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Abstract 

In this work, I studied composites made of polydimethylsiloxane (PDMS) 

and carbon black (CB). This dissertation will focus on the fundamental issue of 

network formation of CB fillers with different size distributions. The percolation 

thresholds of composites using different sizes CB is compared to understand how 

the aggregate arrangement in agglomerates will affect the percolation and 

electrical conductivity of the composites. The influence of fillers’ structure on 

electrical conductivity is analyzed on multiple length levels. The fractal 

dimensions of filler agglomerates in composites change as a function of filler 

concentrations as shown via ultra-small-angle X-ray scattering.  

The microstructural changes caused by adding the ionic liquid (IL) 1-ethyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide to PDMS-CB composites 

are analyzed to explain the electrical, mechanical, rheological, and optical 

properties of IL-containing precursors and composites. Swelling experiments and 

optical analysis indicate a limited solubility of the IL in the PDMS matrix and 

reduction of the cross-linking density of PDMS both globally and locally, which 

reduced the Young’s Moduli of the composites. Rheological analysis of the 

precursor mixture shows that the IL reduces the strength of carbon-carbon and 

carbon-PDMS interactions, thus lowering the filler-matrix coupling and 

increasing the elongation at break. Electromechanical testing reveals a 

combination of reversible and irreversible resistance changes consistent with IL’s 

presence at microscopic CB-CB interfaces. 
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Zusammenfassung 

In dieser Arbeit untersuche ich Komposite aus Polydimethylsiloxan (PDMS) 

und Leitruß (Carbon Black, CB). Der Fokus liegt auf grundlegenden Fragen der 

Netzwerkbildung von CB Füllern unterschiedlicher Größenverteilungen. Die 

Perkolationsschwellen von Kompositen mit CB unterschiedlicher Größen werden 

verglichen, um zu verstehen, wie die Anordnung von Aggregaten Perkolation und 

elektrische Leitfähigkeit der Komposite beeinflusst. Der Einfluss der 

Füllstoffstruktur auf verschiedenen Längenskalen auf die elektrische 

Leitfähigkeit wird auf verschiedenen Längenskalen analysiert. Die fraktale 

Dimension von Füllstoffagglomeraten in den Kompositen ändert sich mit dem 

Füllgrad, wie Untersuchungen mittels Ultrakleinwinkelröntgenstreuung zeigen. 

Die Änderungen der Mikrostruktur durch Beigabe der -Ethyl-3-

methylimidazolium-bis(trifluoreomethylsulfonyl)imid zu PDMS-CB Kompositen 

wird untersucht, um die elektrischen, mechanischen, rheologischen und 

optischen Eigenschaften der IL enthaltenden Vorstufen und Kompositen zu 

erklären. Experimente zur Quellung und optische Analysen deuten auf eine 

begrenzte Löslichkeit der IL in der PDMS-Matrix und eine lokale und globale 

Reduktion der Vernetzung des PDMS hin, die den Elastizitätsmodul der 

Komposite verringern. Die rheologische Analyse der Vorstufen zeigt, dass die IL 

die CB-CB und CB-PDMS Wechselwirkungen verringert und so die Kopplung 

zwischen Füllstoff und Matrix und die Dehnbarkeit erhöht. Elektromechanische 

Tests zeigen eine Mischung aus reversiblen und irreversiblen 

Widerstandsänderungen, die mit der Anwesenheit von IL an mikroskopischen 

CB-CB Grenzflächen konsistent sind. Elektromechanische Tests zeigen eine 

Mischung reversibler und irreversibler piezoelektrischer Antworten, die mit der 

Anwesenheit von IL an mikroskopischen CB-CB Grenzflächen konsistent sind. 
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1 Introduction 

1.1 Motivation 

Improved human-machine interaction requires new materials that combine 

the good electrical performance of today’s rigid circuits with mechanical 

properties that mimic human skin. Elastomer composites reinforced with 

conductive fillers have attracted considerable interest due to their flexibility and 

tunable electrical properties.1-3 Pure elastomers are limited by their low electrical 

conductivity and mechanical strength. By mixing with conductive fillers such as 

metal particles, carbon materials and semiconductor materials, the electrical 

properties of elastomer composites can be improved when the conductive filler 

content reaches a critical volume fraction, the percolation threshold.4-6 The 

conductive network formed by fillers in the polymer matrix is important for the 

electrical conductivity of elastomer composites. The size and shape of fillers and 

their distribution in the polymer matrix also affect the electrical properties of 

elastomer composites.7 For the same polymer matrix, different fillers such as 

carbon blacks (CBs), carbon nanotubes (CNTs) and metal particles will result in 

different percolation thresholds.8 And by using different mixing methods to 

change the distribution of fillers in the polymer matrix, the percolation 

thresholds will also be varied.9 It should also be noted that if the concentration 

of conductive fillers is too high, the composite will become inflexible and difficult 

to handle, as the mechanical properties will be different from those of the pure 

polymer matrix. It is therefore important to achieve the proper concentration in 

these elastomer composites to obtain satisfactory electrical and mechanical 

properties. 
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Materials that respond electrically to mechanical deformation, or vice versa, 

can be used as sensors and actuators. Recently, in response to the need for more 

elastic sensor and actuator materials, elastomer-carbon particle composites have 

become the focus of research.10-12 Ultra-sensitive electromechanical sensors have 

been created by combining graphene and viscoelastic polymers.13 However, 

despite the long industrial experience with CB, research activities have focused 

on CNTs and graphene, because their carbon structures are much better defined 

than CB. Their simple geometries have facilitated the analysis of structure-

property relationships and allowed researchers to model the electrical behavior 

of the composite, and related simulation work is well established.4, 14-28 Unlike 

graphene or CNT, CB has complex shapes as shown in Figure 1.1. And CB 

particles form weaker agglomerates that are randomly distributed throughout 

the elastomer matrix, making it difficult to analyze the conductive network 

formed by such structures.29 

 

Figure 1.1. Structure examples of graphene, carbon nanotube (CNT) and carbon black 

(CB). 

Here we proposed that it is not necessary to use highly defined carbon 

nanostructures to obtain elastomer-carbon nanocomposites with high electrical 

conductivities that are mechanically strong and respond to mechanical 

deformation with well-defined electrical responses. CB is also suitable for 

making such materials, while avoiding the complex and costly processes required 

for CNTs and other nanostructures. However, although CBs are more industrially 

available, there are still problems associated with their use as fillers. One is that 
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CBs are more widely distributed in size, and the fractal structures of CB 

aggregates and agglomerates in the polymer matrix are less well understood. It 

is important to understand the charge transport properties of fractal objects 

under mechanical stress. This is a topic that has not been sufficiently studied, 

perhaps due to the complex structure of such particles. Another is the problem 

of the elastomer becoming less soft due to the addition of fillers.  

1.2 Carbon Black 

Carbon black (CB) refers to several industrial products, including thermal, 

furnace and acetylene blacks. They essentially consist of elemental carbon in the 

form of near spherical particles of colloidal size, coalesced into particle 

aggregates.30-31 Approximately 90 % of CB production is used by the tire industry 

to modify fracture behavior and improve abrasion and failure properties.32 CB is 

also used as a filler in elastomers to modify mechanical, electrical and optical 

properties.  

As shown in Figure 1.1, the shape and structure of carbon black is more 

difficult to describe than that of CNT and graphene. In order to achieve the 

desired properties and understand the CB conductive network formed in the 

polymer matrix, the structure of CB should first be known. The following sections 

introduce the hierarchical structure of CB and methods for describing such 

structures.  

1.2.1 Primary Particle, Aggregate and Agglomerate 

The schemes of CB primary particle, aggregate and agglomerate are shown 

in Figure 1.2. Warren first studied the microstructure of CB by X-ray diffraction 

in 1934.33 He concluded that CB is not a true amorphous form of carbon, but is 
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composed of small crystallites consisting of parallel graphitic layers. Primary 

particles typically range in size from 10 to 100 nm.34 Transmission electron 

microscopy (TEM) remains one of the most feasible methods for measuring the 

primary particle size distributions of CBs, although the problem of defining 

particle boundaries is not easy to overcome. Liquids such as chloroform and 

toluene have been found to be suitable dispersants for CBs when used in 

conjunction with ultrasonic separation.35-37 Particle diameters should be 

measured manually on micrographs and a histogram plotted to derive the 

distribution curve.  

 

Figure 1.2. Schematic of primary particles, aggregate and agglomerate. 

CB primary particles rarely exist in an isolated form. Instead, they form 

aggregates of various sizes. During the CB formation stage, aggregates form as 

individual particles that adhere to other particles and are then “fused” together 

by the deposition of additional carbon from the gas stream. CB aggregates are 

considered the smallest dispersible unit, and a primary particle can only be 

separated from an aggregate by fracturing. The size and shape of the aggregates 

are important primary properties of CBs. The size of the aggregates can vary from 

hundreds of nanometers to several microns in average size for different types of 

CBs.38 Similar to the analysis of primary particle size distributions, TEM has been 

widely used to study the morphology of CB aggregates. Gruber et al. investigated 

the distribution properties of CB aggregates by imaging the aggregates at 
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different goniometer angles using TEM. Individual aggregates exhibited 

maximum area and perimeter when the goniometer angle was near 0°, and 

higher structure aggregates were found to show greater relative changes in 

morphological observations with rotation than lower structure aggregates.39 

However, it should be noted that due to the nature of the irregular shape of CB 

aggregates, measuring the size of CB aggregates based on electron microscopy 

images is time consuming and the development of an improved method of 

dimensional analysis is needed to fully characterize the morphology and size of 

CB.  

Surface area is a powerful index for understanding the “size” of CB 

aggregates. Surface area provides no distributional information, and the surface 

area value has only an inverse correlation with particle/aggregate size. 

Adsorption methods based on nitrogen, cetyltrimethylammonium bromide, and 

iodine are widely used to measure specific surface area (SSA). The Brunauer-

Emmett-Teller (BET) theory is used to calculate the SSA of solids or porous 

materials.40-41 Unlike the Langmuir model41, which assumes that adsorption is 

limited to a monolayer, the BET model allowed for multilayer adsorption and 

was still able to determine the number of molecules of the adsorbate that formed 

a monolayer. For a more detailed introduction to BET theory, see Section 2.1. 

CB aggregates can form a larger structure. Various functional groups such 

as hydroxyl or carboxyl groups are found on the surface of CB. Therefore, the CB 

aggregates tend to agglomerate due to the nature of the CB surface.42 The 

aggregates in agglomerates are bound together by van der Waals forces and have 

difficulty maintaining their integrity during processing.43 Because these 

agglomerates are loosely bound, it is difficult to know the exact morphologies of 

the agglomerates. It is also difficult to distinguish between aggregates and 

agglomerates because the size distributions of aggregates can be broad, and the 

size distributions of agglomerates can partially coincide with those of aggregates.  
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1.2.2 Fractal Geometries of Carbon Black 

As shown in Figure 1.2, CB aggregates and CB agglomerates have complex 

structures, and such structures are known as fractal structures. Mandelbrot first 

introduced fractal geometry in 1975, and this idea was first officially published 

in 1977.44 In conventional Euclidean geometry, a surface is described by a power 

of two and a volume by a power of three. However, these criteria cannot be 

applied to objects with complex structures. Self-similarity is the essential 

characteristic of fractal objects, which refers to an infinitely self-repeating 

structure at all scales. Natural forms and patterns are often random fractals, 

since they are composed of random patterns or shapes that occur randomly on 

some length scale. This means that their self-similarity can only be observed 

statistically. Therefore, non-integer dimensions, also called fractal dimension, 

are important for describing fractal objects. 

Due to the manufacturing process, the geometries of many materials such 

as CB are difficult to define in the real world. Irreversible clustering of tiny 

particles is a key topic in scientific fields.45 This type of growth occurs when a 

chemical species precipitates from a supersaturated matrix or is subjected to 

further heat treatment. Several models, such as diffusion-limited aggregation 

(DLA), cluster-cluster aggregation (CCA), and ballistic aggregation (BA), have 

been developed and used to describe colloid formation.46 According to Witten, 

“DLA is an idealization of the process by which matter irreversibly combines to 

form dust, soot, dendrites and other random objects in the case where the rate-

limiting step is diffusion of matter to the aggregate.”45 Therefore, it makes sense 

to use the DLA model to describe the CB aggregate as well. In the following 

section, the DLA and CCA models are discussed to help the reader understand 

the fractal structures of the CB aggregate and CB agglomerate.  

 

http://www.iciba.com/criteria
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Diffusion-Limited Aggregation (DLA) Model 

The diffusion-limited aggregation (DLA) model has been used to describe 

the fractal structures of CB, soot, dust, dendrites, etc. Witten and Sander 

developed the DLA growth model and showed how completely random motion 

can produce a self-similar pattern.47 And this is the starting point of which fractal 

research activities multiplied. The model was developed under the stimulation of 

explaining experimental work by Forrest and Witten, which proposed that fractal 

structure could be developed by aggregation of small particles in a dense gas.48 

Although this model does not fully match the experimental results, it is still a 

breakthrough in the study and description of fractal objects. Figure 1.3 shows a 

DLA cluster containing 5000 particles and gives a general description of what a 

DLA cluster looks like. 

 

Figure 1.3. Schematic of a DLA cluster containing 5000 particles.49 Reprinted with 

permission, open access. Copyright (2002), the National Academy of Sciences of 

Ukraine. 

Figure 1.4 shows a schematic of the formation of a DLA cluster. One particle 

was fixed at the center of space, and the other particles were then introduced one 
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by one at the starting radius 𝑅 at a random angular position. The particle was 

allowed to move randomly until it either left space or joined the cluster at the 

center. In the latter case, it became part of the expanding objects. This process 

was repeated several times until the cluster was formed.  

 

Figure 1.4. Schematic of DLA cluster formation. 

The development process is very straightforward, but it still results in a 

branching pattern or self-similar structure. The fundamental explanation for the 

resulting self-similar structure is that the growth rule is nonlocal; however, it 

should be emphasized that nonlocality is not a necessary condition for producing 

such branching self-similar clusters.46 The local structure of a self-similar fractal, 

which is larger than a few lattice units but overall much smaller than the overall 

size of the cluster can be expressed as 

𝐶(𝑟)~𝑅𝑔
𝐷𝛼−𝑑 (1.1) 

where r is the distance, 𝐶(𝑟)  is the correlation function, 𝑅𝑔  is the radius of 

gyration, 𝐷𝛼 is the fractal dimension and d is the Euclidean dimensionality value 

of the embedding space. 

The simulation results showed that, for a two-dimensional (2D) DLA cluster, 

the fractal dimension is about 1.7, and this value increases to 2.5 for a three-

dimensional (3D) DLA cluster.50 
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Cluster-Cluster Aggregation (CCA) Model 

The cluster-cluster aggregation (CCA) model is more commonly used to 

explain filler agglomeration in the polymer matrix. To develop a CCA model, as 

shown in Figure 1.5, two particles were initially selected from a basket containing 

N particles. At the beginning, one particle was fixed at the center of space and 

the other was introduced on the starting radius. The particle moved randomly 

until it either found the particle in the center or left space. If two particles joined, 

the new cluster was put back into the basket and the total number became N-1. 

If the particle went out of space, the random walk of the particle was aborted. In 

subsequent iterations, two objects were randomly taken from the basket and the 

random walk was performed again. This process was repeated until the final 

cluster was formed.  

 

Figure 1.5. Schematic of CCA cluster formation. 

The model is based on the assumption that nanoscopic filler particles, such 

as CB, are not fixed in space but can perform random movements, i.e. the 

particles are allowed to fluctuate around their mean position in a polymer matrix. 

When adjacent particles or clusters come into contact, they stick together 

irreversibly. This refers to the fact that the thermal energy of colloidal particles 

is generally much smaller than their interaction energy. Due to the high viscosity 

of the polymer, the mobility of the particles is limited, but it increases 
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significantly with decreasing particle size and increasing temperature as the 

viscosity decreases.51 

1.2.3 Fractal Dimension 

Section 1.2.2 illustrated the models that can describe fractal objects. This 

section introduces the concept of fractal dimension to numerically describe the 

structure of the fractal object. A fractal dimension is a ratio in fractal geometry 

that serves as a statistical measure of complexity by examining how the 

complexity in a pattern varies with its measured scale. Unlike dimensions in 

Euclidean space, a fractal dimension need not be an integer, and the fractal 

dimension is not as intuitive and self-explanatory as the integer dimension. A 

fractal dimension can be thought of as a measure of the ability of a pattern to fill 

space, expressing the differences between the fractal scale and the space in which 

it is embedded. 

Kahnert et al. presented a clear comparison of aggregates with different 

fractal dimensions.52 As shown in Figure 1.6, all 4 types of aggregates contain 

500 primary particles. Aggregates a and b both have a fractal dimension 𝑑𝑓 =  1.8, 

and the fractal dimension of c and d is 2.4. The aggregates with lower fractal 

dimension are more linear than the aggregates with higher fractal dimension. 

The difference between the aggregates a and b is caused by the fractal pre-factor. 

The pre-factor can be interpreted as a measure of the compactness of the 

aggregate branches. Aggregates c and d have the same fractal dimension and pre-

factor. However, aggregate c was constructed using the CCA model, while 

aggregate d was constructed using the DLA model. Aggregates c and d look 

similar, and c appears to have a more homogeneous distribution of particles 

throughout the aggregate. 
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Figure 1.6. Aggregates with varying fractal dimension. a and b, 𝑑𝑓 =1.8, c and d, 

𝑑𝑓 =2.4. Geometries a–c were generated with the cluster-cluster aggregation (CCA) 

algorithm, geometry d was produced with the diffusion-limited aggregation (DLA) 

algorithm 52 Reprinted with permission, open access. Copyright (2020), Elsevier. 

As shown in Figure 1.7, two types of fractal structures can exist 

simultaneously in a fractal object, one is the fractal structure colored in red, 

which reflects the complexity of the surface, called the surface fractal; the other 

is the mass fractal, which is associated with the packing efficiency of an aggregate. 

Both surface and mass fractal structures have a fractal dimension, so it is 

important to distinguish between the concepts of surface fractal and mass fractal 

to properly describe the fractal object. 

 

Figure 1.7. Schematic of surface fractal (red) and mass fractal (gray). 
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Small-angle scattering (SAS) is a well-established technique for probing the 

nano/micro scale structure in fractal materials.32, 53-56 Both surface and mass 

fractal dimensions can be obtained from log-log plots of 𝐼(𝑞)versus 𝑞 ,where 𝑞 is 

the scattering vector, 𝐼(𝑞) is the scattering intensity from the SAS measurements. 

For a more detailed introduction to scattering data analysis, see Section 2.4. 

The surface fractal dimension 𝑑𝑠  illustrates how the surface of the object 

grows with the size of the object. The scattering from a surface fractal object is 

that  

𝐼(𝑞)~𝑞−(6−𝑑𝑠) (1.2) 

Meaningful values of 𝑑𝑠 are in the interval 2 ≤  𝑑𝑠 < 3. Thus, a reasonable 

value of the exponent for a surface fractal is 3 < 6 − 𝑑𝑠 ≤ 4. 

For natural surfaces, the fractal dimension is directly related to surface 

roughness in an intuitive way: an almost smooth fractal surface has a fractal 

dimension slightly greater than 2 because it tends to flatten out over a classically 

modeled surface; conversely, an extremely rough surface has a fractal dimension 

close to 3 because it tends to fill a volume.57 

The mass fractal dimension 𝑑𝑚 represents how the structure’s mass scales 

with its size, and the scattering intensity 𝐼(𝑞)  of a mass fractal also follows a 

power law as shown in equation (1.3).  

𝐼(𝑞)~𝑞−𝑑𝑚 (1.3) 

The dimension of a mass fractal is always less than the dimension of the 

space in which it is embedded, and the value of 𝑑𝑚  will be 1 ≤  𝑑𝑚 ≤ 3 . As a 

fractal structure grows, its mass increases less rapidly than the volume it 

occupies. Therefore, the density of a fractal object is not constant, but decreases 

with increasing size.58  
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In practice, by analyzing different regimes, the critical power law exponent 

obtained from the scattering curve is the fractal dimension.59 If the absolute 

value of the measured scattering exponent is less than 3, then the sample is a 

mass fractal with fractal dimension 𝑑𝑚  in the measured 𝑞 -range, and if the 

exponent is between 3 and 4, then the sample is a surface fractal with fractal 

dimension 6 − 𝑑𝑠.60 

Several publications have focused on studying the agglomeration behavior 

of solid fillers in the polymer matrix by analyzing the surface and mass fractal 

dimension of the fillers. 

Rieker et al. tested nine commercially available CBs by small-angle X-ray 

scattering (SAXS) and pointed out that the mass fractal aggregates show three 

defining features in the 𝐼 (𝑞)  vs. 𝑞  scattering data plotted on log-log scales: at 

high 𝑞  values (shorter length scales), a power law region corresponding to 

surface scattering from the primary particles, a second power law region at lower 

𝑞 values (longer length scales) corresponding to scattering from the aggregates, 

and a curved crossover region between the two power laws. The authors 

concluded that the crossover point can be determined from experimental SAS 

data by plotting −d𝐼/d𝑞  vs.  𝑞 .61 This crossover point depends on the mean 

diameter and size distribution of the primary particles that make up the 

aggregate. A Guinier analysis (see Section 2.2.2) of the crossover regions gives a 

significantly larger value for the mean particle diameter than that obtained by 

TEM.  

By interpreting the fractal dimensions, Rieker et al. investigated the effect of 

processing on the agglomeration behavior of CB fillers in the high density 

polyethylene (HDPE) matrix using SAXS.62 Both Brabender and solution 

methods were used to prepare CB/HDPE and CB/ethylene propylene rubber 

(EPR) composites, and multiple filler loading was used to prepare the composites 

in both methods. The authors observed that for the CB/HDPE composites 
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prepared by the Brabender method, when the filler loading is above the 

percolation threshold, there is a continuous decrease in the mass fractal 

dimension values. However, for the CB/HDPE composites prepared by the 

solution method, the mass fractal dimension values are almost independent of 

the filler loading. This implies that both the polymer matrix and the mixing 

method have a great influence on the filler arrangement and, as a result, the 

composites may exhibit different electrical and mechanical properties. 

Ehrburger-Dolle et al. made a further attempt to correlate the macroscopic 

behavior of the composites with the structure of the CB aggregate networks when 

altered by strain.63 For uncross-linked EPR composites, the scattering pattern 

changed from isotropic to anisotropic when the strain increased to 0.27, and the 

pattern showed a “butterfly” shape when the strain was above 0.53. For the 

samples under strain of 0.53, the SAXS intensity curves measured along the 

direction parallel and perpendicular to the strain axis are no longer identical. As 

shown in Figure 1.8, the mass fractal dimension of 1.5 for the initial sample 

indicates that the CB aggregates formed a connected network of slightly 

interpenetrating aggregates. For 𝜀 = 0.53, the slope of -1.8 is similar to the value 

of isolated CB aggregates, and for the direction perpendicular to the strain, the 

aggregates are highly interpenetrated and give a slope of -1. However, no 

anisotropy was observed for the cross-linked composites. This indicates that 

cross-linking induces strong interpenetration of CB aggregates and formation of 

large agglomerates. In comparison, for the same amount of CB dispersed in SBR, 

the scattering behavior is isotropic for small strains, and a butterfly pattern was 

observed only when the strain was above 0.25. And after cross-linking, the 

scattering pattern remained almost isotropic. The results clearly showed that the 

agglomeration behavior of CB fillers is influenced by several parameters, such as 

the polymer matrix and the degree of cross-linking. 63 
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Figure 1.8. SAXS intensity curves determined along the two directions (parallel and 

perpendicular to the direction of stretch) for the initial sample (left) and the stretched 

sample (𝜀 =  0.53, right). Reprinted with permission. Copyright (2003), Wiley-VCH. 

1.3 Elastomer Composites 

Materials such as CB are usually in a powder state, which makes them 

difficult to use alone in a device. However, when used as conductive fillers in 

elastomers, composites have a wide range of applications in sensors and 

actuators. The next section summarizes some of the research results based on 

these elastomer composites. 

1.3.1 Applications of Elastomer Composites 

Elastomer composites have been extensively studied in human motion 

detection, health monitoring, stretchable and wearable strain sensors where 

flexibility, sensitivity and skin-friendliness are required.64-78 

For example, Kunze et al. proposed a novel concept for a bendable planar 

soft robotic module driven by the intelligent artificial muscles. The intelligent 

artificial muscles consisted of silicone-based rolled dielectric elastomer actuator 
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membranes67 made of PDMS and CB, and a rigid top plate. The actuation is 

provided by an antagonist-agonist of the intelligent artificial muscles. The 

influence of the free design parameters on the bending angle performance was 

reported by both situation and experiment.68-69  

Sang et al. investigated the effect of CNT morphology on the properties of 

polyurethane composites for strain sensors. A lower percolation threshold and 

higher gauge factor (GF) can be obtained by using CNTs with branched 

morphology. The GF of the sensor was further increased to 350 at 200 % strain. 

Application examples for finger and wrist were also presented to show the high 

potential of branched CNT as a filler for the strain sensor material.79 

Zhu et al. proposed a novel flexible capacitive tactile sensor based on 

CB/PDMS and CNT/PDMS materials. The authors systematically investigated 

the sensitivity of the sensor in terms of detecting applied forces from different 

directions, and a mathematical model of force and capacitance variance was 

established to predict the value of the applied force. Regarding the CB/PDMS 

dielectric materials, the authors also mentioned that with increasing loading of 

CB fillers, the Young’s modulus increases and the flexibility of the composite is 

affected, which has a negative impact on the sensitivity of the sensor.80  

In contrast to the classic stretchability and sensitivity studies, Nankali et al. 

focused their studies on the effect of environmental factors (i.e., changes in 

temperature and relative humidity) on the strain sensing properties of the highly 

stretchable sensors. The authors systematically reported the performance of 

CNT-PDMS strain sensors under controlled environmental conditions. Overall, 

the sensors showed good durability with an elongation within 60 % and low 

hysteresis behavior under both small and large strains. Temperature variations 

had a significant effect on the strain sensing behavior. As the temperature 

increased from 27 °C to 65 °C, the normalized base resistance of the sensor 

decreased by 65 % and the GF decreased from 10 to 4.81 
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Lee et al. proposed a novel highly flexible and stretchable strain sensor based 

on silver nanoparticles (Ag NPs) patterned on PDMS stamps. The 

opening/closing of micro-cracks under mechanical deformation causes the 

resistance change. The change in normalized resistance ranged from 0.06 to 0.41 

as the strain increased from 5 % to 20 %. The sensor was sensitive to both tension 

and compression, making it suitable for detecting finger flexion and wrist 

rotation.82 

Feng et al. investigated several stretchable patterned circuits using 

conductive composite composed of Ag NPs and PDMS. The stretchability and 

electrical properties of patterns including rhombuses, straight lines, serpentines, 

triangles, ellipses, and folds were investigated. It was pointed out that the 

rhombus-pattern circuits exhibited stable electrical conductivity when subjected 

to very high tensile strains, and it maintained good conductivity after over 10000 

strain-relief cycles from 0 % to 150 %. It is promising for use as a next-generation 

strain sensor and wearable artificial skin.83 

Other particles such as aluminum nanoparticles and ferroelectric BaTiO3 

nanoparticles, have also been used to prepare elastomer composites for sensors 

and actuators.84-85 

1.3.2 Elastomer Composites Modified by Ionic Liquids 

An ideal elastomer composite should be able to withstand large 

deformations while remaining conductive and mechanically stable over many 

cycles. However, the addition of conductive fillers has long been known to 

significantly increase the stiffness of elastomers.86-93 The basic requirement for 

reinforcement is to achieve a homogeneous dispersion of fillers in the elastomer 

matrix, resulting in good interphase adhesion. However, the agglomeration of 

fillers during the mixing process makes it difficult to achieve a homogeneous 
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dispersion in the polymer. Both high loading and heterogeneous filler dispersion 

have a negative effect on the performance of elastomer composites. In recent 

years, ILs have been increasingly used in the field of elastomer science as 

additives to tune the electrical and mechanical properties of composites. Several 

studies have focused on how the IL affects the dispersion of fillers in the polymer 

matrix and the material properties.94-101  

ILs have been shown to modify the surface of fillers such as silica, CNTs. and 

CB, resulting in improved dispersion in the polymer matrix. Das et al. tested 5 

types of ILs to improve the interaction between rubber and CNT fillers. Among 

the candidate ILs, 1-allyl-3-methyl-imidazolium chloride (AMIMCl) was able to 

increase the elongation of the composite of solution-styrene-butadiene rubber 

(S-SBR) and polybutadiene rubber (BR) with 3 wt-% CNTs up to 456% without 

mechanical failure. Interestingly, the addition of AMIMCl resulted in higher 

electrical conductivity compared to the use of CNTs alone.99 

Kreyenschulte et al. continued the work of Das by studying the interactions 

of AMIMCl with different grades of CB using a combination of rheological 

measurements, differential scanning calorimetry and Raman spectroscopy. The 

authors concluded that it is most likely that the attractive interactions between 

CB and AMIMCl are provided by the cations of the IL and the π-electrons of 

graphitic structures on the CB surface.100 

Hassouneh et al. reported the use of 1-ethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide [EMIM][TFSI] to improve the dispersion of 

CNT in the PDMS matrix and investigated the conductivities of the composites 

as a function of mixing sequence and method. Both dispersion aids and effective 

mechanical mixing methods are required to obtain a high conductivity elastomer, 

and speeding mixing combined with a roll mill method was found to be an 

effective approach to preparing the high conductivity composites.102  
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Narongthong et al. focused on CB-filled SBR.103-104 The authors concluded 

that IL 1-decyl-3-methyl imidazolium chloride (DMIC) improves the degree of 

filler dispersion, reduces the number of large agglomerates and increases the 

number of conductive paths, resulting in improved electrical conductivity and 

sensitivity. The sensitivity of the composite sample with an IL/CB mass ratio of 

1.5 was approximately 600 % higher at 2.5 % stain than the samples without IL. 

And the sensitivity increased up to 700 % at 9 % strain compared to the samples 

without IL. The addition of IL makes the composites more deformable and highly 

responsive to small strains, making them suitable for small-strain sensors. 

These studies have highlighted the influence of ILs on the properties of 

composites, but little is known about the interaction between the elastomer 

matrix, fillers and ILs. It remains unclear how the addition of ILs to the 

composites alters the formation of the conductive networks and their changes 

under strain. 

The composites mentioned in Section 1.3.1 and 1.3.2 exhibited good 

electrical and mechanical properties benefiting from the network formed by the 

filler material within the polymer matrix. And it is important to understand the 

formation of the conductive network in order to better design the composites and 

achieve the desired properties. Scattering techniques can provide localized 

structural information, but limited by their resolution, scattering techniques do 

not provide reliable information about the connectivity of the filler network on 

larger length scales. In the following section, percolation theory is introduced to 

illustrate the structure of filler networks and its application to understanding the 

conductivity of composites.  
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1.3.3 Percolation Theory in Elastomer Composites 

Percolation is a theory that describes the properties associated with the 

connectivity of large numbers of objects. In general, percolation is the expression 

of network formation when nodes or links are added to the disordered system.105 

Percolation theory is thus related to graph and network theory. Figure 1.9 shows 

the percolation behavior of a system containing two types of elements. The yellow 

and blue elements are randomly distributed in the system, and when the upper 

and lower boundaries (in black color) are continuously connected by one type of 

element, this connection is called percolation. It has a wide range of applications, 

from transport behavior in amorphous and porous composites to the properties 

of branching polymers, gels, and complex ionic conductors.106 

 

Figure 1.9. Schematic of percolation. The red and green lines represent the 

percolation paths of the yellow and blue elements, respectively.  

Here is an explanation of how percolation occurs in a system. Consider a 

square lattice where each site was randomly occupied with probability 𝑃  or 

unoccupied with probability 1 − 𝑃. The occupied sites were separated or formed 

isolated small clusters at low concentrations 𝑝 . If two occupied sites were 

adjacent, they merged into one. The connection of all occupied sites forms a path 
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when the concentration 𝑝 increases to a certain value, 𝑝𝑐. This critical value pc is 

called the percolation threshold. Beyond the percolation threshold, paths are 

more likely to form, i.e. the probability of percolation path formation increases. 

The relation between the probability P and the percolation threshold 𝑝𝑐 can 

be described as 

𝑃~(𝑝 − 𝑝𝑐)𝛽 (1.4) 

where 𝛽 is the critical exponent.  

Conductive fillers introduce conductivity into the insulating polymer matrix. 

To understand the electrical properties of composites introduced by fillers, the 

formation of the filler network in the polymer matrix should be studied. 

Percolation theory can be used to explain the transition of the composite from 

insulator to conductor as the conductive fillers increase, as shown in Figure 

1.10.107-108 

 

Figure 1.10. Schematic of a composite material in transition from an insulator to a 

conductor. 
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The percolation threshold is the point at which an insulating material 

becomes conductive. The concentration at which percolation occurs is called the 

critical concentration. Percolation theory makes it possible to predict the critical 

concentration and calculate the probability of connections between particles. The 

conductive behavior of a composite can be described as  

𝜎~𝜎0(𝜑 − 𝜑𝑐)𝑡 (1.5) 

where 𝜎 is the electrical conductivity of the composite, 𝜎0 is a prefactor, 𝜑 is the 

volume fraction, 𝜑𝑐  is the volume fraction corresponding to the percolation 

threshold and 𝑡 is the critical power law exponent.  

1.3.4 Influence of Filler Geometries on Network 

Formation 

The structures of fillers have a significant influence on the formation of the 

conductive network in the polymer. As a result, the critical power law exponent 

and percolation threshold will be very different when using different types of 

fillers. For example, Dang et al. reported thermoplastic elastomer (TPE) 

composites filled with CB, CNT and CNT-CB. The critical power law exponents 

are 1.067, 4.5 and 4.63 for CB, CNT and CNT-CB filled TPE, respectively.109 The 

critical power law exponent has been reported to have values of about 1.26 for 

two-dimensional systems and approximately 1.95 for randomly distributed 

three-dimensional structures.110 In experiments, the observed critical power law 

exponents are always different from the theoretical value because real chemical 

systems contain structures on different competing length scales. Rubin et al. 

have shown that the non-universal value of the critical power law exponent of 

conductivity provides an indication of the role of carrier tunneling in the 

conduction mechanism of filled polymer composites, and in such a case a 

tunneling percolation model can describe the system better than the 



 

23 
 

conventional model.111 In this dissertation, the critical power law exponent is 

considered only as a fitting parameter without further discussion. 

The shape of the fillers also has a significant effect on the percolation 

threshold. When monodisperse spherical materials are used as fillers, 

percolation theory predicts a critical volume fraction of about 30%.112 The 

electrical conductivity of CNT composites and the formation of CNT conductive 

networks have been studied both experimentally and theoretically.113-119 Taking 

advantage of the aspect ratio of CNTs, the percolation threshold can be as low as 

0.11 vol-%.117 It has been reported that the geometric threshold is a key factor in 

establishing a conductive network,118 but others factors such as interphase, 

waviness and tunneling, also increase the probability of electron transfer in 

isotropic networks.119 

Schilling et al. have performed several simulations of the percolation 

behavior of nanorods in terms of polydispersity, aspect ratio, etc. The authors 

have presented a theoretical and computer simulation using the Monte Carlo 

method to study the effects of polydispersity on geometrical percolation in 

suspensions of rod-like materials. The percolation threshold is insensitive to the 

type of size distribution, whether it is bi-disperse, Gaussian, or Weibull. When 

only the length polydispersity is considered, the percolation threshold is 

inversely proportional to the aspect ratio. In addition, the percolation threshold 

remains insensitive to aspect ratio when expressed in terms of the weight 

average.14 Schilling et al. also introduced a new version of the connectedness 

percolation theory that can estimate percolation thresholds for nanorods over a 

wide range of aspect ratios, including those as small as 10.120 

The percolation behavior of CBs in polymers has been widely reported 

experimentally. When CBs are used as fillers, the percolation threshold has been 

reported to be approximately between 4 vol-% and 20 vol-%.51, 109, 121-123 This 

range is between those observed for CNT and spherical fillers. Klüppel 
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summarized the percolation thresholds of emulsion polymerized styrene-

butadiene rubber (E-SBR) composites using different grades of CB. The 

percolation threshold increased as the specific surface area (SSA) and solids 

content of the primary aggregates decreased. The author concluded that the 

kinetic aggregation process plays an important role, and the percolation 

thresholds increase with decreasing SSA mainly due to the restriction of mobility 

with decreasing SSA of the primary aggregates.51 

In addition to the research directions focused on filler geometries, studies 

have also been conducted on the influence of the polarity of the polymer matrix 

on the structure formation of the composites121, 124-125 and on how to achieve 

electrical conductivity with very little filler material126-131. For example, the 

percolation behavior of CBs in three types of resins was studied by Choi and co-

workers.121 In particular, the authors investigated the dependence of the 

percolation threshold on the polarity and crystallinity of the polymer. It was 

pointed out that when CB was mixed with a polymer of very high polarity, the 

inter-cohesion between the polymer and CB was very strong and hydrogen 

bonding occurred within the polymer resin, resulting in the prevention of current 

flow. Conversely, a non-polar and relatively weak-polar polymer resulted in good 

current flow and a low percolation threshold. Kontopoulou et al. showed that the 

induced polarization forces between the CBs lead to the formation of electrically 

conductive structures within the PDMS matrix, which was confirmed by 

rheological characterization coupled with admittance measurements.127 

Electron microscopy has also been used to study the distribution of CB fillers in 

the polymer matrix.132-136 Jäger and his colleagues correlated the distribution 

studied by SEM with the fractal dimension.137 These results are valuable in 

understanding the structure formation of fillers.  

It should be noted that the results on CB are difficult to compare. One reason 

is that researchers used CBs from different sources and did not perform 
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sufficiently detailed characterizations to describe the CBs. Another is that, in 

addition to differences in polymer matrix, mixing methods and fillers, 

researchers sometimes used additives to achieve desired electrical or mechanical 

properties, and the effect of these additives on CB network formation remains 

unclear. 

1.4 Objective 

The purpose of this dissertation is to discuss how to tune the properties of 

composites consisting of polydimethylsiloxane (PDMS) and CB, which can 

provide fundamental insight into the design of conductive composites with 

desired electrical and mechanical properties. Characterization methods that help 

to understand the materials and their properties are discussed in Chapter 2. The 

influence of CB aggregate size and their agglomeration on the conductivity of the 

elastomer composites is discussed in Chapter 3. To obtain the conductive 

composites with desired large deformation, the ionic liquid (IL) is used to tune 

the electrical and mechanical properties of the PDMS composites, and the 

interaction between the IL, CB, and PDMS is discussed in Chapter 4. Chapter 5 

summarizes the results of this dissertation. 
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2 Methods 

This chapter introduces the methods that will be used in Chapters 3 and 4 

to characterize the structural properties of CB fillers, as well as the electrical, 

mechanical, rheological and swelling properties of the composites. The main 

characterization techniques and the analytical problems associated with them 

are discussed in this chapter. For a more detailed technical description, the 

reader is referred to other literature. 

2.1 Nitrogen Adsorption Isotherm Measurement 

Nitrogen adsorption isotherm measurement is performed to measure the 

specific surface area (SSA) and extract the fractal dimension of CB powders in 

Chapter 3.  

Brunauer-Emmett-Teller (BET) theory is used to calculate the specific 

surface area (SSA) of solid or porous materials from nitrogen adsorption 

isotherm measurements. 40, 138 To determine the surface area, the solid sample is 

cooled under vacuum to cryogenic temperature (using liquid nitrogen). An 

adsorbate, such as nitrogen gas, is added to the solid sample in controlled 

increments. After each dose of nitrogen gas, the relative pressure 𝑃/𝑃0 is allowed 

to equilibrate. The BET equation describes the relationship between the volume 

of gas molecules adsorbed, 𝑉, at a given relative pressure, 𝑃/𝑃0. The volume of 

nitrogen adsorbed (𝑉) is determined as 

1

𝑉 (
𝑃0

𝑃 − 1)
=

1

𝑉𝑚𝐶
+

𝐶 − 1

𝑉𝑚𝐶
×

𝑃

𝑃0

(2.1) 
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where 𝑉𝑚  is the number of the nitrogen gas molecules required to form a 

monolayer (the adsorbent shown in purple color in Figure 2.1) and 𝐶 is the BET 

constant related to the heat of adsorption.  

 

Figure 2.1. Schematic of monolayer and multilayer formation. 

The BET equation shows a linear behavior of 1/((𝑃0/𝑃) − 1) vs. 𝑃/𝑃0. From 

the plot, the volume of nitrogen 𝑉𝑚 that forms a monolayer of surface area can be 

determined. The SSA of the sample can be calculated from the slope and 

intercept of the BET plot using the equation. 

SSA =
𝑉𝑚𝑁𝑎𝑎𝑚

𝑣𝑚𝑚𝑠

(2.2) 

where 𝑁𝑎 is the Avogadro’s number (6.022×1023 mol-1), 𝑎𝑚 is the effective cross-

section area of one adsorbed molecule, 𝑣𝑚 is the molar volume of one adsorbed 

molecule and 𝑚𝑠 is the mass of substrate adsorbent. 

In addition to deriving the SSA, nitrogen adsorption data can also be used 

to derive the fractal dimension of fractal materials.  

The fractal dimension 𝑑  can be predicted from the following fractal BET 

relation, 
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𝑉

𝑉𝑚
~ [1 −

𝑃

𝑃0
]

(𝑑−3)

(2.3) 

where 𝑑 − 3  is the slope of the log-log plot of 𝑉/𝑉𝑚  vs. (1 − 𝑃/𝑃0) . The fractal 

BET relation is sensitive to the multiple-wall effect and equation (2.3) is only 

valid for mass fractal evaluation in the high pressure range.138-139 

Compared to the fractal BET relation, the fractal Frenkel-Halsey-Hill (FHH) 

theory 140-141 is less sensitive to the multiple-wall effect and provides powerful 

predictions of fractal dimension.  

𝑉

𝑉𝑚
~ [ln (

𝑃0

𝑃
)]

(𝑑−3)

(2.4) 

2.2 Analytical Centrifugation 

Analytical centrifugation (AC) is used to determine the size distribution of 

the CB aggregate in Chapter 3. 

AC is a method of deriving the hydrodynamic parameters of a particle as it 

moves through a fluid medium in which it is suspended. The hydrodynamic 

behavior is determined by the mass, density and shape of the particle, and 

temperature control during the measurement is critical for a successful AC result. 

142-143 

Particle Sedimentation 

The sedimentation speed of particles depends on their size, density and shape. 

Initially, the dispersion of particles is filled in the sample cuvette. Centrifugation 

of the sample forces the particles to move from the meniscus to the bottom of the 

sample cuvette. The intensity of the transmitted light is detected by the charged-

coupled device (CCD) sensor across the entire sample and the first extinction 
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profile is recorded. This process is monitored in real time by transmission 

measurements. The intensity of the transmitted light detected by the CCD sensor 

increases over time as the particles move from the meniscus to the bottom, 

allowing more of the incident light to pass through the sample cuvette. The 

sedimentation behavior and the concentration of particles can be determined from 

the measured extinction profiles. 

The concept of Stokes diameter is one of the key assumptions of AC. The 

Stokes law describes the rate of motion of a spherical particle with diameter 𝑑 

and density 𝜌𝑁𝑃, in a fluid with density 𝜌𝑠 and viscosity 𝜂𝑠
143-144  

𝑑 = √
18𝜂𝑠𝑠

𝜌𝑁𝑃 − 𝜌𝑠

(2.5) 

In equation (2.5), 𝑠 is the sedimentation coefficient, which normalizes the 

sedimentation velocity 𝑢 by the centrifugal acceleration 𝜔2𝑟.  

𝑠 =
𝑢

𝜔2𝑟
(2.6) 

The unit of sedimentation coefficient is Svedberg, which is 10-13 s.  

For suspensions with broad particle size distributions or for multimodal 

colloids, the distribution of sedimentation coefficient distribution 𝑔(𝑠)  is 

preferred to the mean sedimentation coefficient for accurate data analysis. 

𝑔(𝑠) =
d (

𝑐(𝑠)
𝑐0

)

d𝑠
·

𝑟

𝑟𝑚

2

(2.7) 

where 𝑐(𝑠) is the sample concentration for a given sedimentation coefficient, 𝑐0 

is the initial sample concentration, 𝑠  is the sedimentation coefficient, 𝑟  is the 

radius from center of rotation and 𝑟𝑚 is the meniscus position. The function 𝑔(𝑠) 
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gives the concentration d𝑚 = d𝑐/𝑐0  of the sample sedimenting with a 

sedimentation coefficient between 𝑠 and 𝑠 + d𝑠. 

Particle Size Distribution 

The basis of particle size distribution (PSD) measurement is the 

determination of the sedimentation coefficient distribution 𝑔(𝑠) of samples.143, 

145 For a polydisperse sample, each fraction of particles has a diameter 𝑑𝑝,𝑖 and a 

concentration 𝑐0,𝑖 . The individual particle fractions are assumed to sediment 

completely, independently of each other, without any mutual interference. For 

free sedimentation in a laminar regime, the particle size 𝑑𝑝,𝑖 can be determined 

for spherical particles using the modified Stokes law.  

𝑑𝑝,𝑖 = √
18𝜂𝑠

(𝜌𝑁𝑃 − 𝜌𝑠)𝜔2𝑡𝑚
ln (

𝑟𝑚

𝑟0
) (2.8) 

where 𝜌𝑁𝑃  is the particle density, 𝜌𝑠  is the fluid density, 𝜂𝑠  is the dynamic 

viscosity, 𝑟0  is the starting position of the particles, 𝑟𝑚  is the measurement 

position, ln (
𝑟𝑚

𝑟0
) is the sedimentation coefficient of the 𝑖th fraction of particle and 

𝑡𝑚 is the measurement time.146-147  

The mass fraction 𝑚𝑖 = 𝑐0,𝑖/𝑐0  of each species   can be extracted from the 

measured light intensity values 𝐼(𝑡) by the Mie theory148. The concentration 𝑐0,𝑖 

can be determined by  

𝑐0,𝑖 =
ln

𝐼𝑖

𝐼𝑖−1
− 2𝑎(𝑡𝑖 − 𝑡𝑖−1) ∙ ∑ (

𝜏
𝑐)

𝑛
∙ 𝑐0,𝑛 ∙ 𝑘𝑛

𝑛=𝑧
𝑛=𝑖+1

𝑎 (
𝜏
𝑐)

𝑖
∙ exp(−2 ∙ 𝑘𝑖 ∙ 𝑡𝑖−1)

(2.9) 

where 𝑡𝑖 − 𝑡𝑖−1 is the time interval, 𝐼𝑖 is the light intensity corresponding to time 

𝑡𝑖 , 𝑘𝑖  is the constant of the thinning effect of the 𝑖 th fraction and (
𝜏

𝑐
)

𝑖
  is the 

specific turbidities, which can be calculated by using the diameter 𝑑𝑝,𝑖 and the 
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refractive index 𝑛𝑝  of the particles. The 𝑐0,𝑖  values can then yield the relative 

mass fraction 𝑚𝑖, and the PSD curve can be plotted.  

2.3 Electrical Conductivity 

This section introduces the basics of electrical conductivity and the 

measurement methods that will be used to determine the conductivity of PDMS-

CB composites in Chapter 3 and Chapter 4.  

Electrical conductivity (𝜎) is a physical property that quantifies the ease with 

which electric currents pass through a medium when an electric field is applied. 

The major techniques for measuring the electrical conductivity of composites are 

the two-point probe and four-point probe methods.  

The two-point probe method is based on the definition of resistance 

according to Ohm’s law, i.e. 𝑉 = 𝐼𝑅, where 𝑉, 𝐼 and 𝑅 are the voltage, current and 

resistance between the two electrodes, respectively. The conductivity of the 

composite sample can be calculated from the following equation. 

𝜎 =
1

𝑅
×

𝐿

𝐴
(2.10) 

where 𝐿  and 𝐴  are the length and cross-sectional area of the samples, 

respectively. Because the measured composite sample is usually orthotropic, the 

conductivities in the other two directions might be different and can be measured 

similarly.149 

The measured resistance 𝑅  should be understood carefully. In fact, the 

measured resistance 𝑅  using the two-probe method is the sum of the sample 

resistance 𝑅0  between the two electrodes, the resistance 𝑅𝑒  of electrodes and 

wires, the resistance 𝑅𝑚 of the machine and the contact resistance 𝑅𝑐 between 

the electrodes and the composite sample, as shown in Figure 2.2. The measured 
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resistance 𝑅 can be approximated to the sample’s resistance 𝑅0, only if the sum 

of the other three resistances is much smaller than the sample resistance 𝑅0 . 

However, contact resistance may be introduced due to imperfect bonding 

between the electrodes and the composite samples. Since the contact resistance 

is unknown and difficult to determine, and in some cases, it may be higher than 

the true resistance of the sample due to poor contact, the two-point probe 

method is generally not recommended.150 

 

Figure 2.2. Schematic of the two-probe method of conductivity measurement. 

The four-point probe method was developed to avoid the errors caused by 

the contact resistance between the pins and the samples.150-151 The general four-

point probe measurement model is shown in Figure 2.3. Typically, a constant 

current (𝐼) is applied between the probes 1 and 4, and the voltage (𝑉) between 

the probes 2 and 3 is measured with a high-impedance voltmeter.  

https://en.wikipedia.org/wiki/Electric_current
https://en.wikipedia.org/wiki/Voltmeter
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Figure 2.3. Schematic of the general four-point probe measurement method.  

The conductivity can be expressed as  

𝜎 =
𝐼

2𝜋 · 𝑉
(

1

𝑟12
−

1

𝑟24
−

1

𝑟13
+

1

𝑟34
) (2.11) 

where 𝑟 is the distance between the two probes. 

If a collinear type four-point probe method is used, as shown in Figure 2.4, 

where 𝑟12= 𝑟23= 𝑟34 = 𝑆, then the conductivity calculation can be simplified to 

𝜎 =
𝐼

2𝜋𝑆 · 𝑉
(2.12) 

 

Figure 2.4. Schematic of the collinear four-point probe measurement model. 



 

35 
 

Typically, the thickness and minimum distance between the pin and the edge 

of the sample should be at least four times longer than the spacing between two 

pins (𝑆 ). Otherwise, if the sample is not semi-infinite, a geometric correction 

factor 𝐵152 should be introduced to equation (2.12). 

𝜎 =
𝐼𝐵

2𝜋𝑆 · 𝑉
(2.13) 

2.4 Small-Angle X-ray Scattering 

Small-angle X-ray scattering (SAXS) measurements are performed in 

Chapter 3 to analyze the structures of CB primary particles, aggregates, and 

agglomerates in the PDMS matrix.  

SAXS is a method for characterizing the structural properties of 

nanomaterials. SAXS analyzes the intensity of X-rays scattered by a material as 

a function of the scattering angle in a narrow-angle window between 0.1 and 5 

degrees. Solids, powders, gels, and liquid dispersions are all possible samples, 

and they can be amorphous, crystalline, or semicrystalline. Measurements 

require only a small amount of sample. Ultra-small-angle X-ray scattering 

(USAXS) with longer sample-detector distance (SDD) can distinguish even larger 

dimensions, because the smaller the angle recorded, the larger the dimensions 

of the analyzed object. 

Structure Factor and Form Factor 

SAXS can be used to evaluate particle shape or size distribution. The 

intensity pattern of a single particle can be extrapolated from the obtained SAXS 

patterns. To obtain the intensity pattern of a single particle, it is necessary to 

eliminate the concentration effect, which appears as a peak in the intensity 

patterns due to the proximity of neighboring particles. The peak comes from the 
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structure of the solution, and the average particle distance is roughly 2𝜋/𝑞∗ , 

where 𝑞∗ is the position of the peak. The intensity of SAXS can be written as: 

𝐼(𝑞) = 𝑃(𝑞) × 𝑆(𝑞) (2.14) 

where 𝐼(𝑞)is the intensity as a function of the scattering vector 𝑞, 𝑃(𝑞)is the form 

factor, which characterizes the scattering from a single particle in a dilute 

solution and depends significantly on its size and shape, and 𝑆(𝑞) is the structure 

factor, which is a function of the arrangement of the particles in the solution.  

In dilute systems, 𝑆(𝑞) can be assumed to be 1, because the particles are free 

to move everywhere in the solution. When particle concentration in solution 

becomes high enough, the concentration effect cannot be ignored in the 

scattering curves. As the concentration of particles begins to increase, the 

particles are more likely to be closer. This gives rise to a maximum in the 

structure factor and at smaller 𝑞 values 𝑆(𝑞) starts to get lower.153  

Guinier Regime 

Guinier approximation can be used to determine the radius of gyration (𝑅𝑔) 

of the particles. Guinier approximation is valid for particles at low concentrations 

and in the low 𝑞  value range, where diffraction is insensitive to details of the 

particle structure. The Guinier approximation equation can be expressed as  

𝐼(𝑞) = 𝐼0exp [−
1

3
(𝑞𝑅𝑔)

2
] (2.15) 

The slope of a plot of 𝑙𝑛[𝐼(𝑞)] vs. 𝑞2 directly describes the radius of gyration 

of the scattering particles. The radius of gyration is not sufficient to determine 

the actual shape of the particle, because the interpretation assumes that the 

particles are spherical. However, with particles of known shape, the radius of 

gyration can be used for calculating the size of the particles.153-154 

https://en.wikipedia.org/wiki/Atomic_form_factor
https://en.wikipedia.org/wiki/Atomic_form_factor
https://en.wikipedia.org/wiki/Structure_factor
https://en.wikipedia.org/wiki/Structure_factor
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Porod Regime 

Günther Porod discovered Porod’s law in 1951, which is used to interpret 

scattering intensities at large 𝑞 values. According to Porod’s law, the slope of the 

plot represents the surface fractal dimension of the scattering objects.154 A slope 

of -2 is common for a polymer chain in a dilute solution at high 𝑞, while stiff rod-

like molecules have a slope of -1. A spherical particle with a smooth surface has 

a slope of -4, and a slope between -3 and -4 represents a rough surface.  

Scattering of Fractal Objects 

Hierarchical structures (for example, in CB there is a three-hierarchical 

structure, namely a primary particle, an aggregate and an agglomerate) can be 

studied using SAXS. For a hierarchical structure dispersed in a medium, the 

scattering intensity can be expressed as 

𝐼(𝑞) = 𝜑𝑉 < ∆𝜌 >2 𝑃(𝑞)𝑆(𝑞) (2.16) 

where 𝑃(𝑞)  is the form factor, 𝑆(𝑞)  is the structure factor, 𝑉  is the particle 

volume, 𝜑  is the overall filler volume fraction and < ∆𝜌 >2  is the scattering 

contrast between the matrix and the filler.  

Under dilute conditions, 𝑆(𝑞) can be assumed as 1, and equation (2.16) is 

reduced to  

𝐼0(𝑞)

𝜑0
= 𝑉 < ∆𝜌 >2 𝑃(𝑞) (2.17) 

To describe the multiscale structural hierarchies, the dilute reduced 

scattering intensity in equation (2.17) can be determined from the unified 

scattering function and expressed as 

𝐼0(𝑞)

𝜑0
= ∑ [𝐺𝑖 exp (

−𝑞2𝑅𝑔,𝑖
2

3
) + 𝐵𝑖(𝑞𝑖

∗)−𝑃𝑖 exp (
−𝑞2𝑅𝑔,𝑖−1

2

3
)]

𝑛

𝑖=1
(2.18) 

https://en.wikipedia.org/wiki/Structure_factor
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where "𝑖" is the structure level, 𝐺𝑖 and 𝐵𝑖 are the Guinier and Porod pre-factors 

that account for the particle volume V, respectively, and < Δρ >2 is the scattering 

contract, 𝑅𝑔,𝑖 is the radius of gyration, which specifies the size of structural level 

in the hierarchy; the power-law exponent 𝑃𝑖   specifies the morphology of each 

structural level and varies between 1 and <3 for mass-fractal objects. 

In equation (2.18),  

𝑞𝑖
∗ = 𝑞 [erf (

𝑘𝑞𝑅𝑔,𝑖

√6
)]

−3

(2.19) 

where "erf " is the error function, and 𝑘 equals 1 for three-dimensional structures 

and approximately 1.06 for mass-fractal structures.155-156 The unified approach 

can distinguish Guinier regimes buried between two power-law regimes. It is 

applicable to a wide variety of systems.157-158 

Equation (2.18) was used in this dissertation to fit the scattering curves and 

derive the fractal dimensions.  

2.5 Swelling 

Swelling experiments are performed to analyze the PDMS matrix change 

caused by ionic liquid (IL) in Chapter 4.  

Polymer swelling theory was defined by Flory and Rehner who assumed that 

the change in free energy of a swollen polymer system is composed of 

contributions due to mixing of the polymer and solvent, and elastic deformation 

of the network strands.159 The mixing of polymer and solvent can be described 

by the Flory-Huggins theory160-161, and the elastic deformation of the network is 

described by the affine network model162. The swelling method is commonly 

used to determine network parameters such as cross-linking density.  
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The swelling capacity of the polymer can be quantified by the mass swelling 

ratio 𝐷sw or the volume swelling ratio 𝐷, defined as follows: 

𝐷sw =
𝑚sw − 𝑚dy

𝑚dy
× 100% =

𝑚st

𝑚pr
× 100% (2.20) 

𝐷 =
𝑉sw

𝑉dy
× 100% =

𝑉st + 𝑉pr

𝑉pr
× 100% = (1 + 𝐷sw ×

𝜌pr

𝜌st
) × 100% (2.21) 

where 𝑚sw and 𝑚dy are the weights of the sample in the swollen and dry states 

respectively, 𝑉sw  and 𝑉dy  are the corresponding volumes. 𝑚st  and 𝑚pr  are the 

masses of the solvent and the polymer, respectively, 𝑉st and 𝑉pr their volumes and 

𝜌st and 𝜌pr their densities.163 

2.6 Stress-Strain Behaviors of Elastomers 

Filler particles improve the tensile strength, tear resistance and abrasion 

resistance of the elastomer. Tensile test has been widely used to investigate the 

mechanical properties of elastomer composites.164-166 In Chapter 4, tensile tests 

are performed to determine the Young’s modulus and elongation at break of the 

composites.  

Figure 2.5 shows typical strain-stress relations for pure elastomer, low filler 

load and high filler load elastomer composites. Elastomer composites become 

stiffer and less flexible as filler loading increases. 
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Figure 2.5. Examples of stress–strain relations of the pure elastomer, elastomer 

composites with low and high filler loadings.  

Young’s modulus describes the elastic properties of a solid under tension or 

compression in one direction, as in the case of a solid that returns to its original 

length after being stretched or compressed longitudinally.167 For example, as 

shown in Figure 2.6, when an object is in tension, a force �⃗�  is applied to the 

surface area 𝐴 , the object is elongated by ∆𝑙  from its original length 𝑙0 . The 

Young’s modulus (𝐸) can be expressed as  

𝐸 =
𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠

𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑎𝑖𝑛
=

|𝐹|⃗⃗⃗⃗⃗

𝐴
×

𝑙0

∆𝑙
 (2.22) 

 

Figure 2.6. Object under tension in the range of elastic deformation. 
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2.7 Rheology 

To understand the interactions between PDMS, CB, and IL, rheological 

measurements are performed in Chapter 4. 

The rheology of dispersed systems is a critical property for characterizing 

the flow behavior of dispersions. The rheological properties of dispersions are 

complex and highly dependent on the applied forces, especially at high solid 

concentrations. Viscosity is a measure of a fluid’s resistance to flow. Adding filler 

particles usually increases the viscosity of the fluid, and this is also a major 

reason why the Newtonian behavior of a fluid changes.168-169  

Viscosity, Shear Stress, Shear Rate and Modulus 

The concept of viscosity (𝜂 ) was first introduced by Isaac Newton as a 

proportionality constant between the force per unit area (shear stress, 𝜏 ) 

required to produce a steady, simple shear flow and the resulting velocity 

gradient in the flow direction (shear rate, �̇�) 

𝜏 = 𝜂�̇� (2.23)  

Different materials have different shear stress and shear rate relations. 

Newtonian fluid exhibits a linear relationship between shear stress and shear 

rate, and viscosity in Newtonian fluid is thus independent of shear stress, shear 

rate and time. Bingham fluid requires a minimum shear stress to deform the fluid. 

Materials such as dispersions, emulsions, their viscosities decrease or increase 

with increasing shear rate, are cataloged as shear thinning and shear thickening 

fluids.168 Figure 2.7 describes the comparison of the fundamental change of the 

Newtonian, Bingham, shear-thinning, and shear thickening behavior in shear 

stress and viscosity as a function of shear rate.  
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Figure 2.7. Typical flow curves for Newtonian, Bingham, shear-thinning and shear 

thickening fluids, (a) shear stress as a function of shear rate, (b) viscosity as a function 

of shear rate.  

Many materials exhibit viscoelastic behavior (a mixture of viscous and 

elastic behavior) when sheared, and small-amplitude oscillatory shear tests are 

often used to derive the rheological properties of materials.170 For the viscoelastic 

materials, when a sample is strained at small strain amplitudes, the shear stress 

will be a sine wave of the same frequency as the input strain wave. However, the 

shear stress will have a phase difference (𝛿) with the input strain. The complex 

shear modulus 𝐺∗ can be written as  

𝐺∗ =
𝜏0

𝛾0

(2.24) 

where 𝜏0 is the shear stress amplitude and 𝛾0 is the strain amplitude.  

The storage modulus (𝐺′ = 𝐺∗cos𝛿 ) represents the elastic portion of the 

viscoelastic behavior, and partially describes the solid-state behavior of the 

sample. The elastic portion of the energy is stored in the deformed material by 

properly stretching and elongating the internal structures to prevent 

overstressing the interactions and destroying the materials. When the material 

is released after deformation, the unused stored energy acts as a driving force to 

return the structure to its original shape. The loss modulus ( 𝐺′′ = 𝐺∗sin𝛿 ) 

characterizes the viscous part of the viscoelastic behavior, which can be 
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considered as the liquid state behavior of the sample and characterizes the 

deformation energy lost due to internal friction during flow or deformation.170 

Rheometer and Test Geometries 

The rheometer is the basic experimental instrument for determining the 

flow properties of fluids. In this dissertation, rotational rheometers were used to 

derive viscosities, storage and loss moduli. In rotational rheometers, the shear is 

added between stationary and moving solid surfaces.168 The flow properties of 

materials can be measured with rotational rheometers in a steady, simple shear 

flow with a homogeneous deformation regime. Constant speed or constant 

torque can be used to determine shear rate and shear stress. Some of the 

rotational rheometers can be used to measure viscoelastic material properties 

using the harmonic oscillation function. The concentric cylinder, cone-and-plate, 

and parallel plate measurement systems are the most commonly used geometries 

in current rotational rheometers, as shown in Figure 2.8.168  

 

Figure 2.8. Schematic of (a) concentric cylinder, (b) cone-plate, and (c) parallel plate 

geometries for the rotational rheometer. 

The concentric cylinder geometry is the most convenient and suitable for 

low viscosity liquids, because it provides a large shear area and at high shear rates 

the sample is not expelled from the gap. The concentric cylinder geometry has a 

high surface area contact with the samples and minimal sample evaporation, but 

the shear rate is not uniform across the gap. The cone-plate geometry provides a 
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uniform shear rate across the gap and is therefore the most accurate test 

geometry. The use of the cone-plate geometry is limited by factors such as the 

limited maximum particle size of the sample, difficulties in avoiding solvent 

evaporation, temperature gradients in the sample and concentration gradients 

due to sedimentation. The parallel plate geometry allows the gap width to be 

varied, and the parallel plate geometry allows the measurement of suspensions 

with large particles by using large gap heights. On the other hand, by operating 

with small gaps, viscosity can be obtained at relatively high shear rates. However, 

as with the concentric cylinder geometry, the shear rate is not uniform across the 

gap. 
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3 Percolation and Fractal Dimension of Carbon 

Black Aggregates in PDMS Matrix* 

This chapter presents the results of tuning the electrical properties of PDMS-

CB composites from the perspective of the CB fillers. The effect of CB aggregate 

size on the conductivity of PDMS-CB composites was investigated. To test the 

hypothesis that the aggregate size affects the conductive network structure and 

the conductivity of the composite, ball-milling was used to tune the CB size, and 

the unground and ball-milled CB were used to prepare the composites. To further 

investigate the structures of the CB fillers in the composites, the PDMS-CB 

composites were measured using ultra-small-angle X-ray scattering (USAXS). 

The fractal dimensions of primary particles, aggregates and agglomerates were 

derived from the scattering curves. By comparing the scattering curves of 

different CB loadings, the agglomeration of CB aggregates in the PDMS matrix 

was discussed. Finally, an attempt was made to correlate the conductivity 

changes with the structure formation of the CB network in the PDMS matrix. 

3.1 Experimental Section 

Materials 

Carbon black (carbon black, acetylene, 100% compressed, 99.9+ %, bulk 

density 170-230 g/L, Alfa Aesar, product number 45527), PDMS (SYLGARD™ 

184 Silicone Elastomer Kit), isopropanol (≥99.7%, Sigma-Aldrich), and toluene 

(toluene anhydrous, 99.8 %, Sigma-Aldrich) were used as received without 

further processing.  

 
* The data has been published in the article “Percolation of rigid fractal carbon black aggregates”, 

J. Chem. Phys., 2021, 155, 124902, and the text has been rewritten to fit the structure of the 

dissertation. 



 

46 
 

Ball-Milling 

Planetary ball-milling experiments were performed to investigate the 

relationship between filler size and composite conductivity. For all experiments, 

1.5 g of CB powders were placed in a 50 mL zirconia (ZrO2) grinding jar with 30 

mL isopropanol, and ball-milled at 400 rpm for 2 hours, with direction reversal 

every 10 min. 60 g and 120 g ZrO2 balls (1 mm in diameter) were used, to acquire 

two different CB size distributions. The as prepared CB powders were named 

ball-milled CB-1 and ball-milled CB-2, respectively. The ball-milled CB powders 

were washed with isopropanol and centrifuged, and then dried at 100 °C 

overnight. The dried CB powders were collected for further use.  

Size Distribution Characterization 

The size distribution of the CB was analyzed by analytical centrifugation (AC) 

using a LUMiSizer 651 (LUM GmbH, Berlin, Germany). 0.0014 wt-% 

CB/toluene suspensions were prepared by ultrasonication for 30 min in an 

ultrasonic bath (Elmasonic S 100H). AC test was performed immediately after 

filling the polyamide (PA) cells with 430 μL suspensions, and transmission was 

measured at a blue wavelength of 470 nm and a temperature of 20 °C for all 

tests.171. Particle size distributions were analyzed using SEPView software with 

a volume-weighted particle size distribution function.  

Composites Preparation 

The composites were prepared by mixing CB fillers and PDMS in different 

volume ratios in a Speedmixer (DAC 600.2 VAC-P Vacuum Mixer System). First, 

CB powders and PDMS base were mixed at 2350 rpm under vacuum for 3 

minutes. Second, the curing agent was added to the PDMS-CB mixture, and the 

mixture was remixed under the same conditions. The mass ratio of curing agent 

to PDMS is 1:10. The mixture was cured at 100°C for 2 hours.  
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Conductivity Measurement 

The electrical conductivity of cured bulk samples was measured using the 

four-probe method with a source meter Keithley 2450 (Tektronix, Inc., USA) at 

room temperature. Voltage values were recorded as the current varied from -10-

5 to 10-5 A in 200 steps, and a linear fit of the current-voltage curve was used to 

derive the resistance. The conductivity of the composites was calculated using 

equation (2.12). 

Ultra-Small-Angle X-ray Scattering 

The ultra-small-angle X-ray scattering (USAXS) experiment in transmission 

geometry was carried out at the P03/MiNaXS beamline at the synchrotron 

source PETRA III at Deutsches Elektronen-Synchrotron (DESY), Hamburg, 

Germany.172 The experiments were performed during two campaigns: One used 

an X-ray beam with an energy of 12.85 keV (wavelength λ=0.0965 nm, ∆𝜆/𝜆 =

10−4 ) and the second 11.8 keV with a wavelength of λ=0.105 nm. In both cases, 

the X-ray beam was focused on the detector by beryllium compound refractive 

lenses (CRL) with the sample-detector distance (SDD) = 9760 mm and 9348 mm, 

respectively. Transmission was measured by a diode inside the beamstop. The 

beamstop was deliberately shifted away from the transmitted X-ray direct 

beam173 to reach ultra-small scattering angle. A PILATUS 300K detector (Dectris 

Ltd., Switzerland) with pixel size of 172×172 µm2 and 487×619 square pixels 

(83.8×106.5 mm2) was used as an area detector. Azimuthally averaged radial 

distributions of intensity were calculated after the analysis of the USAXS data 

using the DPDAK software package.174 

Other Characterization Methods 

Transmission electron microscopy (TEM) images were recorded using a 

JEM-2010 (JEOL, Germany), working at 200 kV. Surface adsorption 

measurement was performed with Quadrasorb EVO (Anton-Paar, Austria), 
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measured at 77.35 K using 0.0613 g CB powders. It was heated up to 130 °C and 

degassed under vacuum for 10 hours. After cooling, the sample weight was 

determined, the filler rod was inserted into the sample cell, and then the sample 

cell was placed in the measuring instrument. 

3.2 Results and Discussion 

Figure 3.1 shows the TEM image of CB used in this work, and the primary 

particle diameters are mostly distributed in the range of 32 to 48 nm. 

 

Figure 3.1. TEM image and primary particle size distribution histogram of CB.  

Nitrogen adsorption measurement was performed to measure the SSA of CB 

powders. The SSA was determined to be 76.549 m²/g, which is close to the 

manufacturer's claim of 75 m²/g. The fractal dimension of CB powders was 

calculated using equation (2.4). As shown in Figure 3.2, 𝑉 and 𝑉0 represent the 

volume adsorbed at pressure 𝑃 and on the monolayer, respectively, and 𝑃/𝑃0 is 

the partial pressure. The slope of -0.43 indicates a fractal dimension of 2.57 
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according to equation (2.4), which is similar to the fractal dimension value of 2.5 

of a theoretically studied 3D DLA cluster.50, 175 

 

Figure 3.2. Frenkel–Halsey–Hill (FHH) plot of the adsorption branch of the nitrogen 

adsorption-desorption isotherms of CB powders.  

For the ball-milling experiments, the ball-milling time was fixed, and the 

ball-milling intensity was varied by changing the number of collisions, i.e., 

changing the number of ZrO2 balls. And AC was used to determine the size 

distribution of unground CB and ball-milled CB dispersed in toluene. As shown 

in Figure 3.3, the unground CB aggregates range in size from 60 to 800 nm, as 

indicated by the distribution curve colored in blue. The distribution range 

remains similar for ball-milled CB-1 and CB-2, as shown by the distribution 

curves colored in green and red, respectively. However, there is a clear shift of 

the peak to a smaller value, from 324 to 237 nm, indicating that the proportion 

of smaller aggregates increases with increasing ball-milling intensity. The AC 

result shows that ball-milling broke the large aggregates into smaller segments 

and changed the overall size distribution. The aforementioned CB primary 
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particle size, SSA, fractal dimension and aggregate size distribution provide the 

basic “picture” of the CB fillers, and the information was also used to build 

models to simulate the percolation behavior of fractal materials, which were 

published with Coupette and others.176 For detailed simulation results, readers 

are referred to our publication entitled “Percolation of rigid fractal carbon black 

aggregates”. 

 

Figure 3.3. Size distributions of unground CB and ball-milled CB dispersed in toluene 

from analytical centrifugation. 

In industrial elastomer-CB composites, multiple components are often used, 

produced at different temperatures, and subjected to multiple chemical 

processes. To simplify the conductive networks formed by CB and to limit other 

components that could affect agglomeration, elastomer composites containing 

only PDMS and CB were investigated in this chapter. Both unground and ball-

milled CB powders were used to prepare the PDMS composites to study the effect 

of filler size on conductivity. The conductivities of the PDMS composites were 

measured using the four-point probe method and the percolation thresholds 

were derived using equation (1.5). As shown in Figure 3.4, the conductivity of 
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the PDMS composite increased with the CB volume fraction for each CB set. The 

three data sets were fit separately, and the percolation thresholds were 

determined to be 4.52, 6.96 and 7.76 vol-% for the unground CB, ball-milled CB-

1 and ball-milled CB-2, respectively.  

 

Figure 3.4. Measured electrical conductivities as a function of CB volume fraction for 

unground and ball-milled CB filled composites. Percolation thresholds are 4.52, 6.96 

and 7.76 vol-% for unground CB, ball-milled CB-1 and ball-milled CB-2 filled 

composites, respectively. 

Figure 3.3 and 3.4 show that ball-milling increased the percolation 

threshold. This result means that the proportion of large aggregates plays an 

important role in determining the conductivity of as-prepared PDMS composites. 

As ball-milling intensity increases, the proportion of small aggregates increases, 

and smaller aggregates may tend to agglomerate into more tightly packed 

clusters during mixing, requiring more filler to reach the percolation threshold. 

This explanation is also consistent with the findings of Medalia and co-

workers.177 Figure 3.4 also shows that ball-milling decreased the total 

conductivity for composites with the same filler concentrations. And the decrease 
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in conductivity for composites with the same filler concentration could be a result 

of the decrease in the number of conductive paths, as the smaller aggregates are 

more difficult to disperse separately in the PDMS matrix to form more 

conductive paths.  

Our collaborators have used Monte Carlo simulation to study the 

percolation of fractal aggregates.176 Simulation results show that percolation 

thresholds coincide if they are expressed as a function of the ensemble averaged 

radius of gyration of the aggregates. Higher order moments of the size 

distribution had no effect on the percolation threshold; however, aggregates with 

larger average sizes reduced the percolation threshold. A similar discovery was 

achieved in a study of fracture networks,178 in which the percolation of two-

dimensional polygons in three-dimensional space was simulated. The 

experimental results are in agreement with the simulations performed by our 

collaborators, demonstrating that even for a filler system as complex as CB, 

systematic studies comparing experiment and simulation can be performed. 

To further understand the difference in the conductive network formation 

of the unground and ball-milled CB, a structural study of the hierarchical 

structure of the unground and ball-milled CB in the PDMS matrix and their 

fractal dimensions was measured using the synchrotron USAXS at DESY, 

Hamburg, Germany. The unfilled PDMS background was subtracted to show 

only the scattered signals from the CB fillers. In Figure 3.5, the dots colored in 

yellow show the result of CB scattering intensities, derived from PDMS 

composites containing 1 vol-% unground CB fillers, and the black line refers to 

the corresponding fit result using equation (2.18). In general, the scattering 

curve can be divided into three regions, P1, P2 and P3, which roughly correspond 

to the primary particle, aggregate and agglomerate, respectively. The high-q 

region P1 corresponds to the structure of the primary particles. The surface 

scaling factor of the P1  region is about -3.21, which is different from -4 (the 
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surface scaling factor of an ideal sphere) and can be explained by the high 

roughness of the primary particle surface and the CB-elastomer interphase, as 

proposed by Ehrburger-Dolle and co-workers.61-62, 179-180 The mid-q region P2 

and the low-q region P3 are often explained as the structure of aggregates and 

agglomerates, respectively. For the mid-q region P2, the scaling factor derived 

using equation (2.18) shows a value of -3.16, which means that the fractal 

dimension is not in the range of the mass fractal dimension from 1 to 3. 

Considering the broad size distribution of CB aggregates as indicated by the AC 

experiment, it can be inferred that in the region P2, the fractal dimension is the 

governed by both CB aggregates and CB agglomerates of the similar sizes, 

resulting in a scaling factor of -3.16, which is different from the mass fractal 

scattering scaling factor reported by Salome181 and Jäger137. 

 

Figure 3.5. Measured CB scattering intensity (yellow dots) extracted from the PDMS 

composites with 1 vol-% unground CB and its fit (black line). 

Composites with different unground CB loadings were tested and the CB 

scattering signals were extracted. The scattering intensities plotted in Figure 3.6 

have been multiplied by the cubed scattering vector 𝑞. This plot makes it possible 
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to distinguish the transition of different hierarchical levels of carbon sheets, 

primary particles and aggregates/agglomerates in the q ranges above 0.18 nm-1, 

between 0.18 nm-1 and 0.044 nm-1, and below 0.044 nm-1, respectively. The 𝑞 

region with negative slope indicates that the scattering is primarily from the 

surface fractal of the primary particles. Larger wave vectors correspond to fractal 

scattering from the carbon sheets that form the individual primary particles, 

while smaller wave vectors correspond to aggregate/agglomerate fractal 

scattering. As discussed earlier, although the fitting result can show both 

aggregate and agglomerate scattering, there is considerable overlap between 

regions P2  and P3 due to the broad size distribution. As a result, the aggregate 

and agglomerate scattering cannot be well distinguished in Figure 3.6. 

 

Figure 3.6. Synchrotron USAXS data of composite samples with unground CB fillers. 

The scattered intensities have been scaled by the cubed scattering vector 𝑞  to 

emphasize the different hierarchical levels.  

Changing the CB volume fraction did not affect the primary particles, as 

indicated by the common q position of the maximum and minimum as well as 

the identical slope in the respective q regions for all CB loadings investigated. 



 

55 
 

This indicates that the processing did not affect the shape of the primary particles. 

However, there was a clear slope difference in the largest size range (lowest q 

values), indicating that agglomerates were formed, and their formation was 

influenced by the CB volume fraction. 

The milling effect was also confirmed by additional USAXS measurements. 

Composites with different ball-milled CB-2 loadings were tested, and the CB 

scattering signals were extracted and multiplied by the cubed scattering vector 𝑞, 

as shown in Figure 3.7.  

 

Figure 3.7. Synchrotron USAXS data of composite samples with ball-milled CB-2 

fillers. The scattered intensities have been scaled by the cubed scattering vector 𝑞 to 

emphasize the different hierarchical levels. Compared to the data shown in Figure 3.6, 

the curves are shifted to higher 𝑞 values, indicating smaller structures. 

The scattering behavior of samples using ball-milled CB-2 was comparable 

in the 𝑞 range for primary particles but significantly different at lower 𝑞 values. 

The inflection point changed from 0.044 nm-1 to 0.089 nm-1, indicating a change 

in the size of aggregates and agglomerates. As aggregates become smaller, they 
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compete for the 𝑞 region previously dominated by primary particles. Thus, the 

scattering intensity of aggregates generally shifts to higher 𝑞 values, interfering 

with primary particle scattering, while reducing intensity at small 𝑞. The 𝑞 region 

dominated by scattering from aggregates/agglomerates expands towards the 

direction of smaller 𝑞 values, confirming the smaller sizes reported from the AC 

experiment. And for composites with the same concentration of unground and 

ball-milled CB, the slope in the low 𝑞  region in Figure 3.7 is steeper than the 

slope observed in Figure 3.6, indicating that the agglomeration behavior of ball-

milled and unground CB in the PDMS matrix is different due to different 

aggregate size distributions. 

Nevertheless, the polydispersity of the aggregates/agglomerates still 

prevents a comprehensive quantitative analysis of the fractals corresponding to 

the aggregate and agglomerate levels, respectively. The maximum structural 

information that can be obtained with the USAXS used in this study is around 

900 nm, so no information was provided for agglomerates larger than 900 nm in 

this analysis. 

3.3 Summary 

In this chapter, an attempt has been made to study the percolation threshold 

and the structures of CB fillers in PDMS matrix. TEM was used to determine the 

diameter of the primary particles. Nitrogen surface adsorption was used to 

determine the specific surface area and fractal dimension of the CB powders. 

Ball-milling and AC experiments were performed to confirm the ball-milling 

effect on the size distributions of the CB aggregates. The conductivities of the 

PDMS-CB composites were measured by the four-point probe method, and a 

comparison of percolation thresholds was made to discuss how the size 

distributions of the CB fillers tune the conductive behavior of the composites. 
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The fractal dimensions and the ball-milling effect were further confirmed and 

discussed using USAXS data.  

The AC results showed that ball-milling increased the proportion of smaller 

aggregates and decreased the number of larger aggregates. And the size 

distribution of the CB aggregate has a significant effect on the percolation 

threshold, which is confirmed by the conductivity measurements that more ball-

milled CB filler was required to reach the percolation threshold compared to the 

unground CB. And for composites with the same concentration of unground and 

ball-milled CB, composites with ball-milled CB showed lower conductivity, the 

possible explanation is that ball-milling increased the proportion of smaller 

aggregates, which tend to agglomerate into larger clusters, reducing the 

percolation paths and thus the conductivity. The difference in agglomeration 

behavior of unground and ball-milled CB in the PDMS matrix caused by the CB 

aggregate size distributions is also confirmed by the USAXS curves in the lower 

𝑞 value ranges. 

By varying the size of the fractal fillers, this conclusion provides the design 

concept for composites, i.e., a larger aggregate is preferred if one wants to use 

less filler to make the composite conductive. 
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4 Microscopic Softening Mechanisms of Ionic 

Liquid in Conductive PDMS-CB Composite† 

This chapter presents the results of tuning the electrical and mechanical 

properties of PDMS-CB composites from an IL perspective. IL as an additive 

alters the conductive network in the elastomer matrix, and thus influences the 

electrical and mechanical properties of the composites. In this chapter, how IL 

[EMIM][TFSI] alters the structures and properties of PDMS-CB composites was 

investigated. For this purpose, different amounts of IL were added to prepare the 

PDMS-CB composites. Conductivity was measured using the standard four-point 

probe method, and mechanical properties of Young’s modulus and elongation at 

break were derived from tensile test results. To further investigate the role of IL 

in the composite and the interaction of IL with PDMS and CB, swelling, light 

microscopy and rheological tests were performed on the PDMS-IL and PDMS-

IL-CB composites.  

4.1 Experimental Section 

Sample Preparation 

The composites were prepared using commercial PDMS (SYLGARD™ 184 

Silicone Elastomer Kit, Dow Inc.) as the polymer matrix and carbon black (45527, 

acetylene, 100 % compressed, 99.9+ %, Alfa Aesar) as the filler. The volume ratio 

of CB fillers was fixed at 9 vol-% (14.8 wt-%) in the PDMS-CB mixtures. This CB 

fraction is larger than the reported percolation threshold of 4.52 vol-% reported 

in Chapter 3. IL [EMIM][TFSI] (Sigma-Aldrich) was used as an additive. 

 
†  The results in this chapter have been published in the article “Microscopic Softening 

Mechanisms of an Ionic Liquid Additive in an Electrically Conductive Carbon-Silicone Composite” 

Adv. Mater. Technol. 2022, 7, 2101700, and the text has been rewritten to fit the structure of the 

dissertation. 
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Different amounts of IL were added to PDMS-CB mixtures, where the mass ratio 

of IL/CB was 0.19, 0.38, 0.57, 0.77, and 0.96, and the corresponding composites 

were named as PDMS-CB-IL-1, -2, -3, -4 and -5, respectively. The elastomer 

composites were prepared in two steps to ensure homogeneous mixing. First, CB 

fillers, IL, and the PDMS base were mixed in a SpeedMixer (DAC600.2 VAC-P, 

Hauschild Engineering, Hamm, Germany) at 2350 rpm under vacuum for 3 min. 

The curing agent was added after mixing all the other components and the 

mixing step was repeated. The mass ratio of curing agent to PDMS is 1:10. The 

samples were cured at 100 °C for 2 hours in a cylindrical mixing jar with a 

diameter of 33 mm, and the solid samples as prepared were measured to be 

approximately 9 mm thick. 

PDMS-IL samples for swelling and optical studies were prepared in a similar 

manner, except that CB was removed during the mixing stage. The slurries were 

transferred to the 30 mm × 7.5 mm × 1 mm mold and then cured at 100 °C for 2 

hours. 

Samples for tensile tests were prepared in a tensile specimen mold with 

gauge length of 23 mm, width of 4 mm and thickness of 2 mm. Adequate amount 

of slurry was placed on one side of the mold and then slowly pushed to fill the 

mold. When transferring and reshaping the slurries, no hand mixing should be 

conducted to avoid the bubbles. The sample surface was flattened with a blade. 

Samples were cured at 100 °C for 2 hours.  

Conductivity Measurement 

The electrical conductivity of cured bulk samples was measured using the 

four-probe method with a source meter Keithley 2450 (Tektronix, Inc., USA) at 

room temperature. Voltage values were recorded as the current varied from -10-

5 to 10-5 A in 200 steps, and a linear fit of the current-voltage curve was used to 
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derive the resistance. The conductivity of the composites was calculated using 

equation (2.12). 

Tensile Test 

Young’s modulus and elongation at break were measured in a universal 

tensile testing machine Zwick (ZwickRoell GmbH & Co. KG, Germany). Tensile 

tests were carried out with a strain rate of 1% per second. For the in situ electrical 

measurements, a Keithley 2450 was connected to the tensile sample with copper 

foils held in the tensile clamps during testing. The resistance measurement was 

carried out at a constant current of 10-3 A, and the measured resistance was 

recorded every second with the KickStart software. 

Swelling and Transmittance 

Swelling experiments evaluated the cross-linking density of the composites. 

Samples with an initial weight 𝑚o were soaked in de-ionized water for 24 hours 

at room temperature. Water on the sample surface was removed to obtain the 

swollen weight 𝑚sw. After drying at room temperature for 24 hours, the samples 

had a mass 𝑚ex. Equation (2.20) was used to calculate the swelling ratio. 

Optical Microscopy  

Composite samples were analyzed using a Zeiss AxioScope A.1 microscope 

(Zeiss, Germany). All images were taken using reflected light in bright field and 

recorded with an Axiocam 105 color camera at magnifications of 100 to 500x. 

Rheological Measurement 

The rheological properties of the uncured precursor mixtures were 

characterized with a TA Instruments Discovery HR-3 Rheometer (TA 

Instruments, USA). Parallel plates with diameters of 20 mm were used at a fixed 

gap height of 300 µm. Viscosities were measured in rotational mode at shear 
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rates from 0.1 to 100 s-1. Storage and loss moduli were measured in oscillatory 

mode within the viscoelastic range at oscillation frequencies from 0.1 to 100 

rad·s-1. All measurements were done at 25 °C, controlled with a Peltier element.  

4.2 Results and Discussion 

First, the influence of IL in tuning the electrical and mechanical properties 

of the composites is discussed. Figure 4.1 illustrates the effect of IL on the 

electrical conductivities of the composites prepared by mixing the liquid PDMS 

precursor with CB at a constant volume fraction of 9% and an increasing amount 

of IL (indicated as the mass ratio between the IL and CB contents).  

 

Figure 4.1. Electrical conductivities of PDMS-CB composites with 9 vol-% CB and 

varying IL [EMIM][TFSI] loadings at room temperature. 

Conductivity decreased with increasing IL content, but the difference 

between PDMS-CB and PDMS-CB-IL-5 is within one order of magnitude. This 

result is contrary to the observation reported by Hassouneh et al. that IL 

[EMIM][TFSI] increased the dispersion of CNTs and led to an increase in 
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electrical conductivity.102 This result also differs from the conclusion reported by 

Narongthong et al. that the IL DMIC has a positive effect on increasing the 

conductivity of SBR-CB composites.103 In this study, the IL reduced the electrical 

conductivity of the composite, probably because when the CB filler loading is 

high, the IL does not significantly improve the dispersion of CB fillers, but 

modifies the conductive CB network structure or the contact resistances between 

the CB particles, or both.  

The stress-strain curves of the elastomer composites and pure PDMS 

elastomer are shown in Figure 4.2(a), and the values of Young’s modulus and 

elongation at break are shown in Figure 4.2(b).  

 

Figure 4.2. (a) Stress-strain curves of PDMS-CB-IL composites with different IL 

contents. (b) Influence of IL on the Young’s modulus and maximum elongation of as-

prepared PDMS-CB-IL composites.  

Pure PDMS shows a classic elastomer stress-strain curve colored in red. The 

addition of CB fillers alone makes the composite “brittle”, increasing the Young’s 

modulus but decreasing the elongation at break of the composites.182 As a result, 

the Young’s modulus of PDMS increased from 1.22 MPa to 4.27 MPa with the 

addition of CB, and the elongation at break of PDMS decreased from 180 % to 

50 %. By adding different amounts of IL to the PDMS-CB mixtures, a clear trend 

of decrease in Young’s modulus of the PDMS-CB composites can be observed, 

from 4.27 MPa for the PDMS-CB composite to 1.48 MPa for the PDMS-CB-IL-5 



 

64 
 

composite. The addition of IL initially increased the elongation at break of the 

PDMS-CB composites, and the maximum value of about 180% was observed for 

the PDMS-CB-IL-2 composite, which is comparable to that of the pure PDMS 

elastomer. Further increase in the concentration of IL leads to a decrease in the 

elongation at break. This result means that the addition of a suitable amount of 

IL can compensate the stiffness caused by the introduction of CB fillers and adapt 

the PDMS-CB composites to larger deformation.  

Figure 4.1 and 4.2 show that the addition of IL changes the electrical and 

mechanical properties of PDMS-CB composites, which could be the result of IL 

modified composite structures. To further understand the role of IL in tuning the 

composite structures, it is important to know how the electrical properties 

change as a function of strain. For this purpose, the change in resistance as a 

function of strain was measured. Figure 4.3 shows the evolution of resistance 

versus tensile strain for the PDMS-CB and PDMS-CB-IL composites. The 

samples were loaded at a strain rate of 1 % per second, and for each cycle, the 

maximum strain increase is 10%, as shown in Figure 4.3(a). The experiments 

were terminated when either the tensile sample broke or was loaded for 10 cycles. 

Figure 4.3(b)-(d) shows the changes in resistance normalized to the resistance at 

zero strain. The initial resistance R0 was used as the reference for calculating the 

resistance change for all cycles.  

Composites without IL failed at strains above 50%. The resistance of PDMS-

CB composites increased reversibly at strains below 40%, but an irreversible 

fraction of ΔRp/R0  0.1 remained after straining to 50%. The changes in 

resistance of the PDMS-CB-IL-2 composite were similar to those of the PDMS-

CB composite for strains below 50%. The PDMS-CB-IL-4 composite showed the 

largest irreversible fraction, approximately 40% after 50% strain. The reversible 

changes in resistance at strains below 40% for the composites with and without 

IL are due to macroscopic changes in sample geometry without structural 
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damage. As the strain increased beyond 50 %, the irreversible change in electrical 

properties of IL-containing composites became more pronounced. The PDMS-

CB-IL-2 and PDMS-CB-IL-4 composites retained an irreversible resistance 

change after straining beyond 50 %, reaching ΔRp/R0  1 and 2 after 100 % strain, 

respectively. Similar irreversible changes (ΔRp/R0  2) have been reported 

previously for PEDOT:PSS/iTPU samples at 50 % strain.183 The PDMS-CB-IL-4 

composite showed a reduced resistance change at 100% strain compared to the 

PDMS-CB-IL-2 composite, indicating that the excess IL may also reduce the 

electrical sensitivity of the composite to strain, which may have a negative impact 

on the use of the as-prepared composite as a sensor. It is likely that the overall 

change in resistance above 50 % strain is due to a combination of reversible 

deformation and permanent microstructural damage, where the IL weakens the 

composite structure and the stress further destroys the structure. 

 

Figure 4.3. (a) The strain pattern of the cyclic strain tests with 10 % strain increase 

per cycle to 100% strain of the specimens. (b-d) Relative resistance changes versus 

strain of PDMS-CB, PDMS-CB-IL-2 and PDMS-CB-IL-4 composites. The incremental 

strain was 10 % for each cycle, and the resistance was recorded at maximum strain. 

The strong effects of small amounts of IL on both mechanical and electrical 

properties suggest that IL modifies the structure of PDMS-CB composites. In the 

following, swelling and rheological experiments are used to discuss the effects of 



 

66 
 

IL on the PDMS matrix and CB conductive networks. To understand the 

interaction between PDMS and IL, a swelling experiment was performed to 

analyze the cross-linking density of PDMS as a function of IL content. De-ionized 

water was used as the swelling solvent, and the swelling ratios of PDMS and 

PDMS with different amounts of IL solid samples in de-ionized water are shown 

in Figure 4.4(a).  

 

Figure 4.4. (a) Swelling of pure PDMS and PDMS-IL samples in the de-ionized water 

at room temperature. (b) Optical transmittance of pure PDMS and PDMS-IL-1 before 

and after swelling. (c) and (d) Optical comparison of pure PDMS before and after 

swelling, respectively. (e) and (f) Optical comparison of PDMS-IL-1 before and after 

swelling, respectively. 

The swelling of pure PDMS was negligible, and there was no visible change 

in optical transparency, as shown in Figure 4.4(c) and (d). Figure 4.4(b) shows 

that the PDMS-IL samples had lower transmittance than the pure PDMS sample 

before swelling. The presence of IL changes the swelling property of PDMS in de-

ionized water, and the swelling ratio of PDMS increased from 0 to 13 % with 

increasing IL content, corresponding to PDMS-IL and PDMS-IL-4, respectively. 

For PDMS-IL-5, the swelling ratio decreased to 10 %. Swelling increased optical 

scattering in the PDMS-IL systems. The optical effect was reversible, allowing 
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switching between semi-transparent (Figure 4.4(e)) and opaque (Figure 4.4(f)) 

states by swelling and drying, and the comparison of transmission curves colored 

in red and blue is shown in Figure 4.4(b). The swelling experimental result is 

consistent with the results of Sinawang et al. who suggested that IL reduces the 

cross-linking density and thus increases the swelling ratio.184  

To further investigate the transparency of PDMS-IL samples altered by 

swelling, light microscopy was used to characterize the surface morphology of 

PDMS and PDMS-IL-1 samples under dry and swelling conditions. As shown in 

Figure 4.5(a) and (b), the pure PDMS samples showed no obvious change after 

swelling or drying. In contrast, the inset image in Figure 4.5(c) shows that the 

addition of IL resulted in the formation of “pores” directly on the surface. A 

possible explanation is that the molecular solubility of the IL in the PDMS is 

limited and some of it formed a separate phase distributed in small droplets. The 

pores appeared larger after swelling, as shown in Figure 4.5(d). Tiwari et al. also 

reported that the addition of much larger amounts of IL (10 vol-%) leads to the 

formation of microscopic IL droplets of about 1 μm in diameter, and the 

spherical IL inclusions can be clearly observed within the polymer matrix by 

SEM.185 This phase separation between the PDMS and IL changes the overall 

swelling behavior of the material. It is likely that the “pores” in Figure 4.5(c) swell 

strongly in the presence of water. This explains the change in turbidity caused by 

swelling, as water droplets create local refractive index contrasts. The sample 

weights after drying 𝑚ex  were within 99.2 % of the initial weights 𝑚0  for all 

PDMS-IL samples tested in Figure 4.4(a). There is no significant change in the 

weight of the IL-containing material before swelling and after drying, suggesting 

that the IL may remain in the bulk with limited leaching, while only water is 

largely removed during drying. 
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Figure 4.5. Microstructural effects of water on PDMS and PDMS-IL-1 samples. 

Optical micrographs of pure PDMS (a) in the dry and (b) in the swollen state show no 

visible changes. Optical micrographs of PDMS-IL-1 in (c) the dry and (d) the swollen 

state indicate the formation of local structure due to IL addition and grew into larger 

droplets upon swelling.  

The previous results suggest that in the PDMS-IL system, the addition of IL 

reduces the cross-linking density of the polymer matrix, and the formation of 

phase-separated droplets changes the structure of the polymer matrix. The 

electrical and mechanical properties of PDMS-CB-IL composites are strongly 

influenced by the internal structure formed by the CB and IL in the polymer 

matrix. However, the interaction between the IL and the CB remained unclear. 

The rheological properties of the PDMS-IL and PDMS-CB-IL precursor mixtures 

were investigated to understand how the IL affects the interactions between 

PDMS and CB. It is assumed that the curing process of the samples only freezes 
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the structure of the viscoelastic precursor, but does not alter the networks formed 

by CB and IL. 

As shown in Figure 4.6(a), the pure PDMS has the lowest viscosity, and the 

viscosity increases with the addition of IL to the PDMS-IL system. Marwanta et 

al. suggested that IL strongly interacts with the PDMS chains and thus increasing 

the viscosity.186 Based on the light microscopy results, the IL partially forms 

dispersed droplets and can be considered as a soft filler, thus increases the 

viscosity due to higher network strength, as claimed by Ankit et al.185 In contrast, 

the addition of IL decreases the viscosity of the PDMS-CB composite, as shown 

in Figure 4.6(b).Unlike as a soft filler in the pure PDMS matrix, the role of IL 

changes with the presence of CB in the PDMS-CB system. 

 

Figure 4.6. Shear viscosities dependence on the applied shear rate of (a) PMDS-IL 

precursor mixtures and (b) PDMS-CB-IL precursor mixtures. 

The storage and loss moduli of PDMS-IL samples are strongly frequency 

dependent. PDMS with different amounts of IL show similar storage and loss 

moduli values that are difficult to distinguish, as shown in Figure 4.7(a) and (b). 

In contrast, the reduction in storage and loss moduli among different PDMS-CB-

IL composites was evident. As shown in Figure 4.7(c) and (d), for the PDMS-CB-

IL system, the storage and loss moduli decreased significantly with increasing IL, 

indicating a weaker internal structure due to the introduction of IL into the 
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PDMS-CB system. And even with the smallest amount of IL addition, the 

decrease in storage and loss moduli is significant. 

 

Figure 4.7. Frequency dependent (a) storage and (b) loss moduli of the PDMS-IL 

composites. Frequency dependent (c) storage and (d) loss moduli of the PDMS-CB-IL 

composites. 

The decrease in moduli can be explained by the affinity of IL for the non-

polar CB fillers, as suggested by Laskowska et al.187 The fraction of IL that is not 

soluble in PDMS is likely to be adsorbed on the CB surface, thus altering the 

agglomeration behavior of CB and the solid-liquid hydrodynamics in the mixture. 

The IL adsorbed at the CB-CB interfaces increases the electrical contact 

resistance between the filler particles, weakens the filler network and the 

mechanical strength of the agglomerates, and IL between CB and PDMS may also 

reduce the hydrodynamic CB-PDMS coupling, as demonstrated in Figure 4.8. 

The observation in this chapter is consistent with the weakened filler-rubber 

coupling previously reported by Zhang et al. for other imidazolium-based ILs.188  
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Figure 4.8. Schematic representation of the suggested microstructure of the PDMS-

CB composite with and without ionic liquid (IL) at zero (“resting”) and finite 

(“stretching”) strain. PDMS chains interact with the CB surface and increase the 

elastic modulus. The IL molecules (a) reduce the cross-linking degree of the PDMS 

and (b) adsorb on the CB surfaces, increasing the electrical contact resistance between 

the particles, and facilitating a relative PDMS-CB displacement during stretching.  

The rheological results are in good agreement with the results for the solid 

composites, where increasing IL content reduced mechanical strength but 

increased elongation at break. The stress distribution in PDMS-CB composites 

with weakened connections between the matrix and filler reduces the overall 

brittleness, and the CB fillers with contacts “lubricated” by the IL are more likely 

to rearrange when strained (and when the stress is released) than to permanently 

fracture.  

4.3 Summary 

This chapter focused on tuning the structures of PDMS-CB composites by 

the addition of IL [EMIM][TFSI]. Conductive PDMS composites with low 

Young’s moduli were prepared using the small amount of IL. The addition of IL 

decreased the conductivity but increased the stretchability of the PDMS-CB 
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composites. To understand the changes in conductivity and stretchability, the 

interactions between IL, PDMS and CB were investigated by a combination of 

rheological and swelling experiments, and optical studies.  

The swelling experiments and optical images showed that the IL reduced the 

cross-linking density and formed phase-separated droplets in the PDMS matrix. 

And the rheological results of PDMS-IL composites showed that the phase-

separated IL droplets acted as soft fillers to increase the viscosity of PDMS. 

However, the role of IL in the composites was different in the presence of CB. 

The addition of IL weakened the PDMS-CB structure in terms of lower viscosity 

and storage modulus, probably because the IL, which is not soluble in PDMS, is 

probably absorbed at the CB interface, thus increasing the contact resistance of 

the filler particles and reducing the conductivity. Another possible mechanism is 

that the addition of IL altered the agglomeration behavior of the CB and reduced 

the percolation paths, resulting in a decrease in bulk conductivity. More detailed 

investigations using techniques such as electron microscopy and scattering 

should be carried out to understand the observations from the rheological results 

and to verify the above mechanisms.  

The relative changes in resistance to strain were not much affected by the IL, 

and the changes in mechanical properties allow the composites to be used as 

sensors or electrodes for larger deformations.  
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5 Conclusion and Outlook 

This dissertation focused on tuning the structure and conductivity of PDMS 

composites in terms of conductive CB fillers and IL [EMIM][TFSI]. The results 

of this dissertation provided a better understanding in the preparation of 

elastomer composites with desired properties. Overall, a larger CB aggregate is 

advantageous to use less fractal filler to reach the percolation threshold. And the 

stiffness of the PDMS composites caused by the CB fillers can be compensated 

by a suitable amount of IL.  

Chapter 3 studied the influence of CB aggregate size on tuning the 

conductivity of the PDMS-CB composites. The aggregate size of CB was found to 

have a significant influence in percolation behavior. More CB fillers with smaller 

sizes will be used to reach the percolation threshold compared to the larger ones. 

And for composites with the same concentration of unground CB and ball-milled 

CB, composites with unground CB showed a higher conductivity. The possible 

explanation is that ball-milling increased the proportion of smaller aggregates, 

which tended to agglomerate into larger clusters, resulting in fewer conductive 

paths, thus changing the conductive network structure. The agglomeration 

behavior difference of unground and ball-milled CB in the PDMS matrix caused 

by the CB aggregate size distributions is also confirmed by the scattering 

measurements. 

The hierarchical structure of CB is formed partially by pre-formed structures 

(aggregates) and partially by structures formed during composite formation 

(agglomeration). The size of the CB aggregate is important because it not only 

determines the agglomeration behavior of CB in the polymer matrix, but also 

further changes the percolation behavior of CB geometrically. A larger CB 

aggregate will result in less material being used to reach the percolation 

threshold and higher conductivity. 
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Chapter 4 focused on role of IL in tuning the structures and properties of 

PDMS-CB composites. Conductive PDMS-CB composite with low Young’s 

modulus and good stretchability were prepared using the small amount of IL. 

The small amount of IL addition does not significantly change the resistance 

response behavior, although the IL reduces the overall conductivity of the 

composites compared to PDMS-CB composites without IL. 

The IL tuned the structure of the PDMS-CB composites in several aspects. 

The swelling experiments confirmed that the IL reduced the cross-linking 

density of PDMS, and optical images showed that the IL also formed phase-

separated droplets in the PDMS matrix. The phase-separated IL droplets acted 

as soft fillers to increase the viscosity of PDMS in the PDSM-IL composite. 

However, the role of IL in the PDMS-CB composites was different in the presence 

of CB. The addition of IL weakened the PDMS-CB structure in terms of a lower 

viscosity, storage and loss moduli, probably because the portion of IL, which is 

not soluble in PDMS, is probably absorbed at the CB interface, increasing the 

contact resistance between the CB fillers, thus reducing the conductivity. 

Meanwhile, the addition of IL may alter the agglomeration behavior of the CB 

and reduce the percolation paths, thereby reducing the conductivity. Both 

mechanisms reduce the bulk conductivity but may also reduce the change in 

resistance with strain by making the network less brittle. 

Conductive elastomer composites are a large and complex topic. This 

dissertation is only a small attempt, many works regarding the structures and 

properties should be explored and solved. Based on the results of this 

dissertation, future work may include, but is not limited to: 

As an extension of Chapter 3,  

1. Scattering techniques should be further applied to understand the 

correlations between structural and electrical properties. The fractal dimension 
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of agglomerates decreased with increasing filler volume fraction. Overall, there 

is a difference in the fractal dimension when comparing the composites with the 

same amount of unground CB and the ball-milled CB. The scattering 

experiments should be repeated and statistically evaluated to confirm this 

observation. 

2. In order to study the change of the conductive network under strain, in-

situ scattering measurements coupled with tensile test should be performed on 

the composite samples. As reported by Shinohara et al., the 2D scattering pattern 

will change as a reflection during deformation.189 The change in fractal 

dimension with stress should be measured and interpreted together with the 

change in 2D scattering pattern to see if the fractal dimension can be an indicator 

of sample deformation. This would be beneficial to further reveal the formation 

of conductive networks and explain how the conductive networks change under 

deformation. 

As an extension of Chapter 4, 

1.In addition to the optically visible phase separation observed in Chapter 4, 

techniques such as electron microscopy and scattering should be used to 

understand whether phase separation also occurs in the material below the level 

of optical visibility, or how the ionic liquid is otherwise distributed in the material. 

2. The results of Chapter 4 showed that the interfaces between the different 

phases are also important in the elastomer composites, because the interface 

properties can determine the agglomeration behavior of the fillers, thereby 

changing the mechanical and electrical properties of the composites. In order to 

obtain composites with desired properties, modification of the filler-polymer 

interface will be an effective way. It will be interesting to study how the 

hydrophobicity/hydrophilicity of the IL modifies the interfaces of the fillers and 

further affects the filler agglomeration in the polymer matrix. 
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