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High-structured carbon blacks are commonly used as electrically conductive 

additives in electrode slurries that are either processed into solid electrodes for batteries 

and fuel cells or used as flowable electrodes for semi-solid flow batteries. For these 

slurries, it is necessary to predict and control the microstructure under various 

processing conditions to achieve the desired rheological and electrical properties. 

Although present in relatively small mass fractions, the hierarchical microstructure 

formed by the carbon black particles significantly affects the viscosity, conductivity, 

and stability of the slurry. Research on model suspensions of carbon black show many 

complex shear- and shear history-dependent properties that are associated with 

proposed microstructural changes, but few investigations directly measure or 

characterize the microstructure under flow. Thus, there is a scientific need to perform 

direct measurements of the microstructural origins of these complex behaviors, which 

have technological value for optimizing the formulation and processing of electrode 

slurries. To this end, the overarching goal of this dissertation is to develop, by 

experiment, such structure-property relationships between the rheological, electrical, 

and microstructural properties of carbon black suspensions under varying formulation, 

shear, and shear history conditions. 

ABSTRACT 



 xxix 

A significant contribution of this dissertation is the direct measurement of the 

shear-dependent microstructure of carbon black suspensions under varying formulation 

conditions and the subsequent rationalization of the resulting structure-property 

observations using dimensionless groups. These novel structure-property measurements 

were performed in situ using simultaneous rheological and small angle neutron 

scattering (Rheo-SANS and Rheo-USANS) techniques, which allows for direct 

correlation of the rheological properties with the microstructure. As these measurements 

are the first systematic study of the shear-dependent microstructure in flocculated 

suspensions, they address many long-standing hypotheses concerning the 

microstructural origin of many shear-induced behaviors such as apparent shear-

thickening, shear-thinning, tunability of quiescent properties, and prolonged transient 

responses.  

These measurements confirm that the reversibly thixotropic shear-thinning 

behavior observed in these suspensions arises due to the self-similar break up of carbon 

black agglomerates with increasing shear rate. For suspensions with varying chemistries 

and volume fractions, the agglomerate break up is found to depend on the dimensionless 

Mason number, which compares the cohesive force holding particles together in an 

agglomerate to the shear force driving particles apart. Additionally, many of the 

commonly observed, unexplained behaviors are linked to a measured dramatic, shear-

induced structural transformation from large, dense agglomerates to small, open 

agglomerates at a critical shear condition. Spatiotemporally resolved measurements 

show that the formation of large, dense agglomerates leads to shear-induced 
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sedimentation and a prolonged transient decrease in viscosity. This structural transition 

is predictable using the inverse Bingham number, which compares the measured stress 

to the yield stress of the suspension.  

 Importantly, the results presented in this dissertation prove that the rheological 

and electrical properties of carbon black suspensions arise from different 

microstructural origins. By probing the electrical and mechanical percolation behavior, 

it is found that electrical percolation is coincident with a clustered fluid phase at low 

volume fractions and mechanical percolation arises due to formation of a system-

spanning, stress-bearing network of jammed agglomerates. The effect of these disparate 

microstructural origins is observed under shear where with increasing shear rate, a 

shear-thinning viscosity is coupled with a suspension-specific increase or decrease in 

electrical conductivity. These findings have implications on the processing of carbon 

black suspensions as it is apparent that the electrical and rheological properties are 

independently tunable. 
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INTRODUCTION  

1.1 Background and Motivations 

1.1.1 Carbon Black 

Carbon black is an optically opaque, electrically conductive material that is used 

in many applications such as inks, paints, plastics, tire rubbers, and of primary interest 

for this thesis, electrochemical energy storage devices. Depending on the application, 

carbon black is incorporated or suspended into different continuous phases such as 

polymers or Newtonian fluids. The structure of carbon black consists of roughly 

spherical primary particles that are fused together to form rigid, fractal primary 

aggregates, which can interact with one another to form reversible fractal agglomerates 

[1, 2]. Due to its widespread use, many types of carbon black with varying surface 

chemistries, building block structures, sizes, and porosities have been engineered to 

meet the needs of each application [1, 2].  

Carbon black is formed by the thermal decomposition of hydrocarbons. Unlike 

processes that create soot, the processes to make carbon black are well controlled and 

deliver carbon blacks with specific primary structures and surface chemistries [1, 2]. 

Carbon blacks are often divided into two types, low- and high-structured carbon blacks, 

depending on the number of primary particles that make up a primary aggregate, or the 

surface area of the carbon black, as well as the internal porosity of the primary particles 

as shown in Figure 1.1 [1, 2]. Low-structured carbon blacks, which have fewer primary 
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particles and appear more globular (Figure 1.1b) are more commonly used as 

pigmentation agents in inks and paints as well as reinforcing agents in tire rubbers [1, 

2]. High-structured carbon blacks, which are the focus of this thesis, have many porous 

primary particles within a primary aggregate and therefore a higher total surface area 

(Figure 1.1a) [1, 2]. Due to this more complex structure, this type of carbon black 

exhibits more dramatic time- and shear-dependent macroscopic properties than its low-

structured counterpart [3]. High-structured carbon blacks are commonly used as 

electrically conductive additives in electrochemical energy storage devices and 

electrically conducting nanocomposites as their higher surface area allows for a higher 

electrical conductivity with fewer grams of added carbon [2, 4-6]. As is shown in 

Chapter 3 of this thesis, amongst this group of high-structured carbon blacks, there is 

variability in factors such as surface chemistry, porosity, and building block structure 

depending on the source of the particular carbon [2, 7]. As these factors will change the 

properties in applications containing these carbon blacks, there is a need to understand 

this type of carbon black in a general manner to both allow for an informed choice of 

carbon and to adjust for inevitable source changes. With a focus on applications in 

electrochemical energy storage devices, this thesis focuses on building a general 

understanding of the structure-property relationships of high-structured carbon blacks 

when suspended in Newtonian fluids.  
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Figure 1.1: TEM images of representative carbon blacks from two categories. (a) high-

structured N-472 carbon black and (b) low-structured N-990 carbon black. 

This figure is reprinted by permission from Springer Nature: Springer 

Nature Carbon Black as a Polymer Filler by M.E. Spahr and R. Rothon 

Copyright 2017 [2]. 

1.1.2 Carbon Black in Electrochemical Energy Storage Methods 

Growing concerns about climate change and the continued use of fossil fuels as 

primary sources of energy motivate the need for diverse and effective energy storage 

methods. To create a more reliable energy grid, energy storage can be used to save 

excess energy for times of higher demand. Following similar principles, energy storage 

addresses the incorporation of intermittent renewable energy sources such as wind and 

solar into the energy portfolio by storing energy at times of high output and later 

releasing it when it is needed. Not only does this inclusion of wind and solar energy 

address the urgent need to reduce emissions, it also provides diversification in energy 

sources, which creates a more flexible and reliable energy portfolio and also helps to 

preserve natural resources. While many energy storage methods exist and are widely 

utilized such as compressed air and pumped hydroelectric, electrochemical energy 



 4 

storage methods such as batteries, flow batteries, and fuel cells have recently received 

increased attention for grid-level storage and for use in the transportation industry [8, 

9].  

High-structured carbon blacks are commonly used in many types of 

electrochemical energy storage devices [4-6, 10-14]. Among other purposes, carbon 

black is primarily used as an electrically conductive additive in battery electrode slurries 

and fuel cell catalyst inks. These systems have complex formulations that contain a 

number of components other than carbon black including large electrochemically active 

particles, salts, and binders in the case of batteries and for fuel cells, small platinum 

catalyst particles and ionomers [4-6, 10-14]. The slurries and inks are prepared by a 

series of closely controlled processing steps that terminate in either a solid electrode or, 

in the case of semi-solid flow batteries, a flowable electrode slurry [4, 10-12]. 

Regardless of the final electrode state, a desire to control the rheology and 

microstructure of these suspensions exists as these properties affect factors such as the 

slurry stability, the ease of mixing, and the coating performance and ultimately play a 

role in determining the electrochemical performance of the final device [4, 10-14].  

Significant effort has been made to understand these effects by studying the 

rheological and structural behavior of these complex systems under variable processing 

and formulation conditions. For fuel cell catalyst inks, Dixit et al. illustrate that the 

interactions between ionomers, catalyst-laden carbon black particles, and solvents affect 

the rheological properties, ink stability, ease of coating, and integrity of the processed 

catalyst layer [13]. Additionally, Wang et al. show that the extent of ink dispersion plays 

a role in determining fuel cell performance where more intense dispersion leads to 

higher performance [14]. Finally, Bockholt et al. have explored the complex interplay 
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of the many manufacturing steps involved in battery electrode fabrication and the role 

of these steps in determining the final performance [12]. In this study, it was found that 

the slurry processing greatly affects the distribution of binder and carbon black particles 

with respect to the electroactive species and therefore the electronic and ionic transport 

in the electrode [12]. Many similar studies have been performed where particle 

interactions and flow-dependent properties are discussed as a means to understand the 

formulation and processing-dependence of the electrode performance. As these systems 

are complex with many different options for formulation and processing, there are many 

ways to tune the performance [11, 12, 15]. This results in studies with a large number 

of variables, which provides a wealth of information regarding these systems, but also 

obfuscates the underlying physics and complicates the interpretation of results, 

especially when the behavior of simplified systems is not yet fully understood.  

Motivated by the need to understand the formulation and processing-dependent 

behavior of these complex systems, this thesis takes the simplified approach of focusing 

on the behavior of a single component: high-structured conductive carbon blacks in 

suspension. As with any process, there is a window of concentrations and shear rates 

that are relevant to this study. Superficially, the carbon black loading in these 

applications is relatively low based on dry weight or volume fractions, however, the 

work in this thesis shows that these low dry volume fractions often translate to moderate 

effective volume fractions and suspensions with high viscosities and yield stresses. For 

example, for a semi-solid flow battery, Fan et al. use 1 vol% of KetjenBlack EC-600JD 

carbon black in an electrode slurry [10]. As is shown in Chapter 3, this particular carbon 

black has a high degree of porosity, which, when taken into account, gives a much 

higher effective volume fraction of carbon black of approximately 17 vol% [7]. The 
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flow rates used in the many available processing steps span several orders of magnitude 

in shear rate from approximately 1 s-1 to 106 s-1 [4, 10, 11]. Therefore, the behavior of 

carbon black suspensions over a wide range of shear rates and at moderate to high 

particle loadings is relevant for these applications.   

In these applications, the primary role of carbon black is to provide an 

electrically percolated network with optimized electrical conductivity both under flow 

and after various flow histories. Additionally, carbon black plays a significant role in 

determining the rheological properties that are correlated to electrochemical 

performance such as the viscosity, degree of shear-thinning, and the yield stress. While 

a number of studies have been performed to understand the shear-dependence of these 

macroscopic properties in carbon black suspensions, the underlying microstructural 

origin of these behaviors and how this changes with variable formulation conditions has 

largely remained a matter of conjecture [3, 5, 16-19]. For example, similarly motivated 

by semi-solid flow batteries, Youssry et al. measured the shear-dependent properties of 

carbon black suspensions in 1 M LiTFSI in propylene carbonate as shown in Figure 1.2 

[19]. These measurements show a complex shear-dependent rheological and electrical 

behavior that is explained using cartoons depicting a hypothesized structural evolution 

[19]. The use of a hypothetical structural evolution to explain the macroscopic 

properties of carbon black suspensions is all too common in the literature, but little 

evidence is available to support these hypotheses. Therefore, a main goal of this thesis 

is to fill this gap by directly measuring the microstructure and building quantitative 

relationships between the rheological, electrical, and structural properties of carbon 

black suspensions under variable formulation conditions.  
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Figure 1.2: Shear-dependent conductivity and viscosity measured for a suspension of 

KetjenBlack EC-300J carbon black suspended in 1 M LiTFSI in propylene 

carbonate reproduced from M. Youssry, L. Madec, P. Soudan, M. 

Cerbelaud, D. Guyomard, B. Lestriez, Phys. Chem. Chem. Phys., 2013, 15, 

14476 [19] with permission from the PCCP Owner Societies. Cartoons 

show hypothesized structural evolution.   

1.1.3 Carbon Black as a Model Colloidal Suspension 

Colloidal suspensions are found in many naturally-occurring and man-made 

systems such as biological fluids, drilling muds, paints, construction materials, personal 

care products, and foods [20-22]. As discussed throughout the rest of this chapter, a 

complex relationship between the macroscopic properties and the microstructure of 

these suspensions exists that depends on many tunable factors. The details of the 

different processing and flow conditions dictate the microstructural evolution and, as a 

result, the macroscopic properties [23]. At rest, the microstructure does not necessarily 

return to its original state after flow, therefore, the properties are also dependent on the 

flow history. The ability to predict and control these changes in microstructure and the 

resulting macroscopic properties is important for many applications and remains an 
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active area of research. To understand the general behavior of colloidal suspensions 

under flow, carbon black suspensions have historically been studied as model systems 

due to the complex microstructural and shear-dependent properties they exhibit. In this 

thesis, structure-property relationships in carbon black suspensions are built for 

applications in energy storage devices by drawing from these previous studies and 

considering carbon black suspensions in terms of their colloidal properties. This 

presents a second motivation for this thesis that goes hand-in-hand with the first, which 

is the study of carbon black suspensions as model systems in order to understand the 

complex, shear-dependent behavior of colloidal suspensions on a broader scale.  

1.2 Flocculation in Colloidal Suspensions  

To set the stage for the overarching goal of this thesis, the rest of this chapter 

will discuss the relevant areas in colloidal science that are used throughout the rest of 

this thesis to build structure-property relationships for carbon black suspensions. This 

broad discussion is then followed by a focused description of previously observed 

behaviors in sheared carbon black suspensions. Throughout this introduction, key areas 

where microstructural measurements are lacking are highlighted.  

In colloidal suspensions, particles undergo Brownian motion due to thermal 

collisions of the suspending fluid with colloidal particles. In the limit of infinite dilution, 

particles are able to diffuse throughout the fluid and do not interact with one another. 

At these low concentrations, no structure forms and the macroscopic properties typically 

scale with the dry particle volume fraction [23]. As the concentration increases, particles 

become closer together and begin to interact with one another. These interactions are 

typically modeled using classical DLVO theory [24]. In many real systems, these 

interactions lead to colloidal instabilities where particles reversibly bond to one another 
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to form flocculated or aggregated structures [25-31]. These flocs are commonly 

described using a size distribution, or average size, and a fractal dimension, which is 

related to the distribution of mass in a floc. These floc characteristics depend on the 

details of the interaction potential, the particle loading, and the particle characteristics 

[26-32].  

Typically, two regimes of aggregation, or flocculation, are considered: diffusion 

limited cluster aggregation (DLCA) and reaction limited cluster aggregation (RLCA). 

Each of these routes lead to different internal floc structures and different mass 

distributions [23, 26-32]. With DLCA kinetics, particles are assumed to bond at first 

contact, resulting in relatively open flocs with fractal dimensions of approximately 1.8 

[26, 29, 31]. In RLCA kinetics, due to the details of the interaction potential, particles 

are able to explore different bonding locations within a floc, which results in more 

compact floc structures with higher fractal dimensions near 2.1 [23, 29, 32]. For 

suspensions of polystyrene latex particles, Tang et al. studied these two regimes by 

tuning the interaction potential [32]. To demonstrate the differences in these fractal 

dimensions, images taken by Tang et al. for aggregates formed by DLCA and RLCA 

kinetics are shown in Figure 1.3 [32]. These images show that the internal floc structure 

is tunable and depends on the details of the interaction potential. 
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Figure 1.3: Images of typical aggregates formed by polystyrene latex particles (a) 

Aggregate formed by DLCA kinetics with a fractal dimension of 1.8 and 

(b) aggregate formed by RLCA kinetics with a fractal dimension of 2.1. 

Each particle has a diameter of approximately 1.3 ɛm [32]. Reprinted from 

J. Colloid Interface Sci. 221, S. Tang, J.M. Preece, C.M. McFarlane, Z. 

Zhang, ñFractal Morphology and Breakage of DLCA and RLCA 

Aggregatesò, 114-123, Copyright 2000, with permission from Elsevier. 

[32]. 

As the particle loading is increased, flocs can grow indefinitely until they either 

become so large that they sediment or cream out of suspension or until a single system 

spanning floc is formed [23]. In systems with charged particles, flocs typically grow to 

a preferred finite size that is determined by a balance of the attractive force driving 

flocculation with the repulsive force that increases as more particles are incorporated 

into the floc [33-35]. Therefore, the floc size distribution is tunable by altering the 

interparticle interaction potential. As the particle loading becomes increasingly high, 

these structures grow large enough in size and number density that they jam to form 

system-spanning networks [36].  

In the presence of flocs, the macroscopic properties of the suspension change 

more dramatically than expected from the dry volume fraction alone. For example, in 

flocculated suspensions, gel formation occurs at much lower dry volume fractions when 
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compared to non-flocculated suspensions. According to Carpineti and Giglio, the 

dependence of the macroscopic properties on the particle loading should shift to lower 

values as the volume taken up by the flocs increases [37]. This indicates that this change 

in macroscopic properties can be understood by a redefinition of the concentration of 

the suspension using a hydrodynamic volume fraction based on the floc structure. As 

described by Trappe et al. and observed by many authors, the macroscopic properties 

in the quiescent state are functions of the interparticle attractive strength and the shear 

history, which further supports a rescaling of the volume fraction in a way that accounts 

for these factors [23, 36, 38-45]. For isotropic systems, this hydrodynamic volume 

fraction is a function of the dry volume fraction as well as the floc size and fractal 

dimension, which are often measured using scattering techniques. Exactly how the 

macroscopic properties change with these microstructural properties is the subject of 

this thesis. It should be noted that the hydrodynamic volume fraction alone is not the 

only parameter that affects the macroscopic properties. For example, the yield stress 

also depends on the strength of interparticle bonds [44]. Nevertheless, for flocculated 

suspensions, the concept of the hydrodynamic volume fraction conveniently 

summarizes the expected microstructural changes that underly the macroscopic 

properties in a simple manner and can be used to build structure-property relationships. 

In carbon black suspensions, attractive interactions drive the formation of 

flocculated agglomerate structures, which vary in size and fractal dimension depending 

on formulation and processing [7, 46]. Due to the porosity of primary particles and the 

irregular structure of primary aggregates, the hydrodynamic volume fraction of carbon 

black suspensions is a function of the building block characteristics as well as the shear-

dependent agglomerate structure [7]. The concept of the hydrodynamic volume fraction 
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is used in this thesis to understand the effect of changes in agglomerate structure on the 

macroscopic properties. The dependence of the hydrodynamic volume fraction on the 

carbon black type is addressed by measuring the basic building block structures of 

various carbon blacks [7]. The shear-dependence of this structural characteristic is then 

probed by directly measuring the agglomerate size and fractal dimension as a function 

of the applied shear rate. These structural changes translate to a quantifiable evolution 

in hydrodynamic volume fraction that is used to explain the shear-dependent 

macroscopic properties of the suspensions.  

1.3 Shear-Dependence of Floc Structure and Macroscopic Properties 

Flocs are comprised of reversible interparticle bonds that are easily disturbed by 

shear flow [23]. Depending on the intensity of the flow with respect to the bond strength, 

the floc structure will evolve to a new steady state over a system-specific period of time 

[23, 47-49]. This structural evolution has been measured by many authors and consists 

of shear-induced changes in the floc size [50-52], internal floc structure [40, 51, 53, 54], 

and degree of anisotropy [55-60]. These microstructural changes are directly related to 

measurable changes in the rheological and electrical properties, which can largely be 

understood using the hydrodynamic volume fraction. As flow-induced anisotropy is not 

measured for carbon black suspensions under the flow conditions used in this thesis, the 

effects on the macroscopic properties will not be addressed here. Additionally it should 

be noted that at the shear conditions considered in this thesis, ὖὩ  ρ so effects from 

Brownian motion are neglected [23]. The discussion will focus on shear-induced 

changes in floc size and internal floc structure and the effect of these changes on the 

complex, time-dependent macroscopic properties.  
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Under flow, shear-induced changes in floc structure have primarily been studied 

in the dilute regime [40, 50-53, 61]. The body of work in this area is largely summarized 

in a study by Sonntag and Russel [51]. In this work, the effect of shear and interaction 

strength on the floc size and fractal dimension in suspensions of charged polystyrene 

latex particles was measured using ex situ small-angle light scattering [51]. Results 

show a decrease in floc size with increasing shear intensity and a decrease in extent of 

break up with increasing salt concentration. Both of these results indicate a competition 

between the strength of interparticle bonds and the strength of the shear flow. In these 

experiments, shear-induced floc densification was also observed where the fractal 

dimension of the flocs increased from 2.2 to 2.5 under flow [51]. Harshe et al. further 

investigated this shear-induced densification for suspensions with different initial fractal 

dimensions of 1.75 and 2.7 [53]. Results from small-angle light scattering 

measurements and simulations show that the flocs with more open initial structures 

rapidly densify under shear to a constant fractal dimension of 2.45 while the internal 

structure of the initially dense flocs is unchanged with shear as shown in Figure 1.4 [53]. 

Additional shear-induced structural changes have been observed that seem to oppose 

this trend of increasing fractal dimension with increasing shear rate. For example, for 

suspensions of fumed particles, Negi and Osuji observe a shear-induced decrease in floc 

fractal dimension along with an abrupt decrease in the floc size at a critical shear 

condition (see Figure 1.6) [54]. These studies illustrate that a complex relationship exists 

between the applied shear and the floc structure in colloidal suspensions. 
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Figure 1.4: Depiction of the flow-induced floc densification measured through 

Stokesian dynamics simulations and experiments by Harshe et al. These 

images show that flocs prepared at high fractal dimensions do not 

dramatically change under flow while flocs at low initial fractal 

dimensions break up and densify under flow [53]. Reprinted with 

permission from Y.M. Harshe, M. Lattuada, M. Soos, Langmuir, 2011, 27, 

5729-5752. Copyright 2011 American Chemical Society. 

The effect of the shear-dependent floc structure on the rheological properties is 

often explained using the hydrodynamic volume fraction [62]. The viscosity of a 

concentrated suspension is generally given by the Krieger-Dougherty equation: 

 – ρ
Ȣ

 , (1.1)  

where ‰ is the volume fraction, ‰  is the volume fraction at maximum packing, and 

– is the viscosity of the suspending fluid [23]. This equation illustrates that the 

viscosity can be described solely by the volume fraction. Following the arguments made 

in this chapter and those by Quemada for flocculated suspensions, this volume fraction 

is the hydrodynamic volume fraction that takes into account the total volume taken up 

by the flocs, not the dry volume fraction [62].  
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By using the hydrodynamic volume fraction in Equation 1.1, a relationship 

between the rheological properties and the floc structure can be established. For 

example, the shear-thinning behavior in flocculated suspensions is often associated with 

a shear-induced break up of agglomerates and resulting decrease in hydrodynamic 

volume fraction [23, 47, 62]. As observed by Negi and Osuji for suspensions of fumed 

particles, shear-thickening coincides with an observed decrease in fractal dimension that 

results in an increase in hydrodynamic volume fraction[54]. As the hydrodynamic 

volume fraction depends on both the floc size and the fractal dimension, correlating a 

measured behavior in the viscosity to one of these structural properties is an ill-defined 

problem. While models have been written to relate the hydrodynamic volume fraction 

to the fractal dimension and the floc size [63], there is a lack of experimental 

measurements of the shear-induced floc structure to compare to these models, especially 

at high particle loadings. Therefore, there is a need for direct measurements of the shear-

dependent floc structure and an understanding of how this changes with variables such 

as dry volume fraction, interparticle interactions, and particle structure. 

 For the electrical conductivity, trends similar to that observed for the viscosity 

have been proposed. For example, similar to the shear-thinning behavior, as flocs break 

up and the hydrodynamic volume fraction decreases, it could be expected that the 

conductivity would also decrease. This hypothesis is supported by several studies of the 

conductivity under shear [16, 18, 64], however, it is also contradicted by other studies 

similar to that shown in Figure 1.2 where the conductivity increases with increasing 

shear rate [3, 17, 19]. The lack of consensus as to the origin of these behaviors motivates 

the need to study the conductivity under shear in systems with well-characterized 

microstructures.  
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Shear-induced floc evolution occurs over a system-specific period of time, 

which gives rise to transient macroscopic properties upon changes in the shear condition 

[23, 47-49, 65]. For the viscosity, this transience is called thixotropy or rheopexy 

(antithixotropy) depending on the details of the transient response. Typically, thixotropy 

is associated with a time-dependent shear-thinning behavior and a transient increase in 

viscosity with a step down in shear rate [23, 47-49, 65]. Conversely, rheopexy, or 

antithixotropy, is associated with a time-dependent shear-thickening behavior. To 

discuss the structural evolution that gives rise to this transient behavior, figures from 

Barnesô review on thixotropy will be used [47]. As is shown in Figure 1.5a, a step down 

in shear rate gives rise to an initial dramatic decrease in stress, followed by a slow 

increase to a steady state value [47]. Figure 1.5b provides a means to describe the 

proposed microstructural origin of this transient response [47]. Consider an experiment 

where, for simplification, only shear-induced changes in floc size occur. At point b, the 

shear rate dictates a particular steady state floc size distribution that is associated with a 

stress response [47]. Upon stepping down in shear rate, the instantaneous floc structure 

remains the same as it was at b but now the stress has decreased to that at bô due to the 

decrease in shear rate [47]. As the floc structure at bô experiences this lower shear rate, 

the flocs are able to increase in size to a new steady state structure, resulting in a 

transient stress response to a steady state stress at point a [47]. This shows that the 

thixotropic response depends on the previous structure and the kinetics of floc 

restructuring. Additionally, following the path from a to aô to b illustrates that thixotropy 

is typically described as a reversible process [47, 48].  

Many industrially- and biologically-relevant suspensions exhibit thixotropy, 

which presents complications in the processing and understanding of these materials as 
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these transient phenomena are not well understood and are difficult to predict. This 

presents a need to further understand the microstructural origin of thixotropy and how 

this relates to the time-dependent rheological properties. Efforts have been made to 

predict this behavior using constitutive models such as semi-empirical structure-kinetics 

models [66-68] and mechanistic population balance models [65, 69]. Verification and 

improvement of the microstructural behavior predicted by these models requires 

microstructural information that is largely missing from the literature. This motivates 

the measurement of the shear-dependent microstructure in model, thixotropic colloidal 

suspensions such as carbon black suspensions. 

 

Figure 1.5: Description of thixotropic behavior reprinted from J. Non-Newton. Fluid, 

70, H.A. Barnes, ñThixotropy ï a reviewò, 1-33, Copyright 1997, with 

permission from Elsevier [47]. (a) Transient stress response at flow startup 

and step down in shear rate. (b) Microstructure and flow curves for a 

flocculated thixotropic suspension showing routes followed upon step up 

and step down in shear rate. 
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1.3.1 Behavior of Carbon Black Suspensions under Flow 

Carbon black suspensions are a highly relevant class of flocculated colloidal 

suspensions that are used in many applications including electrochemical energy storage 

devices [4, 5, 10, 12, 13]. As discussed, carbon black suspensions are also frequently 

used as model systems to understand many of the interesting shear-dependent properties 

that will be described throughout this chapter. These properties include thixotropy, 

rheopexy, shear-thinning, apparent shear-thickening, and tunability of quiescent 

properties through the shear history [18, 19, 46, 57, 70-72]. Additionally, these 

suspensions are known to exhibit both shear-enhanced and shear-diminished electrical 

conductivities [3, 16-19, 64]. While these shear-dependent properties are generally 

associated with changes in the shear-induced agglomerate structure, direct 

measurements of this structure under shear are lacking, especially under variable 

formulation conditions where the effects of building block structure, interparticle 

interactions, suspending fluid properties, and particle loading can be evaluated.  

The shear rate dependent structural and rheological behavior of carbon black 

suspensions in a rotational rheometer can be summarized using three flow regimes [46, 

54, 56, 57, 71]. Figure 1.6 from a study by Osuji and Weitz on carbon black suspended 

in tetradecane illustrates these flow regimes with the corresponding representative 

structures from rheo-optical measurements on a parallel plate geometry [57]. At low 

shear rates and typically, in confined geometries, cylindrical flocs form that align in the 

vorticity direction (Figure 1.6b), which is correlated to an unstable rheological response 

as shown in Figure 1.6a [57]. By testing several shear rates and gap sizes, Grenard et al. 

have built a set of criteria required for the formation of vorticity-aligned flocs [56]. The 

conditions used in this thesis were intentionally chosen with these criteria in mind to 

avoid this anisotropy. As the shear rate increases, the vorticity-aligned flocs disintegrate 
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to form large, dense agglomerates as shown in Figure 1.6c, which eventually break up 

further to form the small, open agglomerates shown in Figure 1.6d [54, 57]. This 

structural transformation is associated with a shear-thickening behavior that arises due 

to the increase in hydrodynamic volume fraction that occurs when the agglomerate 

fractal dimension decreases abruptly [57]. This shear-thickening behavior has been 

observed by other authors for carbon black suspensions and other suspensions with 

irregularly shaped particles [18, 46, 54]. Beyond this transition, a thixotropic shear-

thinning behavior is observed at high shear rates, which is generally associated with the 

break up of small, open agglomerates [57]. This thesis focuses on understanding 

structure-property relationships in the two flow regimes at higher shear rates where 

large, dense agglomerates and small, open agglomerates are formed. 
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Figure 1.6: Results from Osuji and Weitz for rheo-optical measurements performed on 

carbon black in tetradecane at a range of volume fractions [57]. (a) Flow 

curve measured as a function of applied shear rate. (b) Vorticity aligned 

flocs at 6.67 s-1 (b) large, dense agglomerates at 133 s-1, and (c) small, open 

agglomerates at 1330 s-1 [57]. Reproduced from C.O. Osuji and D.A. 

Weitz, Soft Matter, 2008, 4, 1388-1392 with permission from The Royal 

Society of Chemistry. 

After cessation of flow, the microstructure does not return to its initial state and 

instead strongly resembles the prior shear-induced microstructure. This results in an 

effect where the state of the microstructure is determined by the shear history, which 

significantly influences the quiescent state properties. This effect is often observed in 

carbon black suspensions as a yield stress, elastic modulus, or conductivity that is 

tunable depending on the previous shear history [3, 46, 71, 72]. This is observed for the 
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yield stress, or network strength, by Ovarlez et al. for carbon black in light mineral oil 

where an increase in yield stress is observed with an increase in preshear stress as shown 

in Figure 1.7 [72]. Similar increases in both the conductivity and the elastic modulus 

have also been observed with increasing preshear intensity [3, 54, 71]. This shear history 

effect is often attributed to variation in topology of the network formed by the 

agglomerates. For example, the networks formed by the large, dense agglomerates at 

low shear rates in Figure 1.6c have fewer interagglomerate connections than the 

agglomerate structures in Figure 1.6d, which is correlated to lower values for the yield 

stress, conductivity, and elastic modulus. Since the agglomerate structure evolves 

transiently, a wide range of available network topologies exists depending on the initial 

microstructure, the applied shear rate, and the time allowed for structure to evolve. This 

has implications on the processing of carbon black suspensions for many applications 

as previous processing steps play a significant role in determining the quiescent 

properties.  
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Figure 1.7: Results from Ovarlez et al. for a suspension of Vulcan XC-72 in light 

mineral oil that show the yield stress varies depending on the preshear 

stress [72]. Reproduced from G. Ovarlez, L. Tocquer, F. Bertrand, P. 

Coussot, Soft Matter, 2013, 9, 5540-5549 with permission from The Royal 

Society of Chemistry. 

The flow curve shown in Figure 1.6a is a representative, general flow curve for 

carbon black suspensions. This flow curve can be considered as incomplete since it does 

not contain information concerning the effects of shear history or time-dependence on 

the rheological response. Helal et al. evaluate these effects on the shear-dependent 

rheological and electrical properties for carbon black suspended in light mineral oil [18]. 

In these experiments, the rheological and electrical properties are measured by 

performing flow ramps from high to low stress values over differing periods of time 

[18]. Results from these measurements show familiar trends in the rheological response: 

an apparent shear-thickening behavior followed by a shear-thinning behavior with 

increasing shear rate [18]. By performing ramps at slower rates, the microstructure is 

allowed to evolve further, which results in different degrees of shear-thickening [18]. 
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The electrical conductivity behaves in an analogous manner where an increase in 

conductivity at moderate shear rates becomes more dramatic as the time allowed for 

microstructural rearrangement at each shear condition increases [18]. This combined 

effect of the dramatic structural transition observed in Figures 1.6c and 1.6d with the 

time-dependent structural evolution provides a wide range of possible macroscopic 

properties both under shear and at rest that are difficult to predict and control, especially 

considering the lack of direct microstructural measurements for these systems.  

1.4 Thesis Overview and Organization 

The overarching goal of this thesis is to build relationships between the 

structural, rheological, and electrical properties of high-structured carbon black 

suspensions under different conditions. This goal has two motivations that pertain to the 

applications of high-structured carbon blacks and to the behavior of colloidal 

suspensions in a broad sense. First, this work is motivated by the use of high-structured 

conductive carbon black suspensions in electrochemical energy storage devices. As 

described previously, in these devices, carbon black is used as an electrically conductive 

additive in a multicomponent suspension that undergoes a multistep series of processes. 

The formulation and processing of these suspensions plays a significant role in 

determining the electrochemical performance of the final devices. As these are complex 

systems and complex processing steps, it is difficult to predict and control the effect of 

formulation and flow, especially since the behavior of the individual components is not 

well understood. This motivates the study of the effect of formulation, shear, and shear 

history on the rheological, electrical, and structural properties of carbon black 

suspensions individually to provide insight into these more complex systems. Secondly, 

this thesis is motivated by a need to understand the microstructural origin of many 
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interesting properties of colloidal suspensions such as thixotropy, shear-thinning, 

electrical conductivity, shear-induced sedimentation, and tunability of quiescent 

properties. Since carbon black suspensions are frequently used as model colloidal 

suspensions to understand these properties, it is natural to leverage the unique 

formulation- and flow-dependent microstructural measurements performed in this thesis 

to not only understand carbon black suspensions, but also answer many questions 

concerning the behavior of colloidal suspensions. 

This thesis is divided into five research aims, each building on the findings of 

the other. The research performed to address these aims generally consists of 

observations of interesting rheological and electrical properties that are then explained 

by direct measurements of the microstructure using dynamic light scattering, 

transmission electron microscopy, and primarily, small-angle neutron scattering 

(SANS). To build structure-property relationships that are useful for all high-structured 

carbon blacks and other colloidal suspensions, these experiments are often performed 

using a series of suspensions consisting of different carbon black types, interaction 

potentials, and particle loadings. To reflect the two motivations for this thesis, two 

suspending fluids with widely different dielectric properties are used. To represent the 

many high dielectric constant, polar aprotic solvents used in electrode slurries, 

propylene carbonate is used as one of these suspending fluids. Additionally, light 

mineral oil is used as a suspending fluid since it is common in studies where carbon 

black suspensions are used as model colloidal suspensions.  

In Chapter 3, the building block structures of primary particles and primary 

aggregates for four commonly used high-structured conductive carbon blacks are 

presented. The research documented in this chapter shows that although high-structured 
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conductive carbon blacks belong to a narrow group of particles, there is still a wide 

range of particle structures and porosities that should be considered when formulating 

these suspensions. In Chapter 4, the quiescent state properties of carbon black 

suspensions are addressed by studying the relationship between the mechanical and 

electrical percolation behavior and agglomerate formation and growth. To understand 

the shear-dependent structure-property relationships in carbon black suspensions an 

initial in depth study of a single suspension is performed in Chapter 5. The research 

presented in Chapter 6 extends the findings in Chapter 5 to seven other suspensions with 

varying properties. In these chapters, dimensionless groups are defined that are shown 

to predict the shear-induced agglomerate structure and macroscopic properties. Building 

on this thorough microstructural characterization, longstanding conflicts regarding the 

shear-dependent electrical conductivity are addressed in Chapter 7. This thesis is closed 

with Chapter 8, which summarizes the observations made throughout the thesis, 

highlights the significant contributions, and discusses the many future directions this 

work can take. This chapter also includes current work performed primarily by Soham 

Jariwala, a Ph.D. candidate at the University of Delaware, that shows the value of the 

microstructural measurements presented in this thesis in developing constitutive models 

predict and describe thixotropic behavior. 
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MATERIALS & METHODS  

2.1     Introduction 

The structure-property relationships of carbon black suspensions were studied 

using several techniques. This includes rheological techniques to apply shear and study 

flow behavior, structural probes such as microscopy and scattering, and dielectric 

spectroscopy to understand the dynamics of charge transport. To directly measure the 

change in structure or charge transport under shear, rheometers were often coupled with 

scattering or dielectric spectroscopy instruments. In some cases, due to the complex 

flow behavior of carbon black suspensions, new or modified methods were developed 

to perform proper measurements. This chapter outlines the suspensions studied, the 

techniques used, and methods developed for these measurements.  

2.2    Suspension Components 

In this thesis, the behavior of four commonly used high-structured conductive 

carbon blacks are studied in two Newtonian fluids. The two fluids used are propylene 

carbonate (Acros) and light mineral oil (Sigma). The fluid properties that are relevant 

to this thesis are summarized in Table 2.1. Propylene carbonate is a polar aprotic fluid 

that reflects the type of fluids commonly used in studies of carbon black for 

electrochemical energy storage applications [3, 4, 19]. On the other hand, light mineral 

oil is a an alkane petroleum distillate that is non-ionogenic and nonpolar and is 

frequently used as the suspending fluid for fundamental studies of carbon black 

Chapter 2 
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suspensions related to understanding shear-dependent charge transport or time-

dependent behavior [18, 57, 71, 72]. Using these two fluids provides variable interaction 

potentials and fluid viscosities that are leveraged in this thesis to understand the general 

behavior of carbon black suspensions. For example, the viscosity of propylene 

carbonate is ten times lower than for light mineral oil, which tunes the fluid stresses, 

drag forces, and thixotropic time scales. Furthermore, the attractions between carbon 

black particles are stronger in propylene carbonate than in light mineral oil as indicated 

by the higher Hamaker constant, ὃ , in Table 2.1. This Hamaker constant is estimated 

for a solid carbon black sphere using values from Dagastine et al. and simple 

combination rules [24, 73, 74]. The dielectric constants of the two fluids also show that 

ion dissociation from the carbon black surface is prevalent in propylene carbonate and 

negligible in light mineral oil. Therefore, in propylene carbonate, carbon black particles 

exhibit a weak repulsion that supports colloidal stability at low particle loadings [2, 73].  

Table 2.1: Suspending fluid properties for propylene carbonate and light mineral oil. 

Properties listed are viscosity, –, dielectric constant, ‐, refractive index,  

ὲ, Hamaker constant for fluid in vacuum, ὃ , Hamaker constant 

between carbon particles in fluid, ὃ , mass density, ”ȟ , and neutron 

scattering length density, ”ȟ . 

Fluid 
–         

(Pa s) 
‐ ὲ 

ὃ   

(ὯὝ) 

ὃ   
(ὯὝ) 

”ȟ        

(g cm-3) 

”ȟ             

(×10-6 Å-2) 

Propylene carbonate 0.0025 64 1.421 13.4 17.5 1.204 1.5 

Light mineral oil 0.026 2.4 1.467 15.3 15.4 0.838 0.40 
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The carbons used are Vulcan XC-72 from Cabot Corporation, KetjenBlack EC-

600JD and KetjenBlack EC-300J from AkzoNobel, and C-NERGY SUPER C45 from 

Imerys Graphite & Carbon. As shown in Figure 2.1, the primary structure of these 

carbon blacks consists of spherical primary particles that are irreversibly fused to form 

primary aggregates, which have a natural fractal structure. These primary structures are 

measured and described in Chapter 3 in detail for each of the four carbon blacks. In 

suspension, at a certain particle loading, primary aggregates flocculate to form large-

scale structures called agglomerates, which are also natural fractals. It is this 

agglomerate structure that changes under shear and determines the shear-dependent 

macroscopic properties. Importantly, Figure 2.1 introduces important terminology used 

throughout this thesis, where manufacturing of the carbon black sets the size and 

properties of both the primary particle and primary aggregate. How these primary 

aggregates form large-scale agglomerates and the effect of this structure formation on 

the thixotropic suspension rheology and conductivity are the main topics of this thesis.  
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Figure 2.1: Hierarchy of carbon black structures in suspension consisting of primary 

particles, primary aggregates, and agglomerates.  

2.3    Dispersion Protocol 

As received, the carbon blacks are in the form of tightly packed pellets. Prior to 

characterization, these pellets must be fully dispersed and broken up into the primary 

carbon black structures. At this point of full dispersion, no added shear or 

homogenization should be able to further break up the structures as the primary particles 

within a primary aggregate are irreversibly fused together. This is a key point for the 

rheological studies presented here as the possibility for irreversible effects that arise 

from further dispersion of the carbon particles by applied shear in a rheometer is avoided 

and is eliminated from interpretation of the flow behavior [75].  

To fully disperse the suspensions, three techniques were tested with variable 

conditions: beat beating, probe sonication, and high shear homogenization. The 

techniques were considered with two metrics in mind. The first metric is that the 

suspension be fully dispersed, which was monitored using dynamic light scattering 
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(DLS) measurements to determine both the size and polydispersity after different 

procedures. An example of the data collected from DLS and the analysis is shown in 

Figure 2.2 for a representative sample of 3.1 wt% KetjenBlack EC-600JD in propylene 

carbonate that was dispersed using high shear homogenization. After 5 minutes of 

homogenization (yellow diamonds), the autocorrelation function shows multiple 

relaxations, indicating a broad size distribution of particles. Notably, a relaxation at long 

delay times provides evidence for large structures that have not yet been fully dispersed. 

As the homogenization time increases, this second relaxation disappears and the initial 

relaxation grows and moves to shorter times as the particles are dispersed. To further 

illustrate the metrics used for determining dispersion efficiency, the inset of Figure 2.2 

shows the apparent hydrodynamic radius as a function of homogenization time that is 

derived from fits to the first relaxation of the autocorrelation function (see Section 

2.5.2). This figure shows that with increasing homogenization time, as expected, the 

size becomes smaller and trends to a plateau at approximately 10 minutes for this 

example. All techniques provided similar results for dispersion with the only notable 

variation being the amount of time necessary for homogenization.  
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Figure 2.2: Example of DLS measurements used to determine the appropriate time for 

high shear homogenization. Results for four time points are plotted as the 

normalized time autocorrelation function, Ὣ †, against the delay time, †, 
for a concentrated suspension of KetjenBlack EC-600JD in propylene 

carbonate. Fits to the first relaxation using the cumulant method are shown 

as black lines. Inset: apparent hydrodynamic radius from cumulant fits 

plotted against shear time.  

The second metric used to choose the dispersion protocol was the ease in 

handling concentrated suspensions in large volumes. In this thesis, the shear history is 

shown to play a significant role in determining the macroscopic behavior of the 

suspensions. Therefore, to maintain constant shear history across samples, all 

suspensions of a specific carbon black in a specific fluid were prepared by dilution of a 

single, highly concentrated batch suspension. Of the three techniques tests, high shear 

homogenization was the simplest method to satisfy this metric as both bead beating and 

probe sonication deal with relatively low sample volumes. For the suspensions studied 



 32 

in this thesis, high shear homogenization was performed using two different 

homogenizers: a Silverson L4RT high-shear homogenizer with a square hole high-shear 

screen and an IKA T 18 ULTRA-TURRAX mixer with a high shear screen dispersing 

tool both at approximately 7000 rpm (733 rad s-1). The time necessary for 

homogenization was determined for each of the four carbon blacks studied in propylene 

carbonate at both a dilute and concentrated particle loading. Results are outlined in 

Table 2.2, which suggests that dispersion occurs faster in concentrated dispersions.  

Table 2.2: Homogenization times required for each of the four carbon blacks in 

propylene carbonate at a dilute and concentrated particle loading. 

 

Carbon type wt% Homogenization time (min) 

Vulcan XC-72 
0.1 25 

8 10 

KetjenBlack EC-600JD 
0.1 50 

3.1 10 

KetjenBlack EC-300J 
0.1 30 

5 10 

C-NERGY SUPER C45 
0.1 65 

5.9 25 

2.4     Rheology 

In this thesis, rheology is used to characterize carbon black suspensions by 

imposing a deformation and measuring the bulk material response, which is related to 

the microstructure. Carbon black suspensions are known to exhibit rich rheological 

behavior where the macroscopic properties strongly depend on both the intensity and 

duration of the applied deformation and the shear history [18, 46, 71, 72]. This complex 

rheological behavior is explored by performing flow experiments using conventional 
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stress- and strain-controlled rheometers equipped with commonly used geometries as 

outlined in Table 2.3. After all shear experiments, samples were discarded.  

Table 2.3: Table of rheology experiments with corresponding chapter number, 

rheometer, and geometry. Geometry details for Couette geometries are the 

diameter of the cup, OD, diameter of the bob, ID, length of the bob, L, and 

the truncation gap in millimeters.  

Chapter(s): 

Experiment 
Rheometer Geometry Details                                

4: SAOS 
TA Instruments 

ARES-G2 

Cone and 

plate 

40 mm 1º stainless 

steel  

5: Creep 
TA Instruments 

DHR-3 

Roughened 

Couette 

Stainless steel cup/bob 

(30/28/42/6.0)  

5: Rheo-dielectric 
TA Instruments 

ARES-G2 
Couette 

Titanium cup/bob                

(27/26/34/0.05) 

5: Spatiotemporally 

Resolved Rheo-SANS 

Anton-Paar 

MCR-501 
Couette 

Titanium cup/bob   

(29/28/36/0.09) 

5, 6: Steady shear and 

HB yield stress 

Anton-Paar 

MCR-301 
Couette 

Quartz cup/Ti bob   

(49/50/60/0.05) 

5, 6: Rheo-USANS          

(Vulcan) 

Anton-Paar 

MCR-301 
Couette 

Quartz cup/Ti bob 

(49/50/60/0.05) 

6: Rheo-USANS      

(Ketjen) 

Anton-Paar 

MCR-301 
Couette 

Quartz cup/bob 

(50/49/60/0.05) 

6: Rheo-VSANS 
Anton-Paar 

MCR-501 
Couette 

Quartz cup/bob 

(50/49/60/0.05) 

7: Rheo-dielectric 
TA Instruments 

ARES-G2 
Couette 

Titanium cup/bob                

(27/26/34/0.5) 

8: UD-LAOS 
TA Instruments 

ARES-G2 
Couette 

Stainless steel cup/bob 

(30/27.7/41.6/5.9)  

8: Step down 
TA Instruments 

ARES-G2 
Couette 

Titanium cup/bob                

(27/26/34/0.05) 
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 In the flow experiments performed in this thesis, the three quantities of interest 

measured or set by the rheometer are torque, deflection angle, and time. A fourth 

quantity that can be derived from the deflection angle is the rotation speed, which is the 

first derivative of the deflection angle with respect to time. In a typical experiment, 

either the time-dependent displacement angle or the torque is set while the other 

parameter is measured. With knowledge of these quantities and the dimensions of the 

geometry, parameters such as stress, viscosity, shear rate, strain, modulus, and 

frequency can be calculated using well known equations [23, 76]. Of course, rheometers 

cannot measure and apply infinitely small or large torques, deflection angles, and 

rotation speeds. Therefore, as described in detail by Ewoldt et al., experimental 

limitations exist that are dependent on the geometry dimensions and the details of the 

specific rheometer capabilities [76]. In this thesis, these limitations have been taken into 

account and considered when determining the proper geometry and rheometer for shear 

experiments.  

2.4.1 Small Amplitude Oscillatory Shear 

Small amplitude oscillatory shear (SAOS) or linear viscoelastic rheology probes 

the bulk response of a suspension without manipulating the structure. In a rotational 

rheometer, these experiments are performed by applying an oscillatory strain, ‎, at a 

frequency, :as shown in Equation 2.1 ,‫ 

 ‎ὸ ‎ÓÉÎ ‫ὸ (2.1) 

where ‎ is the strain amplitude. The measured response from these experiments is an 

oscillatory torque or stress as shown in Equation 2.2: 

 „ὸ „ÓÉÎ ‫ὸ  (2.2) .‏
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In the case of a fully elastic response, ‏ πЈ and the stress response is fully in phase 

with the applied strain. Conversely, for a fully viscous response, ‏ ωπЈ. The 

suspensions studied in this thesis exhibit some combination of these two responses so 

that the viscoelastic stress response is written in terms of the elastic and viscous 

moduli, Ὃȭ and Ὃȭȭ, respectively, as shown in Equation 2.3:  

 „ὸ ‎Ὃ ‫ ὭὋᴂᴂ‫ . (2.3) 

In this thesis, SAOS measurements are used in many ways. In Chapter 4, these 

experiments are used to probe the volume fraction at which dynamic arrest occurs by 

probing the diffusive timescales in relation to perturbations by oscillatory shear. 

Throughout Chapters 5 and 6, these experiments are used as quality checks during 

extended shear experiments to determine whether or not the suspension has changed 

dramatically from one shear step to the next.  

For linear rheological measurements, the strain amplitude is required to be 

smaller than that required for irrecoverable structural rearrangements or bond breakage 

to occur. This range of strain amplitudes for linear measurements is often called the 

linear viscoelastic region (LVR) and can be identified by performing a strain amplitude 

sweep at constant frequency and observing the viscoelastic response of the material. To 

demonstrate this measurement, Figure 2.3 shows an amplitude sweep for a 

representative sample of 2.5 wt% KetjenBlack EC-600JD suspended in propylene 

carbonate. At strain amplitudes less than ‎ ρϷ, the suspension behaves solid-like 

and perturbations caused by the oscillatory shear are not sufficient to disturb the 

structure. This range of strain amplitudes is denoted as the linear viscoelastic region and 

is typically below ‎ ρϷ for all suspensions studied in this thesis. To stay well within 
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this linear region, all SAOS measurements in this thesis are performed at a strain 

amplitude of ‎ πȢρϷ.  

 

Figure 2.3: Amplitude sweep for a representative sample of 2.5 wt% KetjenBlack EC-

600JD suspended in propylene carbonate. Closed symbols are Ὃȭ and open 

symbols are Ὃȭȭ. The linear viscoelastic region is denoted using vertical 

dashed lines.  

2.4.2 Steady Shear Rheology 

The central results of this thesis are the steady shear rheological measurements 

performed both off and on the neutron beamline. In this thesis, steady shear experiments 

are performed by application of a constant shear rate, ‎, over an extended period of time 

rather than a constant stress. The microstructural response to the applied shear rate 

occurs transiently and is indirectly observed in the measured stress response. The origin 

of this stress response can be understood when coupled with simultaneous, direct 

measurements of the microstructure using neutron scattering, which are discussed in a 

later section. For all steady shear experiments, a Couette geometry was utilized for two 



 37 

reasons. First, the high shear rates applied in the tests are sufficient to eject the sample 

from parallel plate and cone and plate geometries. Second, Rheo-SANS experiments are 

typically performed using Couette geometries to decrease sample thickness and increase 

the available sample area for neutrons to scatter from. Therefore, for continuity and ease 

of comparison between experiments, the Couette geometry was used for all steady shear 

tests.  

2.4.2.1 Shear Protocol 

A standard protocol was developed and implemented to maintain reproducibility 

across samples, rheometers, and geometries. This protocol consists of an initial 

conditioning procedure at loading followed by repeating triplets of shear steps. The first 

step consists of a preshear. This preshear is followed by the application of a shear rate 

of interest and a resting period that often includes a SAOS measurement. The order and 

specifics of these last two steps depends on the details of the experiment. For all 

experiments, the shear rate of interest was applied in a descending order to reduce 

effects of sedimentation that were encountered using a random or ascending order of 

shear rates. 

After high shear homogenization, suspensions are highly viscous and frustrated, 

resulting in bubble and void formation when loaded into the Couette geometry. To 

eliminate these bubbles and voids, the viscosity of the suspension was reduced by 

performing a conditioning protocol consisting of twenty 30 second flow ramps from 

500 s-1 to 0.1 s-1. The effect of these ramps is evident in the stress response as a 

continuously decreasing stress with subsequent ramps to an eventual steady stress 

response across the entire flow ramp as shown in Figure 2.4a for a representative sample 

of 5.75 wt% Vulcan XC-72 in propylene carbonate. Following this thinning step, the 
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suspension was rejuvenated by application of a high shear rate of 2500 s-1 for 

approximately 30 minutes until a steady stress was achieved. The stress response during 

this step is shown in Figure 2.4b. At early times, a rapid increase in stress is observed 

followed by a slow increase to a plateau value.  

 

Figure 2.4: Stress response during conditioning protocol for a representative sample of 

5.75 wt% Vulcan XC-72 in propylene carbonate. (a) Stress plotted against 

shear rate for twenty 30 second flow ramps from 500 s-1 to 0.1 s-1. The 

initial and final ramps are shown as grey triangles and black squares, 

respectively, and the middle ramps are shown in blue circles. (b) Transient 

stress growth during rejuvenation step at 2500 s-1. 

The repeating triplet of shear steps followed for all steady shear experiments 

begins with a preshear step. As demonstrated in many studies of the shear-dependent 

behavior of carbon black, macroscopic properties strongly depend on the shear history 

of the suspension [18, 46, 71, 72]. To eliminate effects from previous shear steps, a 

preshear is used to rejuvenate the suspension by ideally erasing the previous shear 
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history and returning the suspension to the same initial state prior to application of the 

shear rate of interest. In this work, the preshear was an applied shear rate of 2500 s-1 for 

times ranging from 600 seconds to 1200 seconds. The stress evolution at this shear rate 

closely resembles that plotted in Figure 2.4b for the conditioning step where the stress 

reaches a steady state value over a finite period of time. The effectiveness of this 

preshear is determined by the comparison of steady state stress values at each preshear 

in the test. For all tests shown in this thesis, the preshear stress values vary within a 10% 

deviation from the average value. This indicates that the preshear is sufficient to 

eliminate effects from aging and sedimentation in the time span of the experiment. 

Therefore, the microstructural evolution and resulting stress response at each applied 

shear rate of interest are based on similar initial states. 

2.4.2.2 Yield Stress and Self-Similar Structure Flow Curves 

 

To evaluate the yield stress of carbon black suspensions set by the preshear 

protocol, self-similar structure flow curves were constructed and fit to the Herschel-

Bulkley model. These self-similar structure flow curves leverage the self-similar break 

up of agglomerates observed at high shear rates (Chapters 5 and 6) and are similar to 

the constant structure flow curves that are oftentimes discussed in the reversible 

thixotropy literature [70, 77, 78]. As described by Barnes, the constant structure flow 

curve represents the rheological response of a single structure at a range of applied shear 

intensities [77]. These constant structure flow curves can be constructed using a 

procedure described by Cheng and Evans, which has been further developed by Dullaert 

and Mewis, who implemented measurements with improved time resolution [70, 78]. 
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For example, in a shear rate controlled experiment, at a constant applied shear rate, an 

equilibrium structure with a corresponding stress response is achieved. Upon stepping 

to a new applied shear rate, this equilibrium structure will evolve. As this structural 

evolution and the resulting evolution in stress occurs transiently, the stress response at 

the new applied shear rate can be extrapolated to the instantaneous stress response, 

which is the stress response of the initial structure at the new applied shear rate. By 

repeating this process at a range of applied shear rates, a constant structure flow curve 

can be constructed [70, 78]. This method is similar to the self-similar structure flow 

curve method used in this thesis, however, the experiments performed here lack the time 

resolution to extrapolate to the instantaneous stress. Knowing that agglomerates break 

up self-similarly at the high shear rates where the time resolution is poor, a flow curve 

that represents the stress response of agglomerate structures  with constant fractal 

dimension and shear-dependent size at each applied shear rate can be constructed 

instead.   

This self-similar structure flow curve method for determining the yield stress 

resolves many issues regarding the measurement of the yield stress for carbon black 

suspensions. First, due to the shear-sensitive agglomerate structures that dictate the 

network structure and strength, the yield stress varies depending on the intensity and 

duration of the shear history of the suspension [18, 46, 72]. For carbon black in light 

mineral oil, Ovarlez et al. measured a preshear stress-dependent yield stress, which 

tends toward a constant value at high preshear stresses [72]. Additionally, for a similar 

suspension, Helal et al. measured a variation of the yield stress plateau with the time 
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allowed for structural evolution by performing stress sweeps from high to low stress at 

different rates [18]. In Chapter 5, for a suspension of carbon black in propylene 

carbonate, it is shown that the yield stress varies depending on the preshear rate. After 

a low preshear rate, the apparent yield stress was found to be smaller than the apparent 

yield stress measured after a high preshear rate [46]. Additionally, after high preshear 

rates, the apparent yield stress reached a constant value, indicating small or negligible 

changes in network structure, which is associated with a measured self-similar break up 

of agglomerates [46]. To maintain consistency with the high shear rate, self-similar 

agglomerate structures measured in Rheo-USANS, the yield stress here was defined 

using the standard preshear protocol at a high shear rate of 2500 s-1.  

In addition to the need for defining the specific shear history and network 

structure, the yield stress protocol used here accounts for transient processes that affect 

a yield stress measurement. At the low shear rates required for a typical yield stress 

measurement, the effects of unfavorable rheological phenomena such as wall slip and 

shear banding occur [49, 68, 79]. For example, using simultaneous particle image 

velocimetry and rheology, Wei et al. observed the transient development and growth of 

shear banding under shear start-up of a thixotropic fumed silica suspension where the 

velocity profile is linear at short times and becomes heterogeneous at long times [68]. 

For carbon black suspensions under creep flow, Gibaud et al. measured transient 

velocity profiles using simultaneous ultrasound speckle velocimetry [80]. At a fixed 

stress, the suspension initially flows with total slippage at low shear rates, followed by 

an increase in shear rate and the formation and growth of shear bands, which eventually 
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form a single, linear velocity profile at long times [80]. This slow evolution of the shear 

rate under creep flow has been observed in other carbon black suspensions [46, 72] and 

can alter the magnitude of the measured yield stress due to shear-induced changes in 

agglomerate structure. By performing the stress measurement under an applied steady 

shear rate at times approaching ὸ = 0 s, the effects of these behaviors on the measured 

yield stress are minimized.  

The self-similar structure flow curve is constructed through a series of steps 

consisting of rheological measurements and post-processing of the data. The rheological 

measurements consist of a series of shear start-up tests where the suspension is first 

presheared at a shear rate of ‎ = 2500 s-1 for 600 seconds. The preshear was followed 

by a waiting period of 300 seconds to allow a network to form. During this waiting 

period, a small-amplitude oscillatory shear (SAOS) measurement was performed over 

a frequency range of rad s-1 to 100 rad s-1 and at a strain of ‎ = 0.1%. Following 1 = ‫ 

this waiting period, a new shear rate was applied and the stress was recorded in one 

second increments over a span of 300 seconds. The data for a range of shear rates from 

‎ = 7.5 s-1 to 5000 s-1 for a suspension of 8 wt% Vulcan XC-72 in light mineral oil is 

shown in Figure 2.5a.  

The measured transient stress response was used to determine the stress response 

at an applied shear rate in two ways. At high shear rates, in the flow regime where self-

similar breakdown occurs, the stress was determined by averaging over the first five 

seconds of the stress response as shown in Figure 2.5b and Figure 2.5c. At lower shear 

rates, where the agglomerate fractal dimension changes with time, the stress response 



 43 

of the network structure was determined by fitting to a double exponential function and 

extrapolating to the stress response at ὸ = 0 s. This fitting is shown as the black line in 

Figure 2.5d and Figure 2.5e. In either of these two ways, the stress response at each 

applied shear rate is determined and the self-similar structure flow curve is constructed 

as shown in Figure 2.6 where the stress values from Figure 2.5b-e are highlighted. 

 

Figure 2.5: Self-similar structure flow curve construction for representative sample of 

8.0 wt% Vulcan XC-72 in light mineral oil. (a) Transient stress response 

at a range of applied shear rates from ‎ = 7.5 s-1 to 5000 s-1. (b)-(c) 

Example of averaging protocol for stress response measured at high shear 

rates. (d)-(e) Example of double exponential fitting protocol for stress 

responses at low shear rates with measurable relaxations. 

The yield stress was determined by fitting the constructed self-similar structure 

flow curves to the Herschel-Bulkley model in Equation 2.4: 
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 „‎ „ ρ . (2.4) 

Note that the Herschel-Bulkley equation is often written simply with the consistency 

parameter [23], but for purposes in this thesis it is valuable to express it in this 

mathematically equivalent form. For this procedure, „‎ is the stress at each shear rate, 

„  is the yield stress of the network set by the preshear condition, ‎ is the critical 

shear rate, and n is the power law index [81]. An example of this fitting is shown in 

Figure 2.6 for a representative sample of 8.0 wt% Vulcan XC-72 in light mineral oil.  

 

Figure 2.6: Representative self-similar structure flow curve fit to the Herschel-Bulkley 

model in Equation 2.4 for a suspension of 8 wt% Vulcan XC-72 in light 

mineral oil. Colored points are stress values taken from Figure 2.5b-e. 

2.4.3 Unidirectional Large Amplitude Oscillatory Shear  

Unidirectional large amplitude oscillatory shear (UD-LAOS) measurements 

were performed to further investigate the thixotropic behavior of carbon black 

suspensions in ongoing parts of the future work of this thesis. Similar to a typical LAOS 
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measurement, this technique consists of an oscillatory shear flow defined by a set strain 

and frequency where the strain amplitude is above the critical strain described in Section 

1.4.1 and Figure 2.3. To prevent flow reversal, this measurement is performed 

unidirectionally by superimposing a parallel steady shear rate on top of the oscillatory 

flow [82]. The applied strain accumulates with time as shown in Equation 2.5:  

 ‎ ‎ÓÉÎ‫ὸ ‎‫ὸ. (2.5) 

Taking the first derivative of the strain with respect to time, gives Equation 2.6 for the 

shear rate:  

 ‎ ‎‫ÃÏÓ‫ὸ ‎(2.6) .‫ 

Following this formalism, the minimum shear rate applied is 0 s-1 and the maximum is 

ς‎s-1. These experiments were performed similarly to steady shear experiments ‫ 

using the standard conditioning and preshear protocols. Using the time to achieve a 

steady state stress from steady shear experiments, the number of half cycles required to 

reach alternance was calculated for each frequency and was doubled for each 

experiment to insure that alternance was reached.  

2.5     Structural Measurements  

As shown in Figure 2.1, carbon black suspensions are comprised of a hierarchy 

of structures that exist over a wide range of length scales from approximately 1 nm to 

10 ɛm and above. These structures consist of immutable primary particles and primary 

aggregates, which form shear-sensitive agglomerates. As the primary structures do not 

change under variable flow and formulation conditions, measurements of the shear-

dependent structure primarily focus on the agglomerate length scales. However, it 

should be noted that every element of this structural hierarchy plays a role in 

determining the size, fractal dimension, and shear-sensitivity of the agglomerate 
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structure. Therefore, each level of microstructure was characterized in the quiescent 

state using a combination of Transmission Electron Microscopy (TEM), Dynamic Light 

Scattering (DLS), and Small Angle Neutron Scattering (SANS) measurements. Using 

this static characterization as a foundation, the shear-dependent microstructure was 

studied for a range of suspensions using simultaneous rheological and neutron scattering 

measurements (Rheo-SANS). Data from these measurements were analyzed using a 

hierarchical fractal model that was specifically written to describe the scattering from 

carbon black suspensions.  

2.5.1 Transmission Electron Microscopy 

 

Transmission Electron Microscopy (TEM) measurements were performed on 

various carbon blacks to quantify the primary particle size distribution and to visualize 

the fractal structures. Measurements were performed on a JEM-2010F FasTEM High 

Resolution Analytical Transmission Electron Microscope using Electron Microscopy 

Sciences Formvar/Carbon 200 mesh copper grids. Samples were prepared in advance at 

0.1 wt% using the standard homogenization protocol described in Section 2.3. At the 

microscope, samples were redispersed by brief bath sonication for approximately 10 

seconds and then dropped onto the Formvar grid. The grid was then dried for more than 

five minutes prior to loading into the microscope.  
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2.5.2 Dynamic Light Scattering  

2.5.2.1 Background 

 

In a suspension, fluid molecules and particles constantly collide with one 

another, causing Brownian motion, which is a function of the hydrodynamic size of the 

particles, the viscosity of the fluid, and the temperature. Dynamic light scattering is a 

technique that measures these diffusive dynamics and quantifies them in terms of a 

distribution of translational diffusion coefficients, which is used to extract the size 

distribution of the particles. In an experiment, a laser with fixed wavelength, ‗, 

illuminates the sample and a detector at fixed angle, —, collects the scattered intensity 

from light scattered off of the particles in the sample. For a suspension with no motion, 

the scattered intensity is constant. However, due to the thermal energy that drives 

Brownian motion, particle movement results in time-dependent fluctuations in the 

scattered intensity. The time-dependence of these fluctuations depends on the diffusive 

motion and therefore the hydrodynamic size of the particles, the viscosity of the fluid, 

and the temperature. For example, for a fixed fluid viscosity and temperature, smaller 

particles will exhibit more rapid fluctuations in intensity as they diffuse quicker than 

larger particles. These intensity fluctuations are compared to one another using a time 

autocorrelation function of the scattered intensity, Ὣ †, as shown in Equation 2.7 [83, 

84]: 

 Ὣ †
ộ Ớ

ộ Ớ
. (2.7) 
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In this equation, Ὅὸ is the scattered intensity at time ὸ and Ὅὸ † is the scattered 

intensity at some delay time, †, longer than ὸ. At short times,  the intensity fluctuations 

are more similar, or correlated, to one another than they are at long times where the 

particles have, on average, been able to move farther from their original location. 

Therefore, at small †, Ὣ † is large and decreases with increasing † to the point where 

at long times, the two intensity fluctuations are no longer correlated and a baseline in 

Ὣ † is reached. The time autocorrelation function for the intensity is related to the 

electric field correlation function of the scattered light, Ὣ †, through the Siegert 

relationship as shown in Equation 2.8 [85]:  

 Ὣ † ὄ ‍Ὣ † . (2.8) 

 

Here, ὄ is the background value of Ὣ † that is encountered at long delay times and 

‍ is an instrument specific parameter.  

2.5.2.2 Data Analysis 

 

The simplest analysis of the data is to assume a monodisperse population of 

particles. For this case, the electric field correlation function decays exponentially as 

shown in Equation 2.9 [83, 84]:  

 Ὣ † ÅØÐ ɜʐ. (2.9) 

 

The decay constant, ῲ, is related to the translational diffusion coefficient as ɜ Ὀήȟ 

where ή is magnitude of the scattering vector which is defined in Equation 2.10:  
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 ή ÓÉÎ . (2.10)

  

The magnitude of the scattering vector is fixed for all experiments where ‗ = 658 nm, 

— = 90ę, and ὲ, which is the refractive index of the suspending fluid, is that for propylene 

carbonate shown in Table 2.1. The diffusion coefficient (Equation 2.11) is used to 

calculate the hydrodynamic radius, Ὑ , of the particles using the Stokes-Einstein-

Sutherland equation. This accounts for the thermal energy, ὯὝ, that induces Brownian 

motion, and the hydrodynamic drag for a spherical particle in a fluid of viscosity –: 

 Ὀ  . (2.11) 

  

As real systems are not monodisperse, the electric field correlation function, Ὣ †, can 

be written to include polydispersity. In this thesis, two methods are used to account for 

polydisperse samples.  

In Chapter 3, DLS is used to measure the hydrodynamic size of primary 

aggregates, which are polydisperse, but follow a monomodal distribution of sizes. For 

this case, the cumulant method is used to evaluate the average hydrodynamic radius, 

Ὑ , and polydispersity, ὖὈὍ, of primary aggregates. In this case, Ὣ † is no longer 

written as a single exponential decay, but rather as an integral over a distribution of 

decay rates [86, 87]. This integral is rewritten using a power series expansion, which 

results in Equation 2.12 when including only the second moment, which accounts for 

the variance of the distribution: 

 Ὣ † Ὡ ρ
Ȧ
† . (2.12) 
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In this equation, Ὧ is the second moment, which is related to the polydispersity through 

Ὧ ɜὖὈὍ [86, 87]. By plugging Equation 2.12 for Ὣ † into Equation 2.8 and fitting 

to the time autocorrelation function of the intensity, the average hydrodynamic radius 

can be calculated using Equation 2.11 and the ὖὈὍ can be calculated from the second 

moment [86, 87].  

In Chapter 4, experiments are performed to evaluate the volume fraction at 

which agglomerates form in coexistence with free primary aggregates. Here, since a 

bimodal distribution of sizes is present, a double exponential decay form of Ὣ † was 

used as shown in Equation 2.13, which assumes two monodisperse populations for 

simplification: 

 Ὣ † ὃÅØÐɜʐ ὃÅØÐ ɜʐ. (2.13) 

 

In this equation, the prefactor ὃ corresponds to the intensity weighted percentage of 

scattering objects with decay constant ɜȢ The need for the second exponential decay 

function is apparent when qualitatively assessing Ὣ † where the function shows two 

relaxations rather than one.  

2.5.2.3 Experimental Details  

 

 Dynamic light scattering (DLS) measurements were performed using a 

Brookhaven Instruments Corp. ZetaPALS particle sizer using a quartz cuvette with a 1 

mm pathlength. All samples were prepared in propylene carbonate using the standard 
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homogenization protocol and gently diluted to 0.001 wt% for the DLS measurement. 

Measurements were performed at a temperature of Ὕ = 25 ęC using a laser with a 

wavelength of ‗ = 658 nm and the data was collected at an angle of — = 90ę. 

2.5.3 Small Angle Neutron Scattering 

2.5.3.1 Background 

Small angle neutron scattering leverages the scattering events that arise due to 

interactions between a bombarding beam of neutrons and the nuclei in a sample of 

interest to understand a bulk material. These scattering events are recorded and this 

information is used to determine the arrangement of nuclei in a sample, and therefore, 

the structure of the sample. Neutron scattering is analogous to light and X-ray scattering 

methods, which similarly probe the structure of  a bulk material. For the work presented 

in this thesis regarding concentrated, optically opaque carbon black suspensions 

consisting of elements with low atomic numbers (C, H, N, O), neutron scattering is the 

ideal method of choice among these options for probing the structure of these 

suspensions. By combining different SANS instruments, the length scale range over 

which the hierarchical structure in carbon black exists (order of 1 nm to 10 ɛm) can be 

measured.  

 The underlying physics of a neutron scattering experiment are explained in detail 

in many references in an easily accessible manner [88-92]. For the purposes of this 

thesis, only a simple overview of elastic scattering based on these references will be 

discussed. In an experiment, an incident plane wave of neutrons with fixed wavelength, 

‗, and wavelength spread, ῳ‗Ⱦ‗, is directed at a sample with a neutron scattering length 

density, ”, that depends on the elemental composition. This incident neutron beam is 
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shown as ▓ in Figure 2.7 and is directed along the ᾀ-axis. For the case of a single 

nucleus, a spherical wave is produced (red dashed lines). This wave is described using 

a vector, ▓, that propagates in the radial direction. The difference between these two 

vectors is the scattering wave vector ▲  ▓ ▓, which has a magnitude of ή

τ“‗ϳÓÉÎ—ςϳ .  

 

Figure 2.7: Depiction of a scattering event from a single nucleus. An incident plane 

wave propagating in the ᾀ-direction, ▓, interacts with a single nucleus and 

scatters as a spherical wave that propagates in the radial direction, ▓. This 

spherical wave is reduced to a differential cross section that is calculated 

using a solid angle, Ὠ , at a specific value of ή, which is defined by the 

scattering angle, —.  

 Scattered neutrons are described using a microscopic differential cross section, 

ÄʎÑ Ὠɱϳ , which is the fraction of incident neutrons scattered into a given solid angle, 

Ὠ . The scattering event shown in Figure 2.7 is the simple case of scattering from a 

single nucleus. However, when multiple nuclei from different elements are present, 

wave interferences and varying scattering lengths produce a more complex scattering 

function. For elastic scattering, ÄʎÑ Ὠɱϳ  is described for many nuclei by taking the 
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modulus of the summation of the scattered waves from all atoms as shown in Equation 

2.14: 

 ВὦÅØÐ Ὥ▲Ͻ►  (2.14) 

where ὔ is the number of atoms per unit volume and ὦ is the scattering length of atom 

Ὦ. This is related to the macroscopic cross section, ÄɫÑ Ὠɱϳ , which is evaluated by 

taking the volume integral over the scattering length density, ” Вὦ ὠϳ , as shown in 

Equation 2.15:  

 ȿ᷿”►ÅØÐ Ὥ▲Ͻ►Ὠ►ȿȢ (2.15) 

This cross section has contributions from ή-dependent coherent scattering, which yields 

information concerning the arrangement of nuclei in a sample, and the ή-independent 

incoherent scattering, which arises due to deviations in scattering length about a mean 

value. These two contributions comprise the measured scattered intensity, Ὅή, where 

the coherent scattering contains information regarding the microstructure and the 

incoherent scattering produces a flat background with no structural information. This 

incoherent background, Ὅ , is typically subtracted from the measured intensity. For a 

two phase system such as a carbon black suspension, Equation 2.15 can be rewritten as 

Equation 2.16: 

 Ὅή Ὅ  ɝ” ȿ᷿ÅØÐ Ὥ▲ϽἺὨ►ȿ (2.16) 

where ῳ” is the difference in scattering length densities of the two phases. This equation 

separates the material property, ”, from the term describing the spatial arrangement of 

the sample. Another form of this equation that is commonly used in describing scattering 

for particulate systems is Equation 2.17: 

 Ὅή  ɝ” ộȿὊήȿỚὛή. (2.17) 
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This form emphasizes that the scattering from particulate systems can often be described 

as a form factor, ộȿὊήȿỚ,  which is the contribution from scattering events that occur 

on a single particle, multiplied by a structure factor, Ὓή, which arises due to inter-

particle scattering events. The usefulness of this formalism in describing the hierarchical 

structure of carbon black suspensions will be demonstrated later in this section. 

2.5.3.2 Instrumentation 

Multiple small angle neutron scattering techniques were used to measure the 

microstructure of carbon black suspensions over a wide range of length scales. Figure 

2.8 shows the approximate ή range covered by the three SANS instruments at the NIST 

Center for Neutron Research in Gaithersburg, MD that were used in this thesis [90, 93-

95]. Alongside this ή range are the structures at the corresponding length scales to 

provide a visualization of what each instrument was used to measure. SANS was used 

to interrogate the primary carbon black structures and USANS (Ultra Small Angle 

Neutron Scattering) was used to measure the agglomerate structures. In between these 

two is VSANS (Very Small Angle Neutron Scattering), which is a newly developed 

technique that is able to measure in a ή range corresponding to the primary structures 

and the internal agglomerate structure. The SANS and VSANS instruments operate 

similarly to one another, collect scattering data relatively quickly, and provide both 2D 

and 1D representations of the scattered intensity [90, 94, 95]. To achieve the ultra low 

ή values in USANS that are critical for understanding carbon black suspensions, a 

different type of instrumentation is necessary, which collects data at a much slower rate 

and only provides a 1-dimensional scattered intensity profile [90, 93]. All instruments 

used are capable of hosting a large range of sample environments, including static cells 
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and, most notably for this thesis, rheometers [96, 97]. All SANS, VSANS, and USANS 

data were reduced using standard procedures and IGOR Pro reduction macros [98].  

 

Figure 2.8: Diagram showing ή range and length scales measurable with SANS, 

VSANS, and USANS instruments at NIST Center for Neutron Research in 

Gaithersburg, MD, USA along with approximate structural length scales. 

Both scale bars are logarithmic.  

2.5.3.3 SANS and VSANS  

The SANS and VSANS instruments at the NIST Center for Neutron Research 

in Gaithersburg, MD, USA operate in a similar manner with limited differences [94, 

95]. A grossly oversimplified version of the technique is shown in Figure 2.9 with 

minimal details to reflect the scattering event depicted in Figure 2.7. In this figure, an 

incident beam of neutrons scatters off of a bulk sample and is collected on a 2D detector 

at various angles — and ‰. This 2D data is commonly plotted in a 1D form by integrating 

over ‰ at constant —, resulting in a plot of scattered intensity against ή.  
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Prior to interacting with the sample, a polychromatic beam of neutrons travels 

from the cold source to a velocity selector, which defines a wavelength, ‗, and 

wavelength spread, ῳ‗Ⱦ‗, for the beam [90-92, 94]. In this thesis, the neutron 

wavelength ranges from 6 Å to 8 Å and is varied to access different ή ranges. This 

monochromatic neutron beam travels down a flight path containing neutron guides, 

which direct the neutrons to the sample through internal reflections at glancing angles. 

After these neutron guides, circular apertures are used to collimate the beam. Following 

a scattering event, the post sample flight path is an evacuated cylindrical tube that 

contains either one (SANS) or three (VSANS) 2-dimensional detectors. The detectors 

travel on rails to determine the sample-to-detector distances and therefore the accessible 

ή range. These detectors are comprised of many pixels, which record the scattered 

neutrons at specific ή values and azimuthal angles, ‰ [90-92, 94]. In this technique, the 

scattered intensity from a range of ή values is collected more or less simultaneously and 

a typical experiment for carbon black takes anywhere from two minutes to one hour. 

The specific instrumental and experimental details vary depending on the measurements 

and are described in the experimental section of the corresponding chapters.  
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Figure 2.9: Simplified depiction of a typical SANS experiment. A collimated 

monochromatic incident neutron beam, ▓, comes into contact with the 

sample. Depending on sample composition, this beam scatters at a given 

polar angle, —, and azimuthal angle, ‰, and is collected on a 2D detector. 

2.5.3.4 USANS  

To measure scattering from structures at ultra low ή values, a Bonse-Hart double 

crystal diffractometer is used [90, 93]. This instrument implements silicon crystals and 

Bragg reflection to define and collimate the incident neutron beam and sequentially 

collect scattered neutrons from different ή values. Unlike the SANS instruments, which 

use cold neutrons with relatively long wavelengths, the USANS instrument at the NIST 

Center for Neutron Research uses thermal neutrons with shorter wavelengths. The 

design of the USANS instrument and the ultra small angles used allow for 

measurements at lower ή values and longer length scales compared to SANS. Following 

the path shown in Figure 2.10, a polychromatic neutron beam exits the reactor and 

encounters sapphire and graphite filters, which reduce background and noise. After 

these filters, the polychromatic beam reflects off of a premonochromator crystal [90, 

93].  
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The following steps are the most notable features of the USANS instrument ï 

the triple-bounce monochromator and analyzer crystals. These crystals leverage Bragg 

reflections to define both the wavelength and incident angle of the neutron beam. As a 

polychromatic, divergent beam enters the crystal, only neutrons that satisfy the Bragg 

condition are reflected and all other neutrons are transmitted. Therefore, after passing 

through the monochromator, a monochromatic neutron beam with a specified 

wavelength spread and incident angle is produced and directed at the sample. In the case 

of no sample scattering, if the monochromator and analyzer crystals are parallel to one 

another, the analyzer will accept all neutrons and direct them towards the detector. 

However, due to scattering events, neutrons enter the analyzer at a range of incident 

angles, —, or ή values and are either counted on the detector by satisfying the Bragg 

condition of the analyzer or are transmitted through the crystal. By rotating the analyzer 

crystal and changing the required incident angle, the scattered intensity at individual ή 

values can be measured. In an experiment, this is done sequentially in order from low 

to high ή and generates a 1-dimensional plot of scattered intensity against ή over a time 

period ranging from two hours to eight hours depending on the specific sample and 

ή range [90, 93]. The relative speed of this  measurement when compared to SANS or 

VSANS is due to the much lower neutron flux on the sample, which requires longer 

times to collect a sufficient number of scattered neutrons. Where SANS and VSANS 

provide 2D scattering measurements, which enable evaluation of shear-induced 

anisotropy, due to slit-smearing, only 1D scattering measurements are performed in 

USANS. The sequential measurement of Ὅή is problematic when transient processes 

are occurring in the sample, so all measurements are performed under steady or quasi-

steady state conditions.  
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Figure 2.10: Diagram of the USANS Instrument at the NIST Center for Neutron 

Research in Gaithersburg, MD, USA. The red dashed line represents the 

neutron beam as it exits the reactor source and travels through the 

instrument.   

As the crystals select by horizontal incident angle, scattering that occurs in the 

vertical direction does not affect fulfillment of the Bragg condition set by the crystal. 

This results in loss of information concerning vertical scattering and data with a high ή-

resolution in the horizontal direction and poor ή-resolution in the vertical direction [93]. 

The vertically collimated neutron beam produces the slit smeared differential cross 

section described in Equation 2.18 [90, 98]: 

 
 

᷿ Ὠή   (2.18) 

where ή is the vertical ή value and ῳή is related to the vertical ή-resolution, which is 

0.117 Å-1 for the USANS instrument at the NIST Center for Neutron Research. 

Therefore, the scattered intensity from a single ή value has contributions from a wide 

range of ή. This makes direct interpretation of the data difficult and results in 

misalignment of SANS and USANS data. To circumvent this issue, USANS data can 
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either be desmeared, or, preferentially, the model used to fit the scattering data can be 

slit smeared [93, 98, 99]. In this thesis, desmearing of USANS data is used for 

demonstrative purposes alone and all quantitative information is derived by slit 

smearing and fitting of appropriate models.  

2.5.3.5 Sample Environments 

For static SANS and USANS experiments, standard demountable titanium cells 

with a 1 mm pathlength and quartz windows were used. These cells required 

approximately 0.5 mL of sample and have an available scattering area defined by a 7.5 

mm radius circle. The specific sample preparation and loading procedures are discussed 

in Chapters 3 and 4 for the corresponding measurements.  

For VSANS and USANS experiments performed under flow, rheometers were 

placed in the beamline in the orange sample areas shown in Figures 2.9 and 2.10 [96, 

97, 100]. The rheometer was positioned in the flow-vorticity (1-3) plane for all 

experiments and equipped with a Couette geometry with a total sample pathlength of 1 

mm. For the concentrated, strongly scattering carbon black suspensions studied, the 

pathlength of 1 mm is important as larger pathlengths would likely lead to multiple 

scattering events. Rheometer and geometry details for these experiments are briefly 

listed in Table 2.3 and the experimental details are fully described in the corresponding 

chapters. For Rheo-VSANS experiments, an Anton-Paar MCR-501 stress-controlled 

rheometer was implemented and, due to limited space in the USANS instrument area, a 

more compact Anton-Paar MCR-301 stress-controlled rheometer was used for Rheo-

USANS experiments. As the experiments require long times and high shear rates, 

viscous heating of the sample was notable, and motivates the maintenance of a constant 

temperature of 25 ºC using a temperature control unit connected to a liquid nitrogen 
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dewar. Automation of the Rheo-VSANS and Rheo-USANS experiments was 

accomplished by a handshaking protocol. In the Anton-Paar RheoCompass software, 

there is an option to move to the next shear step when a specified voltage is applied. 

This option is used in conjunction with the scattering instruments which send a step 

voltage after completion of a measurement. This automation allowed multiple shear 

rates to run one after the other, which eliminated beamtime lost to setting up individual 

experiments.  

2.5.3.6 SANS Analysis: Hierarchical Fractal Model 

After reduction to absolute scale, scattering data can be related to quantifiable 

structural parameters using appropriately written models that mathematically describe 

the scattering from the expected structures. The scattering from the hierarchical 

microstructure of carbon black suspensions is modeled here as a scaled combination of 

a primary particle form factor, ὖ ή, an intra-aggregate structure factor, Ὓ ή, 

and an inter-aggregate structure factor, Ὓ ή. These three terms correspond to the 

three levels of structure in Figure 2.1 as shown in Equation 2.19, which is a rewritten 

version of Equation 2.17 [101-103]: 

 Ὅή ‰ὠ ɝ” ὖ ήὛ ήὛ ή Ὅ . (2.19) 

 

In this equation, ‰ is the volume fraction of scattering objects, ὠ is the volume of 

scattering objects, ɝ”  ” ” is the difference in scattering length density between 

the scattering objects, ”, and the continuous phase, ”, and Ὅ  is the incoherent 

scattering contribution. For the hierarchical fractal model, the prefactor scaling 

‰ὠ ɝ”  corresponds to properties of the primary particle where the carbon black 
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volume fraction and scattering length density include the porosity of the primary 

particles [7]. ὖ ή describes the contribution of the size and shape of individual 

primary particles on the scattered intensity, Ὓ ή captures the scattering 

contribution from the fractal primary aggregate structures formed by primary particles, 

and Ὓ ή represents the contribution from the fractal agglomerate structures formed 

by flocculated, fractal primary aggregates. For simplicity, this model makes several 

assumptions including a monodisperse population of agglomerates, the presence of no 

free primary aggregates in the suspension, and no significant contribution from cross 

terms between the different components of the agglomerate structure.  

The form factor of the primary particles, ὖ ή, is modeled using a Guinier-

Porod model, which accounts for the size, shape, and surface roughness of the particles 

[7, 104]. The equation for this form factor is shown in Equation 2.20 [7, 104]:  

 ὖ ή
Ὡὼὴ

ȟ
ȟ  ή ήᶻ

ȟ  ή ήᶻ
. (2.20) 

  

In this equation, Ὑȟ  is the radius of gyration of primary particles where, for 

simplification, the primary particles are assumed to be solid spheres so that Ὑȟ

σȾυὙ Ȣ The polydispersity of this radius is accounted for in the model using the 

Schulz distribution from TEM measurements. The Porod exponent, ά, is related to the 

surface fractal dimension, Ὀ, by ά φ Ὀ [104, 105]. The surface fractal dimension 

is limited to values of ς Ὀ σ where Ὀ = 2 represents a perfectly smooth sphere 
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and Ὀ ς represents a rough sphere. For the Guinier-Porod model to be continuous 

across all ή, Hammouda introduced a ή zterm, which is the ή value at which the Porod-

like behavior transitions to a Guinier-like behavior, ή z

ȟ
 [104]. Finally, the 

prefactor Ὓ is a scaling for the Porod regime and is described in Equation 2.21 [104]: 

    Ὓ  Ὡὼὴ
ȟ

ήᶻ . (2.21) 

 

A scaled form factor, ὖ ή, was calculated using the SASVIEW interface [66] and is 

shown in Figure 2.11a for primary particles with Ὀ = 2.5, Ὑ  = 10 nm, and ὖὈὍ = 

0.3 as a red dashed line. The regions where these properties influence the scattering 

curve are also highlighted where a power law slope at high ή corresponds to the surface 

fractal dimension and a plateau in intensity at lower ή corresponds to the size of primary 

particles.  

 The inter-primary particle structure factor describing the primary aggregate 

structure, Ὓ ή, is modeled using the Teixeira fractal structure factor [105]. This 

structure factor is derived from the radial distribution function, Ὣὶ, for an object 

whose spatial distribution is given by ὔὶ ὶὶϳ , where ὶ is the lower length 

scale limit to the fractal or the gauge of the measurement and is set as the primary 

particle radius [105, 106]. The Fourier transform of the resulting pair correlation 

function gives the Teixeira fractal structure factor, which is written for the primary 

aggregate as shown in Equation 2.22 [105]: 
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 Ὓ ή ρ
ϳ  

ȾίὭὲ Ὀ ρὸὥὲή‚. (2.22) 

 

This structure factor provides a fractal dimension, Ὀȟ , which describes the 

distribution of mass around the center of the primary aggregate and a correlation length,  

‚ , which sets the upper length scale limit of the primary aggregate fractal 

dimension.  

In a dilute suspension where primary aggregates do not interact to form 

agglomerates, Ὓ ήᴼρ, and the scattered intensity comes the primary aggregate 

structure alone. In this case, the scattering provides the form factor of primary 

aggregates, which can be defined as ὖ ή ὖ ήὛ ή. The scaled primary 

aggregate form factor was calculated using the SASVIEW interface [66] for a primary 

aggregate with Ὀȟ   = 2.5 and ‚  = 100 nm and is shown in Figure 2.11a. Features 

of this structure factor are observed in the blue dot-dash line of Figure 2.11a where for 

Ὑ ή ‚ , the scattering curve exhibits a power law slope of ή  and at low 

ή, a plateau in intensity occurs corresponding to the overall size of the primary 

aggregate. For simplicity, this model assumes a monodisperse population of primary 

aggregates, however, efforts can be made in future work to account for polydispersity 

[105]. 
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Figure 2.11: Graphical description of the first two levels of the hierarchical fractal 

model. (a) Calculated SANS curves for primary particle and primary 

aggregate and (b) primary aggregate showing length scales in the model. 

 At high concentrations, primary aggregates interact to form agglomerates, the 

structure of which, Ὓ ή, is again represented by a Teixeira fractal structure factor. 

For the agglomerate, the lower cutoff size for the fractal dimension is set as three times 

the correlation length of the primary aggregate, ‚  [105]. This length scale was 

chosen due to the origin of the correlation length, ‚, in the Teixeira fractal model, which 

sets an upper cutoff size to the fractality of an aggregate [105]. As described by Freltoft, 

Kjems, and Sinha, to account for the finite size of an aggregate, the particle pair 

correlation function describing its fractal structure is weighted by the probability that a 

fractal exists for length scales greater than or equal to the center of mass of the 

aggregate, ὶ, by using an exponential decay function, ÅØÐὶ‚ϳ  [105, 106]. With this 
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decay function, the probability that the primary aggregate fractal does not extend to 

length scales of three correlation lengths and does not intrude on the fractal structure of 

the agglomerate, is 95%, making this length scale sufficient to be used as the lower 

cutoff size for the agglomerate.  

 The first two levels of this model comprise a description of the scattering from 

primary structures. This model is called the modified Teixeira fractal model and is fit to 

SANS data collected for suspensions in the dilute limit (Chapter 3). This model contains 

six parameters: two fixed and known from TEM measurements and four fit. The fits 

were performed using the SASVIEW software package [107]. The details of this fitting 

procedure and the analysis of the results is discussed in Chapter 3. Using the information 

from the modified Teixeira fractal model greatly reduces the number of fitted 

parameters in the hierarchical fractal model. This model is primarily fit to Rheo-USANS 

data to quantify the agglomerate structure under shear. As such, the model is 

appropriately slit smeared using a vertical resolution of 0.117 Å-1 prior to fitting using 

the SASVIEW software package [107]. The full model contains ten parameters of which 

eight are known and held fixed, leaving two fit parameters: the fractal dimension of 

agglomerates, Ὀȟ , and the correlation length of agglomerates, ‚ . These two fit 

parameters are used to calculate the shear-dependent radius of gyration of an 

agglomerate, Ὑȟ , using Equation 2.23 [105]:  

 Ὑȟ
ȟ ȟ

  (2.23) 
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An example of a fit of this hierarchical model to scattering data measured over a wide 

ή range for a suspension of Vulcan XC-72 in propylene carbonate at ‰  = 0.22 [7] is 

shown in Figure 2.12. In this figure, the USANS data is desmeared to align with the 

SANS data for demonstrative purposes. 

 

Figure 2.12: Neutron scattering spectra illustrating the hierarchical fractal model for 

carbon black. Data shown are a combination of pinhole smeared SANS 

and desmeared USANS data measured for a suspension of Vulcan XC-72 

in propylene carbonate at ‰  = 0.22 under quiescent conditions [7]. The 

(red) dashed line is the primary particle contribution to the scattering. The 

(blue) dot-dash line is the contribution from primary aggregates. The 

hierarchical fractal model fit to this data is shown as a (black) solid line 

that passes through the measured data (circles). Inset: Hierarchical 

structure of carbon black suspensions. 
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2.6      Dielectric Spectroscopy 

Dielectric or impedance spectroscopy is a method used to probe the dynamics 

of charge transport in many types of materials by application of an external AC electric 

field and measurement of the material response [108-113]. In the absence of an applied 

field, charges reside in potential wells and vibrate under thermal energy. When a field 

is applied, charges move to sites at lower potentials, which causes polarization of the 

material at both the bulk and microscopic length scales. When the field is then turned 

off, charge-charge repulsions and thermal motion contribute to relaxation processes that 

return the system back to an equilibrium distribution of charges. Analogous to 

viscoelastic fluids, energy dissipation caused by resistances to charge transport result in 

a measurable dielectric loss. The extent of this polarization depends on the dielectric 

constants and relative amount of the components as well as the structure of the system. 

Of course, charge transport does not occur instantaneously, resulting in polarization and 

relaxation events that occur over system-specific periods of time. The time-dependence 

of charge transport is directly related to the structure of the system and is typically 

measured by probing the dielectric response to an applied field over a period of time or 

at a range of frequencies.  

The frequency-dependence of the dielectric response is measured by applying a 

sinusoidal voltage with amplitude ὠ and frequency, ‫ ς“Ὢ, as shown in Equation 

2.24 [7, 108]:  

 ὠὸ ὠÓÉÎ ‫ὸ. (2.24) 

The applied voltage induces the flow of charged particles and results in a corresponding 

current response with amplitude, Ὅ and phase shift, — [7, 108]: 

  Ὅὸ ὍÓÉÎ ‫ὸ —. (2.25) 

The complex impedance,  ὤᶻ:can be calculated from Ohmôs law as [7, 108] ,‫ 
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 ὤᶻ‫ Ὅ ὠϳ ÅØÐ Êʃ (2.26) 

where ὮḳЍ ρ. In the case of a purely resistive material, — π and ὤᶻ‫  is real and 

frequency-independent [108]. However, most systems have capacitive elements as well, 

resulting in real and imaginary contributions to the impedance. In the dielectric 

spectroscopy literature, the information in ὤᶻ‫  is expressed in many different ways 

including the complex capacitance, ὅᶻ‫ , susceptibility, …ᶻ‫ , or permittivity, 

‐ᶻ‫ . In this thesis, the complex permittivity is used, which is calculated using 

Equation 2.27 [108]: 

  ‐ᶻ‫ ὣᶻ‫ Ὦ‫ὅϳ ‐‫ Ὦ‐ ‫ . (2.27) 

This equation contains the complex admittance, ὣᶻ‫ ρὤᶻ‫ϳ , and the capacitance 

of air in the measurement cell, ὅ ὃ‐, which depends on the permittivity of free 

space, ‐ ψȢψυρπ  F/m, and the cell constant, ὃ ὥὶὩὥςὬϳ , which is 

measured using standard salt solutions. In Equation 2.27, the complex permittivity is 

divided into two components. The real part of the permittivity, ‐‫ , is related to 

capacitive elements such as barriers to charge transport and lack of parallelism between 

charge transport paths and the applied field [108, 110-113]. The imaginary part, ‐ᴂ‫ , 

is called the dielectric loss and is related to resistive elements such as the bulk and local 

charge transport paths [108, 110-113]. The dielectric loss is related to the conductivity, 

‖‫ , as shown in Equation 2.28: 

  ‐ ‫ ‖‫ ‫ϳ . (2.28) 

The frequency-dependence of the complex permittivity can be related to different length 

scales in a material. As the frequency increases, the time allowed for charge transport 

to occur under the applied field decreases and the length scale over which charges can 

move decreases [110, 112]. This inverse relationship can be used to link the 

microstructure of a material to the dielectric response. One common use of this 
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relationship is in the evaluation of the DC conductivity, ‖ , which is the conductivity 

taken in the limit of zero frequency where charges have ample time to transport across 

the material. ‖  is therefore the conductivity of the bulk material and coincides with a 

saturation in polarization at long times [110, 112, 113].  

2.6.1 Instrumentation 

Static dielectric spectroscopy measurements presented in Chapter 4 were 

performed using an Agilent 4294A-1DS network analyzer in a sealed cell with stainless 

steel electrodes and a 1.5 mm gap. The measurements were performed using a voltage 

amplitude of 100 mV over a frequency range of 40 Hz to 100 MHz. The specific sample 

preparation and loading protocol is detailed in Chapter 4. In this geometry, the open 

circuit measurement was performed with air in the sample chamber and the short circuit 

measurement was performed by bringing the electrodes in contact with one another. The 

development and use of this setup is explained in detail in Peter Beltramoôs doctoral 

thesis [109] and is similar to that developed by Hollingsworth and Saville [114].  

To probe the shear-dependent dielectric properties, simultaneous rheology and 

dielectric spectroscopy measurements were performed by pairing an ARES-G2 strain-

controlled rheometer with an LCR meter. In Chapters 5 and 7, an Agilent 4980A LCR 

meter with a frequency range from 20 Hz to 2 MHz was used at the NIST Center for 

Neutron Research [7, 115, 116]. These experiments were performed by controlling the 

LCR meter using VISA commands in a LabVIEW interface (see code in Appendix A) 

and at the same time, individually controlling the rheometer using the TRIOS software 

from TA Instruments. In Chapter 7, a Keysight E4990A Impedance Analyzer with a 

frequency range from 20 Hz to 50 MHz was used at Northwestern University in Jeffrey 

Richardsô laboratory. In this setup, both the rheometer and the impedance analyzer were 
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simultaneously controlled by implementing VISA commands using the PyVISA 

package with custom instrument-specific drivers. In all cases, the rheometer was 

equipped with custom built Couette geometries, the dimensions of which are listed in 

Table 2.3 [7, 115, 116]. In these geometries, the open circuit measurement was 

performed at the truncation gap and the short circuit measurement was performed by 

connecting the cup and bob with alligator clips or a wire. Detailed explanation of these 

geometries and the electrical connections have been written by Richards et al. [7, 115, 

116] Notably, the dielectric properties of the suspensions were probed in the flow-

gradient (1-2) plane, which is across the shearing gap between the cup and the bob. The 

specific sample preparation and shear protocols are given in the corresponding chapters.  

2.6.2 Data Reduction  

The raw output from these experiments consists of the frequency in Hz, Ὢ, the 

impedance magnitude in Ohms, ȿὤȿ, and the phase angle in radians, —. To determine the 

impedance of the sample, ὤᶻ , the raw data must be corrected by accounting for the 

instrument response using two measurements [7, 109, 115, 116]. The first is the open 

circuit measurement, which is done in air with the geometry at gap and corrects for stray 

admittances in parallel with the cell. Secondly, the residual impedances in series with 

the cell are accounted for using the short circuit measurement. This is carried out by 

bringing the electrodes in contact with one another or connecting the electrodes with a 

material that has low resistance. Typical frequency-dependent impedance magnitudes 

for the open and short measurements are shown in Figure 2.13. The raw output, ὤᶻ, is 

corrected follow Equation 2.29: 

 ὤᶻ
ᶻ ᶻ

ᶻ ᶻ  z (2.29) 
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where ὤᶻ is the complex impedance from the short measurement and ὣᶻ is the complex 

admittance from the open measurement. The resulting ὤᶻ  is the complex impedance 

of the sample. 

 

Figure 2.13: Impedance magnitude, ȿὤȿ, plotted against frequency for typical open (blue 

circles) and short (red triangle) measurements. 
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PRIMARY CARBON BLACK STRUCTURES  

3.1 Introduction  

Parts of this thesis chapter appear in a manuscript published in Langmuir titled 

ñClustering and Percolation in Suspensions of Carbon Blackò and are reprinted 

(adapted) with permission from J.J. Richards, J.B. Hipp, J.K. Riley, N.J. Wagner, P.D. 

Butler, Langmuir 2017, 33, 12260ï12266. Copyright 2017 American Chemical Society 

[7]. 

As discussed in Chapter 1, the goal of this thesis is to understand the relationship 

between the microstructural, rheological, and electrical properties of carbon black 

suspensions both during and after variable flow conditions. In these suspensions, the 

rheological and electrical properties rely on the shear-dependent agglomerate structure, 

which is largely dependent on the primary aggregate and primary particle structures and 

interactions [3, 5, 7, 46, 71, 72]. For high-structured carbon blacks, primary structure 

properties such as primary particle and primary aggregate size distributions, primary 

aggregate fractal dimension, and primary particle porosity can vary widely depending 

on the source [2]. As the primary structures essentially set the stage for the complex 

problem of addressing the shear-dependent behavior of carbon black suspensions, it is 

critical to identify measurable differences in structural characteristics in an effort to 

evaluate how these differences translate to changes in suspension properties. Therefore,  

in this chapter, the primary particle and primary aggregate structures of four commonly 

used high-structured conductive carbon blacks, Vulcan XC-72 from Cabot Corporation, 

Chapter 3 
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KetjenBlack EC-600JD and KetjenBlack EC-300J from AkzoNobel, and C-NERGY 

SUPER C45 from Imerys Graphite & Carbon, are characterized using complementary 

techniques of transmission electron microscopy (TEM), dynamic light scattering (DLS), 

and small angle neutron scattering (SANS).  

Representative TEM images of the four carbon blacks are shown in Figure 3.1. 

Conductive carbon blacks are primarily made via thermal decomposition processes, 

where the specific process conditions ultimately determine the characteristics of the 

primary carbon black structures [1, 2]. Conductive carbon blacks are often categorized 

depending on their surface area and void volume where, with increasing surface area it 

is understood that fewer grams of carbon are needed to achieve equivalent conductivities 

[2]. The four carbon blacks chosen here span a range of surface areas where Vulcan XC-

72 has the smallest reported surface area and KetjenBlack EC-600JD has the highest 

[2]. The high void volume of KetjenBlack EC-600JD is apparent in Figure 3.1 where 

the primary particles appear hollow in comparison to the other three carbon blacks. 

Additionally, from Figure 3.1, a difference in primary particle size can be observed as 

well as considerable surface roughness of the primary particles.  
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Figure 3.1: Representative TEM images of the four high-structured carbon blacks 

studied. (a) Vulcan XC-72, (b) KetjenBlack EC-600JD, (c) KetjenBlack 

EC-300J, and (d) C-NERGY SUPER C45. 

3.2 Primary Particle Size Distributions 

 

 The size distribution of primary particles was quantified using ImageJ analysis 

of TEM images to measure the radius of over 500 primary particles for each carbon 

black type. As shown in Figure 3.2, this procedure consists of drawing a circle around 

individual primary particles and recording the diameter using the ImageJ software. The 

radii were binned to calculate a relative frequency of each size, which is plotted in 
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Figure 3.3. As can be expected for particulate systems, the distribution of sizes follows 

what appears to be a lognormal distribution [117]. For Vulcan XC-72, KetjenBlack EC-

600JD, and KetjenBlack EC-300J, the size distributions are centered around a similar 

mean with a similar polydispersity while for C-NERGY SUPER C45, the distribution 

is more broad with a larger mean. 

 

Figure 3.2: ImageJ analysis of TEM data to determine size distribution of primary 

particles. 

In this thesis, quantification of the primary particle size distribution is primarily 

used in the modeling of SANS data, which will be discussed later in this chapter. In the 

SANS model, the Schulz distribution is used to describe the polydispersity of primary 

particles as the Schulz distribution provides similar results to the lognormal distribution, 

but is less computationally expensive in inverse space [118, 119]. To extract a mean 
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primary particle radius, Ὑ , and a polydispersity of primary particles, ὖὈὍ, the data 

in Figure 3.3 were fit to the Schulz distribution as shown in Equation 3.1 [118, 119]: 

 ὪὙ  ᾀ ρ Ὑ Ὑϳ
 ϳ

. (3.1) 

  

Here, ὃ is a normalization factor and Ὑ  is the mean of the distribution. The ᾀ 

parameter is related to the polydispersity index of the primary particles, ὖὈὍ, through 

Equation 3.2: 

 ᾀ . (3.2) 

  

The fits to the data are shown as black lines in Figure 3.3 and parameters from the fits 

are shown in Table 3.1 along with the number of particles counted. As expected, the 

polydispersity for all carbon blacks is quite large with C-NERGY SUPER C45 having 

the highest polydispersity. Additionally, the sizes of the primary particles are relatively 

similar with C-NERGY SUPER C45 having the largest size.  
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Figure 3.3: Relative frequency of the measured radius of primary particles for the four 

high structured carbon blacks studied. (a) Vulcan XC-72, (b) KetjenBlack 

EC-600JD, (c) KetjenBlack EC-300J, and (d) C-NERGY SUPER C45. 

Lines are fits to the Schulz distribution. 
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Table 3.1: Primary particle characteristics from ImageJ analysis and Schulz distribution 

fits.  

Carbon black 

type  
ᾀ ὃ Ὑ  (nm) ὖὈὍ 

Number 

of 

particles 

Vulcan XC-72 12 ± 0.36 0.50 ± 0.0064 20 ± 0.087 0.28 ± 0.0043 613 

KetjenBlack 

EC-600JD 
12 ± 0.52 0.50 ± 0.0090 19 ± 0.11 0.27 ± 0.0058 536 

KetjenBlack 

EC-300J 
9.4 ± 0.59 0.52 ± 0.014 19 ± 0.19 0.31 ± 0.0098 860 

C-NERGY 

SUPER C45 
7.0 ± 0.43 0.39 ± 0.012 28 ± 0.38 0.35 ± 0.011 699 

 

3.3 Primary Structure Characterization with Scattering Methods 

 

At sufficiently low concentrations, primary aggregates do not interact with one 

another to form large scale agglomerates. This is due to the colloidal stability of the 

primary aggregates in propylene carbonate that arises due to a slightly negative surface 

charge [7]. In this dilute regime, scattering methods were used to characterize the 

primary aggregate structures and further characterize the primary particles.   

3.3.1 Primary Aggregate Hydrodynamic Radius 

 

  The primary aggregate hydrodynamic radii and polydispersities were measured 

for all four carbon blacks in propylene carbonate using DLS. To ensure that the 

suspension had been broken down into the immutable primary aggregate building 

blocks, the standard homogenization protocol as described in Section 2.3 was followed. 
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Time autocorrelation functions of the intensity are shown in Figure 3.4 along with fits 

to the cumulant expansion of Ὣ † discussed in Section 2.5.2.2, and shown in Equation 

3.3 [120]:  

 Ὣ † ὄ ‍Ὡ ρ
Ȧ
† Ȣ (3.3) 

  

Fits of this equation are used to extract an average hydrodynamic radius of the primary 

aggregates, Ὑȟ , and a polydispersity, ὖὈὍ , following Equations 2.9 ï 2.12 in 

Section 2.5.2.2. Results are shown in Table 3.2 with other parameters from the fit.  

Table 3.2: Fit results from cumulant fit to autocorrelation functions for all four carbon 

blacks. 

Carbon black 

type  
ὄ ‍ Ὑȟ  (nm) ὖὈὍ  

Vulcan XC-72 0.011 ± 0.00027 0.99 ± 0.00056 140 ± 0.36 0.15 ± 0.0075 

KetjenBlack EC-

600JD 
0.011 ± 0.00043 0.99 ± 0.00084 170 ± 0.70 0.15 ± 0.012 

KetjenBlack EC-

300J 
0.014 ± 0.00032 0.99 ± 0.00065 140 ± 0.44 0.27 ± 0.0088 

C-NERGY 

SUPER C45 
0.020 ± 0.00063 0.98 ± 0.0010 290 ± 1.6 0.35 ± 0.015 

 

The curves in Figure 3.4 show similar qualitative behavior where a single 

relaxation representing a single population of structures is observed. For Vulcan XC-

72, KetjenBlack EC-600JD, and KetjenBlack EC-300J, this relaxation occurs at shorter 

time scales than for C-NERGY SUPER C45. This trend is observed in the fit results in 
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Table 3.2 where the radius of C-NERGY SUPER C45 primary aggregates is almost two 

times larger than the other three carbon blacks. This discrepancy in the primary 

aggregate size reflects the size distributions measured in the TEM analysis where C-

NERGY SUPER C45 has an overall larger population of primary particles. 

 

Figure 3.4: DLS results as time autocorrelation functions of the scattered intensity for 

(a) Vulcan XC-72, (b) KetjenBlack EC-600JD, (c) KetjenBlack EC-300J, 

and (d) C-NERGY SUPER C45. Lines are fits using the cumulant 

expansion of Ὣ †. 



 82 

3.3.2 SANS and USANS Characterization of Primary Structures 

 

 To further measure the primary structures, static small angle neutron scattering 

measurements were performed in the dilute limit (0.1 wt%) for each of the carbon blacks 

suspended in propylene carbonate. These measurements were coupled with the modified 

Teixeira fractal model described in Section 2.5.3.6, which was constrained by TEM 

data, to quantify several characteristics of the primary structures [7]. From the model, a 

measure of the surface roughness of the primary particles, or the surface fractal 

dimension, Ὀȟ , is quantified as well as the primary aggregate correlation length, 

‚ , and mass fractal dimension, Ὀȟ . These parameters are used to calculate the 

radius of gyration of the primary aggregates, Ὑȟ , and the absolute intensity is used 

to calculate the internal void volume, or porosity, of the primary particles, ɮ ȟ , which 

further, is used to calculate the porosity of the primary aggregates, ɮ ȟ . These fit 

parameters are used throughout this thesis to interpret SANS and USANS measurements 

performed at high concentrations, to explain the high viscosities and moduli 

encountered at relatively low particle loadings, and to understand the discrepancies 

encountered for suspensions of different carbons prepared at the same dry weight 

fraction.  

3.3.2.1 SANS and USANS fitting and analysis 

 

 The small angle neutron scattering data for dilute suspensions of each carbon 

black suspended in propylene carbonate are shown in Figure 3.5 with fits to the modified 
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Teixeira fractal model described in Section 2.5.3.6. As expected, the four carbon blacks 

show similar scattering patterns to the model description in Figure 2.11 where a power 

law slope associated with the primary particle surface fractal dimension, Ὀȟ , is 

observed at high ή and another power law slope associated with the primary aggregate 

mass fractal dimension, Ὀȟ , is observed at low ή. The transition between these two 

slopes occurs at length scales corresponding to the primary particle radius, which is the 

lower length scale limit of the primary aggregate fractal dimension. In the low ή limit, 

as the length scales corresponding to the primary aggregate are exceeded, the scattered 

intensity trends to a plateau.  

To confirm the presence of this plateau, USANS measurements were performed 

for Vulcan XC-72 and KetjenBlack EC-600JD suspensions as shown in Figure 3.5a and 

Figure 3.5b. As discussed in Chapter 2, USANS and SANS measurements do not align 

with one another due to differences in instrumental resolution [98]. Additionally, the 

neutron flux on the USANS instrument is approximately three orders of magnitude less 

than SANS, resulting in larger error bars for the same sample.  Regardless, from the 

USANS data, it is apparent that larger scale structures are not present as the scattered 

intensity does not increase significantly at low ή.  
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Figure 3.5: Background subtracted scattered intensity plotted against ή from SANS and 

USANS measurements performed on dilute suspensions of four different 

carbon blacks suspended in propylene carbonate. Fits of the modified 

Teixeira fractal model to the SANS data only are shown in black lines. 

USANS data are not fit and instead the model is extrapolated into the 

USANS region. The carbons studied are (a) Vulcan XC-72, (b) 

KetjenBlack EC-600JD, (c) KetjenBlack EC-300J, and (d) C-NERGY 

SUPER C45. 
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Fits of the SANS data to the modified Teixeira fractal model are shown in Figure 

3.5 as black lines. This model contains six parameters: Ὅ, Ὑ , ὖὈὍ, Ὀȟ , ‚ , and 

Ὀȟ . For the fitting, two parameters, Ὑ  and ὖὈὍ, were known from TEM 

measurements and held fixed while the remaining four were fit to the data using the 

SASVIEW software package [107]. The fitting procedure consisted of three steps. First, 

the procedure was started by adjusting the fit parameters to a best guess fit to the data. 

Next, the fitted ή range was limited to the high ή region describing the primary particle 

surface fractal dimension and the model was fit to determine Ὀȟ . After this, Ὀȟ  was 

held fixed and the low q region describing ‚ , and  Ὀȟ  was included in the fit. 

The high ή regions where the core shell structure of primary particles influences the 

scattering was not included in the model and therefore was not included in the ή range 

for the fitting. This core shell structure is apparent in the KetjenBlack EC-600JD data 

in Figure 3.5b where the model does not fit to the high ή region and instead, another 

power law is observed. For Vulcan XC-72 and KetjenBlack EC-600JD, the USANS 

data were not fit to the model, but the parameters from the SANS fits were used to 

extend the model into the USANS ή range with the appropriate slit smearing. The 

agreement between the USANS data and the SANS fits as well as the plateau region at 

low ή gives confidence that the suspensions were sufficiently dilute to measure the 

primary structures of the suspensions with limited inter-primary aggregate interactions.  
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Table 3.3: Fit parameters from the modified Teixeira fractal model fits to dilute SANS 

data for four carbon black suspensions.  

Carbon black 

type  
Ὅ (cm-1) Ὀȟ  Ὀȟ  ‚  (nm) 

Vulcan XC-72 31.3 ± 0.105 2.58 ± 0.0425 2.71 ± 0.0143 81.0 ± 1.05 

KetjenBlack 

EC-600JD 
11.0 ± 0.0555 2.70 ± 0.0542 2.32 ± 0.0254 109 ± 3.75 

KetjenBlack 

EC-300J 
18.7 ± 0.0586 2.81 ± 0.0342 2.11 ± 0.0150 129 ± 8.77 

C-NERGY 

SUPER C45 
148 ± 0.424 2.81 ± 0.00519 2.07 ± 0.0224 161 ± 12.0 

 

The four fit parameters are shown in Table 3.3 for the four carbon black 

suspensions. All carbons exhibit a rough primary particle surface (Ὀȟ ς) where 

KetjenBlack EC-300J and C-NERGY SUPER C45 have slightly higher surface fractal 

dimensions. The fractal dimension of the primary aggregates varies significantly where 

Vulcan XC-72 has the highest fractal dimension of 2.7 and C-NERGY SUPER C45 has 

the lowest at 2.1, which indicates that C-NERGY SUPER C45 has a much more open, 

branched structure than Vulcan XC-72. This difference in fractal dimension is 

significant (ρ Ὀ σ) and illustrates the variety of structures that different types of 

carbon blacks possess although they are used for similar purposes.  

The correlation length, ‚ , shows a roughly similar trend to the average 

hydrodynamic radius, Ὑȟ , where Vulcan XC-72 has the smallest value and C-

NERGY SUPER C45 the largest. However, interpreting the correlation length as a size 

in this way without also including the fractal dimension is misleading as the two are 

correlated to one another. The primary aggregate radius of gyration can be quantified 
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by calculating a radius of gyration using the fractal dimension and the correlation length 

as shown in Equation 3.4 [105]: 

 Ὑȟ Ὀ Ὀ ρ‚ ςϳ  (3.4) 

 

This equation comes directly from the Teixeira fractal structure factor, which when 

extrapolated to small q, turns into a Guinier-type equation. The radius of gyration of 

primary aggregates for each carbon is shown in Table 3.4 and shows a similar trend to 

that observed for the correlation length. Comparison of Ὑȟ  and Ὑȟ  is 

challenging due to the fractal nature of the structures where Ὑȟ  is defined by the 

mass distribution around the center of the primary aggregate and Ὑȟ  is related to 

the drag generated when a primary aggregate diffuses through a liquid. Nevertheless, 

the values are within the same range of 100 nm to 300 nm. 

Table 3.4: Parameters derived using the fit parameters from the modified Teixeira 

fractal model in Table 3.3. 

Carbon black type  ɮ ȟ  Ὑȟ  (nm) ɮ ȟ  

Vulcan XC-72 0.689 ± 0.00230 181 ± 1.79 0.167 ± 0.00151 

KetjenBlack EC-600JD 0.281 ± 0.00142 213 ± 5.43 0.0300 ± 0.000872 

KetjenBlack EC-300J 0.481 ± 0.00150 233 ± 11.3 0.0321 ± 0.00200 

C-NERGY SUPER C45 1.19 ± 0.00340 288 ± 15.3 0.0649 ± 0.00448 

 

The parameters from the modified Teixeira fractal model can be used as a means 

to quantify the porosity, or void volume, of the primary structures. The void volume is 
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often used to classify conductive carbon blacks and is generally measured using an oil 

adsorption number (OAN) which considers the primary particle, primary aggregate, and 

inter-primary aggregate voids [1, 2]. Another measure of the primary structures is the 

Brunauer, Emmett, and Teller (BET) measurement, which probes the surface area and 

mesopores of the carbon black structures [1, 2]. For both of these techniques, the carbon 

with the larger OAN or BET number imparts a higher conductivity per gram of carbon 

to the suspension or composite. Here, a method using the absolute scattered intensity 

from SANS measurements is used to calculate the void volume of the primary particles 

and the primary aggregates for each of the four carbon blacks studied. The results of 

this analysis are shown in Table 3.4 and show a similar trend to OAN measurements 

where Vulcan XC-72 has the lowest void volume and KetjenBlack EC-600JD the 

highest [2]. 

 The primary particle void volume, or porosity, was calculated using the absolute 

intensity from the scattering measurements, Ὅ [7]. As discussed previously, Ὅ

‰ὠ ɝ” , which can be written in terms of the primary particle as   Ὅ

‰ ὠȟ ” ”  for carbon black in propylene carbonate where  ‰  and ”  are 

weighted to the volume fraction of carbon black in a primary particle,  

ɮ ȟ . Solving for the primary particle porosity gives Equation 3.5:   

 ɮ ȟ
ȟ

. (3.5)
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In this equation, the volume of primary particles does not take into account the primary 

particle polydispersity so ὠ τȾσ“Ὑ . The remaining variables are all based on a 

carbon mass density of 1.8 g/cm3 and a propylene carbonate mass density of 1.2 g/cm3 

where ‰ ȟ  is the dry volume fraction,  ”  is the scattering length density of carbon, 

and ”  is the scattering length density of propylene carbonate. Values for ɮ ȟ  are 

shown in Table 3.4 where KetjenBlack EC-600JD has the most porous particles, 

followed by KetjenBlack EC-300J, and then Vulcan XC-72. The value for C-NERGY 

SUPER C45 is greater than 1, which is unphysical and could be due to the fact that 

polydispersity is not accounted for in the calculation. 

 A second level of porosity, the primary aggregate porosity, was determined from 

the primary particle porosity and other fit parameters from Table 3.3 [7]. This porosity, 

ɮ ȟ , essentially describes the volume taken up by a primary aggregate if the fluid 

inside of the fractal structure is trapped and is calculated using Equation 3.6:. 

 ɮ ȟ ɮ ȟ
ȟ

ȟ ȟ Ⱦ
Ⱦ

ȟ

. (3.6)

  

Values for ɮ ȟ  are listed in Table 3.4 where as expected, Vulcan XC-72 is the 

least porous of all four carbon blacks. These values can be used to calculate an effective 

volume fraction of the suspension, which takes into account the fluid trapped inside of 

both the primary particle and primary aggregate structures where ‰

‰ ɮ ȟϳ . This effective volume fraction is used in the remaining chapters of the 
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thesis and is useful in understanding the magnitude of the bulk rheological properties 

that are encountered at low dry particle loadings.  

3.4 Conclusions 

In this chapter, the primary particle and primary aggregate structures of carbon 

blacks have been characterized using complementary transmission electron microscopy, 

dynamic light scattering, and small angle neutron scattering measurements. This 

methodology provides invaluable quantification of the primary structure characteristics 

that are used in structural analysis for concentrated suspensions in the following 

chapters of this thesis. The data collected show that the class of conductive, high-

structured carbon blacks consists of a rich landscape of primary structure characteristics 

where the size distribution, primary aggregate fractal dimension, and void volume of 

both primary particles and primary aggregates varies depending on the specific carbon 

black.  

These measurements and analyses have directed the materials used in the 

subsequent chapters of this thesis. One finding is that Vulcan XC-72 has the lowest void 

volume of the four carbon blacks and the smallest primary aggregate size. This  makes 

Vulcan XC-72 the best candidate for the Rheo-USANS measurements performed in 

later chapters to study the shear-dependent structure of carbon black suspensions as 

Vulcan XC-72 suspensions consist of primary particles with the highest scattering 

length density contrast, likely have large-scale structures in the USANS ή range, and 

can be prepared at much higher dry particle loadings, which increases the scattered 

intensity. As a contrast to Vulcan XC-72, this thesis also addresses the behavior of 

suspensions of the highest surface area carbon black, KetjenBlack EC-600JD, at 

variable conditions. Studying these two carbons and developing techniques to quantify 
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their properties in suspension provides a means to understanding the general behavior 

of high-structured, conductive carbon blacks. 
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PERCOLATION BEHAVIOR  

4.1      Introduction  

Parts of this thesis chapter appear in a manuscript published in Langmuir titled 

ñClustering and Percolation in Suspensions of Carbon Blackò and are reprinted 

(adapted) with permission from J.J. Richards, J.B. Hipp, J.K. Riley, N.J. Wagner, P.D. 

Butler, Langmuir 2017, 33, 12260ï12266. Copyright 2017 American Chemical Society 

[7]. 

Due to its electrically conductive nature, carbon black is commonly used in 

various electrochemical energy storage methods such as fuel cells, conventional 

batteries, and semi-solid flow batteries [4-6, 10]. In these applications, carbon black is 

used as an electrically conductive additive in an electrode slurry which, after a series of 

processes, transforms into a solid layer of electroactive particles embedded in a 

conductive network or a flowable electrode slurry that is pumped through reaction cells 

for charging and discharging. As the primary role of carbon black in these devices is to 

provide an electrically percolated network, these slurries must remain electrically 

conductive either under flow in the case of flow batteries or after various flow histories 

for solid electrodes. Additionally, in the case of semi-solid flow batteries, carbon black 

is employed as a rheological modifier to prevent sedimentation of large electroactive 

particles through the formation a stress-bearing network with a finite yield stress [4, 10]. 

When these slurries are pumped through the cell, particle-particle bonds are broken and 

the stress-bearing networks yield and flow, yet the suspension remains electrically 

Chapter 4 
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percolated [3, 4, 10, 19]. In these cases, it is desirable to minimize the suspension 

viscosity to decrease energy losses due to pumping. This introduces a design challenge 

as the need to minimize viscosity is seemingly at odds with the demand to maximize 

electrical conductivity as the two properties are directly related to the carbon black 

loading. Considering these requirements raises many questions surrounding the details 

of electron transport in carbon black suspensions and its relation to the rheological 

properties. 

A common hypothesis regarding electron transport in these systems is that the 

network required for electrical percolation is the same network of particle-particle 

contacts that gives rise to mechanical percolation and a yield stress [18, 121]. This 

hypothesis will be true if electron transport occurs by graphitic conduction alone. 

However, rheo-electric studies have shown that under flow, when the system-spanning 

network is disrupted and the suspension is no longer mechanically percolated, carbon 

black suspensions remain electrically conductive [3, 4, 18, 19, 64, 115]. Additionally, 

for polymer composites filled with carbon black, studies have shown that mechanical 

percolation frequently occurs at higher particle loadings than electrical percolation, 

indicating that these two properties arise due to different mechanisms [1, 2, 122]. In 

these cases, electrical percolation is often attributed to electron tunneling or hopping 

across finite interparticle distances [1, 2, 122]. These observations suggest that while 

the rheological and electrical properties are both tied to particle loading and interaction 

potential, the microstructure and dynamics underlying these properties differ from one 

another. Therefore, it is necessary to not only explore this behavior for carbon black 

suspensions by comparing the percolation thresholds, but also to investigate key 

microstructural transitions that occur near percolation boundaries.  
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Mechanical percolation, or dynamic arrest, is a non-equilibrium fluid-solid 

transition that occurs when the diffusive motion of particles becomes limited due to 

crowding, jamming, or formation of a system-spanning, stress-bearing network [23, 41, 

123, 124]. The structure of this network depends on the interaction potential and can 

range from chains of single particles to a single large floc that is large enough to span 

the entire system [23, 36, 41]. The onset of this solid-like behavior is commonly 

measured using small amplitude oscillatory shear measurements where the existence of 

a finite low frequency plateau in the elastic modulus, Ὃ, coincides with formation of a 

stress-bearing network [36, 41, 123]. This transition from fluid to solid-like behavior 

can be achieved in many ways including increasing the attractive strength between 

particles, increasing the particle loading, or decreasing the shear stress [23, 36, 38-42]. 

For suspensions, the critical gel condition is often determined by observation of a power 

law scaling of 0.5 between both the viscous and elastic moduli and the frequency [23, 

38, 125]. More generally, the fluid-solid transition can be determined by where the zero 

shear viscosity, –, diverges and a finite plateau elastic modulus at low frequencies 

emerges [23, 36, 39-41]. This method has been used for systems with variable attractive 

strength, particle loading, and shear stress and is easily accessible with a rheometer.  

Electrical percolation is a concept that is used to understand charge transport in 

systems where one or more phases is electrically conductive [43, 122, 126]. Similar to 

mechanical percolation, electrical percolation describes the onset of a critical behavior 

that depends on suspension properties such as interparticle interactions, filler volume 

fraction, and shear history [1, 2, 19, 43]. For electrically conductive polymer 

composites, the critical percolation behavior is oftentimes determined by measuring the 

conductivity as a function of filler particle volume fraction [43, 127, 128]. At a critical 
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volume fraction, ‰ȟ, the composite undergoes an insulator to conductor transition 

where the conductivity rapidly increases due to the formation of an electrically 

percolated network. As electron transport can occur through multiple mechanisms, the 

structure of this electrically percolated network can range from intimately bonded 

particles to particles separated by a finite tunneling or hopping distance [1, 2, 122]. 

While many studies have been aimed at understanding the relationship between 

the mechanical and electrical percolation behavior of carbon black filled systems, the 

behavior in low viscosity fluids as well as the underlying microstructure have been 

largely unexplored. Therefore, in this chapter, the mechanical and electrical percolation 

behavior for two conductive carbon blacks, Vulcan XC-72 and KetjenBlack EC-600JD, 

suspended in neat propylene carbonate were probed using volume fraction-dependent 

small amplitude oscillatory shear (SAOS) and dielectric spectroscopy measurements, 

respectively. In agreement with previous observations, it is found that in these 

suspensions, electrical percolation occurs at a lower volume fraction than mechanical 

percolation. The microstructure underlying these percolation behaviors was studied by 

performing dynamic light scattering (DLS) and small angle neutron scattering (SANS) 

experiments at a range of volume fractions. DLS measurements provide evidence for a 

clustered fluid phase at the onset of electrical percolation where carbon black primary 

aggregates and agglomerates coexist with one another. At these volume fractions it is 

hypothesized that the diffusion-enhanced time-averaged particle-particle distances are 

sufficiently low for electron conduction via hopping or tunneling transport. With 

increasing volume fraction, DLS results showing that agglomerates grow in size and 

number density. These findings are paired with SANS measurements that indicate that 

mechanical percolation occurs due to jamming of agglomerates. This complementary 
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series of experiments shows that in these carbon black suspensions, electrical and 

mechanical percolation arise due to different mechanisms. These results provide a path 

to independently tune the rheological and electrical properties of carbon black 

suspensions in electrode slurries by adjusting factors such as the volume fraction, 

interaction potential, or shear history. 

4.2       Methods 

4.2.1 Materials 

The suspensions studied consist of either Vulcan XC-72 (Vulcan) or 

KetjenBlack EC-600JD (Ketjen) conductive carbon black suspended in neat propylene 

carbonate. Stock suspensions were prepared at dry volume fractions of ה  = 0.084 

(12.1 wt%) for Vulcan and ה  = 0.021 (3.1 wt%) for Ketjen using an L4RT Silverson 

high shear homogenizer using the homogenization protocol described in Section 2.3. To 

maintain a constant preparation history across all suspensions studied, samples were 

prepared by appropriate dilution of the stock suspensions. In propylene carbonate, the 

interaction potential between two carbon black particles consists of a weak repulsive 

interaction where the measured zeta potential is approximately ‒ = -20 mV and an 

attractive interaction due to van der Waals forces where the Hamaker constant is on the 

order of 27 ὯὝ [7, 73]. 

4.2.2 Linear Rheology  

Rheological measurements were performed on a TA Instruments ARES-G2 

strain-controlled rheometer equipped with a 40 mm cone and plate stainless steel 

geometry with a 1º cone angle. The preshear protocol employed consisted of 20 

consecutive 30 second flow ramps from 500 s-1 to 0.1 s-1 followed by a 20 minute resting 
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period with no applied shear. After this resting period, small amplitude oscillatory shear 

measurements were performed at ‎ = 0.001 from 0.1 rad s-1 to 100 rad s-1.  

4.2.3 Dielectric Spectroscopy 

Dielectric spectroscopy measurements were performed using an Agilent 4294A-

1DS network analyzer in a sealed cell with stainless steel electrodes and a 1.5 mm gap. 

The raw impedance magnitude, ȿὤȿ, and phase angle, —, were collected using a 100 mV 

voltage amplitude over a frequency range of 40 Hz to 100 MHz. The data were corrected 

using open and short measurements as described in Section 2.6.2. Prior to loading, 

samples were presheared as described for the SAOS measurements. It should be noted, 

however, that samples were loaded into the sealed cell using a syringe, which introduces 

a slightly different shear history to the samples. 

4.2.4 Small Angle Neutron Scattering 

The suspension microstructure spanning the liquid-solid transition was probed 

over a wide range of length scales using a combination of Small Angle Neutron 

Scattering (SANS) and Ultra-Small Angle Neutron Scattering (USANS) measurements 

at a range of volume fractions. These experiments utilized titanium cells with quartz 

windows and a 1 mm pathlength. Prior to loading into the cell, samples were presheared 

as described in the linear rheology section. To prevent bubble formation and added 

shear-induced effects from loading with a syringe, samples were loaded by removing 

the faceplate and window on one side of the cell, dropping the sample inside, and 

replacing the window and faceplate.  

SANS measurements were performed on the NG7 30 m small angle neutron 

scattering diffractometer at the NIST Center for Neutron Research in Gaithersburg, MD, 
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USA [129]. Three standard configurations with ‗ = 6 Å and ɝ‗Ⱦ‗ = 10% were used to 

collect data covering a ή range from 3  10-3 Å-1 < ή < 4  10-1 Å-1. A fourth 

configuration with ‗ = 8 Å and ɝ‗Ⱦ‗ = 10% was used to measure a lower ή range from 

1  10-3 Å-1 < ή < 6  10-3 Å-1. USANS measurements were performed on the BT5 

diffractometer at the NIST Center for Neutron Research in Gaithersburg, MD, USA 

[93]. Scattering data was measured from 5  10-5 Å-1 < ή < 1  10-3 Å-1 with ‗ = 2.4 Å 

and ɝ‗Ⱦ‗ = 6%. All scattering data were reduced to absolute scale using standard 

procedures and Igor Pro reduction macros [98]. 

4.2.5 Dynamic Light Scattering 

To probe structure formation at low particle loadings, dynamic light scattering  

measurements were performed for samples at a range of volume fractions. 

Measurements were performed as described in Section 2.5.2.3 using a Brookhaven 

Instruments Corp. ZetaPALS particle sizer and a quartz cuvette. In this experiment, 

samples were prepared at volume fractions below the mechanical percolation threshold 

by dilution of a stock suspension into neat propylene carbonate. These samples were 

sonicated and allowed to equilibrate for approximately 24 hours. After equilibration, 

samples were diluted to the concentration necessary for DLS measurements (1  10-3 

wt%) in a cautious and gentle manner to limit breakage of the equilibrated structures.   

4.3 Percolation Behavior 

4.3.1 Dynamic Arrest and Mechanical Percolation 

Of concern in this work is the critical volume fraction, ‰ȟȟ where carbon black 

suspensions form a stress-bearing, system-spanning network. To determine this 

percolation threshold, SAOS measurements were performed at a range of volume 
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fractions for both Vulcan and Ketjen in propylene carbonate. The frequency-dependent 

moduli are shown in Figure 4.1. Due to minimum torque resolution translating to a 

minimum oscillation stress of approximately 0.1 Pa, the response from samples at lower 

volume fractions could not be accurately measured [76]. 

For all samples, the frequency-independent elastic modulus is greater than the 

viscous modulus, which shows a slight minimum at moderate frequencies. Across this 

range of frequencies, the perturbations caused by the oscillatory shear occur at much 

faster time scales than the diffusive motion of the particles. This process is manifested 

as an elastic-dominated response due to the energy storage that occurs when shear-

induced particle reconfiguration cannot be relaxed by Brownian motion [23, 123]. The 

occurrence of this behavior at the lowest frequencies measured indicates that the 

Brownian motion in these suspensions has become slow or frustrated due to dynamic 

arrest. Therefore, as a low frequency plateau modulus is present in all measurements, 

all suspensions probed should be above the mechanical percolation threshold.  
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Figure 4.1: Small amplitude oscillatory shear measurements performed at ‎ = 0.1% at a 

range of dry volume fractions, ‰ . (a) Elastic moduli, Ὃᴂ, and (b) viscous 

moduli, Ὃᴂᴂ, plotted against frequency for Vulcan XC-72 suspended in 

propylene carbonate. (c) Elastic and (d) viscous moduli plotted against 

frequency for KetjenBlack EC-600JD suspended in propylene carbonate.  

The elastic modulus averaged across all measured frequencies was plotted as a 

function of the dry carbon black volume fraction in Figure 4.2. As observed in Figure 

4.1, the elastic modulus increases with increasing volume fraction. This is due to an 
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increase in interparticle connections and a decrease in average interparticle distance 

[23]. As the elastic modulus at ‰ȟ  is too low to be measured given instrumental 

limitations, the volume fraction-dependence of the elastic modulus was leveraged to 

determine ‰ȟ  using Equation 4.1 [36, 41]: 

 Ὃ Ὃ ‰ ‰ȟ . (4.1) 

 

By fitting the moduli shown in Figure 4.2 to this equation, the trend was extrapolated to 

the limit of vanishing elasticity where ‰ ‰ȟ . Fits to the data are shown as solid lines 

and fit parameters are provided in Table 4.1. The percolation threshold, ‰ȟ , is 

indicated in Figure 4.2 using vertical dashed lines where  for Vulcan, ‰ȟ πȢπτς (6.2 

wt%), and for Ketjen, ‰ȟ πȢππφρ (0.9 wt%). The scaling factor, Ὃ, is related to the 

strength of inter-primary aggregate bonds as well as the interaction potential [41]. As 

expected for both Vulcan and Ketjen, the value for this parameter is large as the primary 

aggregates are assumed to be immutable objects. The power law exponent, ή, is 3.9 for 

Vulcan and 3.2 for Ketjen. This value is similar to the 4.1 power law exponent measured 

by Trappe et al. for carbon black in mineral oil  [36]. These values are consistent with 

the formation of a three dimensional, system-spanning network and may give insight 

into the details of the network structures [36].  
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Figure 4.2: Elastic modulus, Ὃᴂ, as a function of dry volume fraction, ‰ , for Vulcan 

XC-72 (blue) and KetjenBlack EC-600JD (red) in propylene carbonate. 

The fits of Equation 4.1 to the data are shown as solid lines with the dashed 

vertical lines denoting the mechanical percolation thresholds from the fits. 

Table 4.1: Parameters from fits of the mechanical percolation equation (Equation 4.1) 

to the volume fraction-dependent elastic moduli.  

  Ὃᴂ (GPa) הȟ  (dry) ή reduced … 

Vulcan XC-72 5.5 ± 0.13 0.042 ± 0.0023 3.9 ± 0.74 0.98 

KetjenBlack 

EC-600JD 
3.9 ± 0.17 0.0061 ± 0.00025 3.2 ± 0.61 1.5 

 

4.3.2 Electrical Percolation Threshold 

 To measure the electrical percolation threshold for Vulcan and Ketjen suspended 

in propylene carbonate, the frequency-dependent conductivity was measured by 

performing dielectric spectroscopy experiments for suspensions in the fluid phase. The 
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measured conductivity is shown in Figure 4.3 and contains contributions from both ionic 

and electronic charge transport such that ‖ ‖ ‖  [7, 109]. At low 

particle loading, the addition of particles does not add to the overall conductivity and 

the signal is dominated by the ionic conductivity of neat propylene carbonate, which 

contains free ions dissociated from the carbon black surface. As the volume fraction 

increases, so does the conductivity as an electrically connected network forms and the 

number of free ions increases. At these higher volume fractions, a low frequency power 

law  related to the electrode polarization that arises due to double-layer charging at solid-

liquid interfaces is observed [109, 114, 130, 131]. This is not a bulk material response 

and should not be considered when determining the conductivity of the sample. The 

contribution from electrode polarization on the measured dielectric response can be 

eliminated using a handful of methods [109, 114, 130, 131]. The majority of these 

methods are largely inapplicable  for these suspensions where the Debye length and 

ionic strength is unknown and the addition of carbon black increases the ion 

concentration. While changing the gap between electrodes is a promising method for 

eliminating electrode polarization, these experiments were not performed here. To 

circumvent the effect from electrode polarization, the conductivity used to evaluate 

electrical percolation for these suspensions is chosen at a fixed frequency of 20 kHz 

(vertical dashed line), which is outside of the range dominated by electrode polarization. 

While a conductivity at a fixed frequency, ‖  , is used to understand percolation 

behavior, it should be noted that the frequency-dependent dielectric response provides 

information regarding the nature of charge transport [7, 109, 132-134]. 
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Figure 4.3: AC conductivity, ‖, as a function of frequency, Ὢ, for dielectric spectroscopy 

measurements performed on various carbon black suspensions below the 

mechanical percolation threshold. (a) Vulcan XC-72 in propylene 

carbonate at dry volume fractions ranging from 6.0  10-5  < ‰  < 2.4  

10-2 and (b) KetjenBlack EC-600JD in propylene carbonate at dry volume 

fractions ranging from 6.7  10-6  < ‰  < 5.4  10-3. The vertical dashed 

line is at 20 kHz. 

The volume fraction-dependence of ‖   is plotted in Figure 4.4 for Vulcan 

and Ketjen suspended in propylene carbonate. To determine the electrical percolation 

threshold, the conductivity at 20 kHz was fit to an empirical power law equation with 

an added contribution from the propylene carbonate conductivity, ‖ , as shown in 

Equation 4.2 [43, 126]: 

 ‖ ‖ ‖ ‰ ‰ȟ . (4.2) 

In this equation, ‖ is related to the conductivity at maximum packing of the filler 

particles and ὴ is related to the dimensionality of the network providing charge transport 

[43, 126]. Fits to this equation are plotted as solid lines and the fit parameters are shown 

in Table 4.2. As indicated by dashed vertical lines in Figure 4.4, electrical percolation 
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occurs at dry volume fractions of ‰ȟ πȢππςφ (0.4 wt%) for Vulcan and at ‰ȟ

πȢπππσς (0.05 wt%) for Ketjen. From the fit, ‖ has a value on the order of 101 S/m [2]. 

The power law scaling, ὴ, has a value of 1.4 for both Vulcan and Ketjen, which is similar 

to that reported for three-dimensional conducting networks [43, 126].  

 

Figure 4.4: Conductivity measured at 20 kHz plotted against dry volume fraction for 

Vulcan XC-72 (blue circles) and KetjenBlack EC-600JD (red triangles) in 

propylene carbonate. Solid lines are fits to Equation 4.2 and dashed lines 

denote the electrical percolation thresholds from the fits.  

 

Table 4.2: Parameters from fits of the electrical percolation equation (Equation 4.2) to 

the volume fraction-dependent AC conductivity at 20 kHz. 

  ‖ (S/m) ‰ȟ (dry) ὴ reduced … 
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Vulcan XC-72 12 ± 1.7 0.0026 ± 0.00087 1.4 ± 0.17 1.2 

KetjenBlack 

EC-600JD 
54 ± 5.5 0.00032 ± 0.000035 1.4 ± 0.21 0.65 

4.4 Volume Fraction-Dependent Microstructure  

Scattering methods were used to probe the concentration-dependent 

microstructure for suspensions ranging from the dilute limit to beyond the mechanical 

percolation threshold. First, DLS measurements were used to probe the volume fraction-

dependent microstructure in the fluid phase. These measurements show that at low 

volume fractions, large-scale agglomerate structures form and coexist with primary 

aggregates. Second, a complementary combination of SANS and USANS 

measurements show that the large-scale agglomerate structures measured in DLS are 

present before and after dynamic arrest.  

4.4.1 Emergence and Growth of Agglomerates 

The degree of agglomeration in the fluid phase was probed by performing DLS 

measurements. The normalized autocorrelation function for each suspension measured 

is plotted in Figure 4.5. At low volume fractions, the curves show a single relaxation, 

which is associated with the diffusion of primary aggregates in propylene carbonate. In 

this dilute limit, the suspensions are stable on the bench top over several months and do 

not sediment as the primary aggregates are colloidally stable with a slightly negative 

surface charge. As the volume fraction is increased, the average interparticle distance 

decreases and the number of collisions between particles increases. At this point, the 

primarily attractive interaction between carbon black particles leads to flocculation and 

the formation of large agglomerate structures. This transition is observed as the onset of 

a second relaxation at longer delay times. With increasing volume fraction, the 
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agglomerates grow in number density and size as noted by a shifting of the relaxation 

to longer times and larger values. Both the long time relaxation associated with 

agglomerate diffusion and the short time relaxation associated with primary aggregate 

diffusion are observed at these higher volume fractions, indicating a bimodal population 

of structures in suspension.  

 

Figure 4.5: Normalized autocorrelation function plotted against delay time for (a) 

Vulcan XC-72 in propylene carbonate at effective volume fractions 

ranging from 6.1  10-5  < ‰   < 1.3  10-2 and (b) KetjenBlack EC-

600JD in propylene carbonate at effective volume fractions ranging from 

8.0  10-6  < ‰  < 1.4  10-3. Lines are double exponential fits. 

To quantify the formation and growth of agglomerates in the presence of free 

primary aggregates, the autocorrelation functions were fit using Equation 4.4 for the 

electric field correlation function: 

 Ὣ † ὃÅØÐɜʐ ὃÅØÐɜʐȢ  (4.4) 
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As described in Section 2.5.2.2, the prefactor ὃ corresponds to the intensity weighted 

percentage of scattering objects with decay constant ɜ. The decay constants were 

converted to diffusion constants, Ὀ, using the relation ɜ Ὀή and are plotted in Figure 

4.6 as a function of the dry volume fraction. For all volume fractions, the diffusion 

coefficient associated with primary aggregate diffusion is observed and plotted as open 

symbols. At a certain threshold, the diffusion constant for a second, slower population 

is measured, which is shown as closed symbols in Figure 4.6. For Vulcan, this second 

population grows with increasing volume fraction to a  value similar to that for Ketjen, 

which corresponds to a hydrodynamic size of approximately 5 ɛm to 6 ɛm. These results 

suggest that agglomerates in these suspensions have a preferred size, which arises due 

to a growth in electrostatic repulsion between agglomerates with increasing agglomerate 

size that eventually balances the attractive energy driving agglomeration [33-35].   
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Figure 4.6: Diffusion coefficients measured using DLS for structures present in 

suspensions of (a) Vulcan XC-72 in propylene carbonate and (b) 

KetjenBlack EC-600JD in propylene carbonate at volume fractions in the 

fluid phase. Open symbols represent the primary aggregate population and 

closed symbols represent the agglomerate population. 

4.4.2 Structure Spanning the Dynamic Arrest Transition 

The structure at high volume fractions spanning the mechanical percolation 

threshold and the fate of the agglomerates formed in the fluid phase was probed using a 

combination of SANS and USANS measurements. For these measurements, several 

suspensions were measured for both Vulcan and Ketjen in propylene carbonate. The 

only observable change observed in the normalized scattered intensity for suspensions 

within a carbon black type was the growth of a repulsive interaction between primary 

aggregates with increasing particle loading. To emphasize this interaction, the scattered 

intensity was reduced to the inter-primary aggregate structure factor, Ὓή, using 

Equation 4.3: 

 Ὓή . (4.3) 
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In this equation, ‰ is the volume fraction of scattering objects, ὠ is the volume of 

scattering objects, ɝ”  ” ” is the difference in scattering length density between 

the scattering objects, ”, and the continuous phase, ”, and Ὅ  is the incoherent 

background contribution. The form factor of the primary aggregates, ὖ ή), is 

described in Chapters 2 and 3 for Vulcan and Ketjen in propylene carbonate. For 

simplicity, the structure factor for only one suspension above and below the mechanical 

percolation threshold are plotted in Figure 4.7 as a function of ή multiplied by the 

primary aggregate radius of gyration. The length scales measured range from ten percent 

of the primary aggregate size to ten times the primary aggregate size. Therefore, both 

intra-primary aggregate and inter-primary aggregate interactions are measured.   

 Comparison of the scattering curves above and below the mechanical 

percolation threshold shows that at these length scales, no significant change in structure 

is observed upon dynamic arrest. At large length scales, an overall attractive interaction 

is measured where Ὓή > 1, which points to the presence of the large-scale agglomerate 

structures measured in DLS. As described by Carpineti and Giglio, these large-scale 

structures can grow or coalesce with increasing volume fraction, leading to jamming 

and formation of a system-spanning network [37]. From these observations, it is 

reasonable to conclude that the dynamic arrest transition occurs due to jamming of 

large-scale agglomerates as no dramatic structural transformation is observed. 

At length scales smaller than the primary aggregate size, Ὓή < 1. This structure 

factor minimum translates to a depleted concentration of particles at a certain length 

scale. For these carbon blacks, this repulsion arises due to electrostatic and excluded 

volume interactions which grow in magnitude as the particles become more numerous 

and more tightly packed. As seen for Vulcan in Figure 4.7a, the depth of this minimum 
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increases with the volume fraction as the particles become closer together. Comparison 

with Figure 4.7b shows that the depth of this structure factor minimum is dependent on 

the primary structure characteristics of each carbon black where varying fractal 

dimensions or surface charges can lead to different degrees of interaction.  

 

Figure 4.7: Structure factor plotted against ή multiplied by the radius of gyration of the 

primary aggregates for (a) Vulcan XC-72 and (b) KetjenBlack EC-600JD 

two volume fraction. Open symbols are at volume fractions below the 

mechanical percolation threshold and closed symbols are above. The solid 

horizontal line shows Ὓή = 1. 

4.5 Discussion: Percolation Behavior of Carbon Black Suspensions 

The main goal of this chapter was to understand the origin of electron transport 

in sheared carbon black suspensions. Under shear, when stress-bearing networks are 

yielded and particle-particle bonds are broken, it has been observed that carbon black 

suspensions remain electrically conductive [18, 19, 64]. This suggests that in carbon 

black suspensions, mechanical and electrical percolation arise due to different 
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mechanisms as a system-spanning network of intimate particle-particle bonds is not 

necessary for electron transport. Additionally, for polymer composites containing 

carbon black, it is commonly observed that an insulator to conductor transition occurs 

at lower volume fractions than the mechanical percolation threshold [1, 2, 122]. For 

these systems, it is often concluded that while mechanical percolation requires the 

intimate contact between particles, electrical transport can occur through intimate 

contact as well as over finite interparticle distances [1, 2, 122]. As shown here, similar 

results are observed for carbon black suspensions as the measured electrical percolation 

threshold, ‰ȟ, is over an order of magnitude lower than the mechanical percolation 

threshold, ‰ȟ . Qualitative observations such as the vial inversion test also show that 

suspensions prepared at ‰ȟ flow with ease and do not contain system-spanning 

networks that bear bulk stresses. These results suggest that rather than graphitic 

conduction, hopping or tunneling conduction is the dominant mechanism for electron 

transport in carbon black suspensions. Therefore, suspensions can be prepared at low 

volume fractions with low viscosities and still maintain electrical conductivity. 

To gain insight into the origins of mechanical and electrical percolation, the 

critical volume fractions were compared to expected or previously measured values. For 

hard sphere dispersions, fluid-solid transitions occur at volume fractions on the order of 

10-1 up to the random close packing limit of ‰ πȢφσφ [23, 38]. From Table 4.1, the 

mechanical percolation thresholds for Vulcan and Ketjen are much lower at  ‰ȟ  = 

0.042 and ‰ȟ  = 0.0061, respectively. For electrical percolation, typical critical volume 

fractions for high structured carbon blacks in polymer composites are on the order of 

10-2 [43], which is larger than values of ‰ȟ = 0.0026 for Vulcan and ‰ȟ = 0.00032 

for Ketjen reported in Table 4.2. These discrepancies could arise due to the 
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microstructure forming the percolated networks [23, 36], the nature of charge transport, 

or the primary structure porosity, which affects the volume fraction. 

As discussed in Chapter 3, the primary structure porosities can be used to 

calculate an effective volume fraction, ‰ ‰ ɮ ȟϳ , which takes into account 

the fluid trapped in the primary structures. As shown in Figure 4.8, describing the 

percolation behaviors using ‰  increases the percolation thresholds to more 

reasonable values of ‰ȟ  = 0.25 and ‰ȟ = 0.016 for Vulcan and  ‰ȟ  = 0.20 and ‰ȟ 

= 0.011 for Ketjen. Additionally, this normalization narrows the gap between the 

thresholds for both carbon blacks by including variability in primary structures. Some 

variation in percolation thresholds remains, however, which could be due to many 

variables including surface chemistry, intrinsic conductivity, or primary particle 

roughness.   
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Figure 4.8: Electrical and mechanical percolation behavior for Vulcan XC-72 (blue 

symbols) and KetjenBlack EC-600JD (red symbols) suspended in 

propylene carbonate. Left axis (open symbols): conductivity at 20 kHz and 

right axis (closed symbols): elastic modulus plotted against the effective 

volume fraction. Solid lines are fits to the percolation equations and dashed 

lines denote percolation thresholds.   

After normalization to the primary structure porosities, the mechanical 

percolation threshold remains lower than that for hard sphere dispersions. As discussed 

by Trappe et al., the mechanical percolation threshold depends on the particle-particle 

interactions [36, 41]. In attractive suspensions, the formation of large-scale clusters or 

agglomerates adds another level of porosity that must be taken into account when 

considering the effective volume fraction [37]. Therefore, in agglomerated suspensions, 

the percolation thresholds are expected to shift to lower dry volume fractions to maintain 

a similar critical effective volume fraction [23, 36, 37]. As shown by dynamic light 

scattering measurements, the carbon black suspensions studied here behave similarly 

and contain large-scale agglomerates at volume fractions in the fluid phase (Figure 
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4.9b). Adding to this, SANS and USANS measurements show that these agglomerates 

are present before and after dynamic arrest. This indicates that at volume fractions 

leading up to mechanical percolation, agglomerates grow in size and number density 

until a jamming transition occurs where the system becomes mechanically percolated 

as shown in Figure 4.9c. This microstructural behavior agrees well with the lower 

mechanical percolation threshold measured for these suspensions. 

 

Figure 4.9: Volume fraction-dependent microstructure for carbon black suspended in 

propylene carbonate. With increasing volume fraction: (a) primary 

aggregates in the dilute limit, (b) clustered fluid phase at volume fractions 

near ‰ȟ consisting of agglomerates and primary aggregates, and (c) 

network formation by jamming of agglomerates at volume fractions 

beyond ‰ȟ . 

As illustrated in Figure 4.9a and 4.9b, dynamic light scattering measurements 

identify a microstructural transition in the fluid phase. As shown in Figure 4.6, as the 

volume fraction increases, primary aggregates interact with one another to form 

agglomerates, which grow to a preferred size. The volume fraction where this transition 

occurs is near the electrical percolation threshold, which suggests that electrical 
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percolation requires the formation of agglomerates. This could be due to many reasons. 

As discussed, electron transport can occur over finite distances through tunneling or 

hopping mechanisms. While these suspensions are dynamic, there should exist, on 

average, a distribution of interparticle distances that are sufficiently small enough for 

electron hopping or tunneling conduction. Additionally, as described by Godfrin et al., 

for clustered fluid phases such as these, particles in the bulk have a finite rate of 

exchange with particles in clusters [33], which could provide a second path for electron 

transport. An extension of this work is found in Richards et al., where analysis of the 

dielectric spectra shows that variable range hopping is the dominant electron transport 

mechanism in these suspensions [7]. A full understanding of the origin of electrical 

conductivity in these suspensions requires information about the microstructure as well 

as the dynamics of the suspensions.  

For the remaining parts of this thesis, it is important to note that the percolation 

thresholds can be tuned by the shear history, as discussed by Trappe et al. [41]  For 

example, the experiments presented here implement a relatively gentle preshear that 

tends to thin the suspension. To investigate the role of preshear intensity, the mechanical 

percolation threshold for Vulcan XC-72 in propylene carbonate was measured after an 

intense preshear of 2500 s-1 for 600 seconds. As shown in Appendix B, after this shear 

history, the mechanical percolation threshold was approximately ‰ȟ  = 0.006 based on 

dry volume fraction. Comparison of this percolation threshold with the ‰ȟ  = 0.042 

presented in this Chapter demonstrates the tunability of the microstructure through 

shear. The origins of this shear history effect are further studied and clarified in Chapter 

5.  
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4.6 Conclusions 

The structure-property relationships of quiescent carbon black suspensions were 

studied to understand the underlying microstructural origins of the electrical and 

rheological properties. Volume fraction-dependent measurements of the bulk properties 

show that electrical percolation occurs at a much lower particle loading than mechanical 

percolation. This finding indicates that the network required for electron transport does 

not require intimate particle-particle bonds and instead, as discussed in similar studies 

of carbon black filled systems, electrons can move across finite distances via tunneling 

or hopping transport. Microstructural analysis provides evidence for the presence of a 

clustered fluid phase at low particle loadings that arises due to the details of the weakly 

repulsive, strongly attractive interaction potential between carbon black primary 

aggregates in polar aprotic solvents like propylene carbonate. The agglomerates formed 

in this clustered fluid phase jam with increasing volume fraction to form a mechanically 

percolated network with a yield stress. These results show that key design parameters 

in electrochemical energy storage devices such as the electrical conductivity and the 

viscosity should be independently tunable by controlling the interaction potential or the 

volume fraction. 
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SHEAR-DEPENDENT STRUCTURE-PROPERTY RELATIONSHIPS: 

BIFURCATION & THE INVERSE BINGHAM NUMBER  

5.1 Introduction  

Many parts in this thesis chapter appear in a manuscript entitled ñStructure-

property relationships of sheared carbon black suspensions determined by simultaneous 

rheological and neutron scattering measurementsò published in the Journal of Rheology 

and are reprinted with permission from J.B Hipp, J.J. Richards, N.J. Wagner, J. Rheol., 

2019, 63(3), 423-436. Copyright 2019, The Society of Rheology [46]. 

 As discussed in Chapter 1, the behavior of colloidal suspensions under flow plays 

an important role in applications ranging from foodstuffs and personal care products to 

cements and paints [20-22]. When suspended, colloidal particles often exhibit attractive 

interactions comparable to their thermal motion, where the relative magnitude of the 

attraction determines the macroscopic properties of the suspension [36, 44]. While 

significant effort has been dedicated to understanding the properties of homogeneous 

suspensions with weak attractions [38, 135], the behavior of suspensions with strong 

attractions is less understood and is often complicated by heterogeneities associated 

with phase separation or sedimentation. In suspensions with strong, long-range 

interparticle attractions, phase instabilities exist at extremely low volume fractions such 

that a stable fluid phase may not exist at relevant particle loadings. Under these 

Chapter 5 
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conditions, there is no well-defined equilibrium state and the properties of the 

suspension become linked to the distribution of floc sizes. These flocs can experience 

flow-induced restructuring, which in turn affects the macroscopic properties of the 

suspension [23, 58, 136, 137]. This restructuring process can manifest itself in a variety 

of ways including structural degradation [51, 52, 138, 139], structural densification [40, 

140], and flow-induced anisotropy [55-57, 60, 141]. While it is generally assumed that 

this restructuring process dictates the macroscopic properties of the suspension, direct 

measurements of this structure-property relationship are often lacking. 

 Carbon black suspensions are a highly relevant example of thixotropic colloidal 

suspensions as they are used in numerous technological applications ranging from inks 

and tire rubbers to electrochemical energy storage devices [1, 4, 142, 143]. Key design 

parameters in these applications include particle-matrix compatibility, suspension 

viscosity, and the electrical conductivity of the suspension. These properties depend on 

the microstructure and are subject to change depending on the shear history. It has been 

widely reported that carbon black suspensions have a tendency to form stable gels with 

a finite yield stress and elasticity at intermediate weight fractions of a few percent solids 

[7, 36]. Upon cessation of shear, these gels recover quickly and exhibit quiescent 

properties, such as a yield stress and conductivity, that depend on the flow history [18, 

72]. For example, a ñtunable yield stressò that increases with increasing preshear 

intensity has been observed by Ovarlez et al. for a suspension of carbon black in mineral 

oil and has been attributed to an increase in the degree of jamming with increasing shear 

intensity [72]. When shear is applied, these suspensions flow with a shear-thinning 
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behavior that is consistent with structural break up of the carbon black agglomerates 

present within the suspension. This break up process has been widely accepted as a 

thixotropic process where a time dependent microstructural transition leads to a 

transient increase in viscosity with decreasing shear intensity [48, 66, 70]. However, for 

suspensions of carbon black in a mineral oil and tetradecane blend, Negi and Osuji have 

shown that at shear conditions near a critical stress, the viscosity undergoes an apparent 

shear-thickening transition [54]. Additionally, for a suspension of carbon black in an 

ethylene carbonate and dimethyl carbonate blend, Narayanan et al. have shown a similar 

thickening behavior where an increase in preshear intensity leads to an increase in the 

intrinsic flow curve viscosity [3]. Simultaneous optical and rheological measurements 

performed by Osuji et al. on carbon black in tetradecane (Figure 1.6) show that at low 

shear rates, a loosely connected network of dense flocs is formed, which then transforms 

into a dense network of finely dispersed agglomerates at shear rates above the shear-

thickening transition [71]. This structural transformation suggests that this apparent 

shear-thickening transition arises due to a change in hydrodynamic volume fraction 

between low and high shear rates [54, 57, 71]. This microstructural transition is 

rheopectic, or anti-thixotropic, such that a time dependent decrease in viscosity is 

measured with a step down in shear rate [18, 72]. Furthermore, for carbon black 

suspended in mineral oil, Helal et al. have observed a significantly lower conductivity 

and yield stress plateau when performing flow cessations over longer periods of time 

[18]. This transient behavior was attributed to a microstructural evolution at low shear 
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intensities, such that weaker, less conductive gels are formed by shearing at low 

intensities for longer times [18]. 

Despite these observations and many studies aimed at understanding the 

macroscopic properties of carbon black suspensions under flow, measurements of the 

purported microstructural basis for this shear-induced behavior remains largely a matter 

of conjecture. To resolve this, we build upon the work discussed in previous Chapters 

focused on the quiescent characterization of model carbon black suspensions by directly 

measuring structure-property relationships in such suspensions. This is accomplished 

by performing a series of in situ rheo-small angle neutron scattering (Rheo-SANS) 

experiments on a model carbon black suspension that exhibits an apparent shear-

thickening behavior, a tunable yield stress, and transient macroscopic properties. These 

experiments are two-fold: Rheo-USANS experiments were performed to thoroughly 

characterize the quasi-steady state microstructure of the suspension over a broad range 

of applied shear rates and spatiotemporally resolved Rheo-VSANS measurements were 

performed to investigate the local volume fraction distribution of carbon black as a 

function of Couette height, shear rate, and shear time. Results from these experiments 

enable development of a quantitative understanding of the complex effect of shear-

induced microstructural rearrangements on the time-dependent rheological behavior of 

these suspensions. Complementary rheo-electric measurements performed in a custom 

designed smooth-wall Couette and rheological tests performed in a rough-wall Couette 

further confirm the microstructural characterization. From these measurements, we 

identify two shear-dependent microstructural trajectories that are demarcated by the 
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inverse Bingham number, ὄὭ. Results from these experiments not only validate 

previous observations about the shear-induced structure of carbon black suspensions, 

but also show that under certain conditions, these suspensions exhibit concentration 

gradients driven by sedimentation, which further contribute to the apparent macroscopic 

properties. 

5.2      Materials and Methods 

5.2.1    Materials 

 

The carbon black used in this study is Vulcan XC-72 (Cabot Corporation). The 

hierarchical structure of this high-structured conductive carbon black is described in 

Chapter 3. Suspensions of Vulcan XC-72 in neat propylene carbonate exhibit long range 

attractions and short range repulsions where the Hamaker constant is expected to be 

roughly 27 ὯὝ and the zeta potential is measured as ‒ = -20 mV [7, 73]. As described 

in Chapter 4, as the volume fraction is increased, primary aggregates form micron-sized 

agglomerates in suspension which eventually grow in size and jam to form a system 

spanning network. For the preshear protocol used here, this system spanning network 

forms at approximately ‰  = 0.04 (Appendix B). The suspension studied here was 

prepared in the gel phase at ‰  = 0.274 (8.0 wt%, ‰  = 0.056)  of Vulcan XC-72 

carbon black in propylene carbonate using the high shear homogenization protocol 

described in Section 2.3. As discussed in Section 2.3, this high-shear homogenization is 

similar to what has been implemented previously by Dullaert and Mewis with the 
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purpose of fully dispersing carbon black particles in a similar suspension, leading to a 

reversibly thixotropic dispersion [75]. 

5.2.2 Rheological Measurements 

 

The carbon black suspension was rehomogenized for 5 minutes using an IKA T 

18 ULTRA- TURRAX mixer with a high shear screen dispersing tool prior to loading 

into the rheometer. All rheological measurements were prefaced with the conditioning 

protocol described in Section 2.4.2.1 where twenty 30 second flow ramps from 500 s-1 

to 0.1 s-1 were followed by application of a shear rate of 2500 s-1 until a steady stress 

was achieved. Steady shear measurements were performed using an Anton-Paar MCR-

301 stress-controlled rheometer equipped with a quartz cup and 60 mm long titanium 

bob (OD = 50 mm, ID = 49 mm, truncation gap = 0.05 mm). Experiments were 

performed by applying a 600 second preshear at 2500 s-1, allowing the suspension to 

rest for 300 seconds, and then applying a steady shear rate and monitoring the stress 

response. For this experiment, the shear rate was applied in decreasing order starting 

from 5000 s-1 to 100 s-1. As described in detail in Section 2.4.2.2, the yield stress of the 

presheared suspension was determined by extrapolating the transient stress response to 

the instantaneous stress and fitting to the Herschel-Bulkley model.  

The tunability of the yielding behavior was determined by performing creep 

measurements after preshears of 1000 s-1 and 100 s-1. To minimize effects from slip, 

creep measurements were performed using a TA Instruments DHR-3 stress-controlled 
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rheometer with a 42 mm long sandblasted Couette geometry (OD = 30 mm, ID = 28 

mm, truncation gap = 6 mm). Due to sedimentation, this geometry is problematic for 

carbon black suspensions as the truncation gap is too large for the preshear to fully 

rejuvenate the sample between steps. However, it is used here for our purposes of 

illustrating the change in network strength with a change in preshear history. 

Experiments were performed by applying a 600 second preshear at the chosen shear rate 

followed by a short resting period of approximately 300 seconds and subsequent 

application of shear stress.  

5.2.3  Rheo-Dielectric Measurements 

 

Simultaneous steady shear rheology and dielectric spectroscopy measurements 

were performed using an ARES G2 strain-controlled rheometer equipped with a 34 mm 

long custom built Couette geometry (OD = 27 mm, ID = 26 mm, truncation gap = 0.05 

mm) [7, 115]. The dielectric spectroscopy measurements were made using an Agilent 

4980A LCR meter by performing logarithmically-spaced frequency sweeps from 20 Hz 

to 2 MHz. As described in Section 2.6.2, the impedance magnitude and phase shift 

measured from the test were corrected for open and short circuit calibrations and a 

standard salt solution was used to determine the cell constant of the Couette. Similar to 

the quiescent data in Chapter 4, the conductivity of the suspension under shear was 

measured at a  frequency of Ὢ = 20 kHz [7]. These experiments were performed using 
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identical protocols as those used in determining the steady shear behavior on the Anton-

Paar MCR-301 rheometer. 

5.2.4 Rheo-USANS Measurements 

 

Ultra-small angle neutron scattering (USANS) measurements were performed 

on the BT5 instrument at the NIST Center for Neutron Research in Gaithersburg, MD, 

USA [93]. The experiment utilized 5 buffers to measure the full ή range from 1 × 10ī3 

Åī1 > ή  > 3 × 10ī5 Åī1, where ή τ“‗ϳÓÉÎ —ςϳ  with ‗ = 2.4 Å and ῳ‗Ⱦ‗ = 6%. 

Rheo-USANS experiments were performed by positioning an Anton-Paar MCR-301 

stress-controlled rheometer equipped with a quartz cup and 60 mm long titanium bob 

(OD = 50 mm, ID = 49 mm, truncation gap = 0.05 mm) between the monochromator 

and analyzer crystals in the neutron beam line and aligned in the flow-vorticity (1-3) 

plane. Thus, the reported scattering intensity was acquired with a scattering vector along 

the shear direction [96, 97]. Due to the slit collimated neutron beam used in the USANS 

instrument, the measured scattering intensity is slit smeared and any evidence of shear-

induced anisotropy in the scattering is masked [93, 99, 100]. The scattering data were 

reduced to absolute scale using standard procedures contained within the IGOR Pro 

reduction macros [98]. Data were fit to the slit smeared hierarchical fractal model 

described in Section 2.5.3.6 using the SASVIEW software package [107] to extract the 

shear rate dependence of the radius of gyration of carbon black agglomerates. Detailed 

fit information are shown in Appendix C. Prior to any tests, the conditioning protocol 
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for steady shear rheological measurements was performed. Further rheological 

measurements were carried out in a similar manner as for the steady shear rheology 

measurements where a 2500 s-1 preshear step was followed by shearing at the selected 

shear rate for up to 1400 seconds, then sheared for roughly 10,000 seconds while 

structural data was measured. The collected rheological data show small fluctuations 

which are not observed in other rheological data and are therefore attributed to 

instrumental effects from the specific rheometer and geometry used.  

5.2.5 Spatiotemporally Resolved Rheo-VSANS Measurements 

 

Very small angle neutron scattering (VSANS) measurements were performed 

on the NG3 VSANS diffractometer at the NIST Center for Neutron Research in 

Gaithersburg, MD, USA. The measurements were performed over a ή range of  3 × 10ī1 

Åī1 > ή > 1.4 × 10ī3 Åī1, with ‗ = 6 Å and ῳ‗Ⱦ‗ = 12%. Figure 5.1a shows a schematic 

of the experiment where an Anton-Paar MCR-501 stress-controlled rheometer equipped 

with a 36 mm long titanium Couette geometry (OD = 29 mm, ID = 28 mm, truncation 

gap = 0.09 mm) is positioned in the flow-vorticity (1-3) plane in the neutron beam line 

with a horizontal slit aperture of 1 mm tall by 5 mm wide. The length of the Couette is 

defined as Ὤ = 36 mm and measurements performed at different heights along the 

Couette are defined as different values of ὬὬϳ . To perform discrete height scans, the 

rheometer was translated vertically to adjust the position of the rheometer with respect 

to the beam.  
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Prior to loading a sample, the height-dependent thickness of the bob walls was 

determined by measuring the transmission during a height scan. Results are shown in 

Figure 5.1b as the transmission of the Couette normalized to the transmission of the 

open beam. When moving outwards towards the top and bottom of the Couette, the 

transmission decreases, indicating that the thickness of the Couette wall becomes 

greater as the extremities are approached. However, in the middle portion of the bob, 

which is bounded by the vertical dashed lines in Figure 5.1b, the wall thickness is both 

smaller and constant. Due to these variations in thickness of titanium along the length 

of the bob, the measured region for height scans was chosen to be in this middle portion 

between ὬὬϳ  = 0.25 and ὬὬϳ  = 0.75, such that the top and bottom 25% of the volume 

fraction profile in the geometry was not measured. Therefore, the build-up of carbon at 

the bottom of the geometry was not be measured, which makes any modeling of 

sedimentation difficult. For future work, a more complete distribution could be 

measured through the use of a quartz bob paired with a disc to raise the geometry to a 

measurable height.  

During the height scans, scattering patterns were measured in 20 second 

increments at 10 discrete heights while the material was sheared at a steady rate. 

Accounting for the time required for vertical translation, each scan was approximately 

500 seconds long. In situ rheological measurements consisted of a 2500 s-1 preshear step 

followed by a shear step at the selected shear rate for approximately 5000 seconds with 

height scans performed during both the preshear and steady shear steps.  Scans from 

ὬὬϳ  = 0.75 to ὬὬϳ  = 0.25 were performed repeatedly for the duration of the run where 
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two full scans were completed for each preshear and ten full scans for each applied shear 

rate. The scattering data were reduced to absolute scale using standard procedures and 

IGOR Pro reduction macros [98]. 

 

Figure 5.1: (a) Diagram of Rheo-VSANS experiment where the Couette height is shown 

as Ὤ = 36 mm and the measurable Couette region from ὬὬϳ   = 0.75 to 

ὬὬϳ  = 0.25 is highlighted. The incident beam is directed through the 

Couette geometry in the radial plane. Neutrons are transmitted through the 

Couette and are collected on a 2D detector as a scattering pattern. (b) 

Variation in Couette wall thickness shown as transmission of the Couette 

normalized to the open beam transmission at different Couette heights. 
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The scattering measurements performed during the spatiotemporally resolved 

Rheo-VSANS experiments are used to probe the structure of the carbon black 

suspension as a function of time, shear rate, and position along the Couette height. The 

measured scattering intensity, Ὅή, is related to the structure of the suspension as shown 

in Equation 5.1 [88, 89]:  

 Ὅή ‰ὠ ɝ” ὖ ήὛ ή Ὅ .   (5.1) 

    

As described in Section 2.5, ‰ is the volume fraction of scattering objects in the beam, 

ɝ” is the difference in scattering length densities between the two phases in the 

suspension, ὠ is the volume of the primary carbon black aggregates, and Ὅ  is the 

incoherent background. In this experiment, the prefactor scaling ‰ὠ ɝ”  corresponds 

to the primary aggregates and ὖ ή is the form factor contribution to the scattering 

from the immutable primary aggregates [7]. A fit to the form factor contribution 

described in Chapter 3 is shown in Figure 5.2a. Ὓ ή is the structure factor 

contribution to the scattering that arises due to interactions between primary aggregates.  

Equation 5.1 is interpreted to indicate that, in the absence of any changes in 

microstructure, the effect of a change in ‰ due to sedimentation will be measurable at 

all ή as a vertical shift in intensity. This change in ‰ can be quantified by calculating 

the scattering invariant, which requires an integration from ή = 0 to ή = infinity [88, 

89]. However, it is also possible to isolate this volume fraction effect from any shear-

induced structural changes and measure the extent of the sedimentation by examining 
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the magnitude of the intensity at a ή range where Ὓ ή Ÿ 1 [7]. As shown in Figure 

5.2a, this ή range is at ή > 6 × 10ī3 Åī1, where the scattered intensity is observed to 

follow the form factor, ὖ ή, alone. Therefore, to examine and quantify changes in 

intensity due to changes in ‰, the background subtracted intensity is integrated in this 

form factor dominated region from 0.008 Åī1 < ή < 0.03 Åī1, where Ὓή Ÿ 1. This 

integral, Ὅᶻ, is used to calculate a normalized volume fraction, ‰CB, as shown in Equation 

5.2.    

 ‰
ᶻ ϳ ȟȟ

ộz Ớ
 (5.2) 

 

From Equation 5.2, ‰CB is the integral calculated at each height, time, and shear rate 

divided by the average integral calculated for the suspension during the preshear at all 

heights. In this way, ‰CB is a measure of the relative change in carbon black volume 

fraction in the neutron beam with respect to the preshear distribution.  
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Figure 5.2:  (a) Ὅή Ὅ  plotted against ή summarizing a combination of Rheo-

VSANS and Rheo-USANS experiments. Pinhole smeared VSANS 

measurements are shown with desmeared USANS measurements for 

clarity. The primary aggregate form factor is shown in black circles. Shear-

dependent scattering is shown from measurements at 2500 s-1 (blue 

triangles) and at 400 s-1 (red pentagons) and the ή range where ‰CB is 

measured is highlighted, (b) ï (g) progression of the background 

subtracted intensity in the highlighted region in (a) as Ὅήή  plotted 

against ή at different heights and times where (b) ï (d) are measured at 

2500 s-1 and (e) ï (g) at 400 s-1. 

To illustrate the changes that occur due to sedimentation, a data set collected at 

different heights in the Couette and shear times for shear rates of 2500 s-1 and 400 s-1 

are plotted in Figure 5.2b-d and Figure 5.2e-g, respectively. The changes in background 

subtracted intensity that occur due to sedimentation are emphasized in the Porod plot of 

Ὅήή versus ή shown in Figure 5.2b-g. In this ή region, the intensity scales linearly 

with the volume fraction of dispersed phase particles [88, 89]. These results show that 

at a high shear rate of 2500 s-1, the volume fraction appears independent of shear time 

and height in the Couette. However, at a low shear rate of 400 s-1, the volume fraction 
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is a function of both the shear time and height, and further, the middle region of the 

Couette experiences a more significant change with time. Measurements such as those 

presented in Figure 5.2b-g were performed over a range of vertical positions in the 

Couette, shear rates, and time to determine sample heterogeneity. 

5.3 Bifurcation in Macroscopic Properties 

5.3.2 Transient Flow Properties 

 

The transient stress response over a broad range of applied shear rates is shown 

in Figure 5.3a, where a preshear of 2500 s-1 is applied to rejuvenate the sample before 

each shear test. Two distinctly different transient stress responses are observed.  For 

shear rates above 500 s-1, the stress response exhibits an initial transient behavior that 

evolves to a stable stress response after less than 50 seconds of steady shear. At shear 

rates of 400 s-1 and below, however, a transient stress decay that becomes more 

prominent with decreasing shear rate is evident. Additionally, at shear rates below 400 

s-1, a steady stress is never fully achieved even after 300 seconds of shearing. This 

bifurcation in the stress response indicates some structural transformation occurring at 

shear rates near 500 s-1. 

The observed bifurcation in the rheological response of the suspension is made 

more clear by plotting the stress and viscosity for each applied shear rate at different 

times throughout the flow start-up as presented in Figures 5.3b and 5.3c, respectively. 

For this presentation, three time points were selected to emphasize rheological 
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properties of the presheared suspension (blue circles), the suspension after adjusting to 

the new applied shear rate (red triangles), and the suspension at longer times (yellow 

squares). Following the methodology laid out in Chapter 2, the instantaneous stress was 

determined by extrapolation of the transient stress. This flow curve represents the stress 

response of the structure set by the preshear protocol and was fit to the Herschel-Bulkley 

model to extract the ñtrueò yield stress of the presheared suspension, „ = 186 Pa. In 

this chapter, this yield stress is used to calculate a dimensionless group known as the 

inverse Bingham number, which is defined as the ratio of the measured or applied shear 

stress to the yield stress ὄὭ „„ϳ , and is used to distinguish between the two flow 

regimes. To highlight the differences between the two flow regimes, Figures 5.3b and 

5.3c are plotted with closed symbols for points evaluated at ὄὭ > 1 where a steady and 

open symbols for points evaluated at ὄὭ < 1, where the apparent response is an 

averaged value over the entire Couette height. 

From Figure 5.3b, it is apparent that the stress at ὄὭ > 1 does not change 

significantly in time and exhibits a similar power-law behavior with shear rate at all 

times evaluated. However, at low shear rates, where ὄὭ < 1, the apparent stress 

decreases significantly in the first 300 seconds of shear. The transition between the two 

transient behaviors is notable in the flow curve and is consistent with the rheological 

behavior reported by Ovarlez et al. for a suspension of carbon black in mineral oil [72]. 

As presented in Figure 5.3c, an apparent shear-thickening transition similar to that 

observed by Osuji et al. [71] emerges at a shear rate of about 250 s-1 upon transitioning 
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from shear conditions where ὄὭ < 1 to ὄὭ > 1. Additionally, an increase in the 

intensity of the shear-thickening transition is observed with longer shear times. Thus, 

this suspension exhibits many of the interesting, nontrivial shear history-dependent 

rheological behaviors reported in literature.    

 

Figure 5.3: (a) Time-dependent stress response measured at a range of shear rates from 

5000 s-1 to 100 s-1. (b) Stress and (c) viscosity from (a) plotted against shear 

rate at different time points. The stress and viscosity were taken at 0 s (blue 

circles), 50 s (red triangles), 300 s (yellow squares). Open and closed 

symbols are used to differentiate between stress responses at ὄὭ < 1 and 

ὄὭ > 1, respectively. The stress at 0 s was obtained as described in 

Section 2.4.2.2 and is fit to the Herschel-Bulkley model (black line) to 

extract an apparent yield stress of „  = 186 Pa. 
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5.3.3 Yield Stress Tunability 

 

It has been observed for many thixotropic and rheopectic suspensions that the 

apparent yield stress of the suspension is tunable and is dependent on the flow history 

[18, 72, 144]. It is reported for these suspensions that both the time and intensity of the 

preshear are important in determining the macroscopic properties. To demonstrate the 

tunability of the apparent yield stress of this suspension, creep experiments were 

performed after a 600 second preshear at two shear rates, 1000 s-1 and 100 s-1, or where 

ὄὭ > 1 and ὄὭ < 1, respectively. Results from creep experiments are plotted in 

Figure 5.4 as the measured shear rate response to an applied stress as a function of time. 

Plotting the data in this form provides information regarding transient structural 

transformations that give rise to yielding or non-yielding behavior. Simply put, at 

applied stresses below the yield stress, the geometry is unable to shear the suspension 

and the shear rate trends to infinitesimally small values. At high applied stresses well 

above the yield stress, the shear rate reaches a steady state value, which indicates 

homogeneous flow. When the stress falls somewhere between these two limits, an 

interesting transient response occurs where the shear rate may initially appear to 

diminish, but due to transient structural rearrangements during the creep process, may 

eventually increase to a steady state value [72, 145]. 

These three responses are seen in the data shown here for carbon black 

suspensions. In Figure 5.4a, after preshearing at 1000 s-1, the suspension behaves fluid-

like at stresses of 100 Pa and above and trends to an unyielded, solid-like state at stresses 
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of 50 Pa and below. At 75 Pa, a transient yielding process from solid to liquid-like 

behavior is observed, which suggests that the yield stress after this preshear is between 

50 Pa to 100 Pa. However, when the preshear is lowered to 100 s-1, the yielding behavior 

occurs at much lower applied stresses between 10 Pa and 25 Pa as seen in Figure 5.4b 

and no transient yielding behavior is observed. Therefore, the shear-history dependent 

yield stress measured after preshearing at a shear rate where ὄὭ < 1 is significantly 

lower than that measured at a shear rate where ὄὭ > 1. Regardless of the preshear 

intensity, the suspension is unable to undergo slow flow and instead flows at high shear 

rates of 100 s-1 and greater. This behavior is a trademark of viscosity bifurcation and is 

consistent with observations by Ovarlez et al. for carbon black suspensions and is also 

commonly observed for other thixotropic suspensions [72, 144].  
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Figure 5.4: Creep tests performed after different preshear shear rates where the response 

to applied stresses ranging from 1 Pa to 200 Pa is plotted as shear rate 

against time, (a) response after 1000 s-1 preshear, (b) response after 100 s-

1 preshear. 

5.3.4 Stress-Conductivity Connection 

 

  It has also been reported that the electrical properties of carbon black 

suspensions depend on both the intensity and duration of the applied shear [3, 16, 18, 

64]. To investigate this behavior and its relation to the microstructure of carbon black 

suspensions, rheo-electrical measurements were performed in both flow regimes using 
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a custom made Couette geometry [7, 115, 116]. Figure 5.5 shows the rheo-electric 

behavior measured after preshearing at 2500 s-1 for 600 seconds (blue symbols) and 

stepping to shear rates of 2500 s-1, where ὄὭ > 1 (black symbols) and 250 s-1, where 

ὄὭ < 1 (red symbols). Full sweeps showing the frequency-dependent conductivity 

measured during these shear steps are plotted in Figure 5.5a. As should be expected, at 

2500 s-1, the conductivity does not change significantly with shear time. However, at 

ὄὭ < 1 (250 s-1), the frequency-dependent conductivity drops significantly at early 

times and continues to decrease over the entire period of shear.  

  To compare this electrical behavior with the stress, the time-dependent 

conductivity was taken at 20 kHz and plotted in Figure 5.5b as a function of time along 

with the apparent stress response plotted as ὄὭ. At ὄὭ > 1, the suspension exhibits 

a constant conductivity and stress response in the entire measurement window as was 

seen in the rheological data shown in Figure 5.3a. At ὄὭ < 1, however, both the 

apparent stress response and conductivity decrease by about an order of magnitude in 

the first 200 seconds of shearing and then transition to a moderate decline that extends 

to long times. The similarity in the transience for the apparent stress and conductivity 

indicate that these two macroscopic properties are closely linked to one another, as was 

previously hypothesized for other suspensions of carbon black [3, 16, 18, 64]. Helal et 

al. reported similar rheo-electric behavior by ramping from high to low shear stresses 

at different rates. In these experiments, it was shown that slower ramps lead to less 

conductive gels with lower viscosities [18]. This time-dependent behavior was also 

observed by Narayanan et al. who measured a transient increase in resistance upon 
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stepping down in shear rate [3]. These measurements provide indirect evidence for a 

transient microstructural evolution under shear. However, direct measurements of the 

microstructure are necessary to reach a full understanding of the microstructural 

behavior and how it specifically influences the shear-history dependent macroscopic 

properties of the suspension. 

 

Figure 5.5: Results from rheo-electric measurements performed in both flow regimes. 

(a) Frequency dependent conductivity measured at the preshear (blue 

diamond), at 2500 s-1 (black circles), and 250 s-1 (red triangles). Vertical 

dashed line is at 20 kHz. (b) Transient conductivity at 20 kHz (markers 

and dashed lines) and transient stress plotted as ὄὭ (lines). 

Measurements were performed at applied shear rates of 2500 s-1 (black 

circles and lines) and 250 s-1 (red triangles and lines). 

5.4 Structural Interrogation using Rheo-USANS 

 

To measure the microstructural origin of the observed macroscopic behavior and 

thus, establish structure-property relationships, Rheo-USANS experiments were 



 140 

performed to directly evaluate the structural evolution of carbon black agglomerates 

under steady shear flow. As shown in Figure 5.2a, shear-induced structural changes 

occur at length scales that are accessible by USANS experiments, but not SANS. In 

these experiments, the non-trivial link between the two observed trajectories in 

macroscopic behavior and the yield stress of the suspension was investigated by 

measuring the microstructure at a set of applied steady shear rates where ὄὭ > 1 and 

ὄὭ < 1. 

5.4.2 Shear-Induced Structure at ║░ > 1 

 

The stress response from a series of shear rates where ὄὭ > 1 is reported in 

Figure 5.6a. Consistent with the measured rheological behavior shown in Figure 5.3a, 

after a brief adjustment to a change in shear rate, the stress response is steady over the 

entire four-hour time window of the Rheo-USANS measurement with small fluctuations 

that arise due to instrumental artifacts. The inset of Figure 5.6a shows the steady shear 

viscosity, which exhibits a shear-thinning behavior where the viscosity scales with the 

shear rate as ‎ Ȣ . The preshear response is shown at ὸ < 0 s where the same stress 

value is reproducibly achieved before each shear rate measured, indicating that each test 

originates from the same structure. The dashed vertical line indicates the time of the 

start of the USANS measurement.  
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Figure 5.6: Results from a Rheo-USANS measurement performed at ὄὭ > 1. (a) Time 

dependent stress response plotted as ὄὭ. The region to the left of the 

dashed line shows the stress response to a 600 second preshear at 2500 s-1 

and then a 600 second preshear at the shear rate measured. The region to 

the right of the dashed line shows the measured stress response during the 

USANS measurement. Inset: measured viscosity and fitted radius of 

gyration plotted against shear rate. (b) Slit smeared scattering data shown 

as intensity, Ὅή, plotted against ή measured at different shear rates with 

the corresponding stress response shown in (a). Fits to the hierarchical 

fractal model are shown as black lines 

Figure 5.6b shows the measured scattering intensity, Ὅή, plotted against 

ή measured at each shear rate in this range. In Chapter 4, it was established that 

attractive interactions between primary aggregates lead to phase instabilities, which 

induce the formation of carbon black agglomerates [7]. These agglomerates are 

comprised of many primary aggregates that are joined together by intra-agglomerate 

associations. As shown in Figure 5.6b by the systematic reduction in scattering intensity 

with increasing shear rate at low ή, these intra-agglomerate associations break under 
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shear, leading to an expected increase in the erosion of agglomerates with increasing 

shear rate [51, 52, 138, 139]. The rate-independent scattering at higher ή reflects the 

internal structure of these agglomerates, which does not change with increasing shear 

rate, indicating a self-similar break up of agglomerates. The scattering data shown in 

Figure 5.6b were fit to extract a shear-independent fractal dimension of agglomerates, 

Ὀȟ , of 2.5 as well as a shear-dependent radius of gyration of carbon black 

agglomerates, Ὑȟ . The fitted values are plotted against the applied shear rate in the 

inset of Figure 5.6a and show a scaling with shear rate as ‎ Ȣ . By comparing the shear 

rate dependence of the viscosity and the radius of gyration, it is found that a relationship 

exists where the viscosity roughly scales as Ὑȟ
Ȣ. While a power law scaling of 3 

is expected for systems dominated by hydrodynamic drag, this power law may vary due 

to the porosity of the agglomerates [23]. 

5.4.3 Shear-Induced Structure at ║░ < 1 

 

The apparent stress response measured during Rheo-USANS at shear rates 

where ὄὭ < 1 is reported in Figure 5.7a, where rheological behavior consistent with 

that shown in Figure 5.3a is observed. Additionally, the apparent rheological response 

measured at 2500 s-1 from Figure 5.6a is plotted for reference. These measurements 

show several abrupt increases in stress that are attributed to instrumental artifacts. 

Importantly, a steady shear stress is not achieved in these measurements. The vertical 

dashed lines in Figure 5.7a mark the beginning of the USANS measurement such that 
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the scattering shown in Figure 5.7b for ὄὭ < 1 is from quasi-steady structures 

measured after the initial, rapid decline in apparent stress. Again, between each 

measured shear rate, a 2500 s-1 preshear successfully rejuvenates the sample to a nearly 

equivalent structural state. The transient apparent viscosity is plotted as an inset in 

Figure 5.7a to show its evolution as a function of shear time and shear rate.  

 

Figure 5.7: Results from a Rheo-USANS measurement performed at ὄὭ < 1 plotted 

with representative results from ὄὭ < 1 (yellow lines and markers). (a) 

Time-dependent apparent stress plotted as ὄὭ. The first 2600 seconds 

(left of the dashed line) show the apparent stress response to a 1200 second 

preshear at 2500 s-1 and then a 1400 second preshear at the shear rate 

measured. Data to the right of the dashed line shows the apparent stress 

response during the USANS measurement. Inset: apparent viscosity 

plotted against time. (b) Slit smeared scattering data shown as intensity, 

Ὅή, plotted against ή measured at different shear rates with the 

corresponding stress response shown in (a). 
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The shear-dependent scattering, plotted as open symbols in Figure 5.7b, shows 

a distinctly different behavior than what was measured at ὄὭ  > 1, where the data for 

2500 s-1 are reproduced from Figure 5.6b for reference. Most evident is the significantly 

greater scattering intensity at low ή with a strong power-law decay (Ὅή ͯ ή Ȣ), 

which is indicative of surface scattering from large objects [105].  Thus, instead of the 

micron-sized agglomerates that form at ὄὭ > 1, the agglomerates formed at ὄὭ < 1 

have sizes that exceed the ή range of the USANS instrument (> 15 ɛm). These 

agglomerates are more compact than those formed at ὄὭ > 1 as indicated by the 

decrease in intensity at higher ή, which arises due to short range repulsions between 

primary aggregates. Similar structural growth accompanied by local densification 

processes have been observed previously by Rueb and Zukoski who used neutron 

scattering to measure the shear-dependent structure of octadecyl silica particles [40], by 

Koumakis et al. who performed rheo-confocal experiments on a colloid-polymer gel at 

low shear rates [146], and by Osuji et al. who imaged sheared carbon black suspensions 

[57, 71]. These measurements, along with previous static measurements of suspensions 

of Vulcan XC-72 in propylene carbonate [7] provide further evidence for the formation 

of large-scale dense structures in the suspension.  The slit smeared line scan inherent to 

the SANS instrument precludes a more detailed analysis of the microstructure under 

these conditions, including detecting any shear-induced anisotropy.  

In this flow regime, the suspension behaves rheopectically as indicated by the 

decrease in apparent viscosity upon stepping down in shear rate. This rheopectic 

behavior is driven by the densification and growth of macroscopic agglomerates, which 
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leads to expulsion of propylene carbonate from the internal volume of the agglomerates. 

This restructuring causes a decrease in the hydrodynamic volume fraction and a lower 

apparent viscosity despite the growing size of agglomerates. Therefore, it can be 

concluded that the decline in apparent stress that occurs prior to achieving a quasi-steady 

state stress is directly related to the structural transformation from the loose, open 

agglomerates formed at ὄὭ > 1 to the large, dense agglomerates formed at ὄὭ < 1. 

Although the structures formed under these conditions appear to be relatively insensitive 

to shear rate, the transient apparent viscosity shows that the characteristic time of this 

restructuring process depends on the magnitude of the applied shear rate.  

5.5 Investigating Volume Fraction Heterogeneities Using Rheo-VSANS 

 

  Our steady shear measurements show that at applied shear rates where ὄὭ < 

1, the apparent stress response exhibits two behaviors. The first is observed at short 

times, where nearly an order of magnitude decrease in stress occurs over relatively short 

time scales. Rheo-USANS measurements show that this steep decrease in stress is a 

signature of the densification and growth of agglomerates. The second stress behavior 

is the steady decline observed after the initial restructuring period. It is known that 

sedimentation of non-Brownian particles can lead to an apparent shear-thinning 

behavior [147]. Additionally, visual inspection of samples after shearing revealed a 

build-up of carbon at the bottom of the cup. Therefore, it is likely that the apparent long-

lived stress decline is due to sedimentation of the large, dense agglomerates formed at 
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ὄὭ < 1. To investigate this, spatiotemporally resolved Rheo-VSANS experiments 

were performed as described in the methods section where the scattered intensity was 

converted to a local height-dependent volume fraction of the sheared suspension in the 

Couette.   

 The volume fraction distribution in the Couette for a shear rate of 400 s-1 (i.e., 

where ὄὭ < 1) is plotted in Figure 5.8a as ‰CB as a function of both the normalized 

height in the Couette, ὬὬϳ ¸ and time. This data was interpolated from data measured 

at discrete heights and times. The heat map in Figure 5.8a is defined by the color legend 

shown on the right where the lowest value of ‰CB corresponds to a purple hue and the 

highest to a dark red hue. Therefore, a red hue indicates minimal sedimentation from 

the preshear distribution and a purple hue indicates significant decrease in volume 

fraction. Averaged values for ‰CB were taken at ὬὬϳ  = 0.5 (dashed line) at each scan 

and plotted with the apparent stress response as ὄὭ against time in Figure 5.8b. In 

Figure 5.8a, during the first approximately 500 seconds, the volume fraction distribution 

does not change significantly from the preshear distribution while the apparent stress 

shown in Figure 5.8b decreases significantly. After 500 seconds, the apparent stress 

continues to decline at a slower pace along with ‰CB at ὬὬϳ  = 0.5. During this 

measurement, a carbon black lean region develops at ὬὬϳ  = 0.58, which extends over 

a larger area of the Couette with prolonged shear.  

 The observed correspondence between the slow apparent stress decline at long 

times and the development of spatial heterogeneities within the Couette height indicates 
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that sedimentation plays an important role in the transient stress response. To emphasize 

the extent of sedimentation that occurs at ὄὭ < 1, a photograph has been provided as 

an inset in Figure 5.8b, which shows the Couette geometry several minutes after shear 

is stopped at the end of an experiment. This image shows a banded region near the 

middle of the Couette that contains no carbon black surrounded by two carbon black 

rich regions. This banded region is not observed while the suspension is under shear and 

develops after shear has stopped. Our results suggest that this apparent gel fracture is 

due to the depletion of carbon black in the center of the Couette, so that the depleted 

region is unstable and falls to join the lower region while the upper region remains 

pinned by the upper free surface.  
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Figure 5.8: Results from a spatiotemporally resolved Rheo-VSANS measurement 

performed at 400 s-1 (ὄὭ < 1). (a) ‰CB as a function of both the scan 

number and normalized Couette height, ὬὬϳ . The color legend on the 

right is used to depict different values of ‰CB . (b) The apparent stress 

response plotted as ὄὭ (black line) measured during the height scans and 

‰CB measured at ὬὬϳ  = 0.5 (red markers and line) plotted against 

measurement time. Inset: image of the suspension in the Couette geometry 

several minutes after shear is stopped.  

  To further examine the relationship between applied shear rate and 

sedimentation, similar measurements were performed at a range of shear rates and 

plotted as heat maps in Figure 5.9. These figures contain similar information as Figure 

5.8a, except the data are plotted in a pixelated pattern where ‰CB values measured at the 

same scan number are stacked vertically regardless of the exact time the point was 

measured. Plotted this way, each panel is comprised of a series of pixels that each 

represent a value of ‰CB at a specific Couette height (y-axis) and scan number (x-axis). 

The panels are divided into the two flow regimes where data measured at ὄὭ < 1 and 

ὄὭ > 1 are on the top and bottom row, respectively. At ὄὭ < 1, ‰CB is a strong 
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function of the Couette height and shear time as well as the applied shear rate. At 100 

s-1, a clear gradient develops from low to high ‰CB with decreasing Couette height.  At 

shear rates from 250 s-1 to 500 s-1, a carbon black lean region develops in the middle of 

the Couette as the particles move outside of the measurable window and presumably to 

the bottom 25% of the Couette. At ὄὭ > 1, ‰CB varies only slightly along the height 

of the Couette, but does not vary with shear time, indicating that the volume fraction 

distribution is stable. The relationship between the applied shear rate and the volume 

fraction distribution is complex and is dependent on several factors including the shear-

induced microstructure and the ability for shear to keep the suspension homogenized. 

These measurements show that the growth and densification of agglomerates gives rise 

to sedimentation, which results in an apparent thinning of the suspension with increased 

shear time. Further, the data at ὄὭ > 1 show that heterogeneities can be reversibly 

eliminated via the preshear of 2500 s-1. 
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Figure 5.9: Results from spatiotemporally resolved Rheo-VSANS measurements 

performed at ten shear rates. Each panel shows ‰CB as a function of time 

and normalized Couette height, ὬὬϳ , as shown by the coordinate system 

on the top right. The color legend on the bottom right is used to depict 

different values of ‰CB. The top five panels are measured at shear rates 

where ὄὭ  < 1 and the bottom five panels at shear rates where ὄὭ  > 1. 

5.6 Discussion 

 

The observations presented here show that two distinct behaviors in both the 

macroscopic properties and the microstructure of sheared carbon black suspensions can 

be demarcated using the inverse Bingham number, ὄὭ „„ϳ . For ὄὭ > 1, open, 

branched agglomerates undergo a self-similar break up with increasing shear rate. This 

microstructural behavior is reflected in a reversible shear-thinning behavior as well as a 

stable volume fraction distribution along the height of the Couette. For ὄὭ < 1, 

shearing results in the growth and densification of agglomerates. This results in a 

rheopectic behavior where a decrease in the hydrodynamic volume fraction dictates a 

decrease in the apparent viscosity. During this restructuring process, inter-agglomerate 
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bonds are exchanged for intra-agglomerate bonds, resulting in a weaker, more fragile 

gel whose elastic properties are dependent on the degree of restructuring. This weakened 

network, along with the increased size and density of the agglomerates cause a long-

lived apparent stress response that arises due to sedimentation.  

Sedimentation of particles in suspension has been observed previously for non-

Brownian suspensions as well as aggregating colloidal suspensions [147-150]. Acrivos 

et al. have shown that for non-Brownian suspensions, a balance between shear-induced 

diffusivity and sedimentation exists so that the onset of sedimentation is predictable by 

the order of magnitude of a modified Shieldsô parameter, ὃ, which relates viscous forces 

to gravitational forces [148]. In this model, when ὃ is of order of magnitude greater than 

1, viscous forces dominate and the particles should resuspend or remain suspended 

under shear, and when ὃ is of order of magnitude less than 1, gravitational forces 

dominate and the suspension is expected to sediment under shear. The Shieldsô 

parameter can be calculated for the suspension studied here and can be used as a rule of 

thumb for predicting whether or not sedimentation will occur. As shown in Equation 

5.3, this parameter depends on the viscosity of the suspending fluid, –, the density 

difference between the two phases in the suspension, Ў” ” ” , the shear 

rate, ‎, the gravitational constant, Ὣ, and the original thickness of the resuspension layer, 

Ὤ [148].   

 ὃ  (5.3) 
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An estimate of the Shieldsô parameter can be made for the structures formed at 

ὄὭ > 1 and ὄὭ < 1. For the original thickness of the resuspension layer, Ὤ, the 

height of the Couette in the Rheo-VSANS experiments is used so that Ὤ = 36 mm. 

From this estimate, the shear rate, ‎, is set as the shear rates bounding the two flow 

regimes, which are 500 s-1 and 400 s-1 for ὄὭ > 1 and ὄὭ < 1, respectively. To 

determine the density of the agglomerates, ” , a fractal dimension, Ὀȟ , and 

radius of gyration, Ὑȟ , is estimated for both flow regimes. From the fit in Figure 

5.6b, the open structures formed at ὄὭ > 1 have a fractal dimension of Ὀȟ   = 2.5 

and an average radius of gyration of Ὑȟ  = 2 ɛm. The agglomerates formed at ὄὭ < 

1 are outside of the size range measurable in USANS (15 ɛm or larger) and are more 

compact than the structures formed at ὄὭ > 1. For the purpose of this estimation, the 

agglomerates formed at ὄὭ < 1 are assumed to have a radius of gyration of Ὑȟ  = 

15 ɛm and a fractal dimension of Ὀȟ   = 2.7. While the radius of gyration used here 

is at the upper boundary from USANS, the order of magnitude of ὃ remains the same 

for Ὑȟ  up to the size of the gap (0.5 mm). The radius of gyration and fractal 

dimension are used to calculate the volume fraction of carbon black in the internal 

volume of an agglomerate, ɮ ȟ , using Equation 3.6 [7]. Due to the porosity of the 

primary particles comprising the agglomerates as well as their fractal nature, ɮ ȟ  is 

small and less than 0.1 in both flow regimes. The calculated ɮ ȟ  is used to 

calculate the density of an agglomerate, ” . Using these parameters, the Shieldsô 

parameter is found to be of the order of magnitude 1 for ὄὭ < 1 and of the order of 
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magnitude 10 for ὄὭ > 1. This estimation suggests that sedimentation will occur at  

ὄὭ < 1 and viscous resuspension will be possible at ὄὭ > 1. Although this 

calculation does not account for the effect of hydrodynamic interactions [151], it agrees 

with our experimental results, where vertical concentration gradients are observed for  

ὄὭ < 1 and a homogeneous suspension is observed for ὄὭ > 1.  

The initial decay in stress observed upon flow start-up at all shear rates logically 

suggests a time-dependent microstructural transformation. Therefore, both the applied 

shear rate and the time allowed for restructuring plays an important role in the apparent 

macroscopic properties of the suspension. At ὄὭ < 1, this restructuring time is 

convoluted with the continuous sedimentation that occurs over the entire shear time. To 

determine the relative importance that the shear-induced microstructure and 

sedimentation have on the apparent macroscopic properties, ‰CB averaged over the 

measurable Couette height and ὄὭ are plotted against the applied shear rate in Figures 

5.10b and 5.10a, respectively, for different times throughout the Rheo-VSANS test. 

Both ὄὭ and ‰CB remain nearly constant at shear rates where ὄὭ > 1. At ὄὭ < 1, 

however, the effect of the growth and densification is clear. For the initial 300 seconds 

the apparent stress decreases significantly, but the averaged ‰CB over all measurable 

heights, here a proxy for the extent of sedimentation, remains nearly constant. This 

implies that the restructuring of agglomerates is the main contributor to this large 

decrease in the apparent stress at early times. At longer times, sedimentation occurs and 

the reduction in ‰CB averaged over the measurable portion of the Couette geometry 
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generally corresponds with the further decrease in apparent stress. From this, it is 

evident that the agglomerates first go through a microstructural transformation and then 

begin to settle as a result of this transformation.  

 

Figure 5.10: Summary of results from the spatiotemporally resolved Rheo-VSANS 

experiment. (a) Apparent flow curves plotted as inverse Bingham number 

against shear rate measured at different times where open symbols 

represent ὄὭ < 1 and closed symbols represent ὄὭ > 1. The value at ὸ 
= 0 s (red circles) was obtained by extrapolating the time dependent stress 

response. Other flow curves were taken at ὸ = 300 s (green pentagons), ὸ 
= 1800 s (pink triangles), and at the final time of ὸ = 4800 s (blue triangles). 

(b) Different time points of ‰CB averaged over all measurable Couette 

heights plotted against the applied shear rate.   
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It is important to note that this behavior may be present in other suspensions that 

display long-range attractions between particles that lead to large-scale structure 

formation. This can become a complicating factor in applications that require long 

periods of flow and in measurements aimed at probing the shear-dependent properties 

of a suspension. For parallel plate and cone and plate geometries, the volume fraction 

may not be evenly distributed across the gap, resulting in a measured response that does 

not accurately represent the bulk material behavior. Furthermore, for Couette 

geometries, a significant amount of the solid fraction will progressively migrate to the 

bottom of the geometry so that the actual volume fraction being measured is variable.  

The measured shear-induced microstructural evolution of this suspension of 

carbon black in propylene carbonate validates observations that have previously been 

made in the literature concerning the complex rheological behavior of carbon black 

suspensions. Our measurements show that at ὄὭ < 1, the two transient behaviors 

observed in the stress and conductivity (Figure 5.5) arise due to the densification of 

agglomerates and resulting sedimentation. This densification process has been observed 

previously by Osuji et al. for carbon black suspended in tetradecane [71] and is a 

common explanation for the shear-dependent macroscopic properties of carbon black 

suspended in a variety of media. Our results confirm this observation and show that 

sedimentation gives rise to additional geometry-dependent complexities.  

Tunability of macroscopic properties such as the yield stress and conductivity 

are commonly observed in carbon black suspensions [18, 72] and are consistent with 

the exchange of inter-agglomerate bonds for intra-agglomerate bonds via densification 
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upon transitioning from ὄὭ > 1 to ὄὭ < 1. This exchange results in a decrease in the 

degree of jamming with a decrease in shear rate where a weaker network is achieved 

after shearing at low shear intensities as illustrated in Figure 5.11. Additionally, due to 

the sedimentation that arises from this structural densification, it can be expected that 

shearing for longer times at a shear rate where ὄὭ < 1 will result in a progressively 

lower yield stress and conductivity. Further, the apparent shear-thickening behavior 

shown in Figure 5.3c and observed by Osuji et al. [71] and Narayanan et al. [3] is 

directly identified as resulting from the erosion of densified agglomerates and capture 

of propylene carbonate into the internal agglomerate structure (Figure 5.11) when the 

stress exceeds the macroscopic yield stress. Due to sedimentation, this apparent shear-

thickening transition becomes more severe with increasing shear time, as is seen in 

Figure 5.3c.  

Our experiments measuring rheology, conductivity, and microstructure show 

that the ñtrueò yield stress of the presheared suspension marks the boundary between 

two microstructural and macroscopic trajectories under shear flow. The first, at ὄὭ > 

1, is characterized by classical reversible thixotropy where the agglomerates restructure 

due to the imposed hydrodynamic stress of the flow. The second, at ὄὭ < 1, is 

identified by the densification of agglomerates due to a balance of the shear stress and 

developing elasticity of the network. This latter flow region is heterogeneous and 

subject to sedimentation during flow. By developing a criterion based on a 

dimensionless group that takes into account the yield stress of the presheared 

suspension, this behavior is expected to hold more broadly for suspensions of carbon 
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black in a variety of media where factors such as interparticle interactions, density 

mismatch, and shear history are subject to change.  

 

Figure 5.11: Illustration of the two structural categories achieved under shear. Each blue 

circle represents one carbon black agglomerate comprised of many 

primary aggregates. (a) Loosely connected network with large amounts of 

free solvent comprised of the large, dense agglomerates formed at ὄὭ < 

1 and (b) strongly connected network comprised of the small, open 

agglomerates formed at ὄὭ > 1. 

5.7 Conclusions 

 

  Rheo-USANS and spatiotemporally resolved Rheo-VSANS measurements have 

been used to identify two shear-induced microstructural trajectories for a suspension of 

carbon black in propylene carbonate that explain the complex, shear history dependent 

rheology previously reported for this class of dispersions. We show that the bifurcation 
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of these two rheological behaviors are demarcated by the inverse Bingham number, 

ὄὭ „„ϳ , which determines the transient nature of the suspension under shear. For 

ὄὭ > 1, open, relatively small agglomerates are formed and the suspension remains 

homogeneous under quasi-steady conditions. In contrast, for ὄὭ < 1, a shear-driven 

transformation from these small, but open agglomerates to large, denser agglomerates 

results in a steep decrease in both the apparent viscosity and conductivity, which 

continue to decline with shear time due to complicating effects of sedimentation. The 

decrease in hydrodynamic volume fraction associated with this microstructural 

evolution was shown to have a more significant effect on the macroscopic properties 

than the slow migration of carbon black associated with sedimentation. The measured 

transient microstructural behavior and resulting change in macroscopic properties have 

implications for applications where processing or end-use require extended flow 

periods. This microstructural characterization helps to explain many observations in the 

literature regarding carbon black suspensions including tunability of the yield stress and 

elasticity, an apparent shear-thickening behavior, and transient macroscopic properties. 
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SHEAR-DEPENDENT STRUCTURE-PROPERTY RELATIONSHIPS: 

REVERSIBLE THIX OTROPY & THE MASON NUMBER  

6.1    Introduction   

 

Many parts of this chapter appear in a manuscript that is under review in the 

Journal of Rheology titled ñMicrostructure and Rheology of Reversibly Thixotropic 

Carbon Black Suspensionsò and are reproduced here.  

As discussed in Chapter 1, the ability to predict and control the behavior of colloidal 

suspensions under changing formulation and flow conditions is important for 

applications ranging from ceramics, inks, coatings, and personal care products to 

personal protective equipment and sports apparel [20-22]. Although the rheological 

behavior of these suspensions has been widely studied, a more foundational 

understanding of the underlying behavior of these suspensions requires microstructural 

information [23, 152]. Many suspensions of interest are colloidally unstable, resulting 

in the formation of flocculated or aggregated structures [25, 153]. In these scenarios, 

the rheology becomes directly related to the size and number density of particle flocs 

[23]. This distribution of floc sizes evolves in response to an applied deformation and 

depends on factors such as particle size [24, 154, 155], the nature of the particle-particle 

interactions [24, 44, 155], and the shear history [23, 48, 136]. Therefore, a need exists 

Chapter 6 
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to develop relationships between these factors and the microscale and mesoscale 

suspension structure. While many studies have focused on understanding floc formation 

under quiescent conditions [25, 156], as well as the shear-dependent floc structure in 

dilute colloidal suspensions [50-53, 157, 158], it has proven challenging to measure the 

shear-dependent floc structure in concentrated suspensions. As these higher particle 

loadings are relevant to a wide range of applications, understanding the effect of shear 

on floc structure is necessary to improve their formulation and processing.  

It is known that in flocculated colloidal suspensions, the forces experienced in 

shear flow, or processing, drive structural rearrangements that in turn affect the 

rheological properties of the suspension [23, 136]. These structural rearrangements take 

place over a system-dependent period of time [48, 49] and manifest themselves as 

changes in the floc size [50-52], the internal floc structure [40, 51, 53, 61], and the 

degree of floc anisotropy [54-60, 139, 140]. For dilute suspensions of polystyrene latex 

particles, Sonntag and Russel studied the effect of fluid stresses and floc cohesive 

strength on these rearrangements by performing ex situ small angle light scattering 

measurements [51]. By normalizing the fluid stresses to the cohesive strength of the 

flocs, the trend of decreasing floc size with increasing shear intensity and decreasing 

cohesive strength could be expressed by a single curve [51]. Additionally, 

measurements of the floc structure before and after shear showed a shear-induced 

densification from a fractal dimension of 2.2 to 2.48 [51]. Similar densification has been 

reported by Harshe et al. and by Sommer, where the fractal dimension was found to be 

both system and processing dependent [53, 61]. Limited studies of concentrated 



 161 

suspensions have focused on understanding the shear-induced formation of anisotropic 

floc structures under shear and their effect on rheological properties [60, 136, 140]. 

These anisotropic structures form in specific shear regimes [54, 56, 57, 139] and are 

oriented in either the flow or the vorticity direction [54-60, 139, 140]. Fewer studies 

have addressed the effect of shear on the internal floc structure and the floc size at high 

effective volume fraction with significant yield stresses [40, 140, 159]. However, it has 

been shown through experimental work as well as simulations that flocs densify with a 

high fractal dimension and eventually break up with increasing shear intensity [40, 140]. 

While these studies point to a systematic behavior of shear-induced floc restructuring, 

a unified experimental understanding of floc structure evolution during shear flow and 

its relationship to rheological properties across a broad range of thixotropic suspensions 

has not yet been established.  

Carbon black suspensions are an example of a class of industrial, flocculated 

suspensions that find many applications, e.g., tire rubbers, inks and paints, plastics, 

battery electrode slurries, and fuel cell catalyst inks [1, 4, 5]. These suspensions exhibit 

many useful, or sometimes undesirable, shear-dependent behaviors such as thixotropy, 

tunability of conductivity and yield stress, apparent shear-thickening behavior, and 

shear-thinning behavior that are attributed to shear-induced changes in floc or 

agglomerate structure [3, 18, 54, 57, 71, 72]. As discussed in Chapter 1, under shear in 

a rotational rheometer, the structural motifs observed in carbon black suspensions can 

be summarized by three structural regimes identified by Osuji and Weitz and supported 

by other studies, including that presented in Chapter 5 [46, 54, 56, 57, 71]. With 
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increasing shear intensity, these three regimes consist of vorticity-aligned flocs, which 

disintegrate to form large, dense agglomerates that eventually break up into smaller, 

more open agglomerates [46, 54, 56, 57, 71]. This transformation from large, dense 

agglomerates to small, open agglomerates is discussed in Chapter 5 for a single 

suspension of carbon black in propylene carbonate.  Analysis shows that this transition 

as well as flow stability can be identified by the inverse Bingham number, ὄὭ, which 

compares the measured stress to the yield stress of the suspension [46]. At ὄὭ < 1, in 

a low shear rate regime, large and dense agglomerates are formed, which sediment under 

shear, leading to rheological anomalies. The transition to higher shear rates, where ὄὭ 

> 1, leads to the formation of stable, small, and open agglomerates and an apparent 

shear-thickening behavior. In this high shear intensity regime, the viscosity exhibits a 

shear-thinning behavior, where the internal structure, or fractal dimension, of 

agglomerates is shear-independent and the size of agglomerates decreases with 

increasing shear rate as expected for reversibly thixotropic suspensions [46]. Questions 

remain, however, as to the generality of this detailed structure-property relationship 

across a broader range of carbon blacks and suspending fluids, or in other words, across 

systems with large variations in primary particle structure and colloidal interactions.  

The work in this chapter directly addresses the generality of the behavior 

presented in Chapter 5 by exploring a broader range of formulations using the same 

experimental methods and analyses. Specifically, the structural evolution in the third, 

high shear intensity regime (ὄὭ > 1) is studied by quantifying the shear-induced 

agglomerate structure simultaneously with the rheology in a variety of high-structured 
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carbon black suspensions. The factors that are considered to control agglomerate break 

up in this work include primary particle and primary aggregate nano- to micro- 

structures, interparticle interaction strength, suspending medium characteristics, and 

volume fraction. These factors were explored by studying eight suspensions consisting 

of two commonly used conductive carbon blacks with different nanoscale building 

block structures, suspended in two Newtonian fluids with different dielectric properties, 

over a range of volume fractions. Rheo-VSANS and Rheo-USANS measurements were 

used to directly measure the shear-dependent primary particle, primary aggregate, and 

agglomerate structure at a range of steady shear rates. The observed self-similar 

agglomerate break up is found to depend on a modified Mason number that includes the 

bulk stress, allowing for the construction of master curves for both the structure and the 

bulk rheology.  

6.2    Materials and Methods 

6.2.1 Materials 

 

The eight suspensions studied are listed in Table 6.1. These suspensions consist 

of two conductive carbon blacks, Vulcan XC-72 and KetjenBlack EC-600JD, 

suspended in two Newtonian fluids, propylene carbonate and light mineral oil, at three 

volume fractions above the mechanical percolation threshold, ‰  = 0.12, 0.20, and 

0.27, where ‰  is defined in Chapter 3 and in Richards et al. [7] These suspensions 

were selected to evaluate the combined effect of particle loading, interaction potential, 
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suspending medium, and building block characteristics on the shear-dependent 

agglomerate structure. Stock suspensions were prepared at the highest volume fraction 

studied by following the homogenization protocol described in Section 2.3 using an 

IKA T 18 ULTRA-TURRAX mixer with a high shear screen dispersing tool. This 

preparation protocol effectively disperses the carbon black powder and leads to 

reversible thixotropic behavior as the shear rate applied in the mixing step is far above 

the shear rates applied during characterization [46, 70]. To maintain a constant 

preparation history across suspensions of the same family, lower volume fractions were 

prepared by appropriate dilution of the stock sample.  

Table 6.1: Summary of the eight carbon black suspensions studied. Bold ‰  indicate 

stock solutions. 

Carbon black type Suspending fluid Weight % 
Volume 

fraction, ‰  

Vulcan XC-72 Propylene carbonate 3.5, 5.75, 8.0 0.12, 0.20, 0.27 

Vulcan XC-72 Light mineral oil 4.9, 8.0, 11.1 0.12, 0.20, 0.27 

KetjenBlack EC-600JD Light mineral oil 2.5, 3.5 0.20, 0.27 

 

6.2.2 Rheological Measurements  

 

 Self-similar structure flow curves were constructed using an Anton-Paar MCR-

301 stress-controlled rheometer at 25 ęC equipped with a quartz cup and 60 mm long 

titanium bob (OD = 50 mm, ID = 49 mm, truncation gap = 0.05 mm) available as a 
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sample environment at the NIST Center for Neutron Research in Gaithersburg, MD, 

USA [97]. A protocol developed for these thixotropic suspensions is followed as 

described previously by Hipp et al. [46] and in Section 2.4.2.2. As discussed, the yield 

stress, „ , was determined by fitting the flow curve constructed from peak hold tests 

conducted in descending order to the Herschel-Bulkley model in Equation 6.1: 

 „‎ „ ρ . (6.1) 

 

For this procedure, „‎ is the stress at each shear rate, „  is the yield stress of the 

network set by the preshear condition, ‎ is the critical shear rate, and ὲ  is the power 

law index [81].  

6.2.3 Rheo-VSANS Measurements 

 

The shear-induced building block and internal agglomerate structure was 

measured using the Rheo-VSANS sample environment on the newly developed NG3 

VSANS diffractometer at the NIST Center for Neutron Research in Gaithersburg, MD, 

USA [95]. The scattering measurements were performed over a ή range of 1.5Ĭ 10ī1  

>ή>3.3Ĭ 10ī4 Åī1, with ‗ = 6.7 ¡ and ɝ‗‗ϳ  = 12%. Four converging neutron beams 

pass through a 45 mm tall by 12 mm wide aperture to enable simultaneous measurement 

of the entire ή range in five minute increments. In situ rheological measurements were 

performed using an Anton Paar MCR-501 stress-controlled rheometer at 25 ęC equipped 

with a quartz cup and 60 mm long bob (OD = 50 mm, ID = 49 mm, truncation gap = 
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0.05 mm) aligned in the flow-vorticity (1-3) plane. These measurements were 

performed by applying a preshear of ‎ = 2500 s-1 for 600 seconds and immediately 

stepping to the shear rate of interest, which was held for 3000 seconds while scattering 

data was collected. The VSANS data were reduced to absolute scale using IGOR Pro 

reduction protocols.  

6.2.4 Rheo-USANS Measurements 

 

The shear-induced agglomerate structure was measured using the Rheo-USANS 

sample environment on the BT5 diffractometer at the NIST Center for Neutron Research 

in Gaithersburg, MD, USA [93]. Just as in Chapter 5, five buffers were used to probe a 

ή range from 1 × 10ī3 Åī1 > ή > 3 × 10ī5 Åī1 where ή τ“‗ϳίὭὲ—ςϳ  with ‗ = 2.4 

Å and ɝ‗‗ϳ  = 6%. In situ rheological measurements were performed using an Anton-

Paar MCR-301 stress-controlled rheometer at 25 ęC equipped with a quartz cup and 60 

mm long bob (OD = 50 mm, ID = 49 mm, truncation gap = 0.05 mm) aligned in the 

flow-vorticity (1-3) plane. For Vulcan XC-72 suspensions, a titanium bob was used and 

for KetjenBlack EC-600JD suspensions a quartz bob was used to decrease background 

scattering. These measurements were performed by applying a preshear of ‎ = 2500 s-1 

for 600 seconds before stepping to the shear rate of interest. The structure was allowed 

to evolve to a steady state for 600 seconds before the USANS measurement was 

initiated. The measurements required approximately 10,000 seconds for Vulcan XC-72 
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suspensions and 32,000 seconds for KetjenBlack EC-600JD suspensions. The USANS 

data were reduced to absolute scale using standard IGOR Pro reduction protocols [98].   

Data were fit to the slit smeared hierarchical fractal model described in Section 

2.5.3.6 using the SASVIEW software package [107] to extract the shear rate dependence 

of the radius of gyration of carbon black agglomerates. Fitting was performed by fixing 

eight of the ten parameters and freely fitting the agglomerate fractal dimension, Ὀȟ , 

and the agglomerate correlation length, ‚ . For the higher volume fractions, a 

structure factor between agglomerates that is not included in the model is observed at 

low ή as a decrease in scattered intensity. To remove fitting errors from this structure 

factor, the low ή range was limited for these cases with the goal being optimization of 

the fit to the slope and the fit to the plateau in intensity. The initials fits provide values 

for Ὀȟ  for a single suspension that were shear-independent within the fit error. With 

this observation, the final fits were performed by freely fitting the agglomerate 

correlation length, ‚ , and constraining the fractal dimension to be the same across 

all shear rates for a single suspension.  

6.3 Results & Discussion 

6.3.1 Flow Curves and Yield Stress 

 

Flow curves for the eight suspensions studied here are shown in Figure 6.1 along 

with the fits to the Herschel-Bulkley (HB) model as the corresponding lines. Similar to 

the data shown in Chapter 5, the stress response exhibits a typical power law slope at 
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high shear rates and trends to a yield stress plateau at low shear rates. The dynamic HB 

yield stress, critical shear rate, and power law index for each fit are in Appendix D. The 

trends in these parameters, as discussed in the following, qualitatively follow expected 

behavior with volume fraction, suspending fluid properties, and carbon properties.  

However, it is important to realize that the quantitative values of these parameters also 

depend on the sample preparation and preshear protocol [18, 46, 72]. In addition to the 

care required in defining the specific shear history, the rheological protocol used here 

also accounts for other undesirable processes that may affect rheological measurements, 

including wall slip, shear banding, and sedimentation as discussed in Section 2.4.2.2 

[49, 68, 79, 80].  

The family of flow curves shown in Figure 6.1a-c are conveniently collapsed 

when plotted on coordinates defined by the HB model, as observed in Figure 6.1d. This 

dynamic similarity suggests that the physical processes responsible for the development 

of the yield stress as well as those responsible for the yielding and flow under shear are 

the same across these variations in sample chemistry and physical properties. A unifying 

understanding of these physical processes is afforded by hierarchical microstructural 

measurements, as shown in the following section.  
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Figure 6.1: Measured flow curves and Herschel-Bulkley model fits for (a) Vulcan XC-

72 in propylene carbonate, (b) Vulcan XC-72 in light mineral oil, and (c) 

KetjenBlack EC-600JD in light mineral oil. (d) Dimensionless plot for all 

flow curves plotted according to the Herschel-Bulkley equation. 

Trends in the HB model parameters are evident in Figure 6.2. The yield stress is 

directly related to both the number and strength of inter-agglomerate bonds in the 

network [23, 155, 160, 161]. The number of bonds is expressed as an areal bond density, 

‰ ὥϳ , where ‰ is the volume fraction and ὥ is the radius of particles comprising the 
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network [155]. Thus, the yield stress increases with volume fraction, as observed in 

Figure 5.2a. The yield stress also increases with the strength of inter-agglomerate bonds, 

Ὂ , which is calculated by taking the maximum in the first derivative of the 

interaction potential [23, 155, 160]. This trend is observed in Figure 5.2a for the two 

families of Vulcan XC-72 suspensions, where the Hamaker constant in propylene 

carbonate is higher than in light mineral oil (Table 2.1), leading to stronger interparticle 

bonds. The combination of these two effects is summarized in a model for the yield 

stress (Equation 6.2) [55, 155]: 

 „ ὅ Ὂ ,  (6.2) 

 

where the proportionality constant, ὅ, is system-specific and seems to depend on the 

network topology. Equation 6.2 enables estimation of the cohesive force between 

primary aggregates in the suspension from the measured yield stress values. It should 

be noted that this estimated cohesive force lacks information concerning the effects of 

thermal energy, rate of force loading, and the distribution of cohesive forces [162, 163]. 

The critical shear rate from the Herschel-Bulkley fits, ‎ , is the inverse of a 

characteristic time in the suspension [164-166]. For soft colloids, Nordstrom et al. 

observed a decrease in this characteristic time with increasing volume fraction [166], 

which is the general trend observed in Figure 6.2b. We also observe that increasing the 

suspending medium viscosity decreases the critical shear rate. Finally, as shown in 

Figure 6.2b, the power law index, ὲ , varies systematically between 0.50 and 0.75, 
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indicating shear-thinning, where stronger shear-thinning is observed for higher volume 

fractions and for the suspensions in propylene carbonate. The numerical value of ὲ  

can then be assumed to depend on the specific effects of shear on the microstructure. 

The fact that ὲ  appears to be a complex function of volume fraction, suspending 

medium viscosity, and dielectric constant motivates direct quantification of the 

microstructure to gain insight into the shear-thinning behavior. 

 

Figure 6.2: Parameters derived from Herschel-Bulkley fits. (a) Yield stress (b) left axis 

(closed symbols): critical shear rate, and right axis (open symbols): power 

law index plotted against the effective volume fraction of primary 

aggregates.    

6.3.2 Shear-Induced Primary Aggregate Structure and Anisotropy 

 

 To understand the varied shear-thinning behavior observed for these 

suspensions, small angle scattering experiments were performed over length scales 
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corresponding to the primary particle, primary aggregate, and internal agglomerate 

structure. Note that the accessible ή range measured here is larger than that 

corresponding to the floc size. The results of these measurements are shown in Figure 

6.3 as a function of applied shear rate for two representative suspensions of Vulcan XC-

72 at ‰  = 0.20 in light mineral oil (Figure 6.3a) and in propylene carbonate (Figure 

6.3b). Two key observations are evident from these measurements. The first has been 

observed in previous work, where the scattered intensity at high ή remains constant with 

increasing shear rate for all suspensions studied [46]. This confirms that the primary 

particle and primary aggregate structures are shear-independent and the parameters 

describing these two levels of structure can be fixed in the hierarchical fractal model. 

This result is a consequence of sample preparation and preshear protocols, which enable 

the study of reversible thixotropy in suspensions as has been discussed by Dullaert and 

Mewis [70] and confirmed by Armstrong et al. [82]. 

The second observation comes from the two-dimensional scattering data 

measured in the flow-vorticity (1-3) plane shown in the inset in Figure 6.3a and Figure 

6.3b. The images capture the ή range from 1.5 Ĭ 10ī3 Åī1 to 3.3Ĭ 10ī4 Åī1, which 

corresponds to the internal agglomerate structure. These 2-D patterns are isotropic and 

are representative of the behavior for all suspensions measured. This result is contrary 

to prior studies on the shear-dependent structure of colloidal gels. In these studies, 

formulation and shear-dependent anisotropic scattering patterns are observed in the 

flow-vorticity (1-3) plane as well as the flow-gradient (1-2) plane [54-58, 60, 140, 141]. 

For example, the system studied by Hoekstra et al. showed anisotropy on all length 
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scales greater than the particle size, which was attributed to breakage and recombination 

of structures along the extension and compression axes, respectively [140]. Similar 

observations of anisotropy along the compression axis have been made for colloidal gels 

that exhibit short-range attractions [55, 58, 141]. Additionally, the isotropic scattering 

patterns in Figure 6.3 suggest that the vorticity-aligned structures commonly observed 

in carbon black suspensions [54, 56, 57] are not observable in the range of shear rates 

studied and in the length scales probed. Such shear-induced heterogeneities are not 

anticipated for these measurements given that the shear rates and gap width used are 

consistent with conditions identified by Grenard et al. where vorticity-aligned flocs do 

not form [56]. The shear-independence of the scattering curves at high ή and the absence 

of anisotropy in the two-dimensional scattering data emphasize that the relevant shear-

induced structural changes are to be observed at lower scattering angles, as afforded by 

Rheo-USANS measurements. 
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Figure 6.3: Results from Rheo-VSANS measurements at selected shear rates and in the 

quiescent state for suspensions of Vulcan XC-72 at ‰  = 0.20 in (a) light 

mineral oil and (b) propylene carbonate. Two-dimensional data shown 

were measured in a ή range from 1.5 Ĭ 10ī3 Åī1 > ήױ> 3.3 Ĭ 10ī4 ¡ī1 and 

for shear rates of (a) 500 s-1 and (b) 1500 s-1.  No changes in primary 

particle or primary aggregate structure are observed, nor any shear-induced 

heterogeneities or alignment. 

6.3.3 Rheo-USANS Measurements of Agglomerate Structure  

 

 Scattering measurements corresponding to longer length scales from 

approximately 0.6 ɛm to 16 ɛm are shown in Figure 6.4 for the eight suspensions studied 

at a range of steady shear rates. For each suspension, the scattering curves show a similar 

qualitative behavior to what was described in Chapter 5 [46]. At high ή corresponding 

to length scales smaller than the agglomerate size, a shear-independent power law slope 

is observed. This indicates that the internal structure of the agglomerates is not changing 

with shear rate. The slope of this power law yields a mass fractal dimension where 

Ὅή ͯ ή  [105], however because of the slit-smearing of the USANS instrument, 
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accurate determination of the fractal dimension requires inclusion of the instrument 

resolution [93, 98]. The slit collimation also prevents the determination of the existence 

of anisotropy at this length scale. Nonetheless, we observe a significant and systematic 

reduction in the low q intensity characteristic of shear-induced reduction in the size of 

scattering objects with increasing shear rate for all samples. In order to quantify the 

evolution in agglomerate size, the scattering intensity was fit to the hierarchical fractal 

model described in Section 2.5.3.6. Fits of the hierarchical fractal model to the slit-

smeared scattering data are shown in Figure 6.4 as (black) lines.   
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Figure 6.4: Rheo-USANS data and fits to the hierarchical fractal model for suspensions 

of (a) Vulcan XC-72 in propylene carbonate, (b) Vulcan XC-72 in light 

mineral oil, and (c) KetjenBlack EC-600JD in light mineral oil. Lines show 

fits to the hierarchical fractal model. Data are scaled as indicated for 

clarity. 

 The fitted values of Ὑȟ  and Ὀȟ  are extracted at each condition and are 

summarized in Appendix C. The fractal dimension of the agglomerates varies 

depending on the type of carbon black where Vulcan XC-72 agglomerates have a fractal 

dimension of 2.5 and KetjenBlack EC-600JD have a volume fraction-dependent fractal 

dimension of 2.6 to 2.7. Similar fractal dimensions have been observed for sheared 

flocculated suspensions by several authors [40, 51, 53]. In these studies, small angle 
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light scattering results show that flocs formed under static conditions have fractal 

dimensions ranging from 1.4 to 2.2 and densify under shear to fractal dimensions of 2.4 

or 2.5 [40, 51, 53]. The self-similar break up observed here has been observed by 

Sonntag and Russel for dilute polystyrene particle suspensions [51] and is an important 

assumption made in population balance modeling for thixotropic suspensions [65]. 

The agglomerate radius of gyration is plotted in Figure 6.5a as a function of shear 

rate where the qualitative observations of the scattering curves is confirmed by the 

reduction of Ὑȟ  with increasing shear intensity. Additionally, a decrease in Ὑȟ  

with increasing suspending medium viscosity, –, is observed by comparing 

suspensions of Vulcan XC-72 in either light mineral oil or propylene carbonate. The 

effect of these two properties is often evaluated using a shear stress, „ –‎, which 

indicates that the stress, not the shear rate, controls the floc size [51, 53, 138]. An 

alternate version of Figure 6.5a showing the dependence of the radius of gyration on the 

fluid shear stress is shown in Figure 6.5b.  
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Figure 6.5: (a) Agglomerate radius of gyration from fits to the hierarchical fractal model 

plotted against the applied shear rate. (b) Agglomerate radius of gyration 

plotted against the fluid stress, „ –‎.  

Both Figure 6.5a and 6.5b show an inverse relation between the radius of 

gyration and the volume fraction. This suggests that the fluid stress alone lacks an 

important particle contribution to the hydrodynamic stresses on the agglomerates, which 

should increase with increasing volume fraction. Another observable trend is the effect 

of interparticle interactions on the agglomerate size. As shown in Table 2.1, for a 

suspension of Vulcan XC-72 in propylene carbonate, particles have a higher attractive 

strength and therefore a stronger force preventing agglomerate break up than Vulcan 

XC-72 particles suspended in light mineral oil. This increase in attractive strength is 

observed as an overall larger agglomerate size in propylene carbonate. Again, this trend 

is similar to that observed by Sonntag and Russel who reported an increase in floc size 
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with increasing salt concentration and decrease in electrostatic repulsive strength for 

dilute polystyrene suspensions [51].  Importantly, the suspension viscosity that arises 

due to the agglomerate structure was simultaneously measured during the Rheo-USANS 

experiments at each applied shear rate and is reported in Figure 6.6. The viscosity 

measured at these high shear rates is shear-thinning and the measured values align 

closely with the stresses measured in Figure 6.1. This shear-thinning behavior is a 

signature of reversible thixotropy that occurs due to the reduction of the hydrodynamic 

volume fraction of agglomerates with decreasing size [65]. 

 

Figure 6.6: Bulk viscosity measured during Rheo-USANS experiments as a function of 

applied shear rate. 
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6.3.4 Scaling for the Agglomerate Size 

 

 The individual effects of shear rate, suspending medium viscosity, interparticle 

interactions, and volume fraction on the agglomerate size are all evident in the data 

presented in Figure 6.5. Numerous experimental and simulation studies demonstrate 

that the dimensionless Mason number characterizes the breakup of agglomerates. The 

Mason number is generally defined as the ratio of the shear forces pulling the particles 

apart, Ὂ , divided by the cohesive forces holding particles together, Ὂ  [51, 

53, 55, 59, 167, 168]. For complex systems such as carbon black, which have 

polydispersity, surface roughness, and irregular shapes, the details of the interparticle 

interactions are challenging to calculate a priori, which makes it difficult  to determine 

the appropriate form of Ὂ . Therefore, in this study, we follow the approach of 

Eberle et al. [55] and estimate Ὂ  using Equation 6.2 with the yield stress from 

the Herschel-Bulkley fits. 

 The shear force that causes agglomerate break up is estimated using Stokesô drag 

equation, which defines the shear force as Ὂ φ“„ὥ [55, 59, 167, 168]. For 

dilute suspensions of particles, the hydrodynamic stress is estimated using the fluid 

stress to account for the effects of suspending medium viscosity and shear rate on 

agglomerate break up. However, for the concentrated carbon black suspensions studied 

here, the increase in hydrodynamic stresses with increasing volume fraction plays a role 

in agglomerate break up as shown in Figure 6.5. Therefore, the shear force is modified 

to be Ὂ φ“ʎὥ using an effective medium approach where it is understood that 
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the hydrodynamic stress driving agglomerate break up has contributions both from the 

fluid and the suspended particles [65, 136]. Comparing this shear force with the 

cohesive force between particles yields a dimensionless Mason number, Equation 6.3, 

as: 

 ὓὥίέὲ ὲόάὦὩὶὓὲ  ὅφ“‰ Ȣ  (6.3) 

 

A plot of the agglomerate size normalized by primary aggregate size versus this 

modified Mason number is shown in Figure 6.7. For each family of suspensions, ὅ was 

held constant and was set to a value of 2 for Vulcan XC-72 in light mineral oil and 1 for 

suspensions of Vulcan XC-72 in propylene carbonate and KetjenBlack EC-600JD in 

light mineral oil. This form of the Mason number collapses all data sets and correctly 

predicts the relative ratio between shear and cohesive forces where at ὓὲ ρ, shear 

forces dominate and agglomerates break up. The agglomerate size decreases with 

increasing Mason number as Ὑȟ  ͯ ὓὲ Ȣ. This power law scaling of the 

agglomerate size is greater than the ὓὲ Ȣ scaling determined by Varga and Swan in 

simulations where the Mason number was calculated using the suspending fluid 

viscosity [59]. However, this scaling is similar to that reported for the dependence of 

the largest aggregate size on the Mason number, ὔ ͯ ὓὲ Ȣ[59], which is arguably 

more relevant to this study as scattering measurements are heavily weighted by the 

largest agglomerate size. Notwithstanding this numerical difference, this common 

scaling behavior across the eight suspensions studied shows that the underlying physical 
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processes of shear-induced break up and aggregation of the primary aggregates to form 

the agglomerates is common across this range of carbon black types and suspending 

fluids.  

 

Figure 6.7: Agglomerate radius of gyration normalized to the primary aggregate radius 

of gyration plotted against the Mason number for eight carbon black 

suspensions at various shear rates. 

6.3.5 Dependence of Bulk Viscosity on Macroscopic and Microscopic Properties 

 

The scaling of the self-similar agglomerate break up with the Mason number in 

Equation 6.3 can be rearranged to more clearly emphasize the unified dependence of the 

measured viscosity on both the fluid Mason number and the size of the agglomerates. 
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Recognizing from Figure 6.7 that  Ὑȟ  ͯ ὓὲ   enables expression of the viscosity 

as: 

 – ρḙὓὲ ρȾὧὙȟ
Ⱦ

  (6.4)

  

where  ὓὲ  is defined using the medium viscosity in Equation 6.3 and the normalized 

agglomerate radius of gyration, Ὑȟ  Ὑȟ Ὑȟϳ ρ. By fitting the data in 

Figure 6.7 to a power law, the empirical fit constant, ὧ, is determined to be 25.5 ± 1.80 

for all suspensions. The use of specific viscosity in Equation 6.4 is in recognition that 

in the dilute limit, the viscosity cannot fall below that of the suspending medium. This 

semi-empirical prediction for the relative suspension viscosity enables the construction 

of a master curve, as shown in Figure 6.8.  

Importantly, this observation shows that knowledge of the fluid Mason number 

alone, which contains the interparticle forces and applied shear rate, is insufficient to 

develop a constitutive equation for the viscosity of these thixotropic suspensions. As 

shown by Varga and Swan, a unified behavior is not achieved for suspensions at various 

volume fractions when the viscosity is viewed only within the framework of the fluid 

Mason number itself [59]. Rather, additional knowledge of the microstructure in terms 

of the normalized agglomerate size as a function of shear rate is necessary to reduce the 

viscosity to a common curve for a broad range of samples.  

The structure-property relationship shown in Figure 6.8 also helps to explain 

why the successful collapse of the flow curves in Figure 6.1d could only be achieved by 

taking into account the suspension-specific power law slopes and critical shear rates 
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from fits to the Herschel-Bulkley model.  These Herschel-Bulkley parameters depend 

on the microstructure in a system-specific manner [166, 169], which must be accounted 

for in any constitutive model. A signature of reversible thixotropy in these systems is 

that the shear-thinning behavior arises as a consequence of the self-similar breakup of 

carbon black agglomerates. Consequently, even in the absence of any macroscopic 

phase separation [46, 57], any constitutive model for this class of thixotropic 

suspensions will necessarily require auxiliary microstructural information, such as 

typical in semi-empirical structure-kinetic models [66, 67, 170], or more recent, 

mechanistic population balance models [65, 69]. Whether remarkable data reduction 

extends to other thixotropic systems, e.g.,  fumed silica [82, 171], rouleaux in blood 

[172], and flocculated suspensions [141] remains to be determined.  
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Figure 6.8: Specific viscosity plotted as a function of the suspending fluid Mason 

number weighted by the dimensionless agglomerate size according to 

Equation 6.4. 

6.4    Conclusions 

 

This Chapter extends the detailed study of one particular chemistry of carbon 

black suspensions presented in Chapter 5 to demonstrate a common behavior for the 

hierarchical microstructure, yield stress, and shear-thinning viscosity for a range of 

carbon black primary particle structures, suspending fluids, and concentrations. A 

combination of Rheo-VSANS and Rheo-USANS measurements provide the critical 

understanding of the self-similarity of the underlying physical processes that govern the 

suspension microstructure and their dependence on the chemical nature of the 

suspension. Neutron scattering results show self-similar break up of agglomerates where 
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the fractal dimension is unchanging with shear rate and the size decreases with 

increasing shear rate. The dependence of this agglomerate breakup on the suspension 

properties and flow strength is quantitatively understood in terms of a dimensionless 

Mason number, ὓὲ, which compares the volume fraction-dependent shear force driving 

agglomerate breakup to the cohesive forces binding agglomerates together. The analysis 

presented here reconciles many observations in the literature concerning shear-

dependent floc structure and expands upon these studies by considering the effects 

encountered at high volume fractions. In these cases, considerations of shear-induced 

microstructural rearrangements provide a rational means to unify observations across a 

broad range of suspension chemistries and physical properties.  Whether the structure-

property relationships determined here can be extended to other suspension properties, 

such as conductivity, is explored in Chapter 7. However, we anticipate these results to 

be of value for the design and formulation of thixotropic suspensions with a yield stress 

across a broad range of practical applications.  
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SHEAR-DEPENDENT STRUCTURE-PROPERTY RELATIONSHIPS: 

CHARGE TRANSPORT 

7.1   Introduction   

 A goal of this thesis is to understand the flow-induced evolution of the electrical 

properties of carbon black suspensions. This goal has roots in applications such as the 

semi-solid flow battery, where carbon black is used as a conductive additive in a 

flowable electrode slurry [4, 10] and is motivated by the need to understand flow rate-

dependent particle-particle charge transport in slurries used for water treatment 

processes [173, 174] and electrochemical flow capacitors [175, 176]. In these 

applications, it is desirable to maximize the rate of charge transport in the slurry while 

minimizing the viscosity. Superficially, as these two properties are directly related to 

the slurry particle loading, it seems that both properties cannot be optimized as the 

maximization of one is at odds with the minimization of the other. However, this is 

shown to be naïve by recent studies of sheared carbon black suspensions, where a 

measured shear-thinning behavior is coincident with an increase in conductivity [3, 17, 

19]. Additionally, as shown in Chapter 4, the network responsible for electrical 

percolation is not necessarily the same network of intimate particle-particle bonds 

required for mechanical percolation [7]. Instead, electrons can move across finite 

distances via tunneling or hopping, which enables a finite conductivity even while the 

suspension is under shear. These observations suggest a complex shear-dependent 

Chapter 7 
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relationship between viscosity, conductivity, and microstructure that can be understood 

and optimized to improve the performance of conductive slurries.  

 Along these lines, several studies have attempted to indirectly probe the shear-

induced microstructure of carbon black suspensions by simultaneously measuring the 

rheological and frequency-dependent dielectric properties at different shear conditions 

[3, 18, 115, 177]. In a series of work by Mewis, Helsen, and others on this topic, 

seemingly contradictory measurements of both increasing [17] and decreasing [64] 

conductivity are observed with increasing shear rate, making it difficult to form 

conclusions concerning the microstructural behavior by these indirect routes. In an 

effort to explain these opposing trends, Mewis et al. proposed two competing effects 

with increasing shear rate: a decrease in conductivity due to a decrease in floc size, or 

hydrodynamic volume fraction, and an increase in conductivity due to an increase in the 

frequency of shear-induced particle-particle collisions [64].  In recent years, many 

studies have followed this foundational work and continue to measure both increasing 

[3, 19] and decreasing [18] trends in conductivity. These studies offer no clear 

consensus as to the microstructural and dynamic origin of these behaviors and largely 

disregard the information-rich frequency-dependent dielectric response that provide 

insight into the mechanisms underlying charge transport.  

In this chapter, the missing microstructural information in these studies is 

addressed by leveraging the direct structural measurements presented in Chapters 5 and 

6 to understand the shear-dependent charge transport properties of carbon black 

suspensions. The suspensions studied consist of Vulcan XC-72 carbon black suspended 

in two fluids, light mineral oil and propylene carbonate, at three particle loadings above 

the electrical percolation threshold. Following the discoveries of Chapters 5 and 6, these 
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experiments are performed in the stable flow regime at ὄὭ > 1 where reversible 

thixotropy is observed [46]. In this flow regime, the agglomerate size decreases in a 

predictable manner with increasing shear intensity, leading to a quantifiable decrease in 

agglomerate or hydrodynamic volume fraction. The shear-dependent change in charge 

transport processes is measured by performing rheo-dielectric measurements at a range 

of frequencies. These measurements are used to understand the underlying factors that 

determine the conductivity by fitting the frequency-dependent dielectric data measured 

for suspensions in light mineral oil to an appropriate model to extract parameters 

describing charge transport. As in previous studies, the bulk conductivity was 

determined for each suspension at each shear condition and compared to the quiescent 

conductivity. Notably, although these suspensions exhibit a similar shear-dependent 

microstructural evolution, the two different suspending fluids lead to opposing trends in 

conductivity when plotted against shear rate and agglomerate volume fraction. These 

findings are used to discuss the relative weighting of the effects from shear-induced 

collisions and hydrodynamic volume fraction in determining the shear-dependent 

conductivity.  

7.2      Materials and Methods 

7.2.1 Materials 

The suspensions in this study consist of Vulcan XC-72 carbon black suspended 

in two fluids: light mineral oil and propylene carbonate. These samples were prepared 

at the same three concentrations listed in Table 6.1, ‰  = 0.12, 0.20, and 0.27. ‰  

is the shear-independent effective volume fraction and as defined in Chapter 3 and in 

Richards et al. [7] and describes the volume taken up by primary aggregates. The stock 
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suspensions were prepared at the highest volume fraction (‰  = 0.20) using an IKA 

T 18 ULTRA-TURRAX mixer with a high shear screen dispersing tool in conjunction 

with the high shear homogenization protocol outlined in Section 2.3. The two lower 

volume fractions were prepared by dilution of the stock suspensions into the appropriate 

amount of light mineral oil or propylene carbonate. With the shear history used, these 

suspensions are all above the mechanical and electrical percolation thresholds as 

evidenced by the existence of a yield stress (Figure 6.2) and a finite conductivity. 

7.2.2 Rheo-Dielectric Measurements 

Rheo-dielectric measurements were performed using a TA Instruments ARES-

G2 strain-controlled rheometer equipped with a 34 mm long custom built Couette 

geometry (OD = 27 mm, ID = 26 mm, cell constant = 6.24 m) [7, 115, 116]. 

Simultaneous dielectric spectroscopy measurements were performed using a Keysight 

E4990A Impedance Analyzer with a frequency range from 20 Hz to 50 MHz for 

suspensions in light mineral oil and an Agilent 4980A LCR meter with a frequency 

range from 20 Hz to 2 MHz for suspensions in propylene carbonate. At the high end of 

the frequency range, noise from the surrounding electronic devices interfered with the 

sample signal. To prevent this noise from affecting the fits, data was truncated at 

approximately 7 MHz. All measurements were performed at 25 ºC using a liquid 

nitrogen dewar and the TA Instruments Forced Convection Oven. Prior to loading the 

sample, the eccentricity of the cup and bob was checked by measuring the impedance 

as a function of time at a fixed frequency of 20 kHz while rotating the cup at 0.2 rad s-

1. This test was deemed satisfactory if the maximum and minimum impedance were 

within 3% of one another. Following this, the open and short circuit measurements were 

performed with the oven door closed.  
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After the preliminary tests, the sample was loaded and conditioned using the 

protocol outlined in Section 2.4.2.1. The shear protocol consisted of repeating triplets 

of a preshear for 600 seconds at 2500 s-1, an immediate step to the shear rate of interest 

for 1000 seconds, and the cessation of shear for 600 seconds. Shear rates were applied 

in decreasing order and only include conditions in the stable, high shear flow regime at 

ὄὭ > 1. During these shear steps, repeating dielectric frequency sweeps of 51 

logarithmically spaced points were measured. Each frequency sweep was 

approximately 50 seconds long. The impedance magnitude and phase shift were 

recorded and corrected for open and short circuit measurements as described in Section 

2.6.2. Data were reduced to the complex permittivity, ‐ᶻ‫ , as described in Equation 

2.27.  

7.2.3 ╪ꜚ▌▌■▫□▄►╪◄▄ Calculation 

In this chapter, the hydrodynamic volume fraction is defined as the agglomerate 

volume fraction, ‰ , which takes into account the shear-dependent volume taken up 

by the agglomerates. This parameter is used to understand the origin of the shear-

dependent electrical conductivity. Similar to the effective volume fraction in Chapter 3 

that describes the volume taken up by primary aggregates, ‰  was calculated using 

structural parameters from neutron scattering. First, the Mason number for each shear 

condition was calculated using Equation 6.3 along with the measured stress from the 

rheological measurements, the yield stress, the effective volume fraction, and the 

system-specific constant. This Mason number was used to calculate the agglomerate 

radius of gyration using Equation 7.1: 

 
Ὑȟ

Ὑȟ
ρ ςυȢυὓὲ Ȣ. (7.1) 
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The agglomerate correlation length, ‚ , was then calculated using Equation 2.23 with 

the agglomerate radius of gyration and the agglomerate fractal dimension, Ὀȟ  = 2.5. 

To determine the agglomerate volume fraction, a mass balance was performed where 

the total mass of carbon determined by the weight fraction was required to be the same 

as the mass of carbon in an agglomerate multiplied by the number of agglomerates. 

Similar to the equation derived in Chapter 3, the volume fraction of carbon in an 

agglomerate, ɮ ȟ , can be calculated using Equation 7.2: 

   ɮ ȟ  ɮ ȟ
ȟ

ȟ ȟ Ⱦ Ⱦ

ȟ
ȟ

. (7.2) 

In this equation, ɮ ȟ  and Ὑȟ  come from Table 3.4 in Chapter 3 for the primary 

aggregate.Values for ɮ ȟ  range from 0.015 to 0.060, indicating a large amount of 

fluid is trapped in the internal volume of the agglomerates, which is expected given the 

data presented in Chapter 3 and the discussion in Chapter 4 surrounding mechanical 

percolation. Finally, the mass balance results in a simple equation where ‰

‰ ȟ ɮ ȟϳ . As will be shown in the results, numbers for ‰  vary between 0.47 

and 1.75. The large, unphysical values of ‰  can be attributed to the interpenetrating 

fractal-within-fractal structure and polydispersity that is not taken into account in the 

mass balance. 

7.2.4 Dielectric Data Analysis 

In a dielectric spectroscopy experiment, an AC electric field is applied in the 

linear regime where only small perturbations from equilibrium occur. The frequency of 

the oscillatory field determines the motion of free charges over a range of time and 

length scales as shown in Figure 7.1. In the measurements reported here, the dielectric 

response from a discrete range of structures was measured. As shown in Chapters 5 and 
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6, the microstructure of sheared carbon black suspensions consists of discrete 

agglomerates separated by an intervening suspending fluid [46]. These agglomerates 

are comprised of smaller subunits, which make up the hierarchy of carbon black 

suspensions. In the frequency range measured, the response from transport across these 

smaller subunits was not accessible. Therefore, only the agglomerate and the bulk 

response was probed. For this reason, for data interpretation, the agglomerate was 

considered as an electrically conductive particle and the bulk was considered as a 

collection of these particles suspended in a fluid.  

Information was extracted from the shear- and frequency-dependent dielectric 

spectroscopy data in two different ways due to varying levels of complexity encountered 

with the two different suspending fluids. Ideally, a microstructural model can be written 

and fit to the data to extract information about the underlying processes that give rise to 

conductivity. This is the route used to analyze data from the simplified case of carbon 

black suspended in light mineral oil, where the only transport that needs to be considered 

is that of electrons and holes. For carbon black in propylene carbonate, the frequency-

dependent response becomes more complex due to a convolution of ionic and electronic 

transport processes. For this system, an analytical model has not been developed. 

Therefore, only the shear-dependent conductivity is extracted from the data by 

evaluating the conductivity at a frequency of 20 kHz (125.6 rad s-1) [7, 46].  

7.2.4.1 Modeling the Complex Permittivity in Carbon Black in Mineral Oil  

Traditionally, charge transport is described using clusters, which can be both 

finite and infinite and are not necessarily the same structures as the agglomerates [110, 

112]. To keep with this tradition and disentangle the two words, cluster will be used in 

this section to describe the charge transport length scale rather than agglomerate. As 
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shown in Figure 7.1, the slowest response is bulk transport, which is measured at the 

lower frequency range as ,Ÿ 0 and depends on the bulk conductivity of the system ‫ 

‖ . In light mineral oil, this bulk transport process is comprised of many individual 

intercluster transport processes, which occur due to hopping events that take place over 

a finite distance [7]. The fastest response shown is the intracluster charge transport that 

depends on the effective electrical conductivity of an agglomerate, ‖ , which is a 

convolution of the conductivity of carbon black and the tortuous path an electron must 

take within an agglomerate. This response is shown at the high frequency end in Figure 

7.1 as electrons (filled circles) and holes (open circles) transporting across a cluster to 

sites with lower potentials.  

 

Figure 7.1: Diagram describing different length scales and different transport processes 

of charge transport for suspensions of carbon black in light mineral oil. 

From left to right with increasing frequency: bulk transport, intercluster 

transport, and intracluster transport. Only electrons (filled circles) and 

holes (open circles) are considered here. Distances are not necessarily to 

scale. 
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The combination of the bulk intercluster conduction and the macroscopic 

collection of intracluster conduction processes creates a dielectric response that is 

commonly observed in many types of materials. Typically, the response is divided into 

two limiting power law slope regimes that are often called the anomalous low frequency 

dispersion (ALFD) as shown in Equation 7.3 [110, 178, 179]:  

 ‐‐ ͯ ‫ ͯ‫
 ‫      ȟ   ‫ ‫

 ‫    ȟ   ‫ ‫
. (7.3) 

Here, ‫  is a characteristic frequency corresponding to the time scale that demarcates 

intercluster and intracluster transport processes. As described by Dissado and Hill, at 

‫ ‫ , quasimobile charges transport through clusters and at ‫ ‫ , charges hop 

between clusters [110]. The two constants, ὲ and ὴ, which characterize these two 

processes, respectively, vary between zero and one and depend on factors such as the 

irregularity of the charge transport path, the distribution of waiting times for an electron 

to move, and the charge-charge interactions [110, 112]. At low frequencies, a dispersion 

arising from the long range intercluster charge transport is measured. A value of ὴ = 1 

in this low frequency regime indicates system-spanning charge conducting paths [180], 

which corresponds to the DC conductivity [110, 112].  

 The full equation describing the ALFD response in terms of the complex 

susceptibility, …ᶻ‫ , was derived by Dissado and Hill [110]. Since ‐ᶻ‫ ρ

…ᶻ‫ , the large relative complex permittivity, ‐ᶻ‫ , measured here is approximately 

equal to …ᶻ‫ . In the derivation, the average time-dependent relaxation current is 

written as the charge displacement over a number of lattice sites weighted by the 

probability that a displacement will not be relaxed for both the intercluster and 

intracluster regimes [110]. The frequency-dependent susceptibility ï approximated by 
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the permittivity here ï was determined by taking the Fourier transform of the average 

time-dependent current to give Equation 7.4a-b [110]: 

 ‐ᶻ‫ ὔ Ὂ‫‫ϳ )  (7.4a) 

 Ὂ‫‫ϳ  Ὂ ρ ὲȟρ ὴȠς ὲȠ  (7.4b) 

 

where Ὂ is the gaussian hypergeometric function and ɜ is the gamma function. The 

prefactor terms are the number density of occupied sites, ὔ, and the effective charge 

transported over a unit displacement normalized to the thermal energy,  [110]. 

Equation 7.3 is the simplified, limiting form of Equations 7.4a and 7.4b where the ALFD 

is typically observed as the two power law slopes in Equation 7.3. The crossover 

frequency, ‫ , is related to the length scales and time scales of transport in the 

suspension and will be explored in a later section. The contribution from the ALFD 

response for a sample with ‫  = 5 × 104 rad s-1, ὲ = 0.6, ὴ = 0.9, and prefactor 3 × 102 

is shown in Figure 7.2 as blue dashed lines.  

The intrinsic conductivity of the carbon black in these suspensions is many 

orders of magnitude higher than the suspension conductivity. This arises due to the 

differences in conductivity between the carbon black cluster and the suspending fluid, 

where barriers to transport exist that cannot be overcome on the same timescale as the 

intracluster, carbon transport [113]. Therefore, the transport of electrons to one end of a 

cluster and holes to the other end results in a polarization, which becomes more dramatic 

as the frequency is decreased and the time allowed for transport is increased. At the 
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polarized ends of a cluster, electrons must wait to transport to another cluster and 

continue on their journey to sites with smaller potentials. The competition between the 

time scale related to polarization and relaxation of this polarization by transport is 

measured as a maximum in ‐ that occurs at a relaxation time, † [113]. For the ‫ 

discrete agglomerate structures, this relaxation is adequately described for the 

suspensions studied here using a Debye relaxation [7, 113]: 

 ‐ᶻ‐‫ ‐
Ў

 . (7.5) 

When plotted, this equation shows a peak in ‐ ‫  and a relaxation in ‐‫ . The peak 

occurs at a specific frequency, ‫ ρ†ϳ , where † is the relaxation time. The  

relaxation strength, Ў‐ ‐ ‐ , contains the static or low frequency permittivity, ‐, 

and the high frequency permittivity, ‐ . The magnitude of the relaxation strength and 

the relaxation time are related to the microstructure of the suspension.  The contribution 

from the Debye relaxation for a sample with † = 1× 10-6 s, Ў‐ = 500, and ‐  = 2 is 

shown in Figure 7.2 as red dotted lines.  
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Figure 7.2: Relative complex permittivity components (a) ‐ and (b) ‐ as a function of 

frequency. The ALFD contribution was calculated for a sample with ‫  = 

5 × 104 rad s-1, ὲ = 0.6, ὴ = 0.9, and prefactor 3 × 102 and is shown in blue 

dashed lines. The Debye relaxation contribution was calculated for a 

sample with † = 1× 10-6 s, Ў‐ = 500, and ‐  = 2 and is shown in red dotted 

lines. The sum of these two terms is the model fit, which is shown as black 

lines. Several model parameters are indicated on (b). 

The sum of the ALFD response and the Debye relaxation (Equations 7.4 and 

7.5) is shown in Figure 7.2 and was used to simultaneously fit the shear-dependent real 

and imaginary components of the permittivity measured for suspensions of carbon black 

in light mineral oil. Fits were performed using the bumps fitting package in python [181] 

(see Appendix E for code). In this model, there are seven fit parameters. Fits performed 

while floating all seven parameters produced excellent results with ὲ values between 

0.4 and 0.6. To reduce degrees of freedom, the data was fit by holding ὲ fixed to a value 

of 0.5, which is expected for diffusive transport over tortuous paths [180]. The power 

law slope at low frequency, ὴ, and the relaxation time, †, were approximated from 

qualitative inspection of the frequency dependence of ‐ and constrained to a small 
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range. The final fit parameters are listed in Appendix F. The conductivity for carbon 

black in light mineral oil was evaluated at the lowest frequency, 20 Hz (125.6 rad s-1), 

as ‖ ‐‐.‫  

7.3 Results  

7.3.1 Steady State Rheology and ꜚ╪▌▌ 

The steady state viscosity is plotted against the applied shear rate in Figure 7.3a 

for all suspensions and shear rates studied. To show these measurements correspond to 

those presented in Chapter 6, the viscosity from Figure 6.6 is also plotted in Figure 7.3 

using grey symbols for each suspension with the corresponding symbol shape. While 

there are slight variations in the measured viscosity between studies, the trends and 

relative magnitudes are satisfactory for using the Mason number scaling presented in 

Chapter 6 to calculate an agglomerate size and an agglomerate volume fraction.  

As described in Chapter 5, a shear-thinning behavior with a power law slope 

occurs in the ὄὭ  > 1 flow regime. The power law slope and shear-thinning behavior 

observed in Figure 7.3a and the similarity to previous measurements confirms that these 

measurements were performed in the ὄὭ > 1 flow regime where effects of 

sedimentation and restructuring do not need to be considered [46]. In this flow regime, 

the microstructure is well characterized for these suspensions as shown in Chapter 6. At 

these shear conditions, the shear-thinning behavior arises due to the self-similar break 

up of agglomerates and resulting decrease in agglomerate or hydrodynamic volume 

fraction of the suspension [65, 182]. From Figure 7.3a, the viscosity scales as expected 

with particle loading (‰ ) and depends on the suspending fluid where suspensions in 

mineral oil exhibit higher viscosities than suspensions in propylene carbonate. This 
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observation was made in Figure 6.6 and is discussed further in Chapter 6. Figure 7.3b 

shows the agglomerate volume fraction calculated using the methodology in Section 

7.2.3. In this calculation, interpenetration and polydispersity are not taken into account, 

therefore values for ‰  are frequently greater than 1. As expected, the agglomerate 

volume fraction decreases with increasing shear rate and decreasing ‰ . Notably in 

propylene carbonate, ‰  is much larger than in light mineral oil due to a larger 

agglomerate size.  

 

Figure 7.3: (a) Steady state viscosity plotted against applied shear rate measured during 

rheo-dielectric experiments for six carbon black suspensions. In grey: 

steady state viscosity for similar suspensions measured during Rheo-

USANS measurements from Figure 6.6. (b) Calculated agglomerate 

volume fraction plotted against applied shear rate for six carbon black 

suspensions. 




































































































































































































