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Chapter 1  

Introduction  

 

 

1.1  General Introduction 

The potential applications of nanomaterials in various fields have caught the attention of 

the academic and industrial research world over the last few decades. Nanotechnology 

is emerging to revolutionize the world we live in with radical breakthroughs in areas 
such as materials science and manufacturing, chemicals and pharmaceuticals, medicine 

and health care, environment and energy, biotechnology and agriculture, electronics, 

computation and information technology, etc. 

Composites and compounds are materials that can be defined as engineered materials 

which consist of a combination of two or more materials, that have better properties 

when combined than the individual components used alone. In practice, most 

composites and compounds consist of a bulk material, the “matrix”, and a reinforcing 

agent, added primarily to increase the strength and stiffness of the matrix. These 

reinforcement materials are often solid particles that improves the mechanical 

properties of the composites. 

Polymer systems reinforced with filler nanoparticles constitute a huge market (several 

millions of metric tons/annum worldwide): examples include tires, many types of high 

performance plastics used e.g., in the automobile industry to replace steel, products for 
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leisure and sports, sealings, cables, pipe insulations, noise/vibration dampers and 

structural parts of advanced equipment. Vehicle tires are the most prominent rubber 

products in terms of volume: more than half of the natural and synthetic rubbers 

produced in the world are consumed by the tire industry [1]. The introduction of carbon 

black (CB) as a reinforcing agent in tires in the early 20th century led to strongly 

increased tread wear resistance. However, it is perhaps not the optimal reinforcement 

agent (depending on the desired properties), which poses the general problem of the 

optimization of the reinforcement of polymer matrices by filler particles, the subject of 

this thesis. The uniqueness of nanoparticles is that their size, morphology and 

composition can be controlled. 

Different types of filler particles are widely used to change the mechanical properties of 

many different types of polymer systems. Probably the most widely used filler particle is 

still CB, used mainly in the tire industry. Carbon black is produced by incomplete 

combustion of coal tar, ethylene tar and a small amount of vegetable oil. However the 
current trend is towards “green tires”, in which the carbon black is replaced by silica 

nanoparticles.  

Natural silica is a crystalline compound occurring abundantly as quartz, sand, and many 

other minerals and is used to manufacture a variety of materials, especially glass and 
concrete. Natural silica types are: amorphous, crystalline, diatomaceous (fossil origin) 

and microcrystalline. Types of synthetic silica are: precipitated, fumed, aerogels and 

hydrogels. Of these varieties, precipitated and fumed silica are being used for elastomer 
reinforcement. Precipitated silica is silicon dioxide SiO2 with particle size in the range of 

1-40 nm. They are reinforcing fillers that give composites high tensile strength, tear 

resistance, abrasion resistance and hardness. Silica particles are both chemically and 
physically very different from carbon black. Therefore, the existing know-how on 

polymer reinforcement by fillers does not apply to them. Because the silica system can 

be controlled and characterized much better than the carbon black system, it provides a 
unique opportunity to uncover the physical processes behind the reinforcement. 
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Figure 1.1: Pictures of a) Carbon black CB and b) silica powder. 

According to the report in reference [2] the global market for “green tires” in 2012 was $ 

44.8 billion (28% of the total tire market) and is forecast to reach $ 70.6 billion by 2017, 
driven by the environmental concern about greenhouse emissions. A reduction of rolling 

resistance can significantly reduce fuel consumption, thereby reducing carbon dioxide 

emissions. The rolling resistance is the amount of energy a tire absorbs as it revolves and 
deflects. The lower the rolling resistance the less fuel is required to propel the vehicle 

forward. Lowering the rolling resistance, however, commonly results in a reduction in 

wet grip performance [3, 4], which of course is unacceptable. A solution for this problem 
can be achieved by the replacement (part or all) of the carbon black by silica in the tire’s 

tread compound. This has enabled manufacturers to produce tires that exhibit improved 

wet grip properties, better winter performance and lower rolling resistance all at the 

same time [3, 4]. 

The use of silica can result in a reduction in rolling resistance of 20 % or more, relative to 

carbon black. Assuming correct tire pressures are maintained and taking into account 

varying speeds and different driving characteristics, a 20 % reduction in rolling resistance 

corresponds to a reduction of 5 % fuel in consumption. According to Michelin® this can 

save the average motorist the money they spend on their tires [4]. 

In sealing applications, the replacement of CB by silica particles can improve the wear 

and mechanical properties of seals. Seal performance greatly influences bearings 

performance for example. Almost everywhere where bearings are used, a seal is 

involved. The seal forms a barrier keeping lubricants in and contaminants out from the 
bearings as we can see in Figure 1.2. The working conditions for these seals can be 

(a) 

(b) 
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extreme: high stresses, high temperatures and high pressures. When functioning 

correctly, the seal remains unnoticed. As soon as it starts to leak, however, significant 

problems can arise, either with the bearing or the surrounding environment.  

 

Figure 1.2: Examples of sealing application. 

This work aims to contribute to the solutions to these industrial problems mentioned 
above. Despite their obvious importance, filler particle-polymer interactions have 

remained poorly understood, owing to a lack of suitable theoretical and experimental 

approaches. The key issue that has remained unresolved is the exact mechanism of the 
rubber reinforcement itself. The main challenge is to relate the microstructure of the 

filled polymer material to its macroscopic (non-linear) elasticity. This question is of 

paramount importance for all industries making or employing filled polymer systems. 

 

1.2  Background information 

The elasticity of unfilled polymer networks, and their response well beyond the linear 

regime, have been studied extensively over the years; the subject is well-covered in 

several reviews, see e.g. [5, 6]. The effect of reinforcement by the filler network on the 
polymer rheology has also been the subject of (more recent) studies, notably by a few 

important groups [7-10]. 

Like all polymer material, when submitted to a mechanical stimulus, elastomers show a 
viscoelastic response. Many static or dynamic experimental techniques are used to 
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characterize this behavior. At low strain, unfilled elastomers have a linear response, 

defined by a compliance (or modulus) that is independent of the applied stress or strain 

level. One of the fundamental issues we tackle here is that filled rubbers have 

viscoelastic properties that depend strongly on the strain amplitude. Payne [11] 

discovered 50 years ago that in unfilled amorphous polymers, cross linked or not, 

dynamic strains up to 40% ordinarily fell well within the range of linear viscoelasticity, 

but polymers loaded with solid particles had viscoelastic properties strongly dependent 

on strain amplitude, even for strains lower than 0.1%. The dynamic storage modulus G’ 

of filled rubbers usually decreases with increasing strain amplitude, and the drop can be 

large at high strains. This behavior is the well-known Payne effect [12] and is reversible: 

the large deformation does not result in changed material properties. Also the Mullins 

effect has been analyzed: the irreversible and strain-history dependent softening of the 

filled elastomer. Both effects are practically very important and are believed to be 

associated with weakening filler-filler and polymer-filler bonds, but conclusive 
experimental evidence at the required length scales is lacking. Good reviews have been 

given e.g. by Heinrich and Klűppel [13-16]. 

Much of what is known on the reinforcing effect of fillers in elastomers is due to detailed 

experimental studies with carbon black (CB) as filler particles [13-22], because these 
have been used massively in industry. Special attention is therein given to the role of the 

fractal aggregate structure of CB. In general there is little experimental information at 

the smallest length scales. Recent studies with AFM [17, 23] and X-ray scattering [20-22] 
give some insight in the size and shape of the primary fillers, confirm the hierarchical 

filler organization into larger aggregates, and reveal the aggregate deformation when 

the composite is loaded. In another NMR and X-ray study [24] the effect of local strain-
induced crystallization of the polymer between the CB particles is investigated, and this 

effect is shown to be correlated with the macroscopic mechanical behavior. 

However, the CB structure and surface composition – which are key parameters in the 

present context – are due to the nature of the material very ill-defined and variable [25, 

26]. There is only literature on elastomer-colloid interactions for other, better-defined 

fillers in elastomers, such as clays [27] and silica particles [7, 28-38]. Studies on silica 
particles by small angle X-ray scattering SAXS and small angle neutron scattering SANS 

[20, 28, 29, 34] reveal a similar fractal network as for CB, and a similar behavior under 

load. However, due to its polar nature silica bonds much less to the nonpolar polymer, 

and the state of dispersion sensitively depends on the surface chemistry of the particles. 
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Silica surfaces have been modified by the use of coupling agents [30, 33] and plasma 

treatment [36, 37], with significant effects on the state of dispersion and ensuing 

reinforcement. 

An interesting approach to understanding the reinforcement mechanisms has been 

taken by Lequeux, Long et al. in a series of recent papers on silica-filled model systems 

[7, 31, 32, 35]. They propose the existence of a gradient in the polymer glass-transition 

temperature near the silica interface and relate this successfully to the temperature- 

and frequency-dependent mechanical behavior of the composite. Strain-induced 

softening of the percolating glassy bridges between the filler particles is then held 

responsible for the observed nonlinear mechanical behavior. However, the general 

effect of adsorbing and non-adsorbing interfaces and confinement on the glass-

transition temperature of polymers is heavily debated and still very unclear and there is 

no consensus on their relevance for the reinforcement [39, 40]. 

 

Figure 1.3: Proposed model for the filler–filler contacts, specific surface area high (1) and low (2), 

equal loading [41]. 

In dynamic conditions, the strain amplitude dependence of the dynamic modulus is 

caused by a change of the filler–network structure. This process is accompanied by the 

recovery of the complex shear modulus, measured in the linear visco-elastic domain. 

The kinetics of modulus recovery of elastomers filled with fumed silica have been 

studied extensively by Sternstein’s group [19, 42]. They propose a recovery mechanism 

that is based entirely on the dynamics at the filler–matrix interface and is consequently 
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governed by the physics of the entangled chains. The agglomeration or network 

formation can be invoked especially at high filler concentration; the nonlinearity effect is 

probably governed by the filler–network breakdown (particle–particle interaction)  as 

well as a mechanism originating at the polymer–filler interface (polymer–particle 

interaction). More recently, Zhu et al. [10, 43] clearly showed that the particle–particle 

association is the dominant factor as the filler network broke down during deformation. 

In addition, they observed that the particle–particle dissociation is recovered partially 

upon switching to dynamic linear deformation. Consequently, the nonlinearity effect is 

predominantly governed by the filler network breakdown, i.e. particle–particle 

interaction, and combined with a second order mechanism originating at the polymer–

filler interface  i.e. polymer–particle interaction. 

 

Figure 1.4: Schematic configuration of an adsorbed (solid line) polymer segment between two 

crosslink points on the filler surface and after applied deformation γ. This adsorbed polymer 
segment can detach from the filler surface (dashed line). 

There are other exciting recent developments in the general area of particle-filled 

polymer systems that underline also the need for characterizing the elastomer network 

itself. Recent work on filled (thermoplastic) nanoparticle systems (e.g. [44]) has shown 

that surprising results emerge when the nanoparticle is comparable in size to the 

polymer; however, microstructural understanding of such results was only obtained 

after simultaneous characterization of both the nanoparticle and the polymer structure 

[45]. 

Theoretically, non-linear rheology of elastomers and filled polymer systems in general is 

quite advanced [46, 47] and is reviewed in texts such as Larson [48], and also in the 

above-mentioned reviews. For CB-elastomer composites, much of the modeling is based 

on combining general concepts of fractal cluster-cluster aggregation with effective-
medium theories; special effects of the polymer-filler interaction, such as rigid polymer 

layers around the fillers, are then treated in using effective medium approaches [13-16]. 
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The influence of strain on the dynamics of the reinforcing CB network, in particular on 

the agglomeration-deagglomeration, has been included phenomenologically by Kraus 

[49], using rate equations for breaking and reformation of individual bonds. There is a 

connection here with modern studies on thixotropy in aggregating suspensions [50-52]. 

Witten and Rubinstein also proposed an interesting model for non-linear elastic effects 

(notably strain hardening) for particle-reinforced rubbers, based on the mechanical 

deformation of the fractal aggregates [53]. 

Very recently, simulation studies at the Molecular-Dynamics level and at the level of 

coarse-grained Monte Carlo, Brownian Dynamics and Dissipative Particle Dynamics have 

been proposed, to clarify the polymer behavior near the filler interface and between 

pairs and small clusters of fillers under load [54-58]. Local effects of interface debonding 

or matrix failure under tension can be analyzed by such methods. In parallel to the 

experimental work of Lequeux, Long et al., dissipative Particle Dynamics simulations 

have been performed by Long, Merabia and Sotta [59-61] for composite samples with up 
to a few thousand particles. With this approach they were able to study the dynamics of 

yield and rebirth of glassy polymer bridges between the filler particles, thus providing a 

possible scenario for the Payne effect. However, in a very recent study, Batistakis et al. 

[62] found that a dramatic slowing down of polymer dynamics happens in the vicinity of 
a substrate surface for relatively thick films, while for thinner films a strong increase in 

mobility is seen, contradicting the glassy layer theory. 

In general, the simulation studies show that computational methods at the relevant 
length scales are now within reach and can give valuable support to the experimental 

work, but firm conclusions are still far off. However, with the rapid increase of 

computing power and progress in multiscale methodologies this is a very promising way 
to go. 

 

1.3  Outline of the thesis 

This thesis focuses on the understanding the viscoelastic behavior of silica filled Nitrile 

Butadiene Rubber NBR using different sizes/ surface areas in three different regions of 
deformation that will be developed in 3 chapters. The characterization of the samples 

used in this work is described in Chapter 2. Then, chapters 3, 4 and 5 will describe the 

viscoelastic behavior as follows:  
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Chapter 3: in this chapter we perform oscillatory measurements at small deformation 

(linear region) to show, for the first time, a rescaling of the reinforcement as a function 

of volume fraction and particle size.  

Chapter 4: in this chapter we apply Large Amplitude Oscillatory Shear (LAOS) in order to 

study the nonlinear behavior of filled rubbers. We compare the elastic response 

observed in strain sweep measurements with the response analyzed within a single cycle 

oscillation (described by Lissajous curves). 

Chapter 5: in this chapter we apply very large deformations (until the break point) in our 

rubber systems. We use a modified Griffith theory to predict the stress at break of 

rubber compounds, knowing the fracture energy and elastic modulus of the material 

that can be measured separately. 

Chapter 6: in this chapter we show partial results that deserve more research, such as 

the SAXS experiments under tensile stress done in Grenoble, France, and spectroscopy 

measurements under stress done at the Max Planck Institute for Polymer Research in 
Mainz, Germany. In addition, we suggest the implementation of coupling agents in our 

rubber compounds to better understand and control the interactions between filler 

particle and polymer matrix.  
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Chapter 2  

Experimental techniques and 

first characterization of the 

system 
 

 

2.1  Rubber compound 

In this thesis we worked with a “model” silica filled rubber designed to be a simplified 

nanocompound which facilitates a correct interpretation of sample characterization and 

mechanical properties. Thus, we used only one type of polymer matrix, which is Nitrile 

Butadiene Rubber NBR with a fixed crosslink density and three types of silica fillers. The 

rubber compounds are kindly provided by SKF® and the details about the mixing process 

may not be completely disclosed here. The NBR compounds under study are used in 

practice for sealing applications. In brief, nitrile elastomers are made by emulsion 

polymerization of 1,3-butadiene and acrylonitrile (ACN) with acrylonitrile / butadiene 

monomer ratios in the range of 18 / 82 to 50 / 50 (see Figure 2.1) [1]. In this work we 

used ACN/butadiene ratio of 28/72, hence the overall characteristic of our polymer 

matrix is non-polar. ACN, a polar chemical, provides oil, solvent, and abrasion resistance. 

The polar nature of NBR also reduces resistance to polar liquids such as ketones, esters, 

15 
 



Chapter 2
 

chlorinated solvents, and highly aromatic solvents such as benzene and toluene [2]. 

Lower ACN content nitrile rubbers have better compression set, low temperature 

flexibility, and resilience. NBR has heat aging resistance up to 107°C [2] and is used in 

automotive applications, particularly for under the hood parts, where temperatures 

have increased over the past few decades with reduced airflow and smaller engine 

compartments. 

 

Figure 2.1: Schematic polymerization of the monomers acrylonitrile and butadiene to form our 
NBR rubber. 

The three types of silica used in this thesis are provided by Evonik® and they differ in size 

and BET surface area. BET is an important analysis technique for the measurement of 
the specific surface area of a material by the physical adsorption of gas molecules on a 

solid surface [3]. The sizes and BET surface area of the silica particles are shown in table 

2.1. 

Table 2.1: Types of precipitated silica particle used in this thesis 

Type of silica BET surface area (m2/g) Average primary particle 

size (nm) 

360 55 28 

VN2 130 20 

VN3 180 15 
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The amount of silica loaded in the NBR matrix varied between 1.59% and 22.46% volume 

fraction. Hence, our NBR composites differ only in the type and volume fraction of silica 

particles. The summary of the formulation of the compounds used in this thesis is shown 

in Table 2.2. 

Table 2.2: Compounding formulation of the NBR rubber. 

Ingredient phr (parts per hundred rubber) 

NBR 100 

Stearic acid 1 
ZnO 9 

Rubber activator 2.5 

Sulfur 1.2 
Accelerator for curing agent  2.5 

Silica 360 From 5 until 90 

Silica VN2 From 5 until 90 

Silica VN3 From 5 until 90 

 

Compared to the complex samples usually used in sealing application, our system is thus 
designed to be a simplified industrial nanocomposite, conserving silica as filler particles 

and using NBR rubber. Table 2.2 shows the basic components used for the vulcanization 

and mixing process. Stearic acid is a plasticizer used to improve the flexibility and 
processability of polymers, increasing its fluidity. Plasticizers work by embedding 

themselves between the chains of polymers, spacing them apart (increasing the "free 

volume"), and thus significantly lowering the glass transition temperature for the rubber 
and making it softer [4]. Together with zinc oxide ZnO, stearic acid also helps in the 

vulcanization of rubber [5, 6]. During vulcanization, rubber is heated with sulfur and 

other chemicals. These additives modify the raw rubber by forming crosslinks between 

individual polymer chains. Conventional ZnO acts as an activator for rubber crosslinking 

by sulfur or sulfur donors [7, 8], because sulfur itself is a slow vulcanizing agent, it is 

necessary the vulcanization accelerators like ZnO and stearic acid to catalyze the 

crosslinking reaction. 
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2.2  Experimental techniques 

The main experimental techniques used in this thesis are rheological measurements and 

tensile tests. In addition, we analyzed our rubber compounds with Differential Scanning 

Calorimetry (DSC) and Small Angle X-ray Scattering (SAXS) performed in Grenoble, 

France, at rest and also under tensile stress. These techniques and the corresponding 

measuring methods are described below. 

2.2.1  Rheology 

Rheology is a scientific discipline dedicated to the study of the deformation and flow of 

matter [9].  The easiest way of introducing the basic notions is to consider a material 

between two parallel plates of area A and separation h, moving in opposite directions, 

due to the application of an external force F, as shown in Figure 2.2. If the upper plate 

moves a distance d with respect to the lower one, the material will be deformed and the 

following quantities can be defined: 

 

Figure 2.2: Representation of two parallel plates of area A. If a tangential force per unit area 

F/A=σ is applied to the upper plate the material is strained by γ=d/h. 

Shear stress (σ): is the tangential force per unit area 

𝜎𝜎 = 𝐹𝐹
𝐴𝐴

  (2.1) 

Shear strain (γ): is the constant of proportionality between h and d and gives the shear 

deformation of the material: 

𝛾𝛾 = 𝑑𝑑
ℎ

  (2.2) 
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Shear rate or strain rate (�̇�𝛾): is the rate of deformation 

�̇�𝛾 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

  (2.3) 

For an elastic solid, the shear stress is proportional to the shear strain, following Hooke’s 

law: 

𝜎𝜎 = 𝐺𝐺′𝛾𝛾, (2.4) 

Where G’ is the shear elastic modulus. The rheological characterization of the rubber 

compounds used in this thesis was performed using a rheometer; the torque is imposed 

and the strain is measured. The rheometer used in this thesis and a schematic 

representation of the actual experiment is shown in Figure 2.3. 

                            

Figure 2.3: a) Anton Paar MCR300 rheometer used in this thesis and b) schematic representation 

of a rheometer. The rubber was glued between two parallel plates and the rheometer imposes a 
torque, which induces movement of the upper plate, while the lower plate remains static [10]. 

Rubber is a viscoelastic material and as it deforms, a fraction of the energy is stored 

elastically, and the remainder is dissipated as heat. Viscoelastic behavior is most 

commonly characterized using an oscillatory dynamic mechanical test. Consider a 

sinusoidal shear strain γ of small amplitude γ0 and angular frequency ω given by: 

𝛾𝛾(𝑡𝑡) = 𝛾𝛾0 sin𝜔𝜔𝑡𝑡 (2.5) 

Due to the viscoelastic nature of rubbers, the stress response after the application of the 

oscillatory shear strain, is also sinusoidal but out of phase relative to the strain that can 

be written (figure 2.3): 
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𝜎𝜎 = 𝜎𝜎0 sin(𝜔𝜔𝑡𝑡 + 𝛿𝛿) =  𝛾𝛾0[𝐺𝐺′(𝜔𝜔) sin(𝜔𝜔𝑡𝑡) + 𝐺𝐺"(𝜔𝜔) cos(𝜔𝜔𝑡𝑡)] (2.6) 

                   

Figure 2.4: Oscillatory parallel plate rheometry and the representation of the oscillating stress 

leading to an alternating strain by a phase angle δ  [9]. 

For a perfectly elastic material, G”=0 because δ=0, whereas for a viscous fluid G’=0 and 

δ=90° (completely out of phase). In viscoelastic materials, both G’ and G” are nonzero 

and 0° < δ < 90°. Thus, G’ measures the storage of elastic energy, while G” is associated 

with the dissipated viscous energy. 

The rheological methods used in this thesis are described in detail in the chapters. 

2.2.2  Tensile testing 

Tensile testing is one of the simplest and most widely used mechanical tests. By 

measuring the force required to elongate a specimen, material properties can be 

determined to, e. g, select the right material for a specific application. Properties that 

are directly measured with a tensile test are the ultimate tensile strength (or stress at 

break), the maximum elongation (or strain at break), Young’s modulus, Poisson’s ratio, 

the yield stress and strain hardening/softening characteristics. 

The material to be tested is formed into a shape suitable for gripping in the testing 

machine, and then pulled at constant rate until it fractures. The equipment is able to 

continuously measure and record the applied load and elongation of the specimen. 

During the stretching of the specimen, changes occur in its physical dimensions and its 

mechanical properties. In particular, plotting the applied stress versus the strain or 

elongation of the specimen shows the mechanical response of the material. Figure 2.5 
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shows the tensile machine used in this thesis and a typical stress-strain curve obtained 

from this mechanical test. 

                                 

Figure 2.5: The tensile tester Zwick/Roell and a typical stress strain curve obtained from a rubber 

compound. 

The tensile properties are determined as follows: 

Nominal Stress, or Engineering Stress: 𝜎𝜎𝑛𝑛 = 𝐹𝐹
𝐴𝐴0

 , where σn is the tensile strength applied 

in stretching a specimen to rupture; F is the force applied in stretching a specimen to 

rupture and A0 is the initial cross section area of the test specimen. 

Assuming that the volume of the sample is constant, the true stress (σt) can be written 

as 𝜎𝜎𝑑𝑑 = � 𝐹𝐹
𝐴𝐴0
� � 𝐿𝐿

𝐿𝐿0
�, where L is the distance between the gauge marks at break (mm)and L0 

corresponds to the original gauge length (mm). 

The (percentage of) elongation at break is calculated as: % 𝛾𝛾𝑏𝑏 = 𝐿𝐿−𝐿𝐿0
𝐿𝐿0

∗ 100 

The mechanical tests of the rubber compounds were performed on a Zwick device 

equipped with a video extensometer. The testing temperature was 23°C. Different types 

of test were performed and the methods are described in detail in Chapter 5.  

 

0 2 4 6 8

0

5

10
Failure

 

 

St
re

ss
 (M

Pa
)

Strain (-)

Linear elastic region
 (Young's modulus)

21 
 



Chapter 2
 

2.2.3  Differential Scanning Calorimetry (DSC) 

In this thesis we analyzed our rubber compounds with DSC in order to determine a very 

important property of the compounds, which is the glass transition temperature Tg. 

Briefly, DSC is a thermo analytical technique in which the different in the amount of heat 

required to increase the temperature of a sample relative to a reference sample is 

measured as a function of temperature. Both the sample and reference are maintained 

at the same temperature throughout the experiment. When the sample undergoes a 

physical transformation such as a phase transition, more or less heat will need to flow to 

it than to the reference sample to maintain both at the same temperature. Whether less 

or more heat must flow to the sample depends on whether the process considered is 

exothermic or endothermic. For example, as a solid sample melts to a liquid it will 

require more heat flowing to the sample to increase its temperature at the same rate as 

the reference. This is due to the absorption of heat by the sample as it undergoes the 
endothermic phase transition from solid to liquid. Likewise, as the sample undergoes 

exothermic processes (such as crystallization) less heat is required to raise the sample 

temperature. By observing the difference in heat flow between the sample and 
reference, differential scanning calorimeters are able to measure the amount of heat 

absorbed or released during such transitions. In this thesis we used DSC in order to 

observe the evolution of the glass transition temperature of the  amorphous polymer. 
This transition appears as a step in the baseline of the recorded DSC signal. This is due to 

the sample undergoing a change in heat capacity; no real phase change occurs [11-13]. 

According to the ASTM E1356, “Standard Test Method for Assignment of the Glass 

Transition Temperature by Differential Scanning Calorimetry”, we define the 

temperature of glass transition as the midpoint of the temperature range, bounded by 

the tangents to the two flat regions of the heat flow curve (see Figure 2.6b). 

The equipment used for the experiments in this thesis is Mettler Toledo DSC 1 Star 

System. In each measurement, sample weights were approximately 5 mg of rubber 

compounds. The protocol used was as follows: 

o Annealing at 30 °C for 7 min  

o Cooling at 10 °C/min from 30 °C to -75 °C. 

o Annealing at -75 °C for 10 min  
o Heating at 10 °C/min from -75 °C to 30 °C.  
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Each test was carried out under a flow of 20 ml/min of nitrogen. 

As already mentioned in the introduction part, one of the questions in this field is 

whether there is a shift in the polymer glass transition temperature near the silica 

interface due to the existence of a “glassy layer”. Figure 2.6 shows an schematic 

principle of DSC measurement and results on our silica filled NBR.  

 

Figure 2.6: a) Schematic principle of DSC measurement and b) heat flow versus temperature, 

showing the temperature range characteristic of the glass transition temperature of three types 
of silica and volume fraction. 

From Figure 2.6 we do not observe a difference in Tg when we increase surface area of 

filler or when we increase filler concentration; the effect of the filler is therefore not to 

change Tg. 

2.2.4 Small Angle X-ray Scattering SAXS 

The fundamental mechanism behind X-ray scattering from materials is Thomson 

scattering of X-ray photons from electrons. The scattered intensity (Ie) is independent of 

the wavelength of the X-rays (except near atomic absorption edges) and is given by: 

𝐼𝐼𝑒𝑒 = 𝐼𝐼0
𝑟𝑟𝑒𝑒2

𝑎𝑎2
�1+cos𝜃𝜃

2

2
� (2.7) 

where re = 2.818x10-15 m is the classical electron radius, I0 is the incident beam intensity 

per unit cross-section, a is the distance between the scattering electron and the 

observation point, and θ is the scattering angle [14]. For small angles, equation 2.7 is 
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simplified to 𝐼𝐼𝑒𝑒 = 𝐼𝐼0
𝑟𝑟𝑒𝑒2

𝑎𝑎2
, which shows that the SAXS intensity is simply related to the 

electron density of the sample. 

Figure 2.7 depicts the scattering geometry of a typical SAXS setup. A highly collimated 

and monochromatic X-ray beam with wave length λ, impinges on a sample and the 

scattered intensity in the forward direction is recorded by a two-dimensional detector. 

The scattering is fully elastic because of the high energy of the radiation as compared to 

typical excitations in the sample. Therefore, the magnitudes of the incident and 

scattered wave vectors are equal,|𝑘𝑘𝑖𝑖| = |𝑘𝑘𝑠𝑠| = 2𝜋𝜋
𝜆𝜆

, and the refractive index is close to 

unity. The momentum transfer or scattering vector is 𝑞𝑞 = 𝑘𝑘𝑠𝑠 − 𝑘𝑘𝑖𝑖  and its magnitude is 

|𝑞𝑞| = 4𝜋𝜋
𝜆𝜆

sin �𝜃𝜃
2
�. The total scattering amplitude is the sum over all electrons with their 

corresponding phase shifts exp (−𝑖𝑖𝑞𝑞𝑖𝑖). It is the Fourier integral over the scattering 

volume V: 𝐴𝐴(𝑞𝑞) = ∫ 𝜌𝜌(𝑖𝑖)𝑉𝑉 𝑒𝑒−𝑖𝑖𝑖𝑖𝑟𝑟𝑑𝑑3𝑖𝑖, where ρ(q) is the electron density at position r in 

the sample. SAXS originates from spatial inhomogeneities of the electron density. The 

total scattered intensity is the square of the modulus of the total scattering amplitude. 
The experimental investigation presented in this thesis was carried out using silica filled 

NBR rubbers. In this case, the intensity scattered by the silica particles can be written as 

[15, 16] 𝐼𝐼(𝑞𝑞) = |𝐴𝐴(𝑞𝑞)|2 = 𝑁𝑁𝑝𝑝�𝜌𝜌𝑝𝑝∗ − 𝜌𝜌𝑚𝑚∗ �
2
𝑉𝑉𝑝𝑝2𝐹𝐹(𝑞𝑞)𝑆𝑆(𝑞𝑞). 

 

 

Figure 2.7: (a) Schematic plot of x-ray scattering geometry. 𝑘𝑘𝑖𝑖 and 𝑘𝑘𝑠𝑠 are the wave vector of 

incident and scattered radiation, respectively. θ  is the scattering angle, and 𝑞𝑞 = 𝑘𝑘𝑠𝑠 − 𝑘𝑘𝑖𝑖 the 

scattering vector. (b) example of SAXS 2-D image [17]. 

For a dilute system, the interparticle correlations can be neglected. The structure factor 
S(q) represents the correlations and is equal 1 in the dilute limit. Then I(q) depends 
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only on the shape and size of particles described by the form factor F(q). In the 

mathematical terms, F(q) is an integral of the phase shift factor exp (−𝑖𝑖𝑞𝑞𝑖𝑖) over the 

volume of the particles. For a uniform spherical particle of radius R and volume V, 

𝐹𝐹(𝑞𝑞,𝑅𝑅) = �3[sin(𝑖𝑖𝑞𝑞)−𝑖𝑖𝑞𝑞 cos(𝑖𝑖𝑞𝑞)]
(𝑖𝑖𝑞𝑞)3

�
2
 (2.8) 

In more concentrated system, when the concentration of silica particles is increased, the 

interparticle correlations should be taken into account. The interparticle correlations are 

described by the pair correlation function g(r), defined as: 

𝑔𝑔(𝑖𝑖) = 〈𝜌𝜌�(𝑖𝑖)𝜌𝜌�(𝑖𝑖′)〉𝑁𝑁 = 〈∑ 𝛿𝛿(𝑖𝑖 − 𝑖𝑖𝑖𝑖)𝛿𝛿(𝑖𝑖′ − 𝑖𝑖𝑗𝑗)𝑖𝑖,𝑗𝑗 〉𝑁𝑁, (2.9) 

where 〈𝜌𝜌�〉 is the deviation of the density from its canonical average. In scattering 

experiments we observe the phase shifts caused by the scattering particles integrated 

over the scattering volume. Thus the structure factor is given by:  

𝑆𝑆(𝑞𝑞) = 1
𝑁𝑁
〈∑ 𝑒𝑒𝑖𝑖𝑖𝑖(𝑟𝑟𝑖𝑖−𝑟𝑟𝑗𝑗)

𝑖𝑖,𝑗𝑗 〉𝑁𝑁, (2.10) 

where ri and rj are the positions of particles i and j. From Eq.(2.9) and (2.10) it is clear 

that the pair correlation functions are related by a Fourier transform. After some 

algebraic manipulations, the relation between the two functions can be written as: 

𝑆𝑆(𝑞𝑞) = 1 + 4𝜋𝜋𝑁𝑁 ∫ (𝑔𝑔(𝑖𝑖) − 1) sin(𝑖𝑖𝑟𝑟)
𝑖𝑖𝑟𝑟

∞
0 𝑖𝑖2𝑑𝑑𝑖𝑖  (2.11) 

The silica microstructure in the rubber compounds were analyzed by SAXS since the 

scattering from silica is much stronger than that of rubber. In addition, experiments 

were done with samples subjected to a tensile stress. The SAXS experiments were done 

at beamline DUBBLE BM26, ESRF, Grenoble and the tensile tester used was from Linkam. 

SAXS experiments were performed at a wavelength of 1.1 A (12.46 KeV) using a sample-

to-detector distance of 16 m. The samples were cut into rectangular shapes of 30x8mm 

and thickness of approximate 2 mm and placed into the tensile tester. We performed 

three steps of 50% of strain γ until a maximum of 150% of strain. The samples were 

taken out from the tensile tester and after 20 hours we performed the same steps of 

deformation again. Figure 2.8 shows typical 2D images of the scattered intensity pattern. 
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Figure 2.8: 2D images of the scattered intensity pattern of silica filled NBR under tensile stress. 
(a) NBR compound with VN2 silica type loaded with 1.6 volume %, and (b) the same silica type 

with 22.5 volume %. 

From Figure 2.8 we can conclude that at low volume fraction (Fig. 2.8 (a)), the SAXS 

pattern has a circular shape even at high strains, indicating an isotropic structure of the 

filler aggregates. However, at high volume fraction and at 0% of strain (Fig. 2.8 (b)) we 

can observe an oval shape ring from a preferred orientation or organization of the silica 
particles that is probably related to the extrusion molding of the compound. After 

applying 150% of strain the oval shape turns to a butterfly scattering pattern suggesting 

that the aggregates are anisotropically stretched. 

If we plot the intensity as a function of q for the NBR compounds without stress, we 
expect to see the signature of the primary particles at high q. When going toward 

intermediate q, a break in slope or a peak may be observed. Its position, qSi, is related to 

the typical interparticle distance. If a superstructure of nanoparticles exists, then 
another break in slope at low q-values may be found [18]. Figure 2.9 shows the 

scattering data for the series of VN2 silica type and volume fractions at zero applied 

stress. 

φfiller=1.6% 

φfiller=22.5% 
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Figure 2.9: (a) Reduce scattered intensity I(q)/φSi for a series of silica volume fractions (1.59 until 
22.46%) of VN2 silica type NBR compounds. Arrows indicate the breaks in slope and (b) is a zoom 

in of intermediate –q structures. 

In Figure 2.9 we do not observe a well-defined break in slope for low-q structures that 

allow us to determine the sizes of the aggregates. Only for the highest concentration of 

silica (22.46% volume fraction) it is possible to observe a break in slope at a q-value of 
0.08 nm-1 that corresponds to a size of aggregates of Ragg ≈ 35nm. One reason for this is 

that it is known that zinc oxide ZnO shows strong X-ray scattering and in the low-q 

domain this scattering hides that of filler aggregate [18, 19]. Hence, we could not 

observe the sizes of aggregates for all volume fraction of silica in our NBR compounds 
probably due to ZnO used for the vulcanization of NBR matrix. We also attempted to 

deduce the form factor and subsequently the structure factor from the primary particle 

size of silica, but we did not succeed in fitting equations 2.8 and 2.11,  probably because 
of the large polydispersity of the silica particles. Therefore in the following, for the 

analysis of the sizes of silica aggregates we used transmission electron microscopy TEM.  

 

2.2.5  Microscopy analysis of silica aggregates 

This part of the work was done by Samet Varol at the Max Planck Institute for Polymer 

Research in Mainz, Germany. Our silica NBR nanocompounds were imaged with 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) (see 
Figure 2.10). The nanocompounds were sectioned to a thickness of around 50 nm with 

an ultramicrotome (LEICA EM UC6) at −60 °C using a diamond knife (Cryotome ultra 35°). 
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TEM images were taken by operating a JEOL JEM 1400 microscope with an accelerating 

voltage of 120kV, which was maintained constant for all samples.  

 

Figure 2.10: Upper images refer to SEM analysis and bottom images are TEM. The compounds 
have the same filler concentration of 14%. 

The images shown in Figure 2.10 show both the size and the dispersion of the silica 

aggregates, which will be very useful for what follows. Detailed results will be shown in 

Chapter 3. 
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Chapter 3  

Reinforcement of rubbers by 

silica nano-fillers 
 

 

Virtually all polymer material systems used today are reinforced by adding filler particles 

to the polymer matrix. However, despite its great industrial importance the mechanisms 

of reinforcement still remain poorly understood. Mostly nanoscale silica or carbon black 
particles are used in composite; however the rationale for such small fillers remains 

unclear because classical elasticity is inherently scale-free. Here we study a variety of 

silica-filled industrial rubbers and measure filler agglomeration size to relate the origin of 

reinforcement to the agglomerate size in the composites. We show that above a critical 
volume fraction the reinforcement becomes a function of the size of the relevant filler (or 

agglomeration) length scale. At a given volume fraction, smaller fillers (or agglomerates) 

with larger surface area consistently result in a larger reinforcement. Because of the 
universality of this effect, we propose a rescaling of the reinforcement that accounts for 

the microstructure of different composite materials. 
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3.1  Introduction 

The reinforcement of elastomers by fillers has been extensively studied in the past, 

particularly in the 1960s and 1970s. The first reason is of course the drastic changes in 

mechanical properties that the fillers confer: many of the usual applications of 

elastomers could not be realized without the use of particulate fillers. The other reason 

is the reinforcement mechanism that has fascinated many scientists and remains, 

despite their efforts, incompletely understood today [1]. 

It is necessary to define precisely what reinforcement is, because this word covers very 

different meanings when applied to thermoplastics, thermosets, or elastomers. This 

confusion is mainly due to the fact that reinforcement qualifies an increase in 

mechanical properties, but what is expected as mechanical properties is very different 

considering the different matrices and applications.  

For plastics, for instance, reinforcement results in an increase in modulus and hardness. 

The effect of particulate fillers is quite clear: they replace a part of the matrix, the 
modulus becomes higher, but the deformation at break decreases at the same time 

since the material becomes more brittle. The situation is very different for elastomers: 
the use of reinforcing fillers induces a simultaneous increase of the modulus and of the 

deformation at break. Curiously, the replacement of a part of the deformable matrix by 

solid objects does not reduce its deformability [2, 3]. The increase of these two 
antagonistic properties characterizes elastomer reinforcement. In our system, we are 

going to define reinforcement by the increase of the linear shear modulus by the 

addition of filler over that of the bare rubber, which in our case is the Nitrile Butadiene 

Rubber (NBR). Hence, the reinforcement R as a function of the volume fraction φ of the 

filler particles is defined as the modulus of the composite material over that of the 

polymer: R(ϕ) = G′(ϕ)
G′(ϕ=0)

− 1 with G’ the linear shear modulus. 

To theoretically estimate the reinforcement, some authors prefer to consider the filler 

structure resulting from percolation and make the assumption that its structure exhibits 

a scale invariance of a fractal object [4-6]. The reinforcement is deduced from the 

calculation of the rigidity of the cluster objects forming a network and takes into account 

the volume fraction of filler as the only relevant parameter [7, 8]. Micromechanical 

models with three phases: silica particles, bound rubber (the rubber close to the 
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particle) and unbound rubber are also commonly used to account for the reinforcement. 

However since these are all based on classical elasticity theory, such models never 

predict a dependence of the mechanical properties of the composite material on the 

size (or size distribution) of the filler particles [6, 9]. These considerations are in stark 

contrast with the common experimental observation that nanoparticles with a high 

surface to volume ratio constitute the best filler materials [10-12] and although some 

groups have considered the effect of filler size on the reinforcement, the explicit 

dependence of low strain reinforcement as a function of filler size has not been 

definitively established [13]. 

 

3.2  Materials and Methods 

3.2.1  Materials 

The materials used for this work are compounds of Nitrile Butadiene Rubber (NBR) 

which were prepared at SKF Elgin, USA, described in detail in Chapter 2 of this thesis. 

3.2.2  Oscillatory measurements 

Oscillatory measurements are carried out with a an Anton Paar Physica MCR 300 

rheometer equipped with a plate-plate geometry. The samples are cylinders of 5mm in 
diameter and about 2mm thick and are glued onto the rheometer plates with a 

cyanoacrylate glue (Loctite 480) to avoid wall slip [14]. The strain sweep measurements 

are done at room temperature and the frequency ω is fixed at 6.28 rad/s; the strain is 
varied from 0.01 until 200%. The same strain sweep tests are repeated by two times. 

After the first strain sweep the storage modulus G’ at low strain is reduced, probably by 

the Mullins effect, which is an irreversible loss of stiffness during the first load excursion. 

After this first sweep, all the subsequent sweeps give almost identical G’ curves and are 

these values that we used for calculating the reinforcement. 

3.2.3  Transmission Electron Microscopy and elemental mapping of silica 

aggregates  

The microscopy  and microstructural analysis were done by Samet Varol at the Max 

Planck Institute for Polymer Research in Mainz, Germany. Our NBR nanocomposites 
were imaged with transmission electron microscopy (TEM) and analyzed to determine 
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the silica aggregate size as described below. The nanocomposites were sectioned to a 

thickness of around 50 nm with an ultramicrotome (LEICA EM UC6) at −60 °C using a 

diamond knife (Cryotome ultra 35°). TEM images were taken by operating a JEOL JEM 

1400 microscope with an accelerating voltage of 120kV, which was maintained constant 

for all samples. To obtain sufficient statistics for aggregate size analysis, a large number 

of aggregates (~ 4000 aggregates per sample) were taken from different locations within 

each ultrathin cryosection of the different samples. All the micrographs were taken with 

constant electron beam intensity and at an optimum magnification of 5000. The 

chemical composition of the inorganic content of silica/NBR nanocomposites shown as 

elemental mapping was done by performing a TEM-Energy-dispersive X-Ray (EDX) 

spectroscopy analysis.  

3.2.4 Microstructural analysis of silica aggregates 

In this work, we describe the silica microstructure by reporting the mean aggregate size 

(Ragg) at different silica:NBR volume fractions. We used a thresholding routine to 
highlight aggregates against the NBR background in the TEM images and particle analysis 

for calculating aggregate area and size. This was done using ImageJ® as an image 

processing and analysis program. In order to compare the microstructural differences 
across composite samples the same thresholding parameters (e.g. unsharp mask and 

size range of particles (from one nanofiller to infinity) for counting) were kept constant. 

The output of the image analysis includes projected area (A), perimeter, and locational 
info of each aggregate identified in the image. The projected area for all aggregates 

taken from a particular sample were pooled and averaged to calculate the average 

aggregate radius (Ragg). We assumed a spherical shape for the aggregates, which gives a 

projected circular area with radius 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 = �𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝜋𝜋

   (3.1) 

The error bars for Ragg always denote the standard error of mean (SEM). 
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3.3  Results and discussion 

For the rheology, a sinusoidal strain is applied to the samples and the amplitude is 

increased progressively. Figure 3.1 (a) shows the typical strain sweep experiment of NBR 

filled with different filler concentrations of VN3 silica, while Figure 3.1 (b) shows NBR 

compounds loaded with three different silica particles at a fixed volume fraction of φ = 

13.97%. 

     
Figure 3.1: Storage modulus as a function of strain amplitude. a) NBR filled with VN3 silica 

particle with different concentration and b) effect of different primary particle size at fixed 

volume fraction φ =13.97% in NBR compounds. Black symbols are for 360, red for VN2 and blue 
for VN3 silica type. 

From Figure 3.1 we observe a plateau of storage modulus G’ at low strain that was used 

for the calculation of reinforcement. We can also observe that with increasing filler 

concentration the reinforcement increases and at a fixed volume fraction the 
reinforcement is largest for the compounds with the smallest primary particle size and 

largest BET surface area (VN3 silica). In Figure 3.1 (a), the critical strain amplitude, strain 

that G’ starts to decrease, also is shifted towards low strain when increasing filler 

concentration.  

Modelling the reinforcement (R(ϕ) = G′(ϕ)
G′(ϕ=0)

− 1) with a typical micromechanical 

model (the Christensen-Lo [7] models or the traditional Guth-Einstein [15] relation) for 

our system shows poor agreement for reinforcement as a function of volume fraction 

for all composite systems (Figure 3.2 (a) lines). The Christensen-Lo model is both an 

archetypical and an often-used micromechanical model based on mean field 

approximation, considering a filler particle surrounded by a polymer layer embedded in 
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a homogeneous composite material. We can force this model to fit the reinforcement-

volume fraction curve for a single filler type (size) by incorporating some effective 

volume fraction (the volume fraction times a proportionality factor) attributed to the 

fractal nature of the aggregates of the silica nanoparticles as has been often done 

previously [4-6, 16-19]. However, this introduces a fit parameter whose physical 

meaning is not very clear, and has consequently been subject to various interpretations 

[17, 20, 21]. More importantly, micromechanical models such as the ones used here 

offer no capability to capture the different reinforcement values seen for the different 

sizes of silica at the same volume fraction: an essential ingredient is missing from these 

models. In Figure 3.2 (a) is shown the reinforcement for the three different types of silica 

used in this work. The black line corresponds to the Guth-Einstein equation which 

predicts the increase in the modulus as: R= 2.5φ and the green line corresponds to the 

Christensen-Lo model forced to fit the 360 silica type with α=2. The simplified 

Christensen-Lo equation was used in order to obtain the reinforcement: 

𝐴𝐴𝑅𝑅2 + 𝐵𝐵𝑅𝑅 + 𝐶𝐶 = 0, where  

𝐴𝐴 = 24(𝛼𝛼ϕ)3.33 − 150(𝛼𝛼ϕ)2.33 + 252(𝛼𝛼ϕ)1.66 − 150(𝛼𝛼ϕ) + 24 

𝐵𝐵 = 12(𝛼𝛼ϕ)3.33 + 300(𝛼𝛼ϕ)2.33 − 504(𝛼𝛼ϕ)1.66 + 184.5(𝛼𝛼ϕ) + 4.5 

𝐶𝐶 = −36(𝛼𝛼ϕ)3.33 − 150(𝛼𝛼ϕ)2.33 + 252(𝛼𝛼ϕ)1.66 − 175(𝛼𝛼ϕ)− 28.5 

At low filler volume fraction the reinforcement is linear in φ and follows the simple 

Guth-Einstein equation R=2.5φ [22] (Figure 3.2 (a), black line), as expected since the 
nanoscale fillers are essentially infinitely dilute. This means that (i) there is no 

interaction between the fillers, as expected for low volume fractions, (ii) the filler size is 

irrelevant, and hence (iii) the reinforcement is a function of the volume fraction only. 
Finally we note that any fit to the entire reinforcement curve for the compounds based 

on the Guth-Einstein relation or any micromechanical model derived from classical 

elasticity also clearly fails to capture any particle size dependence. Hence, in Figure 3.2 

(b) we plotted the reinforcement as a function of surface area per unit volume S=3φ/r, 

where φ is filler volume fraction and r is the radius of the primary filler particles, in order 

to verify the dependence of the reinforcement with the radius of the particle sizes. We 

can conclude that the reinforcement is in fact a function of both volume fraction and the 

radius of the particles.  
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Figure 3.2: Reinforcement of NBR composites versus a) volume fraction and b) surface area per 

unit volume S=3φ/r, with r the radius of the silica particles. The black and green lines correspond 

to the Guth-Einstein equation and Christensen-Lo model respectively. Black points are for 360, 
red for VN2 and blue for VN3 silica type. 

From figure 3.2 (a) we observe that below 10% of volume fraction the reinforcement 

appears to be independent of the filler size. The rest of the data, at higher volume 
fractions, lies in a regime where the reinforcement depends on the size of the fillers. The 

key challenge is then developing a model that takes into account the size, in addition to 

the amount, of the fillers on the elasticity of a composite material. 

To investigate the reinforcement in more detail, accurate knowledge of the relevant 
filler length scale is necessary. Since filler particles are known to form aggregates, we 

need to measure the morphology of aggregates. To do so, we use image analysis on TEM 

images of ultrathin sections for all our samples. In the 2d TEM pictures, we find the 
edges of the aggregates, from which we determine the number of aggregates, their 

area, and the total coverage area of the aggregates in the image (Fig. 3.3). Based on the 

area of the aggregates, we calculate an average aggregate radius by assuming a circular 

shape of the aggregate.  
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Figure 3.3: (a) Output of the image analysis shows aggregate regions in the image distinguished 
from NBR matrix (red colour borders). (b) Each individual aggregate’s area is quantified for later 

analysis (e.g. average Ragg). (c) A histogram showing the aggregate area distribution of the 
sample loaded with 1.59 %vol. of VN3 fillers (15 nm radius) in NBR composites. 

Knowing the aggregate size for all three NBR rubbers at all volume fractions from TEM 

and the reinforcement via rheology, we can then plot the reinforcement as a function of 
the inverse radius of the aggregate size for different volume fractions (Figure 3.4 (a)). 

From this graph, it appears that reinforcement increases linearly with the inverse of the 

radius of the filler particles. The linear fits (Fig.3.4 (a)) for each volume fraction show 
that the aggregate radius affects the reinforcement to different extents, based on the 

volume fraction of the fillers. The lines in Fig.3.4 (a)  are of the form: R=2.5φ +θ/r, which 
means that the particle size dependence can be taken into account by adding a 

correction factor θ/r to the Guth-Einstein equation; reinforcement is a function of both 

the volume fraction and radius of filler particles. The slope θ is a microscopic length scale 
that is on the order of the particle size; its value is observed to vary as the third power of 

the volume fraction (Fig.3.4 (b)). This allows us to obtain a general expression of the 

reinforcement as R=2.5φ +Cφ3/r, where C is a constant with dimensions of length to 

ensure the homogeneity of the equation; however, it is not a physically relevant length 

scale in the system;  for this silica type, we find C= 80 µm. The length C should not only 

be a function of the microscopic length scale, but also of the contrast in moduli between 
the fillers and the matrix material, because C is a measure for the amount of 

reinforcement, and there should be no reinforcement if the moduli of filler and matrix 

material are identical. The ratio of the moduli of silica and rubber is on the order of 
7x104 and so it is likely that the microscopic length scale should be multiplied by a large 

number. The cubic correction term can then be viewed as the generally expected φ2 
term (from an expansion in volume fraction) multiplied by the specific surface area of 
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the filler particles per unit volume, S=3φ/r, so that at higher volume fractions R≈φ2S. The 

primary observation is then that the second-order term couples with the surface area. 

        

Figure 3.4: a) Reinforcement versus inverse of the radius of the aggregates for different volume 
fractions for all NBR rubber systems investigated in this work. Red lines are linear fits to each 

volume fraction. (b) Slope of the lines in (a) versus the volume fraction, the solid line shows a 
cubic fit of this parameter. 

The remaining question is then the physical interpretation of the parameter C. It has 

been argued that reinforcement is affected by a glassy shell of the polymers around the 
fillers [23] but also that the dispersion of the fillers [24] or more generally the changes in 

polymer dynamics caused by the presence of the fillers [25] are important. However as 

already mentioned by Robertson et al  [26]  the glassy shells (or bridges) are not 
universally found for filled rubbers. We are therefore forced to conclude that new 

models are needed to account for our observations.   

0,010 0,015 0,020 0,025 0,030 0,035
0

10

20

30

40

50

 

 

 1,59
 3,12
 8,24
 13,97
 19,2
 22,46

Re
in

fo
rc

em
en

t

1/Ragg (nm-1)

φ (%)
(a)

0 5 10 15 20 25
0

250

500

750

1000

 

 

θ 
(n

m
)

Volume fraction (%)

(b)

39 

 



Chapter 3
 

 

Figure 3.5: Reinforcement plotted versus the corrected Guth-Einstein model including the radius 
dependence. The data are the same as in Figure 3.2 (a). The black line represents a linear fit and 

the value of C is 80-6m. Black points are for 360, red for VN2 and blue for VN3 silica type. 

The key question is then how to develop a theory of elasticity that takes into account the 

dependence of the modulus of any composite material on the size of the fillers. A 

starting point may be the following. The 2.5𝜙𝜙 term arises from the individual 
contributions of the filler particles in the dilute regime where the particles do not 

interact [15]. In this dilute regime, the radial distribution function 𝑔𝑔(𝑥𝑥) [27] is flat and its 

value (normalized by the average density) 𝑔𝑔(𝑥𝑥) = 1 everywhere. Increasing φ, particles 
start to interact, and consequently 𝑔𝑔(𝑥𝑥) develops a peak which corresponds to the 

position of the nearest neighbours. From basic statistical mechanics [28] the peak in 
𝑔𝑔(𝑥𝑥) is associated with a wall in the effective potential of mean-force between two 

particles, 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚)/𝑘𝑘𝑘𝑘 = −log {𝑔𝑔(𝑥𝑥𝑚𝑚𝑎𝑎𝑚𝑚)}. Here 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥) takes into account all many-

body effects mediated by the polymer chains, including bridging effects etc. in a mean-

field manner. This defines a spring constant 𝜅𝜅 = (𝑑𝑑2𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒/𝑑𝑑𝑥𝑥2)𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚  for the relative 

displacement of two neighbouring particles, every bond being a spring of length 

𝑅𝑅0 = 2𝑟𝑟 + 𝑥𝑥, with x the separation between two particles. The overall elastic modulus 

of such an assembly of interacting particles can be evaluated considering the energy 

necessary to macroscopically deform the material by a strain 𝛾𝛾, implying that each 

spring is stretched by a relative amount ~𝑅𝑅0𝛾𝛾. If the springs can be considered to be 

independent (which is a strong assumption, but it is very difficult to do better at the 

level of simple scaling arguments), the total elastic energy is given by total number of 

springs  𝑛𝑛𝑏𝑏𝑁𝑁/2 times the energy of each spring; here 𝑛𝑛𝑏𝑏 is the number of nearest 
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neighbours per particle and N the total number of particles. The total elastic energy 

density follows as ~𝜅𝜅𝑛𝑛𝑏𝑏(𝑁𝑁/𝑉𝑉)(𝑅𝑅0𝛾𝛾)2, and the shear modulus is evaluated from the 

second-order derivative of the energy density with respect to 𝛾𝛾, as 𝐺𝐺~𝜅𝜅𝑛𝑛𝑏𝑏(𝜙𝜙/𝑅𝑅0), 

where we used 𝑁𝑁/𝑉𝑉~𝜙𝜙. If the neighbours are not too far from each other, then 𝑅𝑅0~2𝑟𝑟, 

leading to 𝐺𝐺~𝜅𝜅𝑛𝑛𝑏𝑏(𝜙𝜙/𝑟𝑟). This recovers the proportionality to the surface area per unit 

volume. Of course this is an assumption which is valid only when the gap between 

neighbour particles decreases as a result of the increasing volume fraction φ. In the 

dilute regime where 𝑅𝑅 = 2.5𝜙𝜙, the particles are non-interacting and 𝑛𝑛𝑏𝑏 = 0. The 

number of neighbours can be evaluated [29] from the integral of the peak of the radial 

distribution function 𝑛𝑛𝑏𝑏 = 24𝜙𝜙∫𝑔𝑔(𝑥𝑥)𝑥𝑥2𝑑𝑑𝑥𝑥~24𝜙𝜙𝑔𝑔(𝑥𝑥𝑚𝑚𝑎𝑎𝑚𝑚). For not too dense systems, 

one can expand 𝑔𝑔(𝑥𝑥𝑚𝑚𝑎𝑎𝑚𝑚) ≈ 1 + 𝑏𝑏𝜙𝜙, where b is a coefficient that depends on the 

interaction (e.g. 𝑏𝑏 ≈ 3  for hard spheres); it then follows that the first non-linear term in 

volume fraction is follows from 𝑛𝑛𝑏𝑏~𝜙𝜙2 and thus becomes 𝐺𝐺~𝑛𝑛𝑏𝑏(𝜙𝜙/𝑟𝑟)~𝜙𝜙3/𝑟𝑟, which is 

exactly the scaling found in the experiments. This calculation shows that the mechanism 

controlling the reinforcement shifts from the individual contributions of non-interacting 
particles, to include and additional contribution from the assembly of interacting 

particles, so that 𝑅𝑅 = 2.5𝜙𝜙 + 𝐶𝐶𝜙𝜙3/𝑟𝑟, upon increasing φ. The reinforcement is then due 
to a coupling between volume and surface effects: the reinforcement does not depend 

only on the volume fraction or the surface area but on their product. The fact that the 

reinforcement is proportional to the modulus of the filler material is more difficult to 
incorporate in this simple picture because it implies that the primary mechanical 

consequence of the interaction is finite deformation of the interconnecting polymer 

phase rather than any deformation of the fillers. The deformation of the filler is probably 
caused by the local concentration of stresses (which is what we expect in 

reinforcement), and that field has a macroscopic effect only when the fields around 

particles interact. This is somewhat analogous to the shear modulus of another 

composite material; sand with capillary water bridges (as in a sandcastle); in [30] a 

theory was developed that successfully accounts for the observation that softer grains 

lead to a lower overall shear modulus of the composite material, similarly to what is 

found here. In our case the bridges between particles could be provided by local 

accumulation of polymer due to its van der Waals attraction to the particles (an effect 

discussed e.g. in [31]). However to make this quantitative we would need a full theory 

that also incorporates the size dependence. 
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Figure 3.6: Microstructure representation of the total elastic energy that is given by the number 

of springs times the energy of each spring. 

 

3.4  Conclusions 

In conclusion, we studied the reinforcement of industrial, nano-filled rubbers for which 

the radius of the primary particles was varied and developed a correction for Guth-

Einstein relation to incorporate size-dependent reinforcement. In our rubber systems, 
reinforcement at volume fractions beyond the dilute regime could be rescaled in a 

system-independent way by taking into account a correction to the Guth-Einstein 

relation that is proportional to the 3rd power of the volume fraction and inversely 

proportional to the radius of the filler (or aggregate) size. The experimental results show 
surprisingly that for our filled rubbers, this rescaling is sufficient to account for the filler-

size-dependent reinforcement phenomenon; no other terms in the expansion in volume 

fraction are needed for the volume fraction range studied. Only a single parameter C is 

necessary to rescale the data once the filler (aggregate) size is known. The fact that our 

rescaling was obtained on one system but accurately describes the reinforcement of a 

separate system rescaling suggests that the rescaling presented here is unique and 

reveals a fundamental insight as to why small fillers are commonly and efficiently used 

to achieve maximal reinforcement composite polymer materials.  
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Chapter 4  

Strain softening or strain 

hardening? 
 

 

Numerous materials, from suspensions to filled rubbers, exhibit strain softening at high 
strains during a strain sweep in oscillatory rheology: the modulus decreases with 

increasing deformation. On the other hand, if the non-linear elastic response is analyzed 

within a single oscillation cycle (described by Lissajous curves), these systems are 

reported to exhibit strain hardening. We compare strain sweeps and single cycle LAOS 
(Large Amplitude Oscillatory Shear) analyses of stress versus strain on three very 

different materials. We conclude that the apparent strain hardening is due to the use of 

a tangent modulus in the LAOS analysis, and that the overall rheology remains strain 
softening. To show that this conclusion is robust, we demonstrate a rescaling of the 

modulus that collapses the data from all the oscillatory measurements onto a single 

master curve that clearly exhibits the correct strain softening behavior. 

 

4.1  Introduction 

It was shown in the previous chapter that filled rubbers exhibit a constant elastic 

modulus until a strain of γo≈ 1%, depending on the filler concentration. The 

incorporation of solid particles in a soft matrix increases its storage and loss moduli, G’ 
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and G’’, and its tangent modulus tanδ (G’’/G’). One of the fundamental issues is that 

filled rubbers have viscoelastic properties that depend strongly on strain amplitude. 

Payne [1] discovered 50 years ago that in unfilled amorphous polymers (crosslinked or 

not) dynamic strains up to 40% ordinarily fell well within the range of linear 

viscoelasticity, but polymers loaded with solid particles had viscoelastic properties 

strongly dependent on strain amplitude, even for strains lower than 0.1%. The dynamic 

storage modulus G’ of filled rubbers usually decreases with increasing strain amplitude 

whereas the loss modulus G’’ shows a well-defined peak. This reversible behavior is the 

well-known Payne effect [2]. 

The Payne effect has been the subject of numerous theories which can be classified in 

two main types: (i) filler structure models, (ii) matrix–filler bonding and debonding 

models. The existence of two different pictures of this phenomenon is directly related to 

the nanoscopic size of the filler for which it is impossible to neglect either filler–filler 

interaction (with or without the involvement of the matrix), or the filler–matrix 
interaction. Particularly since the introduction of the “green tires” by tire producers, 

many researches are trying to understand and quantify this behaviour because the 

Payne effect measures the amount of energy loss i.e., the rolling resistance and 
consequently increases the consumption of fuel [3-5]. Over the last four decades, tire 

producers have put much emphasis on reduction of the tire rolling resistance, while 

simultaneously improving other aspects of tyre performance [4]. Here we are not going 
to answer what causes the Payne effect, but rather how to understand and quantify the 

viscoelastic behavior in the nonlinear regime. For this, we are going to characterize the 

rheological nonlinearities using a large amplitude oscillatory shear (LAOS) technique.  

LAOS has become an increasingly popular technique for studying the properties of 
rheologically complex fluids [6-10]. In this method, the sample experiences oscillatory 

shear at a strain amplitude γo. The frequency of the oscillation ω is typically fixed, and 

the period of oscillation is 2γo /ω. For sufficiently small strains the response to the 

sinusoidal input is a linear combination of a sine and a cosine of the input frequency, and 

the usual linear viscoelastic functions storage modulus G’(ω) and loss modulus G’’(ω) are 

obtained. When the strain is large enough, the response of the material becomes 

nonlinear, meaning that it cannot be described simply by sinusoidal waves. Very recently, 

the LAOS behavior of complex fluids is being investigated with the concept of Fourier 

transformation. Fourier transformation decomposes a waveform function in the time 
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domain into a frequency dependent spectrum, which is then decomposed into higher 

harmonics in the frequency domain [11]. In this case, the fundamental, which is still 

denoted G’ and G’’, will change in magnitude [11, 12] and is the quantity given by the 

rheometer. Typical behavior for the effect of strain amplitude on storage and loss 

moduli in three different systems is shown in Figure 4.1. Our primary interest is in filled 

rubber, however to better explain the phenomena at high deformations, we use also 

two model systems: xanthan gum and hair gel. We can observe from Figure 4.1 that all 

three materials; hair gel, xanthan gum and filled rubber, exhibit the so called Payne 

effect. Figure 4.1(d) shows how G’ measured at low strain amplitudes increases with 

increasing filler concentration as well as its decrease at high deformations. 

 

Figure 4.1: Oscillatory strain sweeps of a) a hair gel at ω=6.28 rad/s, b) xantham gum solution 

0.2 wt.% at ω=3.75 rad/s, c) filled NBR loaded with VN3 silica type and 14% of volume fraction at 
ω=6.28 rad/s and d) storage modulus as a function of strain amplitude of filled NBR loaded with 

VN3 silica type and different filler concentration. 

Other methods to quantify nonlinearity under LAOS have also been proposed. Cho et al. 
[12] suggested a nonlinear “stress decomposition” (SD) method. The SD method 
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decomposes the generic nonlinear stress response into a superposition of “elastic” and 

“viscous” contributions from Lissajous curves (stress-strain cycles - see Figure 4.3). Their 

approach was extended by Ewoldt and co-workers [13, 14] to incorporate Chebyshev 

functions to characterize the complete stress strain cycle; the Chebyshev formulation is 

the one of most commonly employed today [15, 16]. LAOS appears to provide useful 

insight into material [17-19] and it is straightforward to implement on conventional 

rheometers, especially with the availability of the MITlaos software [13]. It is often 

overlooked, however, because the measurement within a single oscillation cycle is 

transient, and because LAOS operates by definition in a nonlinear regime, that the effect 

of prior deformation history may influence the outcome of the measurement. Hence, it 

is not clear to what extent the result correspond to a useful material property. We 

consider two aspects of the nonlinear response in this chapter. First one, which may 

seem to be paradoxical, is how to separate strain softening and strain hardening 

behaviour in the nonlinear regime. The second one is to investigate the collapse of the 
nonlinear behaviour onto master curves from which general conclusions may follow [20-

22]. 

 

4.2  Materials and Methods 

4.2.1  Materials 

The materials used for this work are compounds of Nitrile Butadiene Rubber (NBR) 

which were prepared at SKF Elgin, USA, described in detail in Chapter 2 of this thesis. 

We also studied two model systems, an aqueous xanthan gum solution (0.2 wt. %) from 
Sigma Aldrich; and a commercial hair gel, which is an aqueous suspension of soft 

deformable Carbopol particles stabilized with Triethanolamine. 

4.2.2  Oscillatory measurements 

Oscillatory measurements are carried out with a an Anton Paar Physica MCR 300 

rheometer equipped with a plate-plate geometry. The rubber samples are cylinders of 

5mm in diameter and about 2mm thick and are glued onto the rheometer plates with a 
cyanoacrylate glue (Loctite 480) to avoid wall slip [23]. The measurements are done at 
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room temperature.  For the xanthan gum and the commercial hair gel the geometry is 

cone-plate with a diameter of 25mm. 

Four kinds of oscillatory measurements are done:  

- Strain sweep: the frequency is fixed and the variables are the strain is varied. For 

the all the rubber compounds and hair gel, the frequency ω is fixed at 6.28 rad/s 

and the strain is varied from 0.01 until 200%. For the xanthan gum system, the 

frequency is fixed at ω =3.75 rad/s. This experiment is usually done to verify what 

is the critical strain γc, the limit of linearity, of a sample. 

- Single cycle oscillations: both the frequency and strain are fixed. In these 

experiments we fix the frequency at ω=6.28 rad/s for the rubbers and hair gel 

and at ω=3.75 rad/s for xanthan gum. For a specified pair of input parameters, 

{ω,γ0}, the samples are subjected to multiple deformation cycles (γ0 =0,01; 0,1; 1; 
5; 10; 25; 50; 100; 150 and 200%). These experiments are done in order to 

analyse the intracycle behavior from Lissajous curves. 

- Constant rate frequency sweep: we vary the frequency and strain 

simultaneously in order to keep the strain rate constant. Figure 4.2 shows how to 
obtain a constant strain rate. This experiment is done in order to verify the 

dependence of the storage and loss modulus on the shear rate. 

- Frequency sweep: with the strain fixed at γ0=0.01% for all the materials. 
 

 
Figure 4.2: Constant rate frequency sweep experiments. The frequency decreases as the 

maximum strain increases to keep γ0ω constant, so that each set of line corresponds to a 
single shear rate. 
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4.3  Results and discussion 

For a complete discussion of the theory underlying the LAOS analysis we refer to [24]; 

we briefly introduce the parameters that we need here. A sinusoidal stress oscillation 

was imposed on the sample, and the strain response was measured; if the stress is 

plotted as a function of the measured strain, one obtains a Lissajous curve that generally 

has a roughly elliptical shape (non-sinusoidal strain cycles are discussed by Klein and co-

workers [25]. In a classical linear viscoelastic measurement the storage and loss moduli 

are obtained from the following equation for the stress: 

𝜎𝜎(𝑡𝑡) = 𝐺𝐺′𝛾𝛾(𝑡𝑡) + 𝐺𝐺"(�̇�𝛾(𝑡𝑡))
𝜔𝜔

   (4.1) 

where σ, γ, �̇�𝛾 and ω are, respectively, the stress, the strain, the strain rate, and the 

frequency of oscillation; G’ and G’’ are the storage and loss moduli, respectively. This 
separation of the stress into viscous (dissipative) and elastic (recoverable) parts can be 

generalized to the non-linear case, whereby the stress signal is written as 

𝜎𝜎(𝑡𝑡) = 𝜎𝜎(𝑡𝑡)+𝜎𝜎(−𝑡𝑡)
2

+ 𝜎𝜎(𝑡𝑡)−𝜎𝜎(−𝑡𝑡)
2

  (4.2) 

Cho and co-workers [12] have shown that the odd and even parts of equation 4.2 can be 

identified respectively as the elastic and the viscous stress (σ’ and σ”) responses (see 
Figure 4.4). The nonlinear response within an oscillation cycle can be described using 

Chebyshev polynomials of the first kind, denoted Tn [13]: 

𝜎𝜎(𝑡𝑡) = ∑ 𝛾𝛾0(𝑒𝑒𝑛𝑛(𝛾𝛾0𝑛𝑛 𝑜𝑜𝑜𝑜𝑜𝑜 ,𝜔𝜔)𝑇𝑇𝑛𝑛(𝑠𝑠𝑖𝑖𝑖𝑖𝜔𝜔𝑡𝑡) + 𝑣𝑣𝑛𝑛(𝛾𝛾0,𝜔𝜔)𝑇𝑇𝑛𝑛(𝑐𝑐𝑐𝑐𝑠𝑠𝜔𝜔𝑡𝑡))  (4.3) 

In the linear regime only the n=1 term remains and the expansion reduces to equation 

4.1, with e1 and ν1 corresponding to G’ and G” ω, respectively. If higher harmonics are 

present, the Lissajous curve is no longer an ellipse. The MITlaos software [13] reports e1 

and ν1/ ω as G’ and G”, respectively, even in the nonlinear regime, and we adopt that 

convention here. 
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Figure 4.3: Lissajous curves for the hair gel system measured at ω=6.28 rad/s. a) linear response 

at strain amplitude γo=0.1. The red line corresponds to the fit using Equation 1 with G’=310 Pa 

and G’’=60 Pa, or equivalently using the Equation 4.3 truncated at n=1. b) nonlinear response at 

strain amplitude γo=2. The red line corresponds to the fit using Equation 3 truncated at n=3. 

We now consider the non-linear regime. As I mentioned before, Figure 4.1 shows that 

the elastic modulus G’ decreases beyond the linear regime for all three materials, and 
from this measurement one concludes that the materials are strain softening. Figure 

4.3(a) shows an explicit example of a Lissajous curve in this strain regime. For γ0=200% 
(Figure 4.3(c)), the Lissajous curve is no longer a simple ellipse, so higher order terms in 

the Chebyshev expansion are required. As shown by the red fitting curve, the data for 
the hair gel are adequately described by retaining terms only through n = 3 (i.e., two 

terms), and this turns out to hold for all data also for the rubber and xanthan gum as 

well. For the viscous stress we observe the same qualitative behavior: in the linear 
regime it is a straight line (Figure 4.4(b)) and at higher deformations, higher order terms 

are required (Figure 4.4(d)). 

For the elastic response, the main issue is that the elastic part of the stress-strain curve 

is no longer a straight line, but rather it curves upward at large strains, as shown in 

Figure 4.4(c). This upturn is often viewed as an indication of strain hardening [13, 18]; 

the leading higher order term in the Chebyshev formulation, e3, is indeed positive at 

large strains, which does imply strain hardening. The question is then how a material can 

be both stain hardening and strain softening (as concluded from the strain sweep, Fig. 

4.1) at the same time, depending on the way one interprets the results. 
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Figure 4.4: Applying the geometrical interpretation of Cho et. al. [12] of the stress decomposition 
(SD) to the Lissajous curves for the hair gel system. a) and b) corresponds to the data point 

{ω=6.28 rad/s, γ0=0.1}  and illustrate the linear behaviour. c) and d) corresponds to the data point 

{ω=6.28 rad/s, γ0=2} and illustrate the nonlinear behaviour. The black curves are the total stress, 

the red curves are the elastic stress σ’ and the blue curves are the viscous stress σ’’. 

This issue is not new and has been already raised by [13], but contrary to our present 

approach, which addresses the overall mechanical behavior of the systems, [13] focuses 

on the local behavior represented by the Lissajous curves. To address our question, we 

have to consider what the different measurements tell us. Figure 4.5 shows the different 

ways in which an effective modulus can be defined from a single oscillation 

measurement, all of which have been used in the literature to characterize the material 

properties:  

 𝐺𝐺′𝑀𝑀 = 𝑜𝑜𝜎𝜎
𝑜𝑜𝛾𝛾
�
𝛾𝛾=0

  is the local slope at zero strain of both the elastic stress and the 

total stress.  
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 𝐺𝐺′𝐿𝐿 = 𝜎𝜎
𝛾𝛾
�
𝛾𝛾=±𝛾𝛾0

 is the large strain elasticity, which interpolates between the two 

extremes of the elastic stress. 

 𝐺𝐺′ = 𝜔𝜔
𝜋𝜋𝛾𝛾02

∮ 𝜎𝜎(𝑡𝑡)𝛾𝛾(𝑡𝑡)𝑑𝑑𝑡𝑡 is the storage modulus as reported by the rheometer 

software, and is equal to e1 [13].   

For an expansion truncated at n = 3, G’=e1, G’M=G’-3e3 and G’L=G’+e3. 

 

Figure 4.5: Elastic stress versus strain for the hair gel at ω=6.28 rad/s a) in the linear regime,   

G’M = G’L and  b) in the nonlinear regime, G’M < G’L. c) data points of G’, G’M and G’L and the line 
corresponds to the strain sweep measurement. 

Table 4.2 gives the moduli from the hair gel data displayed in Figures 4.3 and 4.5. In the 

linear regime (deformation of 10%) all three definitions of a modulus give identical 

numbers. In the nonlinear case, these parameters differ considerably, and the apparent 

intra-cycle strain hardening is expressed by the higher value of G’L (elasticity at high 

strains) relative to G’M (elasticity at low strains). The values of e1 and e3 are obtained 
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from the fit to the Lissajous figure and are consistent with the independent 

measurements of the moduli. 

Table 4.2: Values of the elastic parameters computed from the data in Figures 4.3 and 4.5. 

 G’ (Pa) G’L (Pa) G’M (Pa) e1 (Pa) e3 (Pa) 

γ0 = 0.1 310 310 310 310 0 

γ0 = 2 45 54 18 45 9 

 

The NBR compounds and the xanthan gum solution, both of which are very different 

from one another and from the hair gel, demonstrate a qualitatively very similar 

behavior; it is evident from the strain sweeps in Figs. 4.1 (b) and (c), that these systems 

are also strain softening, while the positive value of e3 at large strain for each system 

again seems to imply strain hardening.  

The question therefore remains whether the system is strain hardening or softening. The 

answer is contained in Figure 4.6, where the elastic stress for hair gel and rubber 
systems are plotted as a function of strain for different maximum strains. The strain 

softening is clearly visible as the change in slope of the stress-strain curve: this is by far 

the dominant effect, and the system is therefore strain softening. The apparent strain 

hardening that comes from the LAOS analysis is mostly visible on the curve for the 
largest deformation as a slight upturn at high deformations. In fact, it follows from the 

Chebyshev expansion that the elastic stress-strain dependence in the LAOS analysis 

through n = 3 can be written as 

𝜎𝜎′(𝑡𝑡) = 𝐺𝐺′𝑀𝑀𝛾𝛾 + 4𝑒𝑒3
𝛾𝛾3

𝛾𝛾02
   (4.4) 

As is evident from figure 4.6, the decrease in the modulus G’M is much more important 

than the correction due to e3, and so the strain hardening conclusion from the LAOS 

analysis is erroneous. 𝐺𝐺′𝑀𝑀 + 12𝑒𝑒3
𝛾𝛾2

𝛾𝛾02
  is what is often called a tangent modulus, and a 

tangent modulus that increases with increasing strain indicates local strain hardening, 

but the overall behavior is strain softening. Hence, the strain sweep of the modulus is 

the reliable indicator of strain hardening or softening, since the intra-cycle measurement 

shows only local behavior. 
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Figure 4.6: Elastic stress at ω=6.28 rad/s for different maximum deformation γ0 for a) hair gel 

and b) filled NBR loaded with 360 silica type at volume fraction φ =22,46%. 

We also can see how the effect of filler concentration influences the elastic stress for a 

fixed maximum deformation. Figure 4.7 shows NBR filled with VN2 silica type at γ0=150%. 

We can observe that at small deformations the elastic stress increases with increasing 
filler concentration (as we showed previously in Figure 4.1(d)), however at high volume 

fractions and high deformation the slight upturn curve give us the apparent strain 

hardening, from the LAOS analysis. 

 

Figure 4.7: Elastic stress versus deformation for NBR filled with VN2 silica type at different filler 

concentration at the data point {ω=6.28 rad/s, γ0=0.1} 

The third order term in the Chebyshev formulation for our filled NBR is shown in Figure 

4.8.  We are comparing two different silica types to verify if the surface area of the filler 

plays a role in the magnitude of the nonlinearities. We can observe that the ratio e3/e1 is 
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zero in the linear regime (γ0<1%). With increasing filler concentration the ratio increases 

and it is positive, indicating the local strain hardening. Comparing the two different silica 

surface areas, we can see that the VN3 silica (highest surface area) shows a significantly 

higher the third harmonic in comparison with 360 silica (the lowest surface area), for the 

highest volume fractions of filler. 

 

Figure 4.8: Ratio of the third harmonic to the first versus strain for NBR loaded with (a) 360 silica 
type (lowest surface area) and (b) VN3 silica type (highest surface area). 

Now, the remaining question regarding the strain softening is the nature of the 

dependence of G’M (or, neglecting e3, simply G’) on the maximum strain. It turns out that 

two parameters are important: the shear rate 𝛾𝛾0ω (with 𝛾𝛾0 and ω respectively the 
maximum strain and the frequency) and the maximum strain itself. The effect of the 

shear rate can easily be quantified by comparing measurements carried out at constant 

shear rates from 0.3 to 6x10-4 rad/s, as shown in Figure 9 (a) for the NBR. Here, the 

frequency and the amplitude of the maximum strain were varied simultaneously along 
each curve to keep 𝛾𝛾0𝜔𝜔 constant, so that each set of symbols corresponds to a single 

shear rate. Clearly, the curves for different shear rates are different, showing that the 

value of the modulus depends on the shear rate. Figure 4.9 (b) shows the viscoelastic 

moduli as a function of strain: one has to conclude that the Payne effect does depend on 

the way of measuring it i.e. the shear rate at which the measurements are carried out. 

The curves appear to be parallel, however, and the data can be collapsed onto a single 

master curve (figure 4.9(c)) for both G’ and G” by shifting vertically and horizontally by 

some scaling factors. Figure 4.9 (d) shows the scaling factors for the amplitude (a), that 

hardly depends on the shear rate, and for the frequency, which is essentially the shear 
rate (b) because it increases linearly with shear rate. Hence, the dominant time scale in 
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the non-linear regime is the one imposed by the frequency of oscillation (time scale 

2π/ω) [22]. 

 

Figure 4.9: Constant rate frequency sweep measurements for NBR filled with 360 silica type and 

φ=22.46% (a) storage and loss moduli versus frequency and (b) versus strain for shear rates 𝛾𝛾0ω 
varying from 0.3 to 6x10-4 rad/s. Each curve corresponds to a fixed shear rate. (c) measurements 

shifted onto a single master curve and (d) corresponding amplitude and frequency shift factors a 
(�̇�𝛾0) (hollow symbols) and b (�̇�𝛾0) (filled symbols) respectively versus shear rate for three different 

filler concentration φ=22.46, 13.97 and 8.34%. 

 

 

4.4  Conclusions 

The main aim of this work has been to elucidate the connection between the usual 

nonlinear viscoelastic measurements and the Lissajous/LAOS analysis of the filled rubber. 

Perhaps surprisingly, we show here that the conclusions from two common ways of 
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analysing the same data are contradictory: from a regular strain sweep one concludes 

that the materials are strain softening, whereas the LAOS analysis of a single oscillation 

cycle indicates strain hardening. We show here that the three materials (filled rubbers, 

hair gel and xanthan gum) are indeed strain softening and that the apparent strain 

hardening that follows from the LAOS analysis is consequence of the use of a tangent 

modulus and is a local effect. We subsequently focus on understanding the strain 

softening, notably the observation that its amplitude depends on the rate at which the 

deformation is applied. We propose a rescaling that allows us to superimpose the data 

for both the elastic and loss moduli. The conclusion from the rescaling is that the 

dominant timescale is the one imposed by the deformation rate in the experiment, not 

an intrinsic time scale: the rearrangements in the material are due to the applied stress 

or strain amplitude, and the strain softening is a consequence hereof. 
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Chapter 5  

Fracture proprieties of filled 

rubbers 
 

 

The spontaneous failure of materials under stress is paramount for a safe engineering 

design of structures. We determine the failure stress and strain of rubbers that are 

reinforced by adding different amounts of nano-sized silica particles. We find that small 
amounts of silica increase the fracture stress and strain, but too much filler makes the 

material brittle, and consequently fracture at small deformations. We thus find that 

there is an optimum in the breaking resistance at intermediate filler concentrations. We 

use a modified Griffith theory to establish a direct relation between the material 

properties and the fracture behavior.  

 

5.1  Introduction 

In this chapter we employ the results of the previous chapters to establish a direct 

relation between material properties and the very non-linear problem of crack initiation. 

The spontaneous failure of materials under stress, despite its great importance for 

everyday life, is still ill understood [1, 2]. Usual fracture experiments either determine a 

fracture threshold stress by increasing the stress until the material breaks or study 
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fatigue, that is, fracture resulting from the application of a cyclic load [1-5]. Brittle solid 

materials usually break at very small deformations, typically on the order of a percent or 

less, and their fracture behavior is difficult to reproduce, since much of the fracture 

properties are due to the existence of defects in the material [6]. Filled rubbers are 

widely used in the automotive industry; they not only constitute the main base material 

for car tires, but are also employed for many different sealing applications. The working 

conditions for these seals are extreme: high stresses, high temperatures and high 

pressures, and the main challenge remains predicting the fracture of these rubbers [7-

11], that leads to e.g., leakage of the seals or tire blow outs. It is therefore of key 

importance to understand how and when such filled rubbers will fracture. Figure 5.1 

shows two examples of seal failure and tire blow out. 

      

Figure 5.1: Examples of a) an oil leak in a rubber seal and b) a tire blow out. 

Two main approaches have been developed for fatigue life prediction in rubbers: the 

crack nucleation approach and the crack growth approach. The first one aims to predict 

the number of cycles required to cause the appearance of a crack of a given size from 

the history of quantities such as stress or strain, at a point. Cadwell [12] was one of the 

first to apply this approach in elastomers. 

The crack growth approach considers that a crack preexist in the material and that the 

fatigue life depends directly on the growth of this particular crack. Rivlin and Thomas [4] 

were the first to apply Griffith [5] criterion to rubber. The energy necessary to grow the 

crack is supplied either from the strain energy in the deformed rubber, or as work done 

by the applied forces or both. The energy balance of fracture considers a linear elastic 

body in which the potential energy released by a crack extension should balance the 

surface energy plus the energy dissipated by inelastic deformation at the fracture load.  

a) b) 
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In this chapter we study the fracture of filled rubbers subject to a constantly increasing 

deformation. The stress and deformation at which the material will ultimately fail are 

determined for different concentrations and types of filler particles. Our main finding is 

that both the stress and the deformation at failure are non-monotonic: they pass 

through a maximum at intermediate filler concentrations. To rationalize these findings, 

we compare with the usual Griffith theory for fracture, which translates the energy 

balance between the elastic energy gained upon propagation of a fracture, and the 

surface energy created [5, 13]. From this, we conclude that the energy barrier for the 

spontaneous nucleation of an initial fracture is so large that spontaneous breaking at a 

given stress will never happen on experimental time scales.  We then employ the Eyring 

model [14] that incorporates a stress-induced crossing of the energy barrier for the 

formation of a crack. Upon verification of this model, we then relate the stress at break 

of a filled rubber to the volume fraction of filler material based only on the fracture 

energy and modulus of the material, both of which can be separately measured. 

 

5.2  Materials and Methods 

5.2.1  Materials 

The materials used for this work are compounds of Nitrile Butadiene Rubber (NBR) 

which were prepared at SKF Elgin, USA, described in detail in Chapter 2 of this thesis. 

5.2.2  Tensile testing 

The mechanical testing of composites is performed on a Zwick device extensometer. 

Two series of test are performed. In the first series tensile test on dumbbell-shaped 

specimens are carried out according to the standard ASTM D412-98a (see Figure 5.2 

inset). The grip separation speed is fixed on 500 ± 50 mm/min, with a preload of 1 N. We 

test three to five samples for each compound at room temperature.  

The second series of tensile tests are performed by the same tensile device on 

rectangular specimens with a width (B) of about 1 cm and thickness of 2 mm. The 

samples were notched at the middle perpendicular to the stretch direction and the 

depth of the notches (A) was approximately 2 mm (Figure 5.5). The initial gauge length 

and the grip separation speed were respectively fixed on 2.5 cm and 10 mm/min. This 
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second series of experiments was done in order to measure the fracture energy of the 

samples. For both series force was measured as a function of displacement as illustrated 

in Figure 5.1 for NBR loaded with VN2 silica type with different filler concentration. 

5.2.3  Rheological measurement 

Oscillatory measurements are carried out with a rheometer Anton Paar Physica MCR 300 

equipped with a plate-plate geometry. The samples are cylinders of 5mm in diameter 

and about 2mm thick and are glued on the rheometer plates with a cyanoacrylate glue 

(Loctite 480). The measurements are done at room temperature and 1 Hz. These 

experiments are done in order to obtain the elastic modulus G of the compounds and 

the details are shown in Chapter 3 of this thesis. 

 

5.3  Results and discussion 

Figure 5.2 shows a series of typical force-displacement curves for different filler 

concentrations of NBR compound loaded with VN2 silica type. 

 

Figure 5.2: Force as a function of displacement for NBR loaded with VN2 silica type and different 

filler concentration. Inset picture shows the dumbbell-shaped specimens with the gauge marks 
used in the first series of experiment. 

Assuming that the material is incompressible, with Poisson ratio ν = 0.5, the true stress 

at break σ is defined as: 𝜎𝜎 = 𝐹𝐹𝐹𝐹
𝐴𝐴0𝐹𝐹0

, in which F indicates the applied force at break, L0 and 

L are respectively the initial and final distance (at break) between the gauge marks (see 
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Figure 5.2 inset), and A0 indicates the cross sectional area of the undeformed specimen. 

Figure 5.3 (a) shows the true stress as a function of the strain for NBR loaded with the 

360 silica type for different silica concentrations. A sharp decrease of the stress at the 

end indicates breaking of the sample. Note that we perform the same measurement for 

the other two silica types; the results are very similar to those shown in Figure 5.3 (a).  

For all samples the critical strain at break  shows a peak at 8.24% volume fraction, 

implying that at this filler concentration the rubber elongates much more and shows a 

maximum resistance against the applied stress (see Figure 5.3 (b)). By adding the solid 

silica particles into a soft matrix of rubbers, increases its toughness that leads to an 

increase in its resistance against rupture. Up to the 8.24% of filler concentration, the soft 

phase stores the applied stress as an elastic energy much more than the hard phase. 

However, when the concentration of filler is higher than that value, the hard phase 

starts becoming predominant and cannot sustain the applied strain anymore: the 

material becomes more brittle and breaks at smaller deformations. We can also observe 

that the stress at break does not increases significantly after that concentration.  

       

Figure 5.3: a) True stress as a function of strain for compounds of 360 silica type with different 
filler concentration. A sharp decrease of the stress at the end shows the break point. b) critical 

strain at break as a function of volume fraction for all types of silica. Black color is for 360, red for 
VN2 and blue for VN3 silica type.  

To explain this behavior, we first need to characterize our materials. Measuring the 

Young’s modulus at our fast deformation rate is not accurate; we therefore determine 

the linear (visco-)elastic properties using standard rheology experiments (we use the 

results of Chapter 3 of this thesis). For our incompressible system, the Poisson ratio 

𝜈𝜈 = 0.5, and the shear modulus is related to Young’s modulus as 𝐸𝐸 = 2𝐺𝐺 (1 + 𝜈𝜈) = 3𝐺𝐺. 
The elastic modulus G, of the three type of silica at different concentration of filler is 
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shown in Figure 5.4 (a). The measured shear modulus increases with increasing filler 

concentration φ for all filler types and increases more strongly for larger specific surface 

area of the filler particles as we have shown in detail in Chapter 3 of this thesis. We find 

that the elastic modulus at high volume fractions of filler scales as G(ϕ)~ϕ3/𝑟𝑟, with r 

the filler aggregate radius (Fig. 5.4 (a)). If we put all shear moduli on a single plot, we 

find that all data collapses on a straight line of slope unity (on the log-log scale used) 

when rescaled as 𝐺𝐺(𝜙𝜙) = 𝐺𝐺𝜙𝜙=0 ∗ (1 + 2.5𝜙𝜙 + 𝐶𝐶 𝜙𝜙3

𝑟𝑟
) , (Fig. 5.4b) where C is a constant 

with value of 80-6m and r is the radius of the aggregates measured with image analysis 

assessed by transmission electron microscopy (TEM). 

       

Figure 5.4: a) Elastic modulus G versus filler volume fraction for the three types of silica and b) 
Elastic modulus G plotted versus the rescaling parameter introduced in [15]. Black color is for 

360, red for VN2 and blue for VN3 silica type.  

We subsequently determine the fracture energy Г, required to create a fracture plane. 

The fracture energy Г includes not only the energy necessary to break the bonds at the 

crack tip, but also the energy dissipated in the vicinity of the crack tip during crack 

propagation [8, 13]. Using the results of the second series of the experiment we 

determine the fracture energy by calculating the work required to break the sample into 

two pieces. Figure 5.5 shows the second series of experiments.  
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Figure 5.5: Fracture propagation process for NBR loaded with 360 silica type: a) early stage of 

the experiments. A is the initial size of the notch and B is the initial width. b) the moment at 
which the crack propagation takes place. c) force as a function of displacement  for different filler 

concentration in the second series of experiments. 

From these experiments, we determine the fracture energy by calculating the work 

required to break the sample into two pieces and dividing it by the created surface area. 

Figure 5.5 (c) shows the applied force F on the system as a function of the displacement 

λ for the second series of the experiments. The area below each curve gives the total 
work done on the samples up to their breakage. By assuming that all the work is used for 
creation of new surfaces by the fracture process, the fracture energy per unit area can 

then be obtained as: 

Γ = ∫ 𝐹𝐹𝐹𝐹𝐹𝐹𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
0

2𝐴𝐴0
.        (5.1) 

Figure 5.6 shows the fracture energy for three filler types and different volume fraction. 

We find that the fracture energy also increases with increasing filler concentration and is 

largest for the filler particles with the larger specific surface area (silica VN3), similarly to 

what happens for the modulus. 

0 10 20 30 40 50

0

20

40

60

80

100

120

φ (%)
 1,59
 3,12
 8,24
 13,97
 19,2
 22,46

 

 

F 
(N

)
Displacement (mm)

c)

67 
 



Chapter 5
 

 

Figure 5.6: Fracture energy calculated from equation 5.1 is plotted versus the modulus: black 

color is for 360, red for VN2 and blue for VN3 silica type.  

The question is then whether characterizing the elastic properties and the fracture 

energy is sufficient to account notably for the non-monotonic facture behavior Figure 

5.3). Classically, the energy barrier for the spontaneous formation (nucleation) of a crack 
was proposed by Griffith [5]: the energy barrier results from a competition between the 

cost in fracture (surface) energy and the gain in elastic (volume) energy for the 

formation of the initial crack [2, 3, 16-18]. In two dimensions, the surface energy cost Es 
depends linearly on the crack length 𝑙𝑙 and is given by Es ~ Г 𝑙𝑙, with Г is the fracture 

energy. The elastic energy gain Ev is quadratic in 𝑙𝑙 according to Ev~2σ2 𝑙𝑙 2/3G, where σ is 

the stress. The activation energy then follows from extremalization of the total energy: 

Ebarr ~ 3Г2G/σ2. This equation shows a power-law dependence of Ebarr on σ and hence on 
the force can be expected, which has been used successfully to account for the fracture 

of two-dimensional crystals [19]. The extension to the three-dimensional case [20] is 

straightforward and gives [18]: 

𝑈𝑈 =  − 𝜎𝜎2

6𝐺𝐺
�4
3
𝜋𝜋𝑙𝑙3� + 2Γ𝜋𝜋𝑙𝑙2,       (5.2) 

Its extremum corresponds to the energy barrier that occurs for 𝑙𝑙𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐 = 6Γ𝐺𝐺
𝜎𝜎2

 and is  

𝐸𝐸𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟 = 24𝜋𝜋Γ3𝐺𝐺2

𝜎𝜎4
     (5.3) 

For the spontaneous nucleation of a crack in the system, thermal fluctuations should 
overcome this energy barrier, and when they do, a crack starts to propagate, leading to 
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a probability of fracture 𝑃𝑃𝑓𝑓𝑟𝑟𝑏𝑏𝑐𝑐𝑐𝑐𝑓𝑓𝑟𝑟𝑓𝑓~ exp �−𝐸𝐸𝑏𝑏𝑚𝑚𝑏𝑏𝑏𝑏
𝑘𝑘𝐵𝐵𝑇𝑇

� , where T is the absolute temperature 

and kB is Boltzmann’s constant [17].  

Putting in typical numbers from the experiments, one immediately sees that 𝐸𝐸𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟 ≫
𝑘𝑘𝐵𝐵𝑇𝑇, and so a spontaneous thermally activated fracture [21] is not observable in our 

system. This happens because the elastomers dissipate enormous amounts of energy 

without breaking; this increases the fracture energy considerably, which in turn makes 

the energy barrier high. The observation that the thermal energy alone is not sufficient 

to overcome the energy barrier is in fact a common observation for polymeric materials 

[22], which has led to the consensus that for these systems the stress-induced crossing 

of the energy barrier may become important. This has led to a number of Eyring-type 

models that take into account the lowering of the energy barrier due to the applied 

stress [14, 23, 24]. In this case, the probability becomes:  

𝑃𝑃𝑓𝑓𝑟𝑟𝑏𝑏𝑐𝑐𝑐𝑐𝑓𝑓𝑟𝑟𝑓𝑓~exp �(−𝐸𝐸𝑚𝑚𝑎𝑎𝑎𝑎+𝜎𝜎𝑉𝑉∗)
𝑘𝑘𝐵𝐵𝑇𝑇

�       (5.4) 

Zhurkov [25] provided a detailed comparison between the predictions of this model and 

the rate- and temperature dependent fracture and found that a wide range of polymeric 

materials follows this prediction.  

In Equation 5.4, V* is the activation volume, which is often used as an adjustable 

parameter; if this is done of course most experiments can be fitted by the model. In 

order to do better, we choose the activation volume 𝑉𝑉∗ = 𝛾𝛾𝑏𝑏𝑟𝑟𝑓𝑓𝑏𝑏𝑘𝑘𝑙𝑙𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐3  in which 𝛾𝛾𝑏𝑏𝑟𝑟𝑓𝑓𝑏𝑏𝑘𝑘 is 
the strain at break that is measured in the experiments (see Figure 5.3 (b)). This is in fact 

necessary for consistency; both 𝐸𝐸𝑏𝑏𝑐𝑐𝑐𝑐  (or Ebarr) and 𝜎𝜎𝑉𝑉∗ are much larger than the thermal 
energy, and consequently fracture will happen when 𝐸𝐸𝑏𝑏𝑐𝑐𝑐𝑐 ≈ 𝜎𝜎𝑉𝑉∗. Putting in the 

expressions above for the barrier and the activation volume then leads to 𝜎𝜎𝑏𝑏𝑟𝑟𝑓𝑓𝑏𝑏𝑘𝑘 ≈
𝐺𝐺𝑏𝑏𝑟𝑟𝑓𝑓𝑏𝑏𝑘𝑘𝛾𝛾𝑏𝑏𝑟𝑟𝑓𝑓𝑏𝑏𝑘𝑘, where Gbreak is the slope of true stress versus strain very close to the 

breaking point (see Figure 5.3 (a)). To verify experimentally that the activation volume is 

indeed proportional to 𝛾𝛾𝑏𝑏𝑟𝑟𝑓𝑓𝑏𝑏𝑘𝑘𝑙𝑙𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐3 , we divided Eact (calculated using eq. 1 and 3) by the 

experimental values of stress at break (from figure 5.3a) and compare it with  𝛾𝛾𝑏𝑏𝑟𝑟𝑓𝑓𝑏𝑏𝑘𝑘𝑙𝑙𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐3  

(where 𝑙𝑙𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐 was calculated from Griffith’s theory). Figure 5.7 shows the linear 

dependence of V* on 𝑙𝑙𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐3  . 
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Figure 5.7: Linear dependence between critical volume V* and 𝛾𝛾𝑏𝑏𝑟𝑟𝑓𝑓𝑏𝑏𝑘𝑘𝑙𝑙𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐3 . Black color is for 360, 

red for VN2 and blue for VN3 silica type.  

Having determined the activation volume in this way, we obtain the threshold stress at 

which the system breaks into two pieces. Figure 5.8 (a) compares the calculated stress at 

break with the experimental results shown in Figure 5.3 (a). Both experimental (symbols) 
and theoretical (lines) results are in a good agreement. However the theoretical values 

of stress at break above 14% of volume fraction are somewhat lower than the 

experimental results; this is likely to be due to the large plastic deformation observed on 

those samples.  

 

Figure 5.8: Stress at break as a function of volume fraction: symbols are the experimental results 

and lines are the theoretical prediction using Eyring’s model and Griffith’s theory. Black color is 
for 360, red for VN2 and blue for VN3 silica type. 
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5.4  Conclusions 

Using the adaptation to the Eyring model to the standard theory for fracture we have 

established a direct relation between the material properties and the very non-linear 

problem of crack initiation which is very important in many industrial applications.  The 

non-monotonic fracture behavior is due to a subtle interplay between the bulk elastic 

energy gain and the surface fracture energy cost as a function of the filler concentration. 

It is well known that an enhancement of fracture energy can be obtained by increasing 

the dissipation in composite materials [26]. For example, a fracture energy on the order 

of 1000 Jm-2 (almost 20 times the surface energy of water) can be achieved with 

aqueous double network gels.  In such a double network, different types of polymers, 

one with short chains, and the other with long chains – are separately crosslinked by 

covalent bonds. When the gel is stretched, the short chain network ruptures and 

dissipates energy [27-29]. In our case, however, both the fracture energy and the elastic 

modulus increase monotonically with the filler volume fraction and the tradeoff 
between the two turns out to be primordial to create the non-monotonic fracture 

behavior. 
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Chapter 6  

Conclusions and Future Work

 
 

In the preceding chapters we have shown that for small deformations in filled rubber 

systems we could for the first time rescale the reinforcement; it does not only depend on 
the volume fraction or the surface area but also on their product. For intermediate 

deformations we showed that the correct analysis to identify the nonlinearities in filled 

rubber is doing a frequency strain sweep and keep the strain rate constant. The apparent 
strain hardening observed in Lissajous curves in fact takes into account only the tangent 

modulus. For very large deformations we have shown that a modified Griffith’s theory is 

enough to establish a direct relation between the material properties and the fracture 
behavior.  In this chapter we will give directions for future research, specifically what 

could be done in order to better understand the interaction between filler and polymer 

matrix. For that we propose the use of additional chemical components (coupling agents) 
that may form a covalent bond between filler and matrix. Thus, we expect different 

mechanical behavior in all deformations and we could investigate the polymer filler 

interaction in more detail by microscopy and spectroscopy under stress. 
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In the first chapter of this thesis we showed how big the rubber market is and why it is 

important to understand the mechanical behavior of filled rubber. With a big effort of 

the society to contribute for the reduction of CO2 and methane, there are many research 

centers all around the world motivated to find technologies and approaches to bring 

down the emissions of these gases by at least 60 percent by mid-century [1]. Not only 

the reduction of those gases is needed but also the developing of low carbon products is 

essential to tackle climate change. That’s why it is so important to understand all 

properties and uses of different compounds to improve energy saving and reduction of 

carbon in the formulation; e.g., by  replacing carbon black by nanosilica in rubbers. 

Chapter 2 describes the characteristics of the compounds we used in this project 

assessed by means of calorimetry and small angle X-ray scattering performed in 

Grenoble, France.  

At very small deformations, in the linear regime, we can measure the reinforcement of 
filled rubbers. In Chapter 3 we studied how the rescaling of the reinforcement changes 

with particle size. Mostly nanoscale silica or carbon black particles are used in composite 

however, the rationale for such small fillers remains unclear because classical elasticity is 
inherently scale-free. We showed that for a given volume fraction, smaller fillers (or 

agglomerates) having larger surface area consistently result in the larger reinforcement. 

Because of the universality of this effect, we proposed a rescaling of the reinforcement 

that accounts for the microstructure of different composite materials [2]. Many authors 
(Montes, Lequeux, Long, etc.) [3-8] have proposed to consider an idealized model 

material characterized by strong polymer-filler interactions. In this case, in addition to 

simple hydrodynamic (volumetric) arguments explaining only part of the reinforcement, 

surface immobilized (“glassy”) fractions of the base elastomer, play a role in connecting 

filler particles. These likely exhibit a glass transition temperature (Tg) gradient in the 

vicinity of the fillers, which has been claimed to be of pivotal importance. While such 

glassy layers and their role in reinforcement have been confirmed for special model 

materials [3, 7], they remained elusive in actual technical reinforced elastomers. There is 

yet no consensus on their relevance for the reinforcement [9, 10]. By employing 

molecular dynamics (MD) simulation, Batistakis et al. [11] found that a dramatic slowing 

down of polymer dynamics happens in the vicinity of a substrate surface for relatively 

thick films, while for thinner films a strong increase in mobility is seen. The latter is the 

opposite of what would be expected from the above mentioned models. 
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In our case, we anticipate that there is no strong polymer-filler interaction since we are 

using NBR, a non-polar matrix, loaded with silica particles, a polar filler, without any 

coupling agent. A silane coupling agent is generally characterized by two functions: one 

for the adhesion of the matrix to the hydrophilic silica surface, the silane moiety, the 

other for adhesion to or enhancement of the compatibility with the hydrophobic 

polymer matrix. The addition of a coupling agent on rubber compounds significantly 

changes many properties of the material, for example the reinforcement (shear modulus 

G’ measured in the linear regime) and non-linearities. 

Looking for a change in Tg in our NBR compounds, we cannot observe a substantial shift 

in Tg when we increase surface area of filler neither when we increase filler 

concentration (see figure 1a). Figure 1b shows that the reinforcement is larger for the 

largest surface area of our NBR compounds.  Hence, the stiffening effect induced by the 
highest silica surface could be hardly attributed to the presence of a “glassy layer”. 

Because there is no better theory that can explain the reinforcement and the Payne 

effect in filled rubber, the glassy layer theory is the most “reasonable” explanation until 

now, but clearly more work is need in this area. 

      

Figure 6.1: a) Differential Scanning Calorimetry (DSC) experiments on NBR compounds with 

different silica particles and filler concentration. b) effect of different surface area of silica 
particles on NBR compounds at fixed volume fraction on storage modulus as a function of 

deformation. 

Because filled rubbers are often used in situations involving large deformations, it is of 

both practical and theoretical interest to develop an understanding that correlates the 

reinforcement and the nonlinear mechanical behavior. A lot of research has been done 
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on comparing the Payne effect in silica, carbon black and silica-silane systems [12, 13] . 

The main conclusions are that when silica and carbon black have the same surface area, 

the silica network starts breaking down at higher strain amplitudes due to a stronger 

filler network compared to carbon black. The breakdown of the inter-aggregate bonding 

of the silica over a broad range of strain amplitudes indicates that the silica–silica 

interaction differs strongly from the interactions between carbon black aggregates. 

When different surface areas of silica are compared, G’ (at low strains) increases with 

increasing surface area (see Figure 6.1b) [2, 14, 15]. And when the type of silica (same 

surface area) is fixed and the variable parameter in the system is the hydrophobicity of 

the silica surface, it was observed that with increasing hydrophobicity, the 

reinforcement decreases and this is probably caused by a difference in dispersion of the 

particles [14, 15]. Concomitantly, at high deformations, also the Payne effect was 

significantly reduced. It may be speculated, consequently, that the mechanism of action 

of coupling agents is to prevent the detachment of polymer chains on silica surface by 

chemical bonds between polymer and filler, hence decreasing the Payne effect.  

When G’ and G’’ increase with the inclusion of solid particles in a soft matrix, it also 

increases tanδ and consequently its Payne effect. Hence, several authors interpret the 
Payne effect in terms of dispersion of the reinforced filler: the poorer the dispersion of 

the fillers, the more pronounced the difference in G’ between low and high strain. One 

then assumes that the G’ at low strain values is a measure of filler dispersion and of the 
degree of filler-filler interaction (filler networking): the lower the G’ at low strain, the 

better the filler dispersion and the lower the filler-filler interaction. However, from our 

TEM and SEM analysis shown in Chapter 2, there is no evidence that our 360 silica 

compounds have a better dispersion than VN2 or VN3 silica compounds. Hence, there 

should be another effect that correlates the surface area of silica fillers and Payne effect. 

Another clue comes from the nonlinear elasticity measurements. In Chapter 4 we 

compared the third order term in the Chebyshev formulation with the two different 

silica surface areas, and we observe that the VN3 silica (highest surface area) shows a 

significantly higher third harmonic component in comparison with 360 silica (the lowest 

surface area). We are now in a position to address how the Payne effect varies with filler 

concentration and surface area of filler in the strain sweep measurements. For that, we 

take the value of G’ in the linear region (G’0) then subtract the value of G’ at strain = 25% 
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(G’γ=25%) and normalize by G’0. In Figure 6.2 is shown how the Payne effect increases with 

increasing surface area of silica, at least for the highest volume fractions. 

 

Figure 6.2: Payne effect as a function of silica surface area in different volume fraction. 

One possible way to further investigate this phenomenon is by looking at the recovery of 

the storage moduli for the different fillers following a large strain perturbation. We 

know that the Payne effect is a reversible process and the material should undergo 
recovery to its original equilibrium structure. Hence, we might anticipate a larger 

recovery of our NBR compounds loaded with VN3 silica type, since this type exhibits the 

largest Payne effect. 

For the measurement of the recovery of the modulus, we did not consider the first cycle 
of the strain sweep measurements since this cycle is for a large part characterized by 

irreversible damage. The second cycle was performed immediately after the first one 

and the third cycle was performed 20 hours after the second one. The percentage of the 

elastic modulus recovery is computed as:  

 

% 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
(𝐺𝐺3𝑟𝑟𝑟𝑟_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

′ − 𝐺𝐺2𝑛𝑛𝑟𝑟_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
′ )

𝐺𝐺2𝑛𝑛𝑟𝑟_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
′ ∗ 100% 

 
Figure 6.3 (b) shows that for the highest surface area (NBR compounds loaded with silica 

VN3), the storage modulus recovery is indeed bigger, suggesting that the dynamics of 

the recovery for these compounds are different. Further investigation is needed in order 
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to understand the kinetics of recovery. Modulus recovery kinetics of elastomers filled 

with fumed silica without coupling agent have extensively been studied by the Chazeau 

et al. and Zhu et al [16, 17]. Their proposed recovery mechanism is based entirely on the 

dynamics of the filler–matrix interface and consequently on the physics of entangled 

chains close to the surface. However, the agglomeration or network formation is also 

invoked, especially at high filler concentration. They suggest that the nonlinearity is 

probably governed by the filler–network breakdown (particle–particle interaction) 

combined with a mechanism originating at the polymer–filler interface (polymer–

particle interaction). 

      

Figure 6.3: (a) Storage modulus of NBR compounds filled with 360 silica type and 13,97% of 
volume fraction versus strain amplitude. Red colour is for the second cycle of strain sweep 

measurement (the value of the storage modulus in the linear regime that was used to calculate 
the reinforcement) and black colour is for the third cycle performed 20 hour after the second one. 

(b) Elastic modulus recovery versus silica surface area. Black colour is for volume fraction 

φ=13.97, red for φ=19.2 and blue for φ=22.46%. 

We also performed recovery experiments with Small Angle X-ray Scattering (SAXS), 

Grenoble, France. We performed strain steps of 50% until 150%, took out the samples 
from the clamps to let them relax, and after 20 hours we performed the same steps of 

deformation again. The SAXS patterns and the intensity as a function of q are shown in 

Figure 6.4. 
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Figure 6.4: Analysis of the two dimensional SAXS patterns and intensity versus q for NBR filled 

with VN2 silica type and 22,46% of silica volume fraction. Black curve is for zero stress and red for 
150% of strain. The dashed lines correspond to the measurements performed 20 hours later. 

It is shown that at zero stress the SAXS pattern shows an oval shape from a preferred 

orientation or organization of the silica particles that is probably related with the 
extrusion molding of the compound. After applying 150% of strain the oval shape turns 

into a butterfly scattering pattern, suggesting that the aggregates are anisotropically 

stretched. The measuring of anisotropy of composite systems is useful to analyze the 

arrangement of silica aggregates in the direction of acting force. Since the mechanical 

properties are functions of the orientation of ordered and disordered regions of 

aggregates it is very important to determine the orientation of these regions. 

Unfortunately in these experiments, we could not simultaneously observe the sizes of 

the aggregates using SAXS scattering probably due to ZnO used for the vulcanization of 

our NBR matrix, as already discussed in Chapter 2. A follow up experiment could be done 

with compounds vulcanized with peroxide; in this case one would be able to analyze the 

silica aggregates. Then, it would be feasible to determine the structure factor of the 

system via a Fourier transform of the spatial correlation function and relate the 

anisotropy to the change in particle (aggregate) configuration. 
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Our collaborator group at the Max Planck Institute for Polymer Research in Mainz, 

Germany, also have some results on chain alignment as a function of radius of 

aggregates of our NBR compounds under tensile stress assessed by IR spectroscopy. The 

analysis is based on the ratios of the characteristic absorptions of the nitrile vibrational 

bands oriented perpendicular and parallel to the laser beam polarization (see Figure 

6.5). 

 

 

 

 

 

 

 

 

 

Figure 6.5: Scheme of infrared spectroscopy used to calculate the chain anisotropy.  

Preliminary results of the polymer alignment of the C≡N vibration of the polymer matrix 

from the parallel and perpendicular polarization assessed by infrared spectroscopy are 
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shown in Figure 6.6. We can observe in the inset of Figure 6.6 how the polymer chain 

anisotropy under stress changes for each NBR compound. It seems that the compounds 

loaded with 360 silica show more anisotropy than the VN3 silica type. This observation 

could give some new insight of how the microscopy structure influences the mechanical 

behavior of filled rubbers, but further investigation is need in order to understand this 

behavior. 

 

Figure 6.6: Measuring polymer alignment of the C≡N vibration of the polymer matrix from the 

parallel and perpendicular polarization in the infrared spectroscopy. 

In conclusion of what could be done in order to understand better the polymer filler 

interaction, we could use microscopy and spectroscopy under tensile stress to identify 

the mechanism of the nonlinearities, the kinetics of the recovery in different networks 

and the fracture properties of filled rubber with coupling agent. 
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Summary 
 

 

Over 10 million metric tons of carbon black and silica nanoparticles are produced each 

year, mainly to modify polymer mechanical performance for numerous industrial and 

household applications. We are part of a large consortium that, in collaboration with the 
tire and automotive industry, tries to develop a completely new understanding of 

composite rubber materials. Therefore, this thesis presents the PhD research on 

understanding the viscoelastic behavior of silica filled Nitrile Butadiene Rubber NBR 
using three different sizes/surface areas in three different regions of deformations: 

small, medium and very large deformations, i.e. until the break point. 

In the first chapter of this thesis we show how big the rubber market is and why it is 

important to understand the mechanical behavior of filled rubbers. With a big effort of 

the society to contribute for the reduction of CO2 and methane, there are many research 
centers all around the world motivated to find technologies and approaches to bring 

down the emissions of these gases by at least 60 percent by mid-century. Not only the 

reduction of those gases is needed but also the developing of low carbon products is 

essential to tackle climate change. 

Chapter 2 describes the characteristics of the compounds we used in this project 

assessed by means of calorimetry and Small Angle X-ray Scattering SAXS performed in 

Grenoble, France. The conclusions of this chapter were fundamental for other 

conclusions and discussions in the subsequent chapters. 
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At very small deformations, in the linear regime, we can measure the reinforcement of 

filled rubbers. In Chapter 3 we study how the rescaling of the reinforcement changes 

with particle size. Mostly nanoscale silica or carbon black particles are used in composite 

however, the rationale for such small fillers remains unclear because classical elasticity is 

inherently scale-free. We showed that for a given volume fraction, smaller fillers (or 

agglomerates) with larger surface area consistently result in the larger reinforcement. 

Because of the universality of this effect, we proposed a rescaling of the reinforcement 

that accounts for the microstructure of different composite materials. 

Chapter 4 investigates the strain softening observed in our NBR compounds at 

intermediate deformations during a strain sweep in oscillatory rheology: the modulus 

decreases with increasing deformation. On the other hand, if the non-linear elastic 

response is analyzed within a single oscillation cycle (described by Lissajous curves), 
rubber compounds are reported to exhibit strain hardening. We conclude that the 

apparent strain hardening is due to the use of a tangent modulus in the LAOS analysis, 

and the overall rheology remains strain softening. To show that this conclusion is robust, 
we demonstrate a rescaling of the modulus that collapses the data from all the 

oscillatory measurements onto a single master curve that clearly exhibits the correct 

strain softening behavior. 

In Chapter 5 we find that small amounts of silica increase the fracture stress and strain, 

but too much filler makes the material brittle, and consequently fracture at small 
deformations. Furthermore, we observe that both the fracture energy and the elastic 

modulus increase monotonically with the filler volume fraction and the tradeoff 

between the two turns out to be primordial to create the non-monotonic fracture 
behavior. To rationalize these findings, we  first examine  the standard Griffith theory for 

fracture, which uses an energy balance between the elastic energy gained upon 

propagation of a fracture and the surface energy lost by creating additional interfacial 
area. From this, we conclude that the energy barrier for the spontaneous nucleation of 

an initial fracture is so large that thermally-driven fluctuations are much too weak to 

cause spontaneous breaking at a given stress. We then extend the Griffith theory using 

an Eyring-type model that incorporates a stress-induced crossing of the energy barrier 

for crack formation. This allows us to relate the stress at break of a filled rubber to the 

volume fraction of filler material based only on the fracture energy and modulus of the 

material, both of which can be separately measured.  
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In Chapter 6 conclusions and directions for future research are given. We explore 

specifically what could be done in order to better understand the interaction between 

filler and polymer matrix. For that we propose the use of additional chemical 

components (coupling agents) that may form a covalent bond between filler and matrix. 

Thus, we expect different mechanical behavior in all deformations and we could 

investigate the polymer filler interaction in more detail by microscopy and spectroscopy 

under stress. 
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Samenvatting 
 

 

Meer dan 10 miljoen ton aan roet en silica nanodeeltjes worden ieder jaar 

geproduceerd, voornamelijk om de mechanische prestaties van polymeren te 

modificeren voor tal van industriële en huishoudelijke toepassingen. Als onderdeel van 
een groot consortium, welk samenwerkt met de band- en auto-industrie,  proberen wij 

geheel nieuwe inzichten te vergaren betreffende de ontwikkeling van samengesteld 

rubber. Dit proefschrift beschrijft het PhD onderzoek betreffende het begrijpen van het 
visco-elastische gedrag van gevulde Nitril-butadieen rubber NBR waarbij gebruikt wordt 

gemaakt van drie verschillende groottes/oppervlaktes bij drie verschillende regimes van 

deformatie; klein, medium en grote deformaties (dat wil zeggen, tot het breekpunt). 

In het eerste hoofdstuk van dit proefschrift laten we zien hoe groot de rubbermarkt is en 

waarom het belangrijk is om het mechanisch gedrag van gevulde rubbers begrijpen. Er is 

een grote inspanning van de samenleving om bij te dragen aan de reductie van CO2 en 

methaan. Over de hele wereld zijn er vele onderzoekscentra gedreven om technologieën 

en applicaties te vinden om de uitstoot van deze gassen met minstens 60 procent te 

verminderen, voor halverwege deze eeuw. Niet alleen de vermindering van deze gassen 

is nodig, maar ook de ontwikkeling van koolstofarme producten is essentieel om de 

klimaatverandering aan te pakken.  

Hoofdstuk 2 beschrijft de eigenschappen van de samenstellingen die we in dit project 
gebruikt hebben, door middel van calorimetrie en ‘kleine hoek Röntgen straling 

verstrooiing’ (Small Angle X-ray Scattering) SAXS uitgevoerd in Grenoble, Frankrijk. De 
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conclusies van dit hoofdstuk zijn van fundamenteel belang voor de conclusies en 

discussies in de hoofdstukken die volgen.  

Bij zeer kleine vervormingen in het lineaire regime, kunnen we de versterking van 

gevulde rubbers meten. In hoofdstuk 3 bestuderen we hoe het herschalen van de 

versterking verandert als een functie van de deeltjesgrootte. Nanoschaal siliciumdioxide 

of roet deeltjes worden voornamelijk gebruikt in samenstelling, echter, de reden voor 

het toevoegen van deze vulstoffen is onduidelijk omdat het klassieke elastische gedrag 

onafhankelijk is van de grootte. Omdat dit effect universeel is, stellen wij een 

herschaling voor van de versterking welk rekening houdt met de microstructuur van de 

verschillende samengestelde materialen.  

Hoofdstuk 4 onderzoekt de spanningsvermindering welke is waargenomen in onze NBR 

samenstellingen bij middelmatige vervormingen tijdens spanningsvariaties met oscillatie 

reologie; de modulus neemt af met toenemende vervorming. Anderzijds, bij het 
analyseren van niet-lineaire elastische respons met een enkele oscillatiecyclus 

(beschreven door Lissajous curves), wordt ook wel gerapporteerd dat rubberen 

samenstellingen spanningsversterking vertonen. We concluderen dat de schijnbare 
spanningsversterking komt door het gebruik van een tangent modulus bij de LAOS 

analyse, maar dat de algehele reologie spanningsvermindering blijft vertonen. Om aan te 

tonen dat deze conclusie robuust is, laten wij een herschaling van de modulus zien die 

de gegevens van alle oscillatie metingen over elkaar heen legt op één enkele master 

curve en dus het juiste spanningsverminderende gedrag aantoont.  

In hoofdstuk 5 zien we dat kleine hoeveelheden silica de rek en breukspanning 

verhogen, maar teveel vulmiddel maakt het materiaal bros en daardoor breekbaar bij 

kleine vervormingen. Verder zien we dat zowel de breukenergie en de elastische 
modulus monotoon toenemen met de volumefractie van de vulstof en het blijkt dat de 

uitwisseling tussen de twee van groot belang is bij het niet-monotone breukgedrag. Om 

deze bevindingen te rationaliseren, onderzoeken we eerst de standaard Griffith theorie 

voor breuken, welk een energie-evenwicht beschrijft tussen de elastische energie 

verkregen bij de ontwikkeling van een breuk en de oppervlakte-energie die verloren gaat 

door het creëren van extra grensvlakoppervlak. Hieruit concluderen wij dat de energie 

barrière voor de spontane creatie van de initiële breuk zo groot is dat thermisch 

aangedreven fluctuaties veel te zwak zijn om een spontane breuk te veroorzaken bij een 

bepaalde spanning. Vervolgens breiden wij de Griffith theorie uit aan de hand van een 
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Eyring-type model dat een stress-geïnduceerde overgang bevat van de energie barrière 

voor scheurvorming. Hierdoor kunnen we de breukspanning van het gevulde rubber 

relateren aan de volume fractie van het vulmateriaal, welk alleen afhankelijk is van de 

breukenergie en de modulus van het materiaal, welke wij afzonderlijk van elkaar kunnen 

meten.  

In hoofdstuk 6 geven we conclusies en richtingen voor toekomstig onderzoek. We 

verkennen wat er specifiek kan worden gedaan om beter inzicht te krijgen in de 

interactie tussen vulstof en polymeer matrices. Daarvoor stellen we voor om additionele 

chemische bestanddelen (koppelingsmiddelen) te gebruiken die een covalente binding 

tussen de vulstof en de matrix kunnen vormen. We verwachten verschillend 

mechanische gedrag bij verschillende vervormingen en we kunnen de interactie van het 

polymeer vulmiddel in meer detail onderzoeken door middel van microscopie en 

spectroscopie. 
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• M.R.B. Mermet-Guyennet, J. Gianfelice de Castro, M. Habibi, N. Martzel, M. Denn 
and D. Bonn 

“LAOS: The strain softening/strain hardening paradox” 

To appear in Journal of Rheology (2015). 

Chapter 5 

• J. Gianfelice de Castro, R. Zargar, M. Habibi, S. Varol, S. Parekh, B. Hosseinkhani, 
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