schil van de 

BR-fase (kristalliet-rijke BR) en piek III – buitenlaag van de BR fase, die kan 

interageren met de S-SBR-fase (amorfe BR). 

Op basis van deze bevindingen wordt een fysisch model gepresenteerd teneinde 

de moleculaire oorsprong van de mengbaarheid in de HVLS S-SBR / BR mengsels en 

de onmengbaarheid in de LVHS S-SBR / BR mengsels te begrijpen. De hypothese wordt 

gepresenteerd, dat de HVSL S-SBR en de BR mengbaar zijn vanwege de mogelijkheid 

van interpenetratie van de BR ketens in de HVLS S-SBR. De hogere inwendige afstoting 

in de HVLS S-SBR door de hoge hoeveelheid volumineuze styreen- en vinyl-eenheden 

langs de hoofdketen schept genoeg ruimte in de polymere kluwen om de BR ketens 

naar binnen te laten penetreren. Anderzijds is in de LVHS S-SBR / BR mengsels een 

interpenetratie van de S-SBR door BR-ketens niet mogelijk vanwege de kleinere holtes 

in de polymere kluwen. Dit leidt tot de onmengbaarheid van de LHVS S-SBR en BR. 

 

 

Met dit begrip van de mengbaarheids karakteristieken van de HVLS S-SBR / BR 

mengsels, wordt in de volgende sectie het effect van toevoeging van twee 

verschillende proces oliën – TDAE en V5000 – bestudeerd. In z’n algemeenheid wordt 

het effect van de TDAE en de V5000 olie bepaald door Fox’s inverse mengregel met 

betrekking tot de richting waarin de Tg verschuift. Het gebruik ervan leidt tot 

plastiserings (afname van Tg) of anti-plastiserings (toename van Tg) effect op de 

segment dynamica van de compounds in afhankelijkheid van de verschillen in de Tg’s 

van de oliën: TDAE (-49 oC) en V5000 (-52 oC), en die van de polymeren: HVLS S-SBR 

(-25 oC) en BR (-109 oC). Ook de thermodynamische onderlinge verdraagzaamheid van 

de olien en de polymeren kan worden beoordeeld op basis van de verandering in het 

lege volume in de olie-verstrekte compounds. Een verlaging in het lege volume 
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betekent een afname in de Gibb’s vrije energie, hetgeen een algemeen aanvaard 

criterium is voor de mengbaarheid van een mengsel of vice-versa. In de Hoofdstukken 

4 en 5 werden de TDAE zowel als de V5000 verstrekte compounds met HVSL S-SBR, 

hoog cis-BR en de HVLS S-SBR / BR in 70 / 30 en 50 / 50 gewichts mengverhoudingen 

onderzocht met gebruikmaking van DMA, BDS en Positron Annihilatie Lifetime 

Spectroscopie (PALS). 

In de meeste gevallen blijkt uit de DMA en de BDS methodes, de verschuiving 

in de Tg de voorspellingen van Fox’s inverse mengregel te volgen. Echter in het geval 

van het TDAE-geëxtendeerde HVLS S-SBR / BR 50 / 50 mengsel was het mogelijk de 

de-convolutie aanpak zoals ontwikkeld in Hoofdstuk 3.1 toe te passen. Met  deze 

aanpak wordt duidelijk dat de TDAE olie de  BR component in het mengsel meer 

beïnvloedt dan de S-SBR component.   

Een effect van de TDAE of V5000 oliën op het lege volume van de compounds 

kan worden bestudeerd met de PALS methode. Het PALS onderzoek bevestigde een 

bijna drie maal hoger leeg volume in de niet olie-geëxtendeerde HVLS S-SBR dan in 

de niet olie-geëxtendeerde BR. Dit is te wijten aan de hogere inwendige afstoting van 

de volumineuze aanhangende (styreen en vinyl) groepen aan de hoofdketen van het 

HVLS S-SBR in vergelijking met BR met ca. 98% cis en trans eenheden in de 

hoofdketen. Bij mengen van de HVLS S-SBR met de BR neemt het lege volume een 

gewogen gemiddelde aan van de overeenkomstige lege volumes van de afzonderlijke 

polymeren. Dit is een bijkomende aanwijzing voor de mengbaarheid in de HVLS S-SBR 

/ BR mengsels. Bij toevoegen van de TDAE olie aan de zuivere polymeren neemt het 

lege volume van de HVLS S-SBR toe zonder noemenswaardige verandering van het 

lege volume van BR. In de HVLS S-SBR / BR 70 / 30 en 50 / 50 mengsels leidt de TDAE 

olie tot een toename in het netto lege volume van de mengsels. Terwijl de V50000 

eveneens geen effect heeft op de BR, leidt het tot afname van het lege volume van 

het S-SBR en het HVLS S-SBR / BR 70 / 30 mengsel. Aan de andere kant heeft de 

V5000 een vergelijkbaar effect als de TDAE op het HVLS S-SBR / BR 50 / 50 mengsel. 

De V5000 leidt tot een toename in het lege volume van het 50 / 50 mengsel. Op basis 

van deze PALS onderzoeken wordt geconcludeerd dat de V5000 een betere 

verdraagzaamheid heeft met de polymeren dan de TDAE olie, vooral voor de S-SBR 

en het S-SBR / BR 70 / 30 mengsel. Dit is een redelijke conclusie aangezien de V5000 

ontwikkeld is voor een hogere polariteit dan de TDAE en derhalve een betere 

verdraagzaamheid met de S-SBR. 
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Een andere factor die het gedrag van het bandenloopvlak beïnvloedt is het 

versterkende vulstof-systeem. Om een lage RR te bereiken (betere 

brandstofefficiency), wordt een silica – bi-functioneel silaan vulstof systeem gebezigd 

in banden loopvlak compounds. In het silica – bi-functioneel silaan vulstof systeem 

worden er twee lagen gebonden rubber gevormd op het oppervlak van de vulstof: een 

chemisch gebonden en een fysisch gebonden laag. Naast de twee lagen gebonden 

rubber is er onbelemmerde rubber in deze compounds hetgeen tot het concept leidt 

van in totaal 3 versterkingslagen. In de Hoofdstukken 6.1 en 6.2 werd het effect van 

het silica – bi-functionele silaan vulstofsysteem bestudeerd met gebruikmaking van 

respectievelijk de  HVLS-SBR / BR en de LVHS S-SBR / BR compounds, in de context 

van het 3-lagen model. De viscoelastische respons van deze gevulde compounds is 

vergeleken met die van de respectievelijke ongevulde mengsels uit Hoofdstuk 3.1 (voor 

HVLS S-SBR / BR) en Hoofdstuk 3.2 (voor LVHS S-SBR / BR. In Hoofdstuk 6.1 blijkt de 

DMA tan δ piek van de gevulde compounds breder (voornamelijk aan de hoge 

temperatuur kant) dan van de ongevulde compounds. De verbreding is een effect van 

de chemisch en fysisch gebonden rubber vorming bij toevoeging van de vulstof. 

Daarnaast vertoont de BDS temperatuur sweep bij 106 Hz twee pieken: één van de 

segment dynamica of de Tg piek en een tweede silica piek. De piek van de segment 

dynamica (Tg) correspondeert met de hoofd-fase van het mengsel. De silica-piek 

correspondeert met de bijdragen van de silanol-groepen op het silica oppervlak (SP1) 

en de zelf-geconcentreerde cis/trans-BR eenheden (SP2). De SP1 piek wordt gebruikt 

om de mate van de silaniserings-reactie te bepalen en de kwaliteit van de 

hydrofobering van het silica-oppervlak terwijl de hoeveelheid silanol groepen afneemt 

met hogere voltooïng van deze reactie. De SP2 piek geeft een aanwijzing voor de mate 
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van mengbaarheid daar de intensiteit van deze piek omlaag gaat bij hogere 

mengbaarheid van de compounds.  

Op gelijke wijze als waargenomen voor de TDAE- of V5000-verstrekte 

ongevulde compounds, wordt opgemerkt dat de gevulde V5000 compounds een 

hogere mengbaarheid bezitten dan de gevulde TDAE compounds. De toename in de 

mengbaarheir en de hogere hoeveelheid rubber koppelings reactie zoals waargenomen 

in de reductie van respectievelijk de SP2 en de SP1 pieken, leidt tot een afname van 

de vulstof-vulstof interacties (Payne effect). Een in het oog vallend effect van de 

verbetering in mengbaarheid kan worden waargenomen in de vulstof-vulstof 

interacties voor het 70 / 30 mengsel, waarvoor het Payne effect in het mengsel vrijwel 

hetzelfde is als in het op zuivere S-SBR gebaseerde compound. Over het geheel 

genomen vertonen de gevulde HVLS S-SBR en de gevulde HVLS / BR 70 / 30 

compounds met V5000 de hoogste mengbaarheid, de laagste hoeveelheid 

overblijvende silanol-groepen en de laagste vulstof-vulstof interacties.  

Op gelijke wijze blijkt in Hoofdstuk 6.2 de DMA tan δ piek van de gevulde 

compounds breder (hoofdzakelijk aan de hoge temperatuur kant) dan van de 

ongevulde compounds. In het bijzonder wordt de DMA tan δ piek in het gevulde LVHS 

S-SBR / BR 70 / 30 mengsel één  brede piek, in tegenstelling tot twee pieken die 

corresponderen met de LVHS S-SBR en de BR fases in het ongevulde mengsel. Dit is 

te wijten aan een verbreding van de tan δ piek welke correspondeert met de LVHS S-

SBR fase zowel als de BR fase in het gevulde mengsel. De BDS temperatuur sweep 

curves vertonen dezelfde pieken bij 106 Hz als waargenomen in de gevulde HVLS S-

SBR en het gevulde HVLS S-SBR / BR 70 / 30 mengsel: de Tg piek en de silica piek. 

 

 

 

Tenslotte werd een betrouwbaarder methode ontwikkeld ten opzichte van de 

bestaande DMA methode om WSR te voorspellen met gebruikmaking van BDS. In 

Hoofdstuk 7 werd de beperking van de bestaande DMA methode toegelicht en werd  

de toepasbaarheid van de BDS onderzocht als methode om de WSR te voorspellen. Op 



 

241 
 

basis van de bestudeerde HVLS S-SBR en HVLS S-SBR / BR mengsels 

(mengverhoudingen van 90 / 10; 80 / 20; 70 / 30 en 60 / 40) werd waargenomen dat 

de DMA methode (zelfs met de toepassing van het Tijd-Temperatuur Superpositie 

(TTS) principe) niet gebruikt kan worden om het WSR gedrag te voorspellen. Een 

alternatief voor de DMA methode is de BDS methode, welke het voordeel heeft in staat 

te zijn de viscoelastische eigenschappen experimenteel te meten tot 106 Hz. Aldus zou 

het een betrouwbaarder voorspelling van de WSR kunnen geven. 

Een nieuwe methode om WSR te voorspellen is voorgesteld met de 

genormaliseerde dielectrische verliesmodulus bij de veronderstelde slip condities (dicht 

bij de werkelijke condities gedurende toepassing) van 106 Hz en 60 oC uit de BDS 

temperatuur sweep metingen. Dit komt tegemoet aan de hoofdeis om het hysteretisch 

gedrag van de compounds te bepalen bij slip-condities om een realistische WSR 

voorspelling te doen. Een redelijke conclusie wordt ontleend aan de BDS WSR 

indicator, dat het WSR gedrag toeneemt met toename van de gewichtsfractie HVLS S-

SBR in de compounds. Een bewijs voor het principe van deze voorgestelde BDS 

methode voor WSR voorspelling van het bandenloopvlak wordt geleverd in Hoofdstuk 

8.  

In Hoofdstuk 8 werden drie echte op E-SBR / BR gebaseerde banden loopvlak 

compounds van de Yokohama Rubber Company met verschillende gewichtsfracties 

silica / roet  bestudeerd. Uit de BDS temperatuur sweep metingen bij 106 Hz vertoont 

het voornamelijk silica-gevulde compound twee maxima in de electrische 

verliesmodulus, terwijl het silica / roet gevulde compound en het hoofdzakelijk roet-

gevulde compound maar een enkel maximum vertonen. Een lineair verband werd 

vastgesteld tussen de afname in piekbreedte bij 106 Hz in de BDS en de frictie-

coëfficiënt µ ontleend aan de werkelijke banden-testen. Op deze wijze is een eerste 

verificatie van de BDS methode voor WSR verkregen.   

 

 

 

 



 

242 
 

 



243 

 

Bibliography 

 

Journal articles : 

1. A. Rathi, M. Hernández, C. Bergmann, J. Trimbach, W.K. Dierkes, A. Blume, 

Structure-property relationships of ‘safe’ aromatic oil based passenger car tire 

tread rubber compounds, Kautschuk Gummi Kunststoffe, 2016, 69, 22-27. 

2. A. Rathi, M. Hernández, S.J. Garcia, W.K. Dierkes, J.W. M. Noordermeer, C. 

Bergmann, J. Trimbach, A. Blume, Identifying the effect of Aromatic oil on the 

individual component dynamics of S-SBR/BR blends by Broadband Dielectric 

Spectroscopy, Journal of Polymer Science: Part B: Polymer Physics, 2018, 56, 842-

854. 

 

Conference papers & oral presentations : 

1. A. Rathi, M. Hernández, C. Bergmann, J. Trimbach, W. Dierkes, A. Blume, 

Structure-property relationships of ‘safe’ aromatic oil based passenger car tire 

tread rubber compounds, Oral presentation, PhD Seminar, Cologne, 8th-10th June 

2015.  

2. A. Rathi, M. Hernández, C. Bergmann, J. Trimbach, W.K. Dierkes, A. Blume, 

Structure-property relationships of ‘safe’ aromatic oil based passenger car tire tread 

rubber compounds, Oral presentation, International Rubber Conference, 

Nuremberg, 29th June-2nd July 2015.  

3. A. Rathi, M. Hernández, C. Bergmann, J. Trimbach, W. Dierkes, A. Blume, 

Structure-property relationships of ‘safe’ aromatic oil based passenger car tire tread 

rubber compounds, Oral presentation, DKG meeting, Bad Neuenahr, 14th-15th 

September 2015. 

4. A. Rathi, M. Hernández, W.K. Dierkes, J.W.M. Noordermeer, C. Bergmann, J. 

Trimbach, A. Blume, Effect of aromatic oil on phase dynamics of S-SBR / 

BR blends for passenger car tire treads, Paper Presentation, ACS Rubber Division 

Meeting, Cleveland, U.S.A., 11th -15th October 2015.  

5. A. Rathi¹, M. Hernández2, W.K. Dierkes¹, J.W.M. Noordermeer1, C. Bergmann3, J. 

Trimbach3 and A. Blume1, Effect of aromatic oil on phase dynamics of S-SBR / BR 

blends for passenger car tire treads, Oral Presentation, Elastomery conference, 

Tours, 3rd- 5th November 2015. 

6. A. Rathi¹, M. Hernández2, W.K. Dierkes¹, J.W.M. Noordermeer1, C. Bergmann3, J. 

Trimbach3 and A. Blume1, Effect of aromatic oil on phase dynamics of S-SBR/BR 

blends for passenger car tire treads, Oral Presentation, DKG meeting, Hamburg, 

26th- 27th November 2015. 



 

244 

 

7. A. Rathi¹, M. Hernández2, W.K. Dierkes¹, J.W.M. Noordermeer1, C. Bergmann3, J. 

Trimbach3 and A. Blume1, Effect of aromatic oil on phase dynamics of S-SBR / BR 

blends for passenger car tire treads, Oral Presentation, Tire Technology Expo, 

Hannover, 16th- 18th February 2016. 

8. A. Rathi¹, M. Hernández2, W.K. Dierkes¹, J.W.M. Noordermeer1, C. Bergmann3, J. 

Trimbach3 and A. Blume1, Effect of aromatic oil on phase dynamics of S-SBR / BR 

blends for passenger car tire treads, Oral Presentation, DKG / VKRT, Deventer, 8th- 

9th September 2016. 

9. A. Rathi¹, M. Hernández2, W.K. Dierkes¹, J.W.M. Noordermeer1, C. Bergmann3, J. 

Trimbach3 and A. Blume1, Effect of aromatic oil on phase dynamics of S-SBR / BR 

blends for passenger car tire treads, Paper Presentation, Fall 190th technical 

meeting, ACS Rubber division, Pittsburgh, PA, 10th- 13th October 2016.  

10. A. Rathi¹, M. Hernández2, W.K. Dierkes¹, J.W.M. Noordermeer1, C. Bergmann3, J. 

Trimbach3 and A. Blume1, Effect of aromatic oil on phase dynamics of S-SBR / BR 

blends for passenger car tire treads, Oral Presentation, 4th Rubber Symposium of 

the Countries on the Danube, Szeged, Hungary 24th- 26th October 2016. 

11. A. Rathi, M. Elsayed R. Krause-Rehberg, W.K. Dierkes, J.W.M. Noordermeer, C. 

Bergmann, J. Trimbach, A. Blume, Effect of “safe” aromatic oil on dynamics of S-

SBR / BR (50 / 50) blends, Oral presentation, PhD Seminar, Lodz, 23rd-25th April 

2018.  

12. A. Rathi, M. Elsayed, R. Krause-Rehberg, W.K. Dierkes, J.W.M. Noordermeer, C. 

Bergmann, J. Trimbach, A. Blume, Effect of aromatic oil on the S-SBR / BR blend 

components revealed using BDS and PALS, Paper presentation, German Rubber 

Conference, Nuremberg, 2nd-5th July 2018.  

13. A. Rathi, M. Elsayed, R. Krause-Rehberg, W.K. Dierkes, J.W.M. Noordermeer, C. 

Bergmann, J. Trimbach, A. Blume, Effect of aromatic oil on the S-SBR / BR blend 

components revealed using BDS and PALS, Paper presentation, International 

Rubber Conference, Kuala Lumpur, 4th-6th September 2018. 

14. A. Rathi, M. Hernández, S.J. Garcia, C. Bergmann, J. Trimbach, J.W.M. 

Noordermeer, W.K. Dierkes, A. Blume, High Frequency testing for Predicting Wet 

Skid Resistance, Oral presentation, Tire Technology Expo, Hannover, 5th- 7th March 

2019. 

 

Posters : 

1. A. Rathi, M. Hernández, C. Bergmann, J. Trimbach, W.K. Dierkes, A. Blume,  

Structure-property relationships of ‘safe’ aromatic oil based passenger car tire 

tread rubber compounds, Poster presentation, Dutch Polymer Days, Lunteren, 16th-

17th March 2015. 



   

245 

 

2. A. Rathi, M. Hernández, S.J. Garcia, C. Bergmann, J. Trimbach, J.W.M. 

Noordermeer, W.K. Dierkes, A. Blume, High Frequency testing for Predicting Wet 

Skid Resistance, Poster presentation, International Rubber Conference, London, 

3rd-5th September 2019. 

 

Awards : 

1. German Rubber Society “Advancement award”, 8th September 2016. 

2. ACS Rubber Division “Best Student Paper Speech: Graduate” award, 13th October 

2016. 

3. PhD Seminar on Rubber Chemistry & Technology “Best Oral Presentation” award, 

25th April 2018. 

4. International Rubber conference Student prize “Best Oral Presentation”, 6th 

September2018. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

246 

 

 

 



247 

 

ACKNOWLEDGEMENTS  
 

“Though the road’s been rocky it sure feels good to me” 

― Bob Marley 

 

The last 5 years at the University of Twente have been a very fruitful experience 

in more ways than just the education aspect. I will always carry the learnings and the 

memories with me.  

My gratitude is extended to my promotor Prof. Dr. Anke Blume for giving me 

the opportunity to be a part of her team at the Elastomer Technology and Engineering 

(ETE) research group. Over the years, Anke, you have been a doctor mother, a mentor 

and very often, a friend. I really appreciate the patience and the effort that have put 

in for me. Without a doubt, I could not (and would not choose to) do this without you. 

Thank you for everything!  

Furthermore, I want to thank the other staff members at the ETE group who 

have helped me along the way as and when needed. Wilma, I appreciate you being 

there for discussions, not only limited to research work. Jacques, I am thankful for the 

time that you have spent on helping me write articles and discussing challenging 

rheology related topics. Ceciel, Thanks a ton for your always helping me out with the 

administrative matters. Without you, the anxiety of handling the administrative work 

would probably kill me (:P). Dries, you are truly an integral part of the ETE group. 

Thank you for all your support during this time.  

I am indebted to Hansen & Rosenthal KG for making it all possible by providing 

the financial support for this work. I am thankful to Mr. Jürgen Trimbach and Dr. 

Cristina Bergmann for their time and the scientific contribution to this work. Our 

regular discussions really helped me to keep going in the right direction. 

I would like to acknowledge Dr. Santiago Garcia from TU Delft for collaborating 

with us on this project and for allowing me to use the Broadband Dielectric 

Spectrometer (BDS) in his lab. Marianella, thank you for your patience and time for 

teaching me all I know about BDS measurements and analysis. It wouldn’t be possible 

to complete this project without your guidance. I appreciate the support with the 

equipment handling from Ms. Marlies Nijemeisland and the administrative support 

from Shanta Visser. I am thankful to Paul and Dimos for being kind office mates and 

all the other group members at Novel Aerospace Materials research group. 

I am very thankful to Prof. Krause-Rehberg and Mohamed from University of 

Halle for doing the Positron Annihilation Lifetime Spectroscopy (PALS) measurements 

for me. 



 

248 

 

I want to thank Amino-san for allowing me to do an internship at The Yokohama 

Rubber Co., Ltd. during my PhD. I have so many good memories from this time. To 

my (ex-) colleagues from the time of my internship: Sato-san, Mihara-san, Kakubo-

san, Nakagawa-san, Tsuji-san, Akahori-san, Ogawa-san, Shibuya-san: I had the best 

experience of working in Japan because of the kindness from all of you. I would also 

like to express my gratitude to Mihara-san for supporting me with the tire test data 

for my research work. I really appreciate the time that you spent on explaining simple 

things to me. 

Thank you Arend-Jan and Peter for arranging the measurements with the 

Rheometer at the labs of TA Instruments in London. The memory of the India vs. 

Netherlands hockey match is unforgettable!  

My dearest paranymphs, Andre and Fabian. I am very grateful that you 

accepted to be my paranymphs. The three musketeers shall face it all together.  

Andre, I cherish all the times we have spent together sharing our interests of 

photography, hiking, music and more. You’ve been my support system. It has been a 

true blessing to have you in my life. Fabian, you’ve been my confidante and reality 

check since I have known you. Thank you for being that person. It means more to me 

than I can express. 

The wonderful people of the ETE group: Louis, Wisut, Jacob, Karnda, Nadia, 

Hans, Masaki, Frank, Ewa, Ania, Maja, Andrea, Antonio, Łukasz, Marzieh, Amir, 

Vignesh, Chesidi, Ayush, Neven, Dorota, Zuzanna, Carmela, Jan-Willem, Rounak, 

Anmol, Jin, Choi, Marnick, Sun, Rick, Arqam, Xiaozhen, Chigusa, Indria, Chai, Gina, 

Priyanka, Marcin, Rafal, Stefan. Many thanks for the discussions, for listening to my 

endless complaints and supporting me.  

To my friends like family: Aura, Niamh, Komal, Arqam, Jovana, Neven, Mihar, Adyasha, 

Sanjeeb, Anna, Cecilia, Ewa, Julia, Prateek, I am forever indebted to the love and 

support you all have provided over the years. It keeps me centered and moving 

forward. My heartfelt gratitude to you all! I feel incredibly blessed to have Anita and 

Erik Vollenbroek in my life. Thank you so much for being there for me! 

Last but not the least, my deepest gratitude is extended to my family that is 

my biggest treasure in life. To my parents (Arun and Anita): You have made 

unimaginable sacrifices and dedicated yourselves to me and Srishti. Every day I feel 

blessed to have you both as my parents. Without your love, guidance and support, 

none of this would be possible. You are and always be my biggest strength. My dear 

sister, Srishti, your presence in my life is indispensable. You are my love and my very 

best friend. Thank you for putting up with me. I love you! 

 

Akansha Rathi 



249 

CURRICULUM VITAE 

Akansha Rathi was born in New Delhi, India on February 9, 1991. She obtained her 

bachelor of technology (B.Tech.) degree with a thesis on polymer synthesis, self-

assembly and characterization from Indian Institute of Technology, Delhi and Vellore 

Institute of Technology, India in 2012. In 2014, she received her master of technology 

(M.Tech.) degree in Materials Science and Engineering from Indian Institute of 

Technology Kharagpur, India. Her master thesis was on “Microemulsion as carrier for 

polar nanoparticles into non-polar elastomer matrix”. She carried out the research for 

her master thesis at Leibniz Institut für Polymerforschung, Dresden with funding from 

DAAD (Deutscher Akadmischer Austausch Dienst) under the IIT-TU sandwich 

scholarship program. She started at the ETE group, University of Twente in June 2014 

as a PDEng trainee. Her PDEng research was done in cooperation with Hansen & 

Rosenthal KG on the topic: “Process-design for rubber blend compounds with good 

compatibility to petroleum-based PNA-safe process oils for tires”. After finishing her 

PDEng in 2016, she continued to pursue her PhD at the ETE group also in cooperation 

with Hansen & Rosenthal KG.  



250 


	Frontpage_AR_PhD
	CHAPTER1_INTRODUCTION_final
	CHAPTER2_final
	CHAPTER3.1 final
	CHAPTER3.2 final
	CHAPTER4_TDAE_final
	CHAPTER5_V5000_final
	CHAPTER6.1 final
	CHAPTER6.2 final
	CHAPTER7_final
	CHAPTER8_final
	CHAPTER9_final
	Samenvatting Akansha
	List of publications, presentations
	Acknowledgements
	Akansha CV



